MRHERE

—ra

H —
~J

)

f

> gl N N %
E VAN SN

BT AZHIEAT

TEm

RN KRS E it B RBRIUH 6
AT BB AR A

Design and Fabrication of Sub-wavelength Structures on Silicon

Nitride for Solar Cells

W 52 4 FE

AR Tk B L

e R\ A



Design And Fabrication of Sub-wavelength Structures on

Silicon Nitride for solar cells

W 92 4 B Student: Kartika Chandra Sahoo

G I L Advisor: Dr. Edward Yi Chang

~f . —L

FRVANY

=

REZ
MORPRHER B TR ISP
R L5 L

A Dissertation

(2

Submitted to Department of Matetials Science and Engineering
Collegeof Engineering
National Chiao-Tung University
In Partial Fulfill of the Requirements
For the Degree of
Doctor of Philosophy
2009

Hsinchu, Taiwan, Republic of China

e R\ A



Dedicated to

My Wonderful Parents

(4




ACKNOWLEDGEMENT

This Ph.D. thesis was established in the Compound Semiconductor Devices

Laboratory (Department of Materials Science & Engineering) at the National

Chiao-Tung University (NCTU), and would not have been what it is today without the

support and advice of others.

I first express my greatest gratitude and thankfulness to my advisor Prof.

Edward Yi Chang, who supervised me during my entire Ph.D. study. Without his

encouragement and inspiration, this work willinever been done this far. His keen

insights and intellectual commentsshave guided me throughout the ups and downs in

my research. What I learned from ‘him will=benefit me for a life time as both an

independent researcher and an active collaborator.

I would also like to thank Prof. Yiming Li of Department of Electrical

Engineering, National Chiao-Tung University for his help in scientific and

non-scientific advices. His valuable comments and training during the preparation of

dissertation is appreciated.

I wish to thank former and current members in Compound Semiconductor

Devices Laboratory of National Chiao-Tung University, Men-Ku Lin, S. P. Wang, C.

C. Chen, Dr. Chun-Wei Chang, Dr. Yen Thomas, Chung-Yu Lu, Jui-Chien Huang, and



Dr. H. M. Lee. Discussions with them opened my viewpoints and inspired ideas.

Many thanks to all the Ph.D. students and post-docs, past and present of the

Compound Semiconductor Devices Laboratory, my office mate for more than five

years, for the very nice working atmosphere and for the very good scientific

discussions and contributions.

Furthermore, I want to thank National Science Council (NSC), Taiwan and

Motech Industries Inc. (MOTECH), Taiwan for sponsoring our projects.

A special thank to my parents for their moral support and faith on me during

all these years.

At last I wish to thank my+lovely wife’without whose support I couldn’t have

completed this thesis. Her constant'encouragement-and support during my ups and

downs helps me to finish my work with productivity.



R ARG B B KR IUH s
EEE R TR

g © Ao fREHE% ok B/ L
(B V7 A AR ER AL R B T AR ST
kS

R A AR SR 2 SR R S - R
FISITT + 5 AT 8 R ek A 9 0t Bt - S I RS
PRI SR bR - EEEA AR R M s — ORI - (578
e AL TS ST - DRI s i A0 L B A
TEHADL: - TR -

foLfRE BT BGREA A S T SO RE T8 e B 23 B
P B B AU B R DTS SRS REHET T S S SR B IR R 1580 - oo B gt
DU ~ CEJGUISIRIEE —— IR LLd M BB R 2 AT RS SLE - K
HARBERA R =R - FEFRPHER M THURS IR - B A ] H RSO T DA
BRI G el (8 7 5 H el PERIEL B SR B - RE RS et
DA R PE ISR R R AR/ N JEE - FRFR RIS R A R ZR T T i
IS e T BRI R R DO RERR - IXIEEAA 72 DR T o AR R T S B 3
FEGRIE BN Y KRB DU SRS R A R - B AHE EH B BR i R ]
BAS ISR AT LLO LR SO SR B %

\



ML > AR EASSE B IR PR L Sy TR R DU S A B i i
FERITE o RACH] LUHATEAN A T RAGREA IR SRR LRSS R I AR

VI



Design and Fabrication of Sub-wavelength Structures

on Silicon Nitride for solar cells

Student: Kartika Chandra Sahoo Advisor: Dr. Edward Y1 Chang

Department of Materials Science and Engineering
National Chiao Tung University

Abstract

In this dissertation, we numerically study the reflectance of sub-wavelength
structures on silicon nitride for solar cell application. Based on the numerical study,
we develop a fabrication method to forii the, sub-wavelength structures on silicon
nitride surface for solar cells. Since silicon nittide is a well known antireflection
coating used in semiconductor industry; we explore the texturization on silicon nitride
antireflection coating and its optical properties. The main motivation behind this lies
in the fact that the sub-wavelengthStructuresy willact as a second antireflection
coating layer with an effective refractive index sothat the total structure can perform
as a double layer antireflection coatinglayer Thus, we could cost down the deposition
of second antireflection coating layer can be saved with better or comparable
performance as that of a double layer antireflection coating solar cell.

In this study, we calculate the spectral reflectivity of pyramid-shaped silicon
nitride sub-wavelength structures. A multilayer rigorous coupled-wave approach is
advanced to investigate the reflection properties of silicon nitride sub-wavelength
structure. We examine the simulation results for single layer antireflection and double
layer antireflection coatings with sub-wavelength structure on silicon nitride surface,
taking into account effective reflectivity over a range of wavelengths and solar
efficiency. The results of our study show that a lowest effective reflectivity of 3.43%
can be obtained for the examined silicon nitride sub-wavelength structure with the
height of etched part of silicon nitride and the thickness of non-etched layer of 150
nm and 70 nm, respectively, which is less than the results of an optimized 80 nm
silicon nitride single layer antireflection coating (~ 5.41%) and of an optimized
double layer antireflection coating with 80 nm silicon nitride and 100 nm magnesium

fluoride (~5.39%). 1% cell efficiency increase is observed for the optimized Si solar
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cell with silicon nitride sub-wavelength structure, compared with the cell with single
layer silicon nitride antireflection coatings; furthermore, compared with double layer
antireflection coated solar cell, the increase is about 0.71%. The improvement on the
cell efficiency is mainly due to lower reflectance of silicon nitride sub-wavelength
structure over a wavelength region from 400 nm to 600 nm that leads to lower short
circuit current.

Based upon our theoretical calculation of improved efficiency of silicon solar
cell with silicon nitride sub-wavelength structures, we have developed a simple and
scalable approach for fabricating sub-wavelength structures on silicon nitride by
means of self-assembled nickel nano particle masks and inductively coupled plasma
ion etching. The size and density of nickel nano particles are controlled by the initial
thickness of nickel film that will be annealed to form the nano-particles on the silicon
nitride film deposited on the silicon substrate. Inductively coupled plasma etching
time is responsible for controlling the height of the fabricated silicon nitride
sub-wavelength structure on silicon substrate.

Nevertheless, the surface profile of a sub-wavelength structure is strongly
dependent on the conditions of the_teactivel ion etching process. So, we have also
investigated the effect of inductively’coupled plasma etching conditions on the profile
of fabricated sub-wavelength structure=on -Silicon:nitride antireflection coating layers.
At last, we succeeded in fabrication of nanopillar structures and nanocone structures
on silicon nitride surface by one step and-tworstep inductively coupled plasma etching
methods. The relationship of ‘etching time with structure height and average
reflectance spectra has been drawn.

In summary, design and fabrication of sub-wavelength structures on silicon
nitride antireflective surface was investigated for the first time. The structure height
and non-etched part of silicon nitride has been optimized for lowest effective
reflectance by theoretical calculation using rigorous coupled wave analysis method.
Also the shape effect has been studied theoretically. Based on theoretical results, the
nanopillar and nanocone structures on silicon nitride surface have been fabricated
successfully using self-assembled nickel nano clusters and inductively coupled
plasma etching method. The achieved low reflectance is believed to be useful to
improve the efficiency of solar cells. Also, the preliminary results for a silicon solar
cell has been obtained using silicon nitride sub-wavelength structure, which shows a
great promise in improvement of efficiency compared with a single layer

antireflection coating.
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Chapter 1

Introduction

Photovoltaic (PV), the direct conversion of sunlight into electric energy, is one
component of an evolving energy mix. This technology provides several attractive
features, such as pollution-free operation, relatively low maintenance costs, and
modularity. In future energy scenarios solar cells (or PV cells) may well occupy an
increasingly prominent role in global electricity generation in order to limit
environmental pollution and to slow down the rate at which greenhouse gas
concentration is rising. In recent studies, achieving higher efficiency in solar cells is

the one of most important issues on the'topic.

1.1 Introduction to solar cell

Semiconductor solar cells ) are fundamentally quite simple devices.
Semiconductors have capacity to absorb;light-and to deliver a portion of energy of the
absorbed photons to carriers of electrical current-electrons and holes. A
semiconductor diode separates and collects the carriers and conducts the generated
electrical current preferentially in a specified direction. Thus, a solar cell is simply a
semiconductor diode that has been carefully designed and constructed to efficiently
absorb and convert light energy from the sun into electrical energy.

A simple conventional solar cell structure is depicted in Figure 1.1 Sunlight is
incident from the top on the front of the solar cell. A metallic grid forms one of the
electrical contacts of the diode and allows the light to fall on the semiconductor
between the grid lines and thus be absorbed and converted into electrical energy. The

diode’s other electrical contact is formed by a metallic layer on the back of the solar



cell.

l Sunlight |
Metal grid —\ /— Antireflective layer
& i I il |

n-type layer

1F1

b e

p-type layer

h* ¥

for .
Metal contact —/

Figure 1.1 A schematic of simple conventional solar cell [50].

All electromagnetic radiation; including sunlight; is composed of particles called
photons, which carry specific amounts of enérgy determined by the spectral properties
of their source. Photons also exhibit“a wavelike/Character with the wavelength, A,

being related to photon energy, E;, by

E, = th (1)

Where h is planck’s constant and c is the speed of light. Only photons with
sufficient energy to create and electron-hole pair, that is, those with energy greater
than the semiconductor band gap (Eg), will contribute to the energy conversion

process. Thus, the spectral nature of sunlight is important consideration in the design

of efficient solar cells.
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Figure 1.2 Solar Radiation Spectrum.

The sun has a surface temperature of-5762K and its radiation spectrum can be
approximated by a black body radiator-at that temperature. Emission of radiation from
the sun is isotropic. However,-the earth’s”great distance from the sun (~ 93 million
miles) means that only those “photons emitted/directly in the direction of earth
contribute to the solar spectrum as observed from the earth. Therefore, for practical
purposes, the light falling on the earth can be thought of as parallel streams of photons.
Just above the earth’s atmosphere, the radiation intensity is about 135.3 mW/cm® [1]
and the spectral distribution is referred to as an air mass zero (AMO) radiation
spectrum. The Air Mass is a measure of how absorption in the atmosphere affects the
spectral content and intensity of the solar radiation reaching the earth’s surface. The

Air Mass number is given by

Air Mass =

cos @ @

Where 0 is the angle of incidence (6 = O when the sun is directly overhead). A

widely used standard for comparing solar cell performance is the AM1.5 spectrum



normalized to a total power density of 1kW/m?.

1.2 Solar Cell figures of merit

1.2.1 Voltage and current

Two important quantities to characterize a solar cell are

Open circuit voltage (V,): The voltage between the terminals when no current is
drawn (infinite load resistance)

Short circuit current (I): The current when the terminals are connected to each
other (zero load resistance)

The short circuit current increases with light intensity, as higher intensity mean
more photons, which in turn mean more electrons. Since the short circuit current I is
roughly proportional to the area of the solar cell;ithe short circuit current density, J. =
Ii/A, is often used to compare solar cells.

When a load is connected"to the solar cell, the current decreases and a voltage
develops as charge builds up at theterminals. The‘resulting current can be viewed as a
superposition of the short circuit current, caused by the absorption of photons, and a
dark current, which is caused by the potential built up over the load and flows in the
opposite direction. As a solar cell contains a PN-junction (LINK), just as a diode, it

may be treated as a diode. For an ideal diode, the dark current density is given by
qV
kT
Jdark (V): J() e /B _1 (3)

Here Jj is a constant, q is the electron charge and V is the voltage between the
terminals. The resulting current can be approximated as a superposition of the short

circuit current and the dark current:

qV T
J=Jg —J, oy

“4)



To find an expression for the open circuit voltage, V., we use (4) setting J = 0.
This means that the two currents cancel out so that no current flows, which exactly is
the case in an open circuit. The resulting expression is

k,T J
Ve =2 ln(i + IJ (5)
. q Jo

1.2.2 Efficiency
In general, the power delivered from a power source is P = 1V, i.e. the product of

voltage and current. If we instead use the current density J, we get the power density:
P, =Jv (6)
The maximum power density occursysemewhere between V = 0 (short circuit)

and V = V. (open circuit) at a voltage V52 The corrésponding current density is called

Jm, and thus the maximum power density is Py = Jn Vin.

(;wo/mw) Kisiusaq 1omod

Current Density (mA/cm?)

Bias(V) Vi e

Figure 1.3: J~V characteristics and Maximum power

The efficiency of a solar cell is defined as the power (density) output divided by

the power (density) output. If the incoming light has a power density Ps, the

5



efficiency will be

(7

The fill factor, FF, is another quantity which is used to characterize a solar cell. It

is defined as

J vV
FF = m_’ m (8)
‘] Ne VOC

and gives a measure of how much of the open circuit voltage and short circuit

current is "utilized" at maximum power. Using FF we can express the efficiency as

_J Vo FF
p €))

The four quantities Js, Voo FF and n are frequently used to characterize the
performance of a solar cell..They—are  often” measured under standard lighting
conditions, which implies Ait Mass-1:5 spectrum,. light flux of 1000W/m?> and

temperature of 25°C.

1.2.3 Natural Limits of Efficiency

In addition to optimizing the production processes, work is also being done to
increase the level of efficiency, in order to lower the costs of solar cells. However,
different loss mechanisms are setting limits on these plans. Basically, the different
semiconductor materials or combinations are suited only for specific spectral ranges.
Therefore a specific portion of the radiant energy cannot be used, because the light
quanta (photons) do not have enough energy to "activate" the charge carriers. On the
other hand, a certain amount of surplus photon energy is transformed into heat rather
than into electrical energy. In addition to that, there are optical losses, such as the

shadowing of the cell surface through contact with the glass surface or reflection of

6



incoming rays on the cell surface. Other loss mechanisms are electrical resistance
losses in the semiconductor and the connecting cable. The disrupting influence of
material contamination, surface effects and crystal defects, however, are also
significant. Single loss mechanisms (photons with too little energy are not absorbed,
surplus photon energy is transformed into heat) cannot be further improved because of
inherent physical limits imposed by the materials themselves. This leads to a

theoretical maximum level of efficiency, i.e. approximately 28% for crystalline

silicon.

Efficiency (%)
o3

15

Blest confirrmed efficiency undaer
standard conditions (T = 25°C)

5 1 | |

0.5 1.0 1.5 20 25
Bandgap {eV)

Figure 1.4: Theoretical maximum levels of efficiency of various solar cells at

standard conditions [51].

To maximise current density Jpy it is necessary
*  maximise generation rate G
. minimise recombination rate

Generation rate is given by



G(A;x) = (dj”‘j = () B (A; %)
! gen (10)
= () B(A)P,(A) exp (- a(A)x)
Where, #, = ¢, (1 — R) (11)

Where, a is absorption co-efficient, ¢ is no of photons incident.

So from equation 10 and equation 11, it is seen that generation rate depends on
the no of photons, absorption co-efficient, thickness of material, and reflection. So, to
maximize generation rate it is necessary to minimize surface reflection, especially in

the visible region of solar spectrum as shown in Figure 1.5.

2-0 .......................... ....... Do ..... P s b
Black body 6000K -
- Extraterrestrial sunlight AMO
' Terrestrial sunlight AM1.5
10 ....................

Spectral irradiance {Wm2um1)

o
(4]
"-h-..‘__-.‘”‘__.' s

| Visible region!:

0 o02 04 06 03 1 12 14 16 18 A (qum)

Figure 1.5: Solar Spectrum [50].

Since, Silicon and III-V materials are generally used for high efficiency solar cell
and these semiconductor materials have high refractive index [2]. As per Fresnel
equation, there is over 30% of solar spectrum reflected by surface and energy is

wasted. So, to improve the cell efficiency, we need to reduce reflection and increase



the absorption.
The methods to reduce reflection are:
1. Anti-reflection coatings

2. Sub-wavelength Structures

1.3 Antireflection Coatings
1.3.1 Single Layer Antireflection Coatings
Anti reflective coatings (ARCs) are types of optical coating applied to lenses and
other devices to reduce reflection from optical surfaces. It’s a popular strategy to place
ARC:s on light detecting devices to improve device quantum efficiency. Such coatings
rely on destructive interference of reeted waves to reduce overall reflection

coefficient of light on the detecting)

Fig. 1.6: Schematic of different material structure (a) two layers without

ARC (b) Three layers with ARC

A single layer coating on a substrate is shown in Fig. 1.6 (a). The refractive
indices of the surrounding medium and the substrate are ny and ns, respectively. Now
suppose light falls from top and passes through the two medium. Then from the
Fresnel’s principle the fraction of photons reflected at the interface between two

medium with different refractive indices is given by



2
n,+n, an

Silicon’s high index of refraction varies from n = 3.5 at 1.1 pm (infrared) to n =
5.6 at 0.4 pm (violet), and produces a large reflection coefficient across the solar
spectrum: 34 % at 1.1um increasing to 54 % at 0.4 um. Any mechanism that increases
the coupling of light in to the silicon surface improves the short-circuit current of
silicon solar cell. There are two approaches: texturing of the surface to produce
multiple reflections back into the silicon and creation of matching section (ARCs) to
lower the reflection coefficient.

Now let’s use another layer3 as ARC with refractive index n, in between layerl

and layer2 as shown in figure 1.6 (b). Now the equation (1.6) will become

12)

The necessary and sufficient conditions for a single-layer coating to produce zero

reflectance are:

Ny = (nons)llz’ n, < ng (13)
and
d = A
4n, (14)

Where d is the antireflection layer thickness and A is the wavelength of the
incident light.

From equation (14) the optical thickness n,d is then one quarter wavelength of
the incident light. This antireflection coating is known as a quarter-wave coating. The

reflectance of quarter wave coating is equal to zero at the wavelength corresponding

10



to optical thickness of quarter wavelength, if equation (13) is satisfied. If equation (13)
is not satisfied, then the reflectance will indicate a minimum at the same wavelength.

The position of the reflectance minimum of a surface coated with a quarter-wave
coating depends on the optical thickness of the coating and shifts towards longer
wavelengths as the optical thickness increases. The effectiveness of a single-layer
antireflection coating is limited by the available materials with suitable index.

Moreover, zero or minimum reflectance can be obtained at only one wavelength
and the reflectance increases rapidly on both side of the zero or minimum position.
Several transparent and high refractive-index material films have already been applied
to ARC techniques, e.g. SiO (n=1.8-1.9), SiO, (n=1.44), SisN4 (n=1.9), TiO, (n=2.3),
Al,O3 (n=1.86), Ta,O5 (n=2.26), and SiO>—TiO; (n=1.8-1.96) [3-8].

For application of high efficiency solar cell; we always demand a broadband and
Omni directional antireflection.Jayer-{9].-These difficulties can be largely overcome

by using coatings with two or more layers:

1.3.2 Multi-layer Antireflection Coatings

Multiple layers are more effective over the entire visible spectrum. For the
double-layer ARC design, the low—high index on the Si substrate (i.e., the outer layer
has the low refractive index and inner layer has high refractive index) is used. Figure
1.7 (a) and (b) show the typical double and triple layer antireflection coatings
structure [Multilayer]. The principle of this type of ARC has been illustrated using the

vector methods previously [10-12].
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(a) (b)
Figure 1.7 Diagram of antireflection coatings with (a) SiO,/TiO, double

layers and (b) SiO,/SiO0,-TiO,/TiO; triple layers.

Optical coatings are generally performed by vacuum processes such as thermal
evaporation, reactive sputtering,,and plasma-enhanced chemical vapor deposition
(PECVD). All these methods are capable of producing films with uniform thickness
and good optical properties. However, the conventional vacuum deposition processes
are expensive and unsuitable for ‘continuous mass production techniques in low-cost
solar cells. So, these multilayer antireflection coatings (ARCs) are expensive to
fabricate owing to the stringent requirement of high vacuum, material selection, and
layer thickness control. Also additional problem of thermal mismatch between
different layers and difficulties with the availability of materials with suitable optical

properties arises in case of multilayer ARCs.

1.4 Sub-wavelength Structures

An alternative to multilayer ARCs is the sub-wavelength structures (SWS)
surface with dimensions smaller than the wavelength of light. SWSs are zero order
grating structures with the period of grating is much smaller than incident wavelength

so that there will be only one reflected wave and one transmitted wave as shown in

12



Figure 1.8. Other high-order diffracted waves are forced to be evanescent. An

electromagnetic wave propagates through a sub-wavelength or zero-order grating in

approximately the same manner that it propagates through a homogeneous

'

l

non-corrugated medium [13].

of techniques were examined for texturing microcrystalline-Si cells [18-21]. One of
promising options is surface texturing by dry etching technique. Fabricating uniform
textures with a submicron scale on mc-Si wafers by reactive ion etching (RIE) for Si
solar cells [22-23] has been studied. But, this forms the dislocations and defects in the
semiconductor layer. These defects and dislocations are responsible for increasing the
minority carrier recombination in solar cell. Thus, the short circuit current for the

solar cell is decreased, which in turn decreases the efficiency of solar cell.

1.5 Motivation

Therefore, key issues need to be solved:

13



e)) It is necessary to find a way to form the sub-wavelength structure
which can reduce reflectance and reduce the damage created by RIE
method.

2) It is necessary to find the way to replace the deposition of second
ARC layer so that we can low down the cost of deposition of
another layer and thermal mismatch.

3) It is necessary to develop a low cost and easy fabrication method to

form the sub-wavelength structure on antireflection coating.

Therefore, we studied the possibility of sub-wavelength structure on ARC surface
instead of semiconductor surface, which may benefit the Si solar cell technologies.
We chose to study the silicon nitride“(Si3Ny) subswavelength structure for this study

due to the following reasons:

(1) Si3Ny is a well-known ARC used in semiconductor industry.

(2) No previous studies about solar cell with SisN4 SWS.

(3) Sub-wavelength structures will act as a second ARC layer with an effective
refractive index so that the total structure can perform as a double layer antireflection
layer (DLAR) layer.

(4) SisN4 SWS will avoid or reduce the problem of defects created in Si and will
improve the efficiency of Solar Cell.

In this work, we calculate the spectral reflectivity of pyramid-shaped SizN4
sub-wavelength structures (SWS). A multilayer rigorous coupled-wave approach is
advanced to investigate the reflection properties of SizN4s SWS. We examine the
simulation results for single layer antireflection (SLAR) and DLAR coatings with

SWS on Si3Ny4 surface, taking into account effective reflectivity over a range of
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wavelengths and solar efficiency. Also we compare the pyramid-shaped structures
with cone, parabola, and cylinder-shaped SWS to see the effect of shapes on
reflectance property of SWS.

Based upon our theoretical observation efficiency of silicon solar cell with
silicon nitride SWS, we develop a simple and scalable approach for fabricating
sub-wavelength structures (SWS) on silicon nitride by means of self-assembled nickel
nano particle masks and inductively coupled plasma (ICP) ion etching. The size and
density of nickel nano particles is optimized by considering different parameters.

Nevertheless, the surface profile of a sub-wavelength structure is strongly
dependent on the conditions of the RIE process. So, we investigate the effect of ICP
etching conditions on the profile of fabricated sub-wavelength structure on Silicon

nitride antireflection coating layers:

1.6 Thesis content

The introduction to solar cellyithe need-of 'sub-wavelength structure and the
motivation for this work has been described in chapter 1.

In chapter 2, the theory and design of sub-wavelength structure developed in our
work has been described. Modeling of sub-wavelength structures via effective
medium theories is examined. Also, we will describe about PC1D calculation method
of solar cell characteristics and the results in this chapter.

A detail description of our developed fabrication method and results for silicon
nitride sub-wavelength structure is given in chapter 3. Furthermore, the description of
the instruments used in process and measurement are given in this chapter.

In chapter 4, the fabrication methods of silicon nitride nanocone structures are
described with detail fabrication mechanism. Also the results are analyzed in the

chapter.
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In chapter 5, we will describe the results of fabricated solar cell using silicon
nitride sub-wavelength structures in briefly.

Then, in the final chapter, we will summarize and conclude our studies and
findings. Some suggestions for future studies will also be given for the improvement

of the silicon nitride sub-wavelength structures.
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Chapter 2

Design and Simulation of Silicon Nitride SWS

It is necessary to study the reflectance properties of the silicon nitride
sub-wavelength structures on silicon substrate with different shapes and optimize the
structure height for the better average reflectance before studying the sub-wavelength
structures experimentally. So in this chapter, the theory of the developed model for the
study of sub-wavelength structures has been described in details with the results and
their discussions. Also the procedure of electrical characteristics calculation of a
silicon solar cell using the sub-wavelength structure and the results has been reported

in this chapter.

2. 1 Sub-wavelength structure design

2.1.1 Theory and Simulation Procedure

For the simplicity, a single pyramidal“structure, shown in Fig. 2.1(a), is explored
for the reflectance property with respect to the wavelength. The region with brown
color of SWS is Si3Ny, the region with sky color stands for Si substrate, and the
environment of the triangular part is air. The etched SizNy (i.e., the height of triangular
part) is h and the thickness of the non-etched Si3Ny is s, both of these two parameters
are designing parameters for the reflectance optimization.

The studied SWS is a diffractive structure and its reflectance property could be
calculated by a rigorous coupled-wave analysis (RCWA) technique. RCWA is an
exact solution of Maxwell’s equations for the electromagnetic diffraction by grating
structures. A multilayer RCWA method is used in this study, where the effective

medium theory (EMT) [24-26] is adopted to calculate the effective refractive index

17



for each partitioned uniform homogeneous layer, as shown in Fig. 2.1(b).

(4]

¥ kr
x r (b)

Figure 2.1: (a) Geometry of sub-wavelength structure studied in this work,
where £ is the height and s is the non-etched part of SWS. (b) A stack of uniform
homogeneous layers resulting from the partitioned geometry of (a) for the

reflection calculation using the multilayer RCWA method and EMT.
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Simplifications of Maxwell’s equations are based on the following assumptions:

1. Incident field is an arbitrary linearly polarized monochromatic plane
wave

2. Electromagnetic fields are time-harmonic

3. Media are linear, homogeneous and isotropic

4. Gratings are infinitely periodic and are approximated with a layered

structure

Reducing the computational domain to one unit-cell, without loss of generality
(WLOG), we first divide the pyramidal structure into several horizontal layers with
equal thickness. As shown in Fig. 2.1(b), for each discreted position z; along the z
direction, EMT implies that the effective refractive index n(z)) of each layer is

approximated by

= ) +n2 B + (= fie Wil |+ 12
. — 1 SiN 21 SiN SiN , 15
) \/ 2Lf(zl)+(1_f(zl))nSiNJ ()

where, f{z;) is the fraction of SisNys contained in each layer and is given by,

v,
4

f(Zz)=W (16)

r;is the base width for each layer and is given by

r=r 4
i h (17)

Ngy =n+ik

and D is the base width of the structure, is the complex

refractive index of SizNy, i= \/__1 , n and k are optical constants, and ny; = 1 is the
refractive index of air. Note that only the real part of refractive index of Si3Ny is
considered in our simulation because it is weakly absorbing material [27]. With the
calculated effective refractive index n(z;) for each layer, we can solve the reflectance

property of the entire structure including a layer for the non-etched Si3;Ny4 with respect
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to the different wavelength.

From the partitioned structure, shown in Fig. 2.1(b), we now consider the

reflection and the transmission of a transverse electric (TE) polarized plane wave of

free-space wavelength A, incident at angle 6, on L uniform layers of effective

refractive indices n; = n(z), ..., ny, ..., np = n(zy) and thickness d, ..., d,, ..., d.. For

each layer, the normalized electric field (in the x-y plane) for the input and the output

regions is given by, for the air region, i.e., z<0

EO — (e_ikair,zz + R X e_ikair,ZZ)e—ikxx

for the region of SWS, ie., D, <z<D,,

El = (pl X e—ik()?/l(Z—szl) + Ql % eikOyl(Z_Dl))e_ikxx

and for the Si substrate, i.e., < > DL ,

E _ T Xe_i(kxx+kSi’Z(Z_DL))
;=

Where,

k. =k, sin@

air

kair,z = kOnair COs 8 ,

_ 2 2 .2
kSi,z - kO \/nSi nair S1n 9 )

e
%—JJn,—nmsm,H,

(18)

, (19)

(20)

21

(22)

(23)

(24)

(25)

I=1,...,L, I, R and T are the incident, reflected and the transmitted amplitudes of the

electric fields, P and Q are the field amplitudes in the uniform Si3;Ny slab,
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is the wave-vector magnitude, and n,;; and ng; are the refractive indices of the air and
the silicon regions. Note that now the layer of non-etched SisNy4 has been added into
our simulation structure, where its effective refractive index ngiy = 2.05 is the same
with the original one and f(z;) = 1. The reflected and transmitted amplitudes of the
explored SWS are calculated by matching the tangential electric- and magnetic-field
components at the boundaries among layers [28]. First, for the boundary between the

input air region and the first layer of Si3Ny (i.e., z = 0), we have

1+ R =P +Q, xe ond

k .
iﬂ(l—R):}/I(PI_QIXe_k(]Yldl)' (26)
kg
For the boundary between the (1~ 1)* and the W layers-(i.e., z=Dy)
{P]—l X e—k071—1d1-1 4 Ql—l \ Pl + Q[ % e—koyld,
- - ; 27)
7/1_1(1_)[_1 X e koViodi—y _ Ql—l) - 7I(PZ Al Q[ X e koy,d,)

for the boundary between the last layer and the output Si region (i.e., z = Dy), the
matched equations are

P, xe "4+ Q =T

_ .
7L(PL><e ko?’LdL_QL):l( ]j )T - (28)

0
The equations (26)-(28) could be solved by using a transmittance matrix method [29].
Using Eq. (28), the field amplitudes P, and Qg in terms of the transmitted coefficient

T are determined firstly. They are then substituted into Eq. (27) for the field
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amplitudes Pr.; and Q. ;. Consequently, the system of equations to be solved for the

reflection properties is given by

1 | . o i a1
1 e 14 e 14 1
ko, |+ kg R:II[ }{ } x| Ksiz T
< ainz _ « alnz —koyid) —koy,d, .i ,(29)
P N R B VA TR N VT e 7 I

for partitioned layers of SWS. Similarly, a set of governing equations could be
derived for the transverse magnetic (TM) polarization. Here the incident angle 6 of
sun light is assumed to be normal to the plane (i.e., 6= 0°), and only the TE
polarization is considered here for the calculation of the reflection properties [30].

For a given number of layers)for-the "SWS,including the layer of non-etched
Si3Ny, say L in total; a calculationwprocedure-for computing the reflectance properties
of the studied SWS described” above is summarized: (i) calculate the effective
refractive index for each z via Eq. (1); (i) compute the coefficients using Egs.
(21)-(25) for a specified wavelength A; (iii) and solve Eq. (29) to get the unknowns R

and T.

2.1.2 Results and Discussions

First of all, we compare the reflectance with respect to the wavelength of
sunlight for the SWS with Si and Siz;N4. As shown in Figure 2.2(a), by assuming a

constant refractive index for Si ng; = 3.875 and for SizN4 ngn = 2.05, the reflectance
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versus the wavelength for Si SWS with h = 88 nm and Si3N4 SWS with h = 88 nm and

vanished non-etched part of SWS (i.e., s = 0 nm) is simulated and compared.

Aar

35

30 A

25

20 A

Reflectance (%)

15 4

—— SiSWSw/h=288nm
- Si;N, SWS w/ h =68 nm and s = 20 nm

10 A Si;N, SWS w/ h = 88 nm

400 500 600 700 800 900 1000
Wavelength (nm)

(b)
Figure 2.2: (a) The schematic of Si and SizNs SWS for the study. (b) The

reflectance versus the wavelength for Si SWS with 4 = 88 nm and SizNs SWS
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with 2 = 88 nm and vanished non-etched part of SWS (i.e., s = 0 nm).
Comparison for the SizN4s SWS with the case of non-zero s, say s = 20 nm is also
provided. It is found that it is possible to reduce the reflectance of SizNs SWS by

proper selection of / and s.

As seen from Figure 2.2(b), it is found that the non-optimized SizNgs SWS

possesses a little bit higher reflectance which may not be a plus for ARC. However,

we can design a SisN4 SWS with the case of non-zero s, say 4 = 68 nm and s = 20 nm,

which shows that the reflectance is close to the result of Si SWS or even better. This

observation motivates us to explore, the mofphology-dependent reflectance of SizNy

SWS with a set of optimized h-and s=Note that Si refractive index ng; may depend

upon the wavelength of incident sunlight [31{;-our calculation for the Si3Ns SWS with

h =68 nm and s = 20 nm confirms the'reflectance difference between the model with

constant and wavelength-dependent ng;, as shown in Figure 2.3. In this calculation, an

empirically fitted formula for the wavelength-dependent ng; is implemented in our

simulation program [32]

n, = e+ Ay B4
SN R-R) 0

where,  A;=1.107lum, &=11.6858, A=0.939816um> and B =

8.10461 x 1073,
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304 | ng; is function of 1 via Eq. (30)
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Figure 2.3: The spectral reflectivity of Si;Ns SWS for 2 = 68 nm and s = 20

nm with constant Si refractivesindex-and refractive index as a function of lambda

given by Eq. (28).

Using the above empirical fitted formula, the refractive index of silicon is plotted

for wavelength from 400 nm to 1000 nm as shown in Figure 2.4.

4. 51

H
2

Refractive Index
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Figure 2.4: Refractive index of Si vs wavelength using equation (28)
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Instead of considering the reflectance for a certain wavelength, an effective
reflectance is further computed for the structures over a range of the wavelength of
incident sunlight. By taking purely Si in the SWS part of Figure 2.1(a), where s = 0
nm and h is designed as a varying factor, we now calculate the effective reflectance
Refr [33] for the wavelength A varying from A; = 400 nm to A, =1000 nm and compare
it with Si3Ny SWS. R is evaluated by

Ay

J~R(/1)SI(2) di
E(Q)
eff T A

SI(A)
j = dA

_A

# €1y

)

where, SI(A)is spectral irtadiance given by ATMG173 AM1.5G reference [34],

E(A) is photon energy and R()) is the caleulated teflection.
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Figure 2.5: The effective reflectance for the wavelength varying from 400
nm to 1000 nm; plot is as a function.of;(a) .22 for Si SWS and (b) of & and s for

SizNa SWS.

Figures 2.5(a) and 2.5(b) show'the effective reflectance as a function of h for Si
SWS, and of & and s for SizN4s SWS. For S1 SWS, there is a minimum Reg = 3.89% for
h = 220 nm, and for SisN4s SWS, the minimum of Regi = 3.43% occurs at h = 150 nm
and s = 70 nm. Compared with Si SWS, the improvement of R for SisN4 SWS is due
to the nature of Si3Ny4 and an optimal combination of the height of etched part of SizNy4
and the thickness of non-etched part of Si3Ny.

It has been reported that SLAR and DLAR were used in solar cell, for a unified
comparison; similarly, we further examine their Res over the same wavelength, as

shown in Figs. 2.6(a) and 2.6(b).
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Figure 2.6: Plot of the effective reflectance for the wavelength varying from

400 nm to 1000 nm. (a) is the result as a function of the thickness of Si;N4s ARC
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with n = 2.05 for SLAR coating on Si. (b) is the result as a function of the
thickness of ARC 2 and refractive index of ARC 2 for Si3sNs/ ARC 2 DLAR
coating on Si. The thickness of SizNs ARC 1 is fixed at 80 nm which is optimized

from (a).

For SisNs SLAR coating on Si, as shown in the inset of Figure 2.6(a), the

refractive index is equal to 2.05, where the thickness of ARC is varied. For SizNy /

ARC 2 DLAR coating on Si, the thickness of ARC 2 and the refractive index of ARC

2 are varied. Note that the thickness of ARC 1 equals 80 nm, as shown in the inset of

Figure 2.6(b), directly comes from the optimal value of Figure 2.6(a), and the lower

bound of refractive index of ARC.2 starts from'1.38 which is the refractive index of

MgF,. The lowest Ref occurs:when the refractive index of ARC 2 is 1.38 and its

thickness is 100 nm.

Based upon the investigation of Figs. 2.5 and 2.6, we show the optimal

reflectance spectra among the bulk Si (i.e., the bare Si), the optimized SLAR, DLAR,

Si SWS and SisN4s SWS for the wavelength from 400 nm to 1000 nm in Figure 2.7.
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Figure 2.7: Comparison of the reflectance spectra among the bulk Si (i.e.,
the bare Si), the optimized SLAR, DLAR;Si.SWS and SizN4 SWS for the

wavelength from 400 nm to 1000 nm.

Table 1 lists the effective reflectivity ‘forithose optimized structures of 150 nm Si3Ny4
SWS and 70 nm non-textured Si3Ny4 film, compared with the Si SWS, SizN, SLAR
(its thickness is 80 nm) and SizN4 / MgF, DLAR (its thickness is 80 nm / 100 nm)
structures. The flat silicon substrate exhibits high reflection > 35% for visible and
near infrared wavelengths, Si3zNs SLAR coatings exhibits low reflection < 20% for
long wavelengths 700 nm and high reflection > 35% for shorter wavelengths 400 nm,
and SisN4 / MgF, DLAR coatings exhibits low reflection < 10% for long wavelengths

700 nm and high reflection > 20% for short wavelength 400 nm, while the SWS
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gratings show reduced reflection of < 10% for whole wavelengths. The SizN4s SWS

with h = 150 nm and s = 70 nm exhibits lowest effective reflectivity among five

structures; consequently, the optimized morphology of SisNs SWS could be a

promising alternative for DLAR in Si solar cell technology.

Table 1. Effective reflectivity for those optimized structures of 150 nm Si;N; SWS
and 70 nm non-textured Si3;N, film, compared with the Si SWS, Si;N4 SLAR (its
thickness is 80 nm) and Si3;N, / magnesium fluoride DLAR (its thickness is 80 nm
/ 100 nm) structures.

ARC structure R (%) for A =400 nm ~ 1000 nm
SizN; SWS 3.43
Si SWS 3:89
DLAR 5:.39
SLAR 541
2.2 Shape Effect

2.2.1 Simulation Procedure

The shape of the SWS may be somewhat variable and, therefore, we performed

reflectance calculations for a few model shapes, a cone, paraboloid and cylindrical,

respectively as shown in Fig. 2.8, assuming a hexagonal nipple lattice.
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The RCW A model as described in section 2.1 was used to calculate the reflectance

of the three types of shapes for normally incident light. Therefore, for a cone shape, the

equation (16) and (17) will become

T,
f(z)= \/§ll)2 (32)

por[12
i h (33)

Silicon subsiraie Silicon substrate Silicon substrate

(a) (b) {c)

Figure 2.8: Three model shape types (a) cone (b) parabola and (c) cylinder

shape.

Similarly, for paraboloid and cylindrical shape, the fraction of Si3N4 layer and

base width of each layer will be given by equation (34) and (35) respectively.
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f(Zz)=W
Z (34)
h=r T
iy’
7 )=—F—
f( l) \/§D2 )
I, =r

2.2.2 Results and Discussion
The calculated effective refractive index at A = 600 nm from the top of the SWS
to the bottom of SisNs SWS for the four-shapes (i.e. Pyramid, parabolic, cone and

cylinder) in our simulation is shown n=Fig:2:9.

The graded index, which is-desirable’for suppressing the optical reflection, [35] is

observed for pyramid, cone and parabolic.shapes-—the refractive index changes from

1.0 to 1.5 for pyramid, from 1.0 to 1.4 for cone and from 1.0 to 1.4 at the air/silicon

nitride interface and then changes sharply to the bulk index of silicon nitride. But for a

cylinder shaped SWS, the effective refractive index calculated is 1.4. From the

comparison, it is found that the slope of the change of refractive index is lowest for

cone shaped SWS. Using microwave models, experimentally it has been demonstrated

that the strong reflectance reduction by a nipple array with cone-shaped nipples [36].

So it is believed that cone shaped Si3N4 SWS will give the lowest reflectance compared
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to pyramid or parabolic or cylinder shaped SWS. The optimizations of the structures

and the comparison results will be discussed next.

2.2
Pyramid
2.0 A e Parabolic /
______ Cone /' 4
R Cylinder ya 7

Refractive Index

0 50 100 150 200

Distance (nm)

Figure 2.9: Comparison of the change of calculated effective refractive index

at A= 600 nm from the top of the SWS to'the bottom of Si;N4; SWS

99

Similarly, as we varied the “s” and “h” for pyramid structure, we varied the these
two parameters for parabola, cone and cylindrical shapes to see the lowest effective
reflectance and the optimization results are shown in Fig. 2.10, Fig. 2.11 and Fig. 2.12,
respectively. The reflectance spectra of the optimized structures are compared in Fig.

2.13. The lowest effective reflectance of 3.14% has been seen for the optimized cone

shaped SWS as compared to pyramid, parabola and cylinder shape structure.
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Figure 2.11: Cone Shape Optimization
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Figure 2.13: Comparison of optimized structures with different shape

But, the comparison of the reflectance spectra of the four shapes as shown in Fig
2.13 may not be correct as the volumes of the different shapes are different. For this

reason, we keep the volume constant for all the shapes and varied the height and base
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width or base diameter of the SWS to see the effect in reflectance. Note that when we
changed the SWS height and base width or base diameter, the thickness of the
non-etched SizNs SWS was kept constant at 70 nm. The effective reflectance of the
pyramid, cylinder, parabola, and cone shaped SizNs SWS with different volume are
shown in Fig. 2.14. For the volume from 1 x 10° nm® to 1 x 10° nm® we found the
cone-shaped SWS had the lowest and cylinder-shaped SWS had the highest effective

reflectance as compared to other shaped SWSs.

8
Pyramid
74 Cy”nder
—————— Parabola
—_—— Cone

Effective Reflectance (%)

Volume (X 10° nm?)

Figure 2.14: The effective reflectance of SizNs SWS versus the SWS volume.
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2.3 The Electrical Characteristics;Calculation

To get the electrical data for the solar cell with

Si3N4s SWS, the simulated

reflectance of the optimized SizNs SWS and single-layer anti-reflection (SLAR)

structures are post-processed using PC1D program. In this section, we will introduce

about the PC1D software and describe the simulation procedure for the calculation of

solar characteristics.

2.3.1 Introduction to PC1D software

PCI1D is the simulation program in most widespread
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community. It is a software package for personal computers that uses finite-element

analysis to solve the fully-coupled two-carrier semiconductor transport equations in

one dimension. This program is particularly useful for analyzing the performance of

optoelectronic devices such as solar cells, but can be applied to any bipolar device

whose carrier flows are primarily one-dimensional. flexible internal models make it. It

is easy to set up and modify a broad range of one-dimensional problems from MOS

capacitors to bipolar transistors. Heterojunctions, arbitrary doping profiles,

doping-dependent mobility, bandgap narrowing, Auger recombination, interface

recombination, temperature effects) photogeneration of carriers, complex boundary

conditions, and transient solutionsyare some-of the, powerful features built into this

program [37].

The development of this program was initiated by Dr. Paul A. Basore while he

was a member of the faculty of electrical engineering at lowa State University in 1984,

with funding from the photovoltaic technology division of Sandia National

Laboratories. The project was originally intended to take advantage of the interactive

environment of personal computers to help analyze solar cells. Additional funding

from IBM Corporation in the form of a Faculty Development Award made it possible

to expand the program into a full-featured semiconductor analysis package for public

distribution. Later it was developed at UNSW, Australia [38] and distributed freely.
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2.3.2 Simulation Procedure

To calculate the solar cell electrical characteristics before measuring realistic
silicon solar cells, we have used the measured reflectance spectra and simulated
reflectance spectra as the input of the PC1D program. Performance of optical system
directly affects the short-circuit current density (Jsc) and the conversion efficiency of a
solar cell. The short circuit current density and open circuit voltage of the solar cell
were calculated under the standard AM1.5 global spectrum from its IV characteristics.
Then, n of a solar cell is deduced out of the three photovoltaic parameters: V.,

short-circuit current (Is.) and fill factor (FF)/and is given by:

..V
77 e FF SC- 0C : (36)
I

where, P; designates the incident power (P;= 0.1 W/¢m? under illumination AM1.5 G)

and

P
FF max

) I Ne VOC ’ G7
Spectrally resolved internal quantum efficiency (IQE) is calculated by making two
wavelength scans of the cell [39]. In the first scan, the cells spectral response (SR) is
determined by dividing the short-circuit current at each wavelength by the light power
incident on the cell. In the second scan, the cell’s reflectance (R) is calculated as a

function of wavelength. The reflected light is integrated over the full hemisphere,
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including both light reflected directly off the front surface of the cell and the light that
has entered the cell, reflected off the back surface, and subsequently escaped. The

external quantum efficiency (EQE) is then calculated using

h
EQE =1- SR (%)

a-R)| )

where, A is the free-space wavelength and q is the elementary unit of charge.

2.3.3 Simulation Settings

_——h

Device Schematic

E—

Figure 2.16 Device Schematic used in PC1D for solar characteristics

calculation.
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The device schematic used for solar characteristics study is as shown in Fig. 2.16. In
this calculation, thickness of the whole region is set to 300 wm with material p-type Si.
The p-type Si is set with resistively of 1.008 Q-cm and a diffused emitter with error
function distribution, where the emitter sheet resistance is 99.4 Q / sq. The emitter
diffusion is done with n-type impurity and peak concentration of 6 x 10'°/cm’. The base
contact resistance is 0.015  and the cell’s internal shunt conductance is 0.3 Siemens.
The bulk life time of Si was set to 7.03 us, where the front and back surface

recombination velocity is 1800 cm / s and 25 cm / s, respectively [40].

2.3.4 Results and Discussion

Electrical characteristics and theé-external; quantum efficiency obtained from
PC1D simulation for a Si solar cell usingithe reflectance spectra for the three explored
structures described in chapter 2, they are SisNy SWS, SLAR and DLAR are further
conducted as shown in Fig. 5.2.

It is clear that Jsc and Voc of SizNgs SWS are higher than those of SizNy SLAR
and SizsNy / MgF, DLAR structures, as seen from Fig. 2.17(a). A clear increase in
efficiency of 1% can be seen for silicon solar cell with Si3N,; SWS over a cell with

single layer SisN4 ARCs and 0.71% higher in efficiency than the DLAR coated solar
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cell, which is due to lower reflectance of DLAR to SizNs SWS over the longer

wavelength region that leads to lower short circuit current.
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2
@ 20
)
a
§ Structure Voo (Volts)  Jge (mA/cm?) Efficiency (%)
5 SLAR 0.6104 34.00 14.98
O 10 A DLAR 0.611 34.72 15.27

Si;N, SWS 0.6119 35.92 15.98
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Figure 2.17: (a) Electrical characteristics and (b) the external quantum
efficiency obtained from PC1D simulation for a silicon solar cell using the
reflectance spectra for the three optimized structures, they are Si;Ns SWS, SLAR

and DLAR.
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With solar cells, the external quantum efficiency is often measured, which could
be calculated by the current obtained outside the device per incoming photon. As
shown in Fig. 2.17(b), the calculated external quantum efficiency also confirms the

higher efficiency of the designed SizN4s SWS compared with the others.

2.4 Summary

In this Chapter, we have presented preliminary results of designed silicon nitride
sub-wavelength structures. Using the)results, of rigorous coupled wave analysis
simulation for the pyramidal-shaped=silicon nitride~sub-wavelength structures, the
ratio of silicon nitride sub-wayelength-structures, height and non-textured part of
silicon nitride has been optimized.’ The 'reflectance results for the optimized
sub-wavelength structures have been compared in terms of effective reflectivity. Then
lowest effective reflectivity sub-wavelength structures were compared with previously
optimized 80nm SizN; SLAR and 80 nm / 100 nm Si3N4/ MgF, DLAR. A low
effective reflectivity of 3.43% can be obtained for a silicon nitride SWS height and
non-etched layer of 150 nm and 70 nm respectively, which is less than 80 nm Si3Ny4

SLAR of 5.41% and comparable with SizN,/ MgF, DLAR of 5.39%.
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From the study of different shaped SizNs SWS, the cone shaped SWS shows the

lowest effective reflectance for same volume as compared to pyramid, cylinder and

parabola shaped SizNs SWSs.

From the PC1D simulation result, 1% cell efficiency increase is observed for the

optimized Si solar cell with SisNs SWS, compared with the cell with single layer

Si3Ny antireflection coatings (ARCs); furthermore, compared with DLAR coated solar

cell, the increase is about 0.71%. The improvement on the cell efficiency is mainly

due to lower reflectance of SisNs SWS over a wavelength region from 400 nm to 600

nm that leads to lower short circuit.current.

Therefore, there is a need|torstudy mote about fabrication of silicon nitride

sub-wavelength structure to improve:the solar-eell efficiency with a single layer ARCs

which is believed to reduce the reflectance and improve the passivation properties of

silicon solar cell.
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Chapter 3

Fabrication Processes and Measurements

In this chapter, we describe the fabrication process for silicon nitride SWS. The
method to control the size and density of nickel nano clusters that can work as the mask
for etching the Si3Ny film and the effect of inductively coupled plasma (ICP) etching
time on the height of fabricated SisN4 SWS will be discussed. The process condition is
empirically optimized to make the lowest average reflectance in the wavelength region
400 nm to 1000 nm. The measured weflectivity.of the fabricated SizN4s SWS is further
compared with the simulated results for accuracy | verification. Also, the measured
reflectance of fabricated SizN4 SWS will be‘compared and discussed with measured

reflectance of SLAR and DLAR coatings in this chapter.

3.1 Sub-wavelength structure Fabrication Process
Deposit SilNx Depozit Nickel/Gold

by PECVD By E-gun

Silicon

4

Plasma Etching

ETAREWARET RIARANAREN niiniinkissiniming
<= <=

RTA to form nano

Remove nano mask plasma etching
mask

Figure 3.1 SWS fabrication process
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The fabrication process of the silicon nitride SWS in this study includes:

1. Wafer clean
2. Deposition of silicon nitride
3. Nano-mask formation
e Deposition of metal film
e Rapid Thermal Anneal
4. Inductively Coupled Plasma (ICP) Etching

5. Nano-mask removal

The detail will be described injthe following sections.

3.1.1 Wafer Clean

To remove the native oxide from the.wafer; the first step in the SWS fabrication
was the wafer cleaning. A p-type (111) silicon wafer was used for SWS fabrication
process. First, wafer was dipped into ACE for 5 minutes and then dipped into IPA for

5 minutes followed by nitrogen blow.

3.1.2 Deposition of Silicon Nitride

Plasma enhanced chemical vapor deposition (PECVD) technique has been used
to deposit silicon nitride. PECVD is an excellent alternative for depositing a variety of
thin films at lower temperatures than those utilized in CVD reactors without settling

for a lesser film quality. For example, high quality silicon dioxide films can be
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deposited at 300 to 350 degrees centigrade while CVD requires temperatures in the
range of 650 to 850 degrees centigrade to produce similar quality films.

PECVD uses electrical energy to generate a glow discharge (plasma) in which
the energy is transferred into a gas mixture. This transforms the gas mixture into
reactive radicals, ions, neutral atoms and molecules, and other highly excited species.
These atomic and molecular fragments interact with a substrate and, depending on the
nature of these interactions, either etching or deposition processes occur at the
substrate. Since the formation of the reactive and energetic species in the gas phase
occurs by collision in the gas phase, the substrate can be maintained at a low
temperature. Hence, film formation can occur on substrates at a lower temperature
than is possible in the conventional CVD process, which is a major advantage of
PECVD.

Some of the desirable properties of -PECVD films are good adhesion, low
pinhole density, good step covetage, and uniformity.

For silicon nitride depositiony two_gases_silane (SiH4) and ammonia (NH3) has
been used with nitrogen (N;) as carrier gas in the PECVD machine (STS 300 PC
series-310PC) situated in compound semiconductor device laboratory (CSDLab) as
shown in Figure 3.2.

The reaction mechanisms are shown below:

SiH , + NH , —— SiN : H +3H,

. . (39)
SiH,+N,—— SiN : H +3H,
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Figure 3.2 CSD Lab PECVD machine

The deposition conditions for our silicon nitride deposition using PECVD are
listed in Table 3.1. Carrier gas Nitrogen had a flow rate of 1960 sccm during silicon
nitride deposition. The index of refraction(n) of'the films was measured with N & K
analyzer 1280 using a wavélength ~0f* 633" nm, -which is placed in National

Nano-Device Laboratory (NDL), Taiwan.

Table 2 Deposition Condition for Silicon Nitride by PECVD

SiH, NH; Pressure Power Temp. Time Thickness Refractive
Scem Scem (Pa) (Watt)] (°C) (Min.) (A% index (n)
55 55 900 20 300 33 2000 2.1
@6328A"

3.1.3 Nano-mask Formation

Nano-mask formation was carried out by two steps. First a metal film of gold or

nickel was deposited on silicon nitride surface using e-gun evaporator (ULVAC E-560)
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and then followed by a rapid thermal anneal (RTA) process (AG Associates Heatpulse
610 RTA system) to form self-assembled metal nano-masks on the silicon nitride

surface.

¢ Deposition of Metal

It is known that the initial thickness of the metal film can play an important role
in determining surface morphology at a given temperature [15, 16]. So, we obtain four
samples with different initial thickness of nickel film and the initial nickel thicknesses
are (20%0.05) nm in sample-1, (15%0.05) nm in sample-2, (08%0.05) nm in

sample-3 and (3% 0.05) nm in sample-4.

¢ Rapid Thermal Anneal

Rapid thermal anneal (RTA) is a process jused in semiconductor device
fabrication which consists of heating”a single wafer at a time in order to affect is
electrical properties. Unique heat treatments are designed for different effects. Wafers
can be heated in order to activate dopants, change film-to-film or film-to-wafer
substrate interfaces, density deposited films, change states of grown films, repair
damage from ion implantation, move dopants or drive dopants from one film into
another or from a film into the wafer substrate. Rapid thermal anneals are performed
by equipment that heats a single wafer at a time using lamp based heating that a wafer
is brought near. Unlike furnace anneals they are short in duration, processing each
wafer in several minutes. Rapid thermal anneal is a subset of processes called rapid
thermal processing (RTP), which refers to a semiconductor manufacturing process
which heats silicon wafers to high temperature (up to 1200 °C or greater) on a

timescale of several seconds or less. The wafers must be brought down (temperature)
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slow enough however, so they do not break due to thermal shock.

The sample-1, sample-2, sample-3 and sample-4 are proceeded in the rapid
thermal annealing (RTA) under the mixture of forming gas of H, & N, (90 % & 5%)
with a flow rate of 3 sccm at 850°C for 60 seconds and pressure of 100 Pa, and then
we form nickel nano clusters, which can serve as the etch masks for silicon nitride.
The RTA process is shown in Figure 3.3. The cluster morphology of the samples is
studied by the scanning electron micrograph (SEM), as will be described later in

chapter 4.

1000
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Figure 3.3 Rapid Thermal Anneal Process graph

3.1.4 Inductively Coupled Plasma (ICP) Etching
The samples are etched by ICP etcher (ULVAC NE 550) with bias power of 200
watt, process pressure 1Pa, and antenna power of 100W, using different gases and

etching parameters which will be discussed in results and discussion section.

3.1.5 Nano-mask Removal

To remove the residual nickel mask, the sample was dipped into pure nitric acid
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(HNO3) solution for 5 min at room temperature followed by de-ionized (DI) water

rinse.

3.2 Characterization Methods

3.2.1 Morphology Analysis
The morphology of sub-wavelength structures was analyzed by Scanning
electron microscope (Hitachi - 4700). A few nanometer of Pt was deposited on the

SWS to increase the resolution as silicon nitride is a dielectric material.

3.2.2 Reflectance Measuremgntr
The reflectance of the SWSWereﬂleasured using an n&k analyzer (model:
1280, N&K Tech. Inc.). Deuteﬁuyﬁl and tungstenlamp were used in this instrument,
which can provide the reﬂectaﬁ'cié‘fori the Qé@enét};range from 190 nm to 1000 nm.

The angle of incidence was 4° for ‘:tﬁie;,‘\measuremehtf g

3.3 Results and Discussion
3.3.1 Process optimization of Nanomask for silicon nitride SWS

3.3.1.1 RTA temperature optimization




(¢

Figure 3.4: SEM Images of nickel nano-clusters formed after RTA for 60 sec

at (a) 800 °C (b) 850 °C (c) 900 °C.

Three different temperatures has been tried for nano mask formation on silicon
nitride using nickel as metal film. The SEM image of the Sample-1 after RTA for 60
sec at 800°C, 850°C, and 900°C are shown in Figs. 3.4(a), 3.4(b), and 3.4(c)

respectively. From Fig. 3.4(a), it can be seen that the nano clusters are not formed

54



properly. Nano clusters are formed perfectly for RTA for 850°C and 900°C as seen
from Figures 3.4(b) and 3.4(c). But, the densities of the nanoclusters are higher for the
sample annealed at 850°C than the sample annealed at 900°C. Therefore we chose the
RTA temperature 850°C for 60 sec as the best condition for nickel nano cluster

formation for the rest of our study.

3.4.1.2 Initial Nickel Thickness optimization

Figures 3.5(a), 3.5(b), 3.5(c) and 3.5(d) show the SEM images of the nickel nano

clusters formed after rapid thermal a
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(d)

Figure 3.5: SEM Images of nickel nano-clusters formed after RTA at 850 °c
for 60 sec (a) Sample 1 w/ initial nickel thickness 20 nm; (b) Sample 2 w/ initial
nickel thickness 15 nm; and (c) Sample 3 w/ initial nickel thickness 8 nm; (d)

Sample 4 w/ initial nickel thickness 3 nm.
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The diameters of the nano-clusters vary from 160 to 200 nm for Sample-1, from
80 to 130 nm for Sample-2, from 50 to 120 nm for Sample-3 and from 40 to 50 nm
for Sample-4.

The effect of initial nickel thickness on density and diameter of the nickel
nano-clusters is shown in Fig. 3.6. From, Fig. 3.6, we observe that the dimension of
Ni nano clusters decreases and the density of nickel nano clusters increases when the

thickness of the deposited nickel film decreases from 20 nm to 3 nm.
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Figure 3.6: Effect of initial nickel thickness on density and average diameter

of the Ni nano-clusters after RTA at 850 °C for 60 sec.

This is due to the weak interaction between the Ni and the silicon nitride layer
for higher initial nickel thickness results in a low activation energy barrier to Ni

migration which results in larger islands forming from smaller islands or weakly
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bound individual Ni atoms [43]. Based on this observation it could be concluded that
the dimension and density of the nano-cluster formation can be controlled by the

initial thickness of nickel deposited above SizNy layer.

3.3.2 Height optimization of silicon nitride SWS

Figures 3.7(a), 3.7(b), and 3.7(c) show the SEM image of the fabricated SizNy

SWS on Sample-4 after ICP dry etching for 60 sec, 100 sec and 120 sec.

0.158 um

(b)
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Figure 3.7: SEM Images of fabricated SizNs SWS w/ ICP etching time (a) 60

sec; (b) 100 sec; (c) 120 sec for Sample-4.

nearly same as that of nickel nang sters. Similarly, as shown Fig. 3.7(b) the height
of the silicon nitride SWS is measured to be 160 - 170 nm and tip diameters of
fabricated SWSs vary from 40 - 60 nm for etching time of 100 sec and the height of
the silicon nitride SWS is measured to be 170 - 180 nm and tip diameters of fabricated
samples of SWS vary from 50 - 60 nm for etching time of 120 sec as shown in Fig.
3.7(c).

Figure 3.8 shows the curve between average heights of the fabricated SizN4s SWS

with ICP etching time.
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Figure 3.8: Effect of etching time on the average height of fabricated SizN4

SWS.
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Figure 3.9: Comparison of reflectance spectra for the fabricated Siz;N4 SWS

with different etching time, for Sample-4.
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The measured reflectance spectrum for the sample-4 has been compared for
different etching times as shown in Fig. 3.9. The calculated average reflectance for the
wavelength range from 350 to 1000 nm of all the samples are shown in Fig. 3.9. The

average reflectance was calculated by following equation:

1 A,
R = R(A)dA 40
Fy) }[ (40)

Where R(4) is the reflectance of the design and 4; & 4, are the lower and upper

wavelength of the design window. We observed the lowest average reflectance of 3.12

% for the SisN4s SWS of sample-4 with ICP etching time of 120 sec and average

height of 155 nm.

The observed height with etching time for sample-3 is tabulated in Table 2 and

the reflectance spectra for different etching time are shown in Fig. 3.11.




Figure 3.10: SEM Images of fabricated Siz;N4y SWS w/ ICP etching time (a)

90 sec; (b) 120 sec; (c) 180 sec for Sample-3.

Table 3: The height of the fabricated SizN; SWS with different etching time, for

Sample-3.
CF4/ O; etching time (s) Height (nm)
920 11
120 153
180 230
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Figure 3.11: Comparison of reflectance spectra for the fabricated SizN4s SWS

with different etching time, for Sample-3.

Fig. 3.12 shows the SEM image of-the fabticated SisN4; SWS on Sample-2 after

ICP dry etching for 120 sec.

0.172 um E

0.121 um, &
— -

Figure 3.12: SEM Image of fabricated SizN4s SWS w/ ICP etching time 120

sec
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From Fig. 3.12, the height of the fabricated SWS is measured to be 150 - 160 nm
and the tip diameter of the SWS was measured as 120 - 170 nm.

The reflectance spectra of the sample-3 and sample-4 were compared in Fig. 3.13
for etching time of 120 sec. From this comparison, we got the lowest average
reflectance of 3.89% for the sample-3 with average SWS height of 155 nm. Since the
average height of the fabricated SWS on Sample 3 is close to our computer simulated
results (i.e., the SisNy SWS with 2 = 150 nm and s = 70 nm), as shown in Fig. 2.7;

therefore, we chose this structure as our target structure for analysis.

30

Sample - 4 ICP etching time 120 sec

25 4 Average Reflectance = 4.08%

Sample - 3 ICP etching time 120 sec
20 Average Reflectance = 3.89 %

15 H

Reflectance (%9

400 500 600 700 800 9200 1000

Wavelength (nm)
Figure 3.13: Comparison of reflectance spectra of sample-3 and sample-4
for ICP etching time 120 sec, where the average heights of Si;Ns SWS were 155

nm and 175 nm, respectively.

3.4 Results Comparison

3.4.1 Comparison of measurement and simulation

64



Fig. 3.14 shows the measured reflectance compared with the simulated
reflectance for the SisNs SWS of the height 155 nm and the non-etched SizNy4
thickness of 65 nm. The non-etched SizNj thickness was assumed to be 65 nm

because the total thickness of Si3N4 deposited in the fabricated sample was 220 nm.

30

o5 —— Measurement w/ avg height =155 nm
~~~~~~~~ Simulation w/ h = 155 nm and s = 65 nm

20 A

15 4

Reflectance (%)

400 500 600 700 800 900 1000

Wavelength (nm)

Figure 3.14: Comparison of fabricated Siz;N4s SWS with Simulated SizN4
SWS w/ h = 155 nm and s = 65 nm, for the wavelength range from 400 nm to

1000 nm.

The results are around the upper bound and lower bound of the reflectance
spectra (they are within 5% variation for both cases) for the wavelength ranging from
400 nm to 1000 nm. The differences between the simulated and measured results, as
shown in Fig. 3.14, are due to the non-uniform nature of the fabricated Si;Ns SWS,

whereas, the simulation was merely done for a periodic nature of the SWS. Notably
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the shape of the simulated structure was different from the shape of the fabricated
structure, which is believed to be the one of the reason for the difference in the

simulated and fabricated reflectance spectra.

3.4.2 SWS Comparison with SLAR & DLAR
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Figure 3.15: Comparison of the reflectance spectra among the bulk Si (i.e.,
the bare Si), the optimized SLAR, DLAR, and Si;N4 SWS for the wavelength

from 400 nm to 1000 nm.

Figure 3.15 shows the comparison of the measured reflectivity from a polished
silicon wafer with 69.1 nm silicon nitride SLAR coating and fabricated silicon nitride
SWS on silicon wafer. The flat silicon substrate exhibits high reflection > 35% for
visible and near infrared wavelengths, silicon nitride SLAR coatings exhibits low

reflection < 20% for long wavelengths 700 nm and high reflection > 35% for shorter
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wavelengths 400nm, and silicon nitride/MgF, DLAR coatings exhibits low reflection

< 10% for long wavelengths 700 nm and high reflection > 20% for short wavelength

400 nm, while the SWS gratings show reduced reflection of < 10% for long

wavelengths 700 nm and shorter wavelengths 400nm. The reflection is further

reduced to < 1% for wavelengths around 580 nm ~ 680nm. The silicon nitride SWS

gratings exhibit lower reflection than colloid-based antireflection coatings on

crystalline silicon solar cells [44], other SWS ARCs made by lithographic techniques

with typical reflection of ~2%-10%, [45-48]. Additionally, optimization of the height

and non-etched part of silicon nitrde-of SWS-Will facilitate further improvement of

the antireflection performance.

. The average reflectance for the wavelength fange from 400 nm to 1000 nm for

a bare Si, SLAR w/ Si3Ny thickness of 69.1 nm, DLAR of Si;N4 / MgF, w/ thickness

of 69.1 nm and 56 nm respectively for Si3N4 & MgF, and fabricated SizN4s SWS are

shown in Table 3. From Table 3 it is clear that the silicon nitride SWS have the lowest

average residual reflectance of 3.89 % as compared to bare silicon, 69.1 nm silicon

nitride SLAR coatings and DLAR coating with 69.1 nm silicon nitride & 56 nm

Mng .

Table 4: Average residual reflectivity calculated by the equation (37) for
measured reflectance of bare silicon, 69.1 nm silicon nitride deposited on silicon,
69.1 nm silicon nitride & 56 nm MgF, double layer deposited on silicon and 140

~ 160 nm silicon nitride SWS fabricated on silicon.
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Structure Average Reflectance (%)

Silicon 34.43
Silicon nitride SLARC” 879
Silicon nitride / MgF, 6.21
DLARC"™

Silicon nitride SWS™ 3.89

*SLARC-Single Layer Anti-reflective Coating
“DLARC-Double Layer Anti-reflective Coating

** SWS- Sub-wavelength Structure

3.5 Summary

It is observed that the height of the'SWS could be controlled with the dry etching
time. Meanwhile, the density and the diameter.of SWS could be controlled with the
dimension of the nano cluster formed:after=RTA. From the above observations, it
could be concluded that the non-periodic Si3Ns SWSs can be fabricated using the
proposed technique.

We observed the lowest average reflectance of 3.89 % for the SisNs SWS of
sample-3 with ICP etching time of 120 sec and average height of 155 nm. Therefore,
For the consideration of working wavelength region of silicon-based solar cells, the
SWS with height of 140 - 160 nm is suitable as the antireflective structure and
believed to increase the solar cell performance as compared to solar cell w/ SLAR

structure.
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Chapter 4

Fabrication of Nanocones

In this chapter, we have studied the effect of ICP conditions on the profile of
fabricated sub-wavelength structure on Silicon nitride antireflection coating layers.
We have fabricated the silicon nitride nanocone structures using the self assembled
nickel nanoclusters followed by inductively coupled plasma (ICP) etching on silicon
substrate and explore the reflection properties of the texturing structures through
spectroscopic measurements. In this-chapter,~we,have explained the fabrication of
nanopillars and nanocones on §ilicon nitride using-one step and two step ICP etching
methods, respectively and compared  the=reflection properties of the texturing

structures with different morphologies.

4.1 Experimental

First of all the polished (100) silicon was cleaned with dilute HF to remove the
native oxide. A layer of 300 nm thick silicon nitride (SisN4) was then deposited on a
polished (100) silicon wafer by plasma enhanced chemical vapor deposition (PECVD)
technique. A nickel film with a thickness of 5 nm was then evaporated on the silicon

nitride surface using an E-beam evaporating system. The nickel film was then rapid
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thermal annealed (RTA) under the forming gas (mixture of H, and N;) with a flow

rate of 3 sccm at 850°C for 60 s to form nickelclusters, which served as the etch

masks for silicon nitride. Initial nickel thickness of 5 nm has been chosen to get the

higher density and smaller dimension of Ni nano-clusters in our experiment. The

sample was then etched by ICP etcher (ULVAC NE 550) using different gases and

etching parameters which will be discussed in results and discussion section. To

remove the residual nickel mask, the sample was dipped into pure nitric acid (HNO3)

solution for 5 min at room temperature. The morphology of SWS was analyzed by

Scanning electron micrograph (SEM).~The reflectances of the SWS were measured

using an N&K 1280 analyzer.

4.2 Results and Discussions

CF4+OQ
Iasma Sl]u:un Nm-u:‘e
(a) M M
Ni Q@fy clusters Silicon Silicon
CF4+OQ |
Iasma &[ plasrmd Sl].lClJIl Nitride
Silicon nitride <
“':u. o ;“
Silicon
‘R ‘ ‘ ‘ ‘
(h Silicon Silicon Silicon

Figure 4.1: Schematic of fabrication process of (a) silicon nitride nanopillars

(b) silicon nitride nanocones.
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Figure 4.1 shows the schematic illustrations of the fabrication of nanopillars and

nanocones by one- and two-step ICP etching processes, respectively. The one-step

etching process, which is shown in Fig. 1(a), involved non-etching of nickel

nanoclusters, whereas etching of the underlying silicon nitride film. As the size of the

nickel nanoclusters was not changed, the etched area of the underlying silicon nitride

depends on the diameter of the nano clusters. Thus, silicon nitride pillar structures

were readily obtained from the one-step etching process. The two-step etching process

as shown in Fig. 4.1(b) involved minifying of-nickel nano clusters and etching of the

underlying silicon nitride film, gradually. As<the size of the nano clusters decreased

gradually, the etched area of the-underlying=silicon‘nitride increased gradually. Thus,

silicon nitride nanocone structures were readily obtained from the two-step etching

process. One-step etching process was carried out by using a mixture of CF4 and O,

and based on fluorine chemistry. The two-step etching process was carried out by

using a mixture of CFs and O; in first step and followed by the etching with Ar. The

mechanism can be confirmed by watching the scanning electron microscope (SEM)

image as shown in Fig. 4.2.

The SEM image of the sample etched by Ar gas for 30 s and 120 s were shown in

Figs. 4.2(a) and 4.2(b), respectively, after the nanoclusters were formed. From these
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figures we could see the decrease of nickel nano cluster size after etched in Ar gas for

long time, which confirms the mechanism involved to form nanocones described

previously. Similarly, we could see the effect of ICP etching using the mixture of

CF./O; gas to form the nanopillars from the Figs. 4.2(c) and 4.2(d).

Figure 4.2: SEM images of Ar plasma etching of nickel nano cluster on

silicon nitride for (a) 30 s (b) 120 s. SEM images of CF4/O, plasma etching of

nickel nano cluster on silicon nitride for (a) 60 s (b) 120 s.

Using the developed method, experiments were performed to demonstrate

control over nanopillar and nanocone height and structures. In the first series, samples
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starting with nickel nano clusters were etched by a gas mixture of CF4/O, to between

100 to 250 nm heights by different etching time. The resulting nanopillars with

corresponding heights could be seen in Figs. 4.3(a) - 4.3(d).

Figure 4.3: SEM images of fabricated nanopillar structures on silicon nitride
film using one-step etching process for etching time: (a) 90 s (b) 120 s (c¢) 150 s (d)
180 s.

Figure 4.3(a) showed nanopillars with height around 110 nm with CF4/O,

etching time of 90 s. silicon nitride nanopillars with height around 150 nm has been

achieved after etched for 120 s as shown in Fig. 4.3(b). Similarly, Figs. 4.3(c) and

4.3(d) showed the achieved silicon nitride nanopillars with height around 210 and 240

nm for etching time of 150 s and 180 s, respectively.
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Figure 4.4 displayed top-view and cross-sectional images of the different
nanocones obtained after varying etching time of the CF4/O,, but keeping the etching

time of Ar constant as 120 s, for the two-step process.

\f "'"

1506V 14 Beres w100k SE[U)

(d)

15,06V 15.0mim 100k SE[U)

Figure 4.4 : SEM images (top-view) of fabricated nanocone structures on
silicon nitride film using two-step etching process for etching time: (a) 90 s (b)
120 s (c¢) 150 s. Cross-section SEM view of the fabricated nanocone structures

with etching time (d) 90 s and (e) 180 s.

Figures 4.4(a) - 4.4(c) showed the top-view of the nanocones fabricated for the

etching time of 90 s, 120 s, and 150 s respectively. Figures 4.4(d) and 4.4(e) shows

74



the cross-section view of the structure shown in Fig. 4.4(a) and 4.4(c), which
indicated that etched silicon nitride having a height of around 157 nm for the etching
time of 90 sec and around 215 nm for the etching time of 150 sec, respectively. Note
that in Fig. 4.4(d) and 4.4(e) the base of the nanocones were different from each other,
which were clearly seen.

This behavior of the nanocone base could be explained by our proposed possible

mechanism as shown in Fig. 4.5.

CRa+2 CF4+072 CRA+07
nlasma nlasma nlasma

Silican Silicon Silican

(@) (b) {c)
Figure 4.5: Schematic illustration of the base of the fabricated nanocones: (a)

shortest etching time (b) medium etching time, and (c) longer etching time.
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In the two-step etching process, first step which used the mixture of CF4/O,
forms the nanopillars with different heights for the different etching times as shown in
Fig. 4.5. The longer etching time, the deeper the height of nanopillars. When we used
the Ar gas in the second step of the etching process, Ar starts to etch the nickel nano
clusters and preformed silicon nitride nanopillars isotropically. In the absence of a
covering of nanoclusters, the etching rate of the top region of etched silicon would be
slightly greater than that at the bottom.[49] For this reason, in the deeper nanopillar
structures [i.e., Fig. 4.5(c)] the slower etching rate of the bottom region may form the
longitudinal base of the nanocones;

The relations between etchingitime with-averagereflectance and structure height
for nanopillars and nanocones: have been-shown in Figs. 4.6(a) and 4.6(b),

respectively.

16 - —— Nanocones
........ Nanopillars

Average reflectance (%)

4 T T T T
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Figure 4.6 : Relations of etching time with (a) Average reflectance and (b)
Structure height for the fabricated nanocone and nanopillar structures on silicon
nitride film. (c) The reflectance spectra comparison of nanocone and nanopillar

structures with almost same height for the wavelength from 190 to 1000 nm.
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From Fig. 4.6(a), it has been observed that nanocone structures shows lesser

average reflectance than the nanopillar structure when we increase the etching time.

Also it has been seen from Fig. 4.6(b) that the height of the nanocone structures

higher than nanopillar structures which is clearly understood effect of the second step

etching process by the Ar gas. The reflectance spectra for both nanocone and

nanopillar structures with almost similar height were compared in Fig. 4.6(c). It has

been observed that though the average reflectance for both nanocone and nanopillar

structures were less than 5 %, the ‘average reflectance of nanopillar structures were

better than the nanocone structureswith similar-height. Also it was observed that for

the nanocone structures, the reflectance would be-less than 6 % for the shorter

wavelength (i.e., from 190 to 300 nm) and longer wavelength (i.e., from 700 to 1000

nm) as well. Whereas, for nanopillar structures, the reflectance would be less than 6 %

for the wavelength range from 400 to 800 nm. Since both the structures could produce

an average reflectance of less than 5 %, which is very good for an ARC to be applied

in solar cell, it is believed that silicon nitride nano structures would be very useful for

replacing the DLAR coatings and can give a better or comparable performance. But,

nanocone structures have been observed to provide lower average reflectance of

below 6 % for a longer range of heights as compared to nanopillar structures. So
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nanocone would be better structures to be used as silicon nitride sub-wavelength
structures for solar cell applications due to the tolerance of wider heights variation of

the structure.

4.4 Summary

An easy and scalable non-lithographic approach for creating nanocone and
nanopillar structured antireflection coatings directly on silicon nitride using nickel
nano cluster and ICP etching method for the solar cell application have been
developed. The one step ICP etching) ptocéss using a gas mixture of CF4/O, can
produce nanopillar structures and two, step etching: process using gas mixture of
CF,4/O; in first step and Ar in second step-can-produce nanocone structures on silicon
nitride film using nickel self assembled mickel nanocluster mask. The measured
reflectance for both the structures shows a great promise to be used in solar cell to
improve the efficiency because of its lower average reflectance of less than 5 %.
Nanocone structures have been observed to provide lower average reflectance of
below 6 % for a longer range of heights as compared to nanopillar structures. So it
can be concluded that nanocones are better structures to be used as silicon nitride
sub-wavelength structures for solar cell applications due to the tolerance of wider

heights variation of the structure.
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Chapter 5

Solar Cell Fabrication

In this chapter, we will present our preliminary result of the fabricated silicon solar
cell with silicon nitride SWS and will compare with the silicon solar cell with silicon
nitride SLAR. A brief description of the fabrication method will be presented which

was carried out in collaboration with MOTECH Inc., Tainan.

5.1 Fabrication Process

Emitter Process SWS Process
LREET (S BT Deposition of Si;N, by PECVD
il 1}
Chemical Polishing Deposition of Ni by E-Gun evaporator
- - -1 __ [ a
Emitter formation by POCI; diffusion
T Rapid Thermal Anneal
PSG Removal 4
ICP etching
1T
Metal mask removal
(a) {b)

|

Post Process

Screen Printing metal electrode
I}
Cell Characterization

{c)
Figure 5.1: Fabrication process steps for Solar Cell with SWS (a) Emitter
process ( done at MOTECH Lab) (b) SWS Process (done at CSDLAB) (c¢) Post

process (done at MOTECH Lab).
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The flow chart of the fabrication process for a silicon solar cell with silicon nitride
SWS is shown in Fig. 5.1. This fabrication was done by CSDLab in collaboration
with MOTECH Inc., Tainan. As shown in Fig. 5.1, the part shown in Fig. 5.1(a) and (c)
were done at laboratory of MOTECH Inc., Tainan and part shown in Fig. 5.1(b) was
done in our compound semiconductor laboratory (CSDLab).

First, p-type silicon wafer was cleaned with H,SO4/H,O, and followed by
chemical polishing to remove surface damage. Then emitter was formed by
phosphorous diffusion by supplying phosphorous trichloride oxide (POCI;) to the
silicon wafer. In this process, p-type silicon wafer, was loaded into quartz boat which
was slowly moved into the middle of a fused quattz tube in a resistance-heated
horizontal furnace. Furnace temperature for-the'diffusion was held at about 900 °C.
Nitrogen was used as a carrier gas. During the diffusion process the following

reaction takes place to form phosphosilicate glass (PSG):

4POCL, +30, — 2P,0, +6Cl,
2P,0, +5Si — 4P +55i0,

(41)
When a PSG is deposited on silicon substrate, phosphorous starts to diffuse into the
bulk and emitter was formed. Then, PSG was removed by dipping the wafer in
buffered 10% HF solution for about a minute. The details of the fabrication are not

reported here because of some confidential issue.
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Then, in our CSDLab, the silicon nitride SWSs were formed on the front surface

of the solar cell using the fabrication process described in chapter 3, which was

briefly described in Fig. 5.1(b).

After the SWS process was done, the post processing of the cell was done at

laboratory of MOTECH Inc., Tainan again. The electrodes were formed by standard

screen printing method and the cell characterization was performed to get the open

circuit voltage (Voc), short-circuit current density (Jsc), efficiency (77), and fill factor

(FF) under AM1.5G conditions.

5.2 Results and Discussion

(a) (b)

Figure 5.2: Fabricated Silicon Solar Cell with (a) Si;Ns SLAR and (b) Si3N4

SWS.

The measured results tabulated in Table 4. The measured results for the fabricated

silicon solar cell with silicon nitride SWS and silicon solar cell with silicon nitride

single layer antireflection (SLAR) coating has been compared in Table 4. It has been
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observed that the Vyc value of the SWS solar cell is decreased by 0.001 V as

compared to SLAR solar cell. Also, the fill factor of the SWS solar cell is decreased

by 0.04% compared to SLAR solar cell. But, the Jg¢ and efficiency of SWS has been

improved by 2.9 V and 1.09% as compared to SLAR solar cell. The decrease of FF

suggests that there must be some insufficient electrical contact, which is also

confirmed by the high reverse current of the SWS solar cell compared to SLAR solar

cell. So there is a need to improve the fabrication process specifically the post process

steps of Fig. 5.1(c).

Table 5: Measured Solar Cell parameters. for Silicon Nitride SLAR and Silicon
Nitride SWS. The-difference is also tabulated.

Voc (V) | JsctmA/em®) |~ FF Efficiency (%) | ILiev (A)

SizN, SLAR | 0.596 308 6424 11.77 0.22
SizsN, SWS | 0.595 33.7 64.2 12.86 0.63
Difference | -0.001 +2.9 -0.04 +1.09 +0.41

The increase of efficiency by 1.09% for a SWS solar cell confirms our simulated

results as described in chapter 2. Since the results obtained so far is preliminary result,

we expect that the efficiency can be improved more if the post process steps of the

Silicon solar cell with silicon nitride SWS will be improved significantly.
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5.3 Summary

A silicon solar cell with silicon nitride SWS has been fabricated. The preliminary
results shows an improvement of 1.09% in cell efficiency compared to a solar cell
with 80 nm silicon nitride single layer antireflection coating. This result is agreed with
our simulated results discussed in chapter 2. It is believed that by improving the post

processing in solar cell fabrication, the efficiency can further be improved.
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Chapter 6

Conclusions and Future Works

6.1 Conclusion

In this thesis, we have presented simulation and fabrication results of designed silicon
nitride sub-wavelength structures for solar cell applications.

Using the results of rigorous coupled wave analysis simulation for the pyramid,
cone, parabola and cylinder shaped silicon nitride sub-wavelength structures, the ratio
of silicon nitride sub-wavelength structures height and non-textured part of silicon
nitride has been optimized. The‘reflectance results for the optimized sub-wavelength
structures have been compared-in terms”of effective.reflectivity. From the study of
different shaped SisNjs SWS, thé<cone.shaped* SWS shows the lowest effective
reflectance for same volume as compared to pyramid, cylinder and parabola shaped
Si3N4 SWSs.

Then lowest effective reflectivity sub-wavelength structures were compared with
previously optimized 80nm Si3N4 SLAR and 80 nm / 100 nm SizNs/ MgF, DLAR. A
low effective reflectivity of 3.43% can be obtained for a silicon nitride SWS height
and non-etched layer of 150 nm and 70 nm respectively, which is less than 80 nm

SisN4 SLAR of 5.41% and comparable with SisN4/ MgF, DLAR of 5.39%.
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Based on our simulation result, we found a great potential of SisNs SWS to

increase the efficiency of silicon solar cell as compared to single layer SisNs ARC by

reducing the reflection. So, an easy and scalable non-lithographic approach for

creating nanocone and nanopillar structured antireflection coatings directly on silicon

nitride using nickel nano cluster and inductively coupled plasma etching method for

the solar cell application have been developed. The one step ICP etching process

using a gas mixture of CF4/O, can produce nanopillar structures and two step etching

process using gas mixture of CF4/O, in first step and Ar in second step can produce

nanocone structures on silicon nitride film-using nickel self assembled nickel

nanocluster mask.

We observed the lowest average reflectance for-the wavelength from 190 nm to

1000 nm of 4.66 % for the SizN4 nanopillar using ICP with CF4/O, etching gas and

etching time of 120 sec for average height of 155 nm. Similarly, for the wavelength

from 190 nm to 1000 nm, lowest average reflectance of 4.82 % has been achieved for

the Si3N4 nanocone structure using ICP with CF4/O; etching gas and etching time of

100 sec in first step followed by Ar etching for 90 sec in second step.

The measured reflectance for both the structures shows a great promise to be

used in solar cell to improve the efficiency because of its lower average reflectance of

less than 5 %. Nanocone structures have been observed to provide lower average
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reflectance of below 6 % for a longer range of heights as compared to nanopillar

structures. So it can be concluded that nanocones are better structures to be used as

silicon nitride sub-wavelength structures for solar cell applications due to the

tolerance of wider heights variation of the structure, which is also seen before from

our calculations.

A silicon solar cell with silicon nitride SWS has been fabricated. The preliminary

results shows an improvement of 1.09% in cell efficiency compared to a solar cell

with 80 nm silicon nitride single layer antireflection coating. This result is agreed with

our simulated results. It is believed that'by improving the post processing in solar cell

fabrication, the efficiency can further be improved: Therefore, For the consideration

of working wavelength region of silicon-based-solat cells, the SWS with height of 140

- 160 nm is suitable as the antireflective structure and believed to increase the solar

cell performance as compared to solar cell w/ SLAR structure.

6.2 Future Work

1. There is a need of study of silicon nitride sub-wavelength structures with

non-periodic nature with different shape effects to get the exact calculation of

reflectance.
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2. More theoretical study is needed with different TE and TM wave in to
consideration for more accurate results. In our calculation we have considered
only TE wave.

3. Genetic algorithm or swarm optimization process can be used with PC1D
calculation to accurate prediction of the electrical characteristics of solar cell.

4. Since the process developed for silicon nitride sub-wavelength structure works
at high temperature (i.e. 850 °C), the process is not suitable for fabrication of
silicon nitride SWS on GaAs surface. So there is need to develop a new
fabrication method which can-use low-temperature rapid thermal annealing to
form nanomasks.

5. Although, the preliminary “results=obtained from our silicon solar cell
fabrication using silicon nitride sub-wavelength structures show a great
promise in efficiency improvement compared to silicon nitride single layer
antireflection coated silicon solar cell, the efficiency of silicon solar cell is
lower as compared a commercial silicon solar cell available in market. This is
believed to the low electrical contact formed between electrode and SWS
surface. So, more work is needed in electrode formation in the process of solar
cell fabrication to improve the electrical contact of the solar cell so that the

efficiency of the solar cell will be improved.
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Appendices

Main Entrance for SWS Reflection Calculation

)

% Initialization

inFP = fopen('AM1S5G.txt','r'");
inputA=[];

for i=1:100000

line=fgetl (inFP);

if line == -1 %check if file ends or not
break;

end

[last_token,ext] = strtok(line);

inputA(i,1l)=str2num(last_token);
[last_token,ext] = strtok(ext);

inputA (i, 2)=str2num(last_tokeé

end

fclose (inFP) ;

lambda = [400:5:10007;
%$lambda=190+64;

tmp_A=[];
tmp=1;
for k= 1 : size(lambda, 2)
for j=tmp : 1 : size(inputA,l)
if lambda(l,k) == inputA(j,1)
tmp=7;
tmp_A(k, :)=inputA(j, :);
break;
end
end
end

inputA=tmp_A;

nm = 10" (-9); % nanometer value
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nc = 2.03;

hc (6.63*%10734)*(3*10"8);

lamdal = 1.1071*10"(-6);

1.16858 * 1071,

eps

A = 9.39816*10"(-13);

B = 8.10461*10"(-3);

)

% Calculate the reflectance ht and wavelength

lambda = [400:5:10007;
diameter = 50 * nm;
height_array = [10:5:250];

pyrlen = diameter;

s_array = [10:5:250];

inFP = fopen('test.txt','w');

for height = height_array

for s = s_array

for k = 1: size(lambda, 2)
ns (k) =

sgrt (eps+ (A/ (lambda (k) *nm) *2) + ( (B* (lamdal”2) )/ ( ( (lambda (k) *nm) *2) —1lam
dal”2)));
% ref(k) = (shape, refractive index of Si;3N,, refractive index of Si,
non—-etched Si;3;N,;, Base Diameter, Angle of incidence, height of SWS,

wavelength)
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refl (k) = rcwa2(2, nc, ns(k), s*nm, diameter,

(height+s) *nm, lambda (k) *nm, pyrlen);

theta,

rlambdanlambda (k)= (refl (k) *inputA(k,2))/ (hc/lambda (k));

nlambda (k)= inputlA(k,2)/(hc/lambda(k));
end
sum_nlambda=sum(nlambda*5)/(1000-400) ;
eff refl=sum(rlambdanlambda*5)/(1000-400);
eff_ref=eff refl/sum_nlambda;

savefile =

strcat ('_height=',num2str (height), '_s=',num2str(s),'_ref=',num2str (ef

f_ref),".txt");

fprintf (inFP, '$d\t %d\t %f\n',height,s,eff_ref);

datamat = zeros(size(lambda,?2), 2);
datamat(:, 1) = lambda';

datamat(:, 2) = refl';

save (savefile, 'datamat', '-ASCII");

end
end

fclose (inFP) ;

Function for Calculation of Reflectance

)

% shape: 0 = pyramid 1 = nipple cylinder 2 = parabola 3

Cone

function ref = rcwa(shape, nc, ns, s, diameter, theta, height, lambda,
leng)

nm = 107 (-9); % nanometer value

nair = 1.0; % refractive index of air

layers = 100; % number of layers in the nipple

if (shape == 1)
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layers = 2;

end
layer_width = (height-s) / (layers-1); % average layer height
d = ones(layers,1l); % height of each individual layer

n = ones(layers, 1);

r = ones(layers, 1);

o°

The normalized electric field(in the y-direction) for the input and

o

output regions and in each of layers may be written as

o

EO0=[exp(-jklz)+R*exp(jklz) Jexp(-jkz), z<=0

o°

El={Pl*exp[-kO*gammal (z-D(1-1))]+Ql*exp{—-j[kx*x+k2z(z-D1)]}, z>=DL

o

Et=T*exp{-jlkx*x+k2z (z-DL) ] }

k0O =2 * pi / lambda;
kx = kO * nair * sin(the
klz = k0O * nair * cos(the

k2z = k0 * sgrt(ns”2 - nai
% Determine the refractive index for each layer

outputdata=[];

for k = 1 : layers

o

Dl= summation over p=1 to 1 dp
h = (1-k/(layers-1)) * (height-s);
if (shape==0) % pyramid fill factor

f = 4 * inv_profile(shape, leng, height, h)"2

/ (sgrt (3) *diameter”2);

elseif (shape==1) % nipple cylinder

f = pi * inv_profile(shape, leng, height, height-h)"2

/ (sqgrt (3) *diameter”2);

elseif (shape==2) % parabola
f = pi * inv_profile(shape, leng, height, h)"2
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/ (sgrt (3) *diameter”2);
elseif (shape==3) % cone
f = pi * inv_profile(shape, leng, height, h)~"2

/ (sqgrt (3) *diameter”2) ;

end
n(k) = efi(nc, nair, f);
d(k) = layer_width;

% rk=j[nk*2-nl1"2*sin(theta) 21" (1/2)

end

r(k) =1 * sgrt(n(k)”2 - nair”2 * sin(theta)"2);

outputdata(:)=n(k);

n(layers)= efi(nc, nair, 1);

d(layers)= s;
r(layers)=1i * sqgrt(n(layers)”2 - nair”2 * sin(theta)"2);
d_new=d;

for

d_new(ii)=sum(d(1l:ii))

end

fid=

fpri

ii=1:1length(d)

\ T850|

fopen('n.txt', 'w');

ntf (fid, '$d\t %d \n', [n d_new]");

fclose(fid);

vecO = [1; 1 * k1z/kO0];

vecr = [1; -i * kl1lz/k0];

vect = [1; 1 * k2z/k0];

mattl = zeros(2,2);

matt2 = zeros(2,2);

% loop over all layers from bottom to top
for k = layers : -1 : 1
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o

% Constrcut the k-th layer matrices

mattl(l,1) = 1;

mattl(l,2) = exp(-kO*r(k)*d(k));
mattl(2,1) = r(k);

mattl(2,2) = -r(k)*exp(-kO*r(k)*d(k));
matt2(1,1) = exp(-kO0*r(k)*d(k));
matt2(1,2) = 1;

matt2(2,1) = r(k)*exp(-kO*r(k)*d(k));
matt2(2,2) = -r(k);

o

% Multiply the vector vect with the matrix for the new vector

vect = mattl * inv(matt2) * vect;

end

matrixa = [-vecr vect];
vecsol = inv(matrixa) *

ref = vecsol(l) * conj(vecsg
return

% This is the inverse of the profile function

function r = inv_profile(shape, diameter, height, z)
if (shape == 0) % pyramid

r = (diameter/2)*(1-(z/(height)));
elseif (shape == 1) % cylinder

r = diameter/2;

elseif (shape == 2) % paraboloid

r = (diameter/2)*sqrt(l-z/ (height));
elseif (shape == 3) % cone

r = (diameter/2)*(1-z/(height));
end
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return

% Calculate the effective refractive index of the given layer

function ne = efi(nc, nair, f)

(1-f+£* (nc"2))* (£+(1-f) *nc"2)+nc"2;

Q
I

1 = 2*(f+(1-£f)*nc"2);

ne = sqgrt(abs(g/l1l));

return
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