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ABSTRACT

The multi-crystalline silicon (mec-Si) solar cell is considered to be one of the most
promising cells capable of achieving high efficiency at low cost and high reliability.
Improving solar cells efficiency using low cost materials requires careful design
considerations aiming to minimise the optical and electrical losses. In this work plasma
texturing was employed to reduce optical reflections from silicon surfaces well below

1%.

Plasma texturing is used to form light trapping structures suitable for silicon solar cells.
Several plasma texturing methods are investigated and associated defects are analysed.
Masked as well as mask-less texturing techniques are investigated. Conventional parallel
plate Reactive Ion Eiching (RIE), Inductively Coupled Plasma (ICP) and Electron
Cyclotron Resonance (ECR) plasma system are used to compare the plasma induced
defects in silicon. The influence of various plasma etch parameters on plasma induced
defect is investigated. A correlation between the minority carriers lifetime and surface

area increased by texturing is established.

Effective lifetime measurements using Quasi Steady State Photo Conductive (QSSPC)
technique is mainly used to estimate the plasma induced defect in textured silicon
substrates. Sinton lifetime tester is used to measure the effective lifetime of the substrates.
The implied open circuit voltage is calculated from the lifetime data for textured

substrates.

In this work low temperature photoluminescence spectroscopy is also used to analyse the
defect caused by plasma on mec-Si substrates. Photoluminescence (PL) data is obtained
using the 514.5 nm line of an Ar* laser as an excitation source. The luminescence is
dispersed with SPEX 1700 spectrometer with a liquid nitrogen cooled Germanium

detector.
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Reflectance measurements are performed on textured surfaces using a purpose built
integrating sphere attachment of a high accuracy spectrophotometer. Modelling is also

performed using PV-optics software to compare the experimental and theoretical results.

Finally, silicon solar cells are fabricated with measured efficiency around 18% . The
efficiency is estimated from the I-V characteristics data obtained using a calibrated

halogen lamp and a HP semiconductor parameter analyser. Spin-on-dopant source as

well as solid diffusion source is used to form the emitter
fabricated on p-type silicon wafers. Multicrystalline silicon, CZ- silicon and FZ silicon
wafers are used to fabricate solar cells in this thesis. The effect of single and double

layer antireflection coatings on diffused reflections is also investigated.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Solar cells convert sunlight directly into electricity using the photovoltaic effect.
They are a promising technology for satisfying current and future energy demands in a
sustainable and environmentally-friendly way. The first commercial use of solar cells was

in space applications for powering satellites in the late 1950s.
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Figure 1-1: Sales volume of silicon solar cells till 2003 [1]

Today, the terrestrial market for solar cells greatly exceeds that for space
applications, with a variety of end uses including grid connected systems, consumer

products and for remote area power supply. This rapidly expanding market calls for
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advanced technologies and devices capable of yielding a higher performance at lower
cost.

To maximize the efficiency of solar cells, researchers have attempted various
solar cell structures aiming to maximize the absorption of incident photons and collection
of photogenerated carriers [2, 3]. Solar cell design involves the specification of the
parameters of a solar cell structure in order to maximize efficiency (given a certain set of
constraints). For example, in commercial solar cells, a constraint which must be
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA particnla ) tructure, In contrast, for a high
efficiency laboratory type solar cell, the objective is often to maximize efficiency without
significant regard to cost. Cost of the solar cells could be reduced by choosing low priced
substrates such as multicrystalline silicon. Multicrystalline silicon solar cells account for
approximately 62% of the production volume for 2003, approximately 744MW [4] .
Figure 1-1 shows the rapid increase in solar cell sales in the 3 years ending 2003.
Multicrystalline silicon cell technology continued to take market share, now almost two-
thirds of monocrystalline silicon market. Multicrystalline silicon (mc-Si) solar cell with
efficiency 14.48% has already reached the market [5].

Historically, higher efficiencies have been achieved by minimization of optical
and electrical losses of silicon solar cells. Combining low cost material with high light
trapping features, the price of solar cells could be reduced.

One approach is through surface texturing of the silicon wafer to reduce
reflections from front surfaces while maintaining high minority carrier lifetime by
minimizing process induced defects [6]. Already laboratory me-Si cells have reached 20.3
% efficiency with plasma texturing combined with wet chemical etching [7].

Texturing is very effective in reducing reflections and it is especially important for thin
films, multicrystalline materials and for capturing long wavelength light. Surface
texturing for enhanced absorption in Si has been obtained historically by creating
randomly distributed pyramids [8] using anisotropic etchants, but this preferential wet
etching works best on single crystalline silicon because of its crystallographic orientations.
These wet etching techniques are not satisfactory for multicrystalline silicon (mc-Si) solar
cells because of the random grain orientation. Also it places a limitation on the growth of

solar production capacity due to the tremendous amount of material, water and chemicals
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that need to be consumed. Mechanical texturing techniques require wafers with
sufficiently thick material for mechanical stability. These methods are especially not
applicable for thin, warped, and fragile materials. Plasma assisted processing has the
potential to be an alternative method for industrial texturing of monocrystalline,

multicrystalline and thin film based solar cells.
1.2 General features of solar cells

Some of the primary factors present in high efficiency designs are

1. Good light trapping to maximise photo capturing efficiency by minimising
reflection.

2. Well passivated surfaces to minimise surface defects and recombination problems.

3. High minority carrier lifetime in the substrate material to enhance collection
efficiency and reduce bulk recombination.

4. Thin substrates to get high open circuit voltage [9]. An optimum silicon solar cell
with light trapping and very good surface passivation is about 100 pm thick.
However, thickness between 200 and 500um are typically used, partly for
practical issues (such as in manufacturing and handling thin wafers) and partly for
surface passivation reasons.

5. High quantum efficiency in the front doped region for blue and infrared resposnse.

6. Low series resistance for higher fill factor.

7. Low grid shadowing to minimise light Josses.

8. High shunt resistance to increase open circuit voltage and fill factor.

This thesis concentrates mainly on improving .light trapping using plasma texturing while

minimizing the plasma induced defects.

1.3 Solar cell efficiency

The power conversion efficiency of a solar cell is given by

_FF JscVoc 1-1
P

in

n
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where P, is the incident power, FF is the fill factor, J, is the short-circuit current density
and V,. is the open circuit voltage. All of these three parameters (FF, Jy , Vo) should be

maximised to improve the efficiency of a solar cell.

However, these three parameters are correlated to some degree as indicated by the
following equation.

v, —In(v, +0.72) 1-2

FF, =
v, t1

where FF, in Equation 1-2 1s the ideal fill factor, v, is the normalised voltage,

_ 4V, 1-3

VDC
nkT
where n is the cell ideality factor. k is Boltzman’s constant, V,. is the open circuit voltage,

T is the absolute temperature and ¢ is the electronic charge.

The actual cell fill factor also depends on the cell’s series resistance and shunt resistance.
However, all well designed and processed high cfficiency single crystalline silicon solar
cells should have fill factors very close to FF, obtained from Equations 1-2 and 1-3.

The open circuit voltage also depends on the short circuit current density Jy. as

oc

L h{-‘;ﬂ + 1j 1-4

where J, is the saturation current density.

The saturation current density J, , is given by the following Equation [8]

D n’ D.n’
-]0 — (q en’l Fp + q hnx FNJ 1“5
LeNA LhND

Where n; is the intrinsic carrier concentration, N4 and Np are the accepter and donor
concentrations. Fp and Fy are coefficients which incorporate the effect of surface

recombination[8].



CHAPTER 1 INTRODUCTION 5

_ Spcosh(W, /L,)+D,/L,sinh(W, /L) 1-6
Y D,/L,cosh(W, /L,)+S,sinh(W, /L,)

5 = SycoshW, /L,)+D, /L, sinh(W, /L,) 17
" D,/L, cosh(W,/L,)+S, sinh(W,/L,)

where §, and S, are the surface recombination velocities at the respective surfaces. Wy
and Wp are widths of the n-type and p-type regions and L, and L, are diffusion length of n
and p type carriers.

Equation 1-4 shows that V,. weakly depends on Jy. Actually when J, is low, Jy will tend
to be high due to lower recombination inside the cell. This will enhance V,. as given by
Equation 1-4.

Hence, V. is experimentally the most important parameter to be optimised first for a solar
cell technology, because when optimising Voc, the limiting fill factor FF, is automatically
optimised and it is likely that Ji is also optimised. When the carrier recombination is

high, J, is high, and V,. is low.

Light

P

Figure 1-2: A typical n* - p solar cell structure defining important dimensions.

The short circuit current density depends on the minority carrier diffusion lengths and will

limit the cell efficiency when the cell dimensions are much larger than these diffusion
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lengths. For an n*- p type cell, as shown in Figure 1-2, it can be approximately expressed

as

vt
- " G(x)dx 1-8
J.. qu G(x)dx

where G(x) is the minority carrier generation rate, x is the position from the junction, w is
the width of the junction depletion region, L, and L, are the minority carrier diffusion
lengths in the emitter and the base regions, determined by recombination rates within the
cell. The position x=0 is at the front edge of the depletion region. The active region of a
cell is the junction depletion regions. J. depends on w, L,, L, and the location of the
active region.
In order to collect all the light-generated carriers at the junction, surface and bulk
recombination of light generated carriers must be minimized. For conditions commonly
encountered in silicon solar cells, two approximations required for total current collection
and they are:
e The carrier must be generated within a diffusion length of the junction.
e In the case of a high localized recombination site (such as surface recombination
or a grain boundary) the carrier must be generated closer to the junction than to the
recombination site. If the recombination is less severe, as is the case when the

surface is passivated, carrier collection will extend closer to the surface,

1.4 The aim of this project .
The aim of this project is to develop a plasma textured light trapping structure for silicon
solar cells with minimum reflection and defect density. In this project various plasma
texturing methods will be investigated and the associated defects will be studied so that
they could be minimized in future. Even though the ultimate goal of this study is to apply
the plasma texturing techniques to multicrystalline silicon substrates, high quality float
zone silicon substrates will be used to study the plasma induced defects accurately. In
particular this study will investigate:
1.The plasma induced damage caused by various gases.

2.The effect of various etching mechanism on plasma induced defects.
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1.5 Thesis summary

Chapter 1: Introduction

This chapter briefly introduces the principles of silicon solar cell, main parameters
that affect the cell performance and current trends in silicon solar cell market. Also
it mentions the motives and aims of this project.

Chapter 2: Experimental techniques

Chapter Z describes experimental techniques invoived in the fabrication of solar
cells and measul'ements performed on the silicon substrates. Fabrication techniques
include optical lithography, plasma texturing (RIE, ICP and ECR), emitter junction
formation by diffusion and material deposition techniques such as electron beam
evaporation, thermal evaporation, sputtering and PECVD SiNy,. Measurement
techniques include reflectance, minority carriers lifetime, photoluminescence,
roughness analysis by atomic force microscopy and finally I-V characteristic of
fabricated solar cells.

Chapter 3: Surface texturing

The plasma texturing methods including reactive ion etching using SFs /O,, various
etch parameters and the scanning electron microscope (SEM) images of various
textured structures are shown in Chapter 3.

Chapter 4: Minority Carriers Lifetime Measurements

Chapter 4 describes the theory associated with the carrier lifetime and the minority
carrier lifetime measurements and their interpretations on various plasma textured

silicon substrates.

Chapter 5: Photoluminescence (PL) Analysis

This chapter presents the photoluminescence measurement data mainly on plasma textured
silicon substrates and discuss the possible cause of the PL peaks appearing in the plasma
textured mc-Si substrates.

Chapter 6: Light Trapping and Reflection Control

Chapter 6 shows the reflectance measurements on various textured surfaces and

antireflection coatings. Textured surfaces include maskless textured black silicon,
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optically optimised honeycomb-like cone-type and hole-type plasma textured
silicon substrates. It also shows the reflectance measurements of single and double
layer antireflection coatings. Modelling using PV-OPTICS software has also been
utilized to optimise the light trapping structures.
Chapter 7: Solar cell fabrication
The fabrication process and characterisation of various solar cells include spin on
dopant and solid diffusion source solar cells for textured as well as untextured
subgtrates are described in Chapter 7.

o Chapter 8: Conclusions and Recommended future work

Chapter 8 gives the conclusions and recommendations for future work.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Introduction

A number of experimental techniques were used in this work for surface texturing as well
as cell fabrication and characterization. This chapter discusses some of the main
techniques of relevant interest involved in fabrication as well as characterisations.
Fabrication techniques such as optical lithography that was used to define the etch masks,
reactive ion etching and other plasma etching techniques that were used for pattern
transfer following the lithography steps, metal deposition techniques such as physical
evaporation, sputtering, electron beam evaporation, diffusion of doping elements such as
Phosphorous and Boron are described in this chapter. Characterisation techniques such as
atomic force microscopy that is used to investigate submicron features, the carrier lifetime
measurement techniques using Sinton’s lifetime tester and finally the I-V characterisation

technique for silicon solar cell are also given in this chapter.

2.2 Pattern Definition Techniques

2.2.1 Introduction

Optical lithography is the process of transferring patterns of geometric shapes on a mask
to a thin layer of light-sensitive material called photoresist covering the surface of the
substrate. There are basically two optical exposure methods: shadow printing and
projection printing [10, 11]. Shadow printing may have the mask and wafer in direct
contact with one another as in contact printing, or in close proximity as in proximity
printing. The shadow printing is faster and cheaper than projection printing. Projection is

limited by the diffraction effect while contact printing is limited mainly by mask
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contamination and mask wearing. To minimise the mask damage, the proximity contact is

used in shadow printing.

Contact Proximity
I |
UV source .:’O’_ Y
N 1S

Lens

Masks

Photoresist I
Substrate Gap

a b

Figure 2-1: Schematic of optical printing modes. (a) Masks and wafers are in contact printing mode.
(b) Masks and wafers are in proximity printing mode.

In shadow printing, the minimum linewidth that can be printed is roughly given by the

following Equation 2-1.

1, =g 2-1

where A is the wavelength of the exposure radiation and g is the gap between the mask
and the wafer and includes the thickness of the resist.

A new Karl Suss MA6 mask aligner was used in most of my work. It is capable of
performing several shadow printing modes such as Low vacuum, high vacuum, proximity,
soft and hard contact with a resolution of as low a 0.6 um. The Karl Suss MA6 contact
aligner is equipped with a 350 W lamp house and Suss diffraction reducing optics which
produces exposure wavelengths between 350 and 450 nm. With a deep UV source, it can

produce an exposure wavelength of 248 nm.
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2.2.2 Mask making

Chrome-on-quartz masks for optical lithography were designed using L-Edit computer
program and were made using the facility at Industrial Research Limited, Wellington.
Masks for larger features (20-100 wm) such as emitter contacts for solar cells were made
transferring the patterns on a chrome plated quartz plate using contact printing method.

But, masks for smaller features (2-10 pm) such as texturing patterns were made using step

Figure 2-2: Honeycomb structure mask of circular holes or dots of radius a and pitch d.

Optimised surface texturing structures were achieved from hexagonally arranged circular
holes or dots of radius A and pitch d as shown in the Figure 2-2. Typically Q is in the

range of 2-8 um and d is in the range of 3-10 pm.

2.2.3 Pattern transfer techniques

In the initial part of this work, hole type texturing was done using subtractive pattern
transfer scheme shown in Figure 2-3 (a). In this method we used Nichrome, Chrome or
Aluminium as etch mask which was defined using wet etching method. Pillar type
texturing was done using additive pattern transfer scheme shown in Figure 2-3 (b). Thick

photoresist such as S4620 was used as etch mask for SFg plasma texturing in the latter
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part of this work. The thickness of this resist is 6-10 wm depending on the spinning speed.
Photoresist etch mask eliminates the metal evaporation, lift off / wet etch steps and save
time and cost.

Silicon

<~ Wafer —

Nichrome
Layer(40nm)

Photo resist
(500nm)

Broad band

V4L UViight EREEER
HEENEE. Mask —o N E B EE B
g B — Exposed — NN

PR

ﬁé—_

pompmge Developed >mmmmmn
PR

Nichrome <m m mm m o
Layer

After Wet

< EtChlng _mm mm mm omm o

After Lift Off—
ALM MMM e After RIE— MLAMMMA

a b

Figure 2-3: Schematic of the pattern definition and pattern transfer processes (a) Subtractive pattern
transfer scheme used for the hole type structure.(b) Additive (lift-off) technique used for the column (or
cone) type structure

2.3 Reactive Ion Etching (RIE)

Reactive ion etching was mainly used to form light trapping structures for silicon solar
cells. Masked as well as mask-less methods were employed to texture the silicon surface.
RIE demonstrate good control over etch profiles which is important in this application as
anisotropic steep sidewall structures, which are slightly undercut, are required for

successful light trapping surfaces. The principle of RIE, or dry etching as it is also known,
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is the removal of material via a combination of physical bombardment and chemical
reactions. The main advantage of RIE over the wet etching technique is the increased
control over the etch profile. A number of parameters such as pressure, temperature and
plasma power can be adjusted to control the anisotropy of an etch as well as various
passivation mechanisms available through the choice of gas etchants. For a dry technique
there are fewer waste products to dispose of and high throughput can be obtained in the

case of the photovoltaic manufacturing industry.

2.3.1 Principle of Reactive Ion Etching

Reactive ion etching is a plasma etch process that combines controlled energetic ion
bombardment with chemically reactive interactions to achieve high selectivity and a
highly anisotropic etch. There are number of different etching configurations. The parallel
plate electrode RIE is most common, and more recently high ion density reactors have
become available such as electron cyclotron resonance (ECR) reactors and inductively
coupled plasma (ICP) reactors. They are all based on the same basic principles, however,
the high ion density reactors are configured to achieve higher ionisation densities
compared to the parallel plate RIE. Higher densities of ion at lower pressures increases
etch rates, while still maintaining a highly anisotropic etch.

Figure 2-4 shows a typical block diagram of the Oxford Plasmalab 80 Reactive lon Etcher
used for most of this work. In RIE a plasma is ignited by the application of radio
frequency (RF) energy, typically at 13.56MHz. This promotes ionization of the
constituent atoms and molecules in the process gases to create a plasma. This is
essentially an electric discharge process. The plasma consists of reactive radicals, as well
as a large proportion of neutral species. Of the reactive species, the majority of the
positively charged species are singly ionised atoms or molecules, while the majority of
the negatively charged species are electrons. The plasma appears to glow owing to photon
emission during electron recombination process, with colours characteristic to the
different gases. The higher mobility electrons are able to diffuse more through the plasma,
recombining on the chamber walls. In the region immediately adjacent to the chamber

surfaces, a sheath region forms. This is an area of low charge density created by the



14 CHAPTER 2 EXPERIMENTAL TECHNIQUES

recombination. As the electrons are able to diffuse more quickly in the plasma, a higher
concentration of positive charge remains in the plasma.

The sheath plays a major role in etching. Because it has a low charge density, large fields
can develop that accelerate positive ions across the sheath and onto the sample.
Figure 2-5 shows how the electrical potential is distributed in the chamber for a simple
parallel plate electrode system. The cathode becomes negatively biased during the etching

process. This is a direct result of the higher mobility of the electrons over the positively

alf

2
-

ositive f the RF cycle, neg

4

cathode, while on the negative half of the RF cycle, positive ions are attracted. Initially,
more electrons impinge on the cathode than positive ions, causing the cathode to take on
the negative bias. This in turn means that there is a reduced percentage of the cycle when

the cathode is more positive than the plasma potential.
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Figure 2-4: Block diagram of the Oxford Plasmalab 80 Reactive Ton Etching system

A steady-state is reached, when the number of electrons equals the number of ions hitting

the cathode. The DC voltage of the cathode at the steady state conditions is called the



CHAPTER 2 EXPERIMENTAL TECHNIQUES 15

self—bias voltage, or bias voltage (Vy); it gives important information as to the energy of
the impinging ions. A V,, large enough to obtain an anisotropic etch is generally desirable

[12].
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Figure 2-5: The electrical potential distribution across the discharge region of RIE

A much larger voltage is apparent over the cathode sheath, compared to the anode sheath
as shown in Figure 2-5. This is a consequence of the anode area being much larger than
the cathode, creating a larger capacitance and hence a lower voltage. This is desirable as
larger fields, and therefore more energetic bombardment occurs on the samples placed on

the cathode.

2.3.2 Reactive Ion Etching Mechanisms

Reactive lon Etching can be divided into four basic etching mechanisms [13].

a. Sputtering: Sputtering is a low pressure process that creates a long mean free path for
radicals. The radicals that cross the sheath are very energetic, and collide with the sample
at predominately normal incidence due to the small number of collisions. The energetic
nature of the collision causes surface material to be ejected. This is the least selective of
the etching processes, as the etching is due to physical bombardment as opposed to a
chemical process. Vertical etching can be achieved using this process.

b. Chemical gasification: Chemical gasification on the other hand is a chemical process.

The plasma provides the reactive etchant species which chemically react with the
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substrate to be etched. It is a very selective process, sensitive to differences in bonds and
the chemical consistency of the material. It is similar to wet-etching in that it results in
isotropic profiles

c¢. Energetic ion-enhanced chemistry: Energetic ion-enhanced chemistry works by
having two species in the plasma, etchants and inhibitors. Normally the etchant and
substrate would react and etch iostropically. However, the inhibitor forms a thin film in

vertical surfaces that see little or no bombardment. This film acts as a barrier to etching,

d. Inhibitor ion enhanced chemistry: This mechanism is mainly utilized for texturing

highly anisotropic vertical structures for light trapping surfaces.

The dominance or otherwise of each of the different processes is dependent on a number
of parameters, including the material to be etched, the process gases, pressure, RF power

& frequency, temperature, and, etcher configuration.

2.3.3 Machine description

RIE was performed using and Oxford Plasmalab 80 system. It has a basic parallel plate
electrode configuration with a cryogenic sample stage and a temperature range of -150° C
to 200° C. A schematic of this system is shown in Figure 2-4. The RIE system can be
divided into four subsystems: the chamber where the etching takes place with its RF
electrode, the gas-handling system, the vacuum system, and the controller.

In the aluminium etching chamber there are two parallel plate electrodes; the upper
electrode or anode that is grounded, and the lower electrode or cathode that is the drive
electrode supplied with RF energy (at 13.56 MHz). The cathode is 200 mm in diameter,
while the upper anode encompasses most of the chamber lid, approximately 280 mm in
diameter. The lower electrode’s temperature can be controlled with liquid N; to cool the
electrode down to -150° C and has a heating element to heat the electrode to a maximum

of 200° C (these are not indicated in Figure 2-4).
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Process gases and a vent gas are supplied to the chamber. There are three process gas
lines, allowing a maximum of three gases to be used simultaneously. In turn these three
gas lines are connected in parallel to up to three gas cylinders. Available gases include
SFs, CHF3, O,, N, and Ar. Mass flow controllers (MFCs) control the flow-rate through
each of the gas lines. The vent line vents the chamber with nitrogen has to bring the

chamber back to atmospheric pressure to allow loading and unloading of samples.

The vacuum system consists of a two stage pumping system to evacuate the chamber as
well as to control process pressures during etching. Prior to etching, the chamber pressure
is lowered to a base pressure, typically lower than 7x10™ Torr, to reduce contaminant
species in the chamber. A rotary pump acts as the roughing pump to lower the pressure
from atmospheric, providing the first stage of vacuum. A turbomolecular pump then
lowers the chamber pressure further and can achieve pressure of around 10 Torr. The
rotary pump backs the turbomolecular pump through backing line. During the etching
process, the gate valve is shut and all process gases are removed via the rotary pump, with
the automatic pressure controller (APC) valve maintaining the process pressure. The
chamber pressure is monitored via two gauges, a capacitance manometer gauge for
measuring relatively high pressure such as during etching, and a penning gauge for
measuring low pressure such as the base pressure.

The control system is based on a microprocessor based control module. The user can
specify pre-loaded recipes or set process parameters manually. The control module co-
ordinates the operation of the vacuum system valves to control pumping and to set
process pressures. It operates the gas valves and MFCs for controlling the gas inputs, as
well as controlling the temperature of the cathode, and the application of RF power and

etch time.

2.4 Inductively coupled plasma (ICP) etching.

Unlike the planer reactors, where the RF power is coupled capacitively, ICP reactors
make use of an inductive coupling. In this case, the plasma is inductively heated by the
electric fields generated by a coil wrapped around the discharge chamber. These systems

typically operate at a frequency of 13.56 MHz.
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Figure 2-6: Schematic diagram of inductively coupled plasma reactor.

The drawback of the RIE system is that the energy of the bombarding ions is coupled to
the dissipated power, which hampers control of ion bombardment. A way to overcome
this is by changing the frequency of the source power [14]. At high frequencies, a low
voltage is required for the same power. This results in independent of bias control. An
important advantage of RF discharge over other discharges is that they are relatively easy
to scale up to larger dimensions [14].

Another disadvantage of RIE is the relatively low plasma density. Source configuration
like ECR and ICP shows high plasma densities. However, ECR source configuration is
much more complex than that of ICP.

Figure 2-6 is the schematic drawing of an ICP reactor. The main difference between the
two systems is that ICP has a source power separate from chuck power. The ICP plasma
can create low energy ions, which is expected to cause less damage and at the same time
has high ion current density. Secondly, the magnetic field of ICP reflects electrons to
plasma, which collide with gas molecules to generate high density of charged radicals and
high ion current density, and confines the plasma by keeping it away from the chamber
wall. All these facts make sure that ICP has a high ion density and high reactive species
content.

The main difference between ICP and RIE systems is, ICP uses Magnetic field but RIE

does not use magnetic field.
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2.4.1 Bosch process using ICP

A typical Bosch process mechanism is shown in Figure 2-7. Very high degree of
anisotropic sidewall could be achieved through Bosch process. Sidewall passivation and

etching are performed in alternative cycles.

J—— Isotropic etching

Directional deposition

Isotropic etching

¢ i —Directional deposition

Figure 2-7: Very high degree of anisotropic etching of Bosch process. Sidewall passivation and etching are
performed in alternative cycles.

To obtain anisotropic profiles, the process makes use of two alternating plasmas. The first
plasma (SFg, in this case) etches the silicon iostropically, the second plasma (C4Fs, in this
case) subsequently deposits a polymer layer to act as etch inhibition layer (in the next
cycle) on the sidewalls of the etched structure. This cycle continues till the required depth

is etched.
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2.5 Electron Cyclotron Resonance (ECR) plasma etching
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Tigure 2-8: In ECR plasma, an alternating field causes the electrons to move in circular orbits,
dramatically increasing the ion density.

In ECR, a discharge is produced by microwave excitation at 2.45 GHz. When a magnetic
field of B = 875 Gauss is applied, resonance between the cyclotron motion of the
electrons in the magnetic and microwave field occurs. Electrons at resonance efficiently
convert microwave energy into dissociation of gas species. The wafer to be etched is
placed inside the discharge chamber and can be rf or dc driven to control the etching

process. This is not possible in conventional RIE process.

2.6 Material Deposition Techniques

The main deposition techniques are either Physical Vapour Deposition (PVD) or
Chemical Vapour Deposition (CVD). PVD method can be divided into two sections
known as thermal evaporation and sputtering. In our work, sputtering and thermal
evaporation techniques using resistive heating source as well as an electron-beam
evaporation system were used for depositing metals such as titanium, palladium, silver

and aluminium. A newly acquired EDWARDS Auto 500 RF/DC sputtering system was
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used for sputtering and e-beam evaporation. For depositing silicon Nitride, Plasma

Enhanced Chemical Vapour Deposition (PECVD) was used.

2.6.1 Resistive heating method

Thermal evaporation represents one of the oldest thin film deposition techniques.
Evaporation is based on the boiling off of a heated material and condensation onto a
substrate in a vacuum. In our evaporator, metal is evaporated by passing a high current
through a highly refractory metal containment structure. Tungsten was mainly used
throughout this work. An alumina coated molybdenum boat was also used in few cases as
it does not wet metals such as aluminium and hence prevents spilling. This is called
resistive heating evaporation method. Bultzar evaporator, which is capable of achieving

very low vacuum in the order of 1x 10”7 bar, was used.

2.6.2 Electron beam evaporation method
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Figure 2-9 : Electron beam evaporation system. The electron beam evaporates the target material only.

In the e-beam mode of operation a high-intensity electron beam is focussed on the target
material, that is, it is placed in a recess in a water cooled copper hearth. As shown in
Figure 2-9, the electron beam is magnetically directed onto the evaporant which melts

locally. In this manner, the metal forms its own crucible and the contact with the hearth is
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too cool for chemical reactions, resulting in fewer source-contamination problems than in
the case of resistive heating. One disadvantage of e-beam evaporation is that the process
might induce X-ray radiation damage and possibly some ion damage on the substrate.
Because this is at voltage > 10 kV, the incident electron beam will cause X-ray emission.
This X-ray damage might induce some electronic defects and result in reduced silicon

solar cell efficiency [15].

2.6.3 Sputtering

Sputtering is preferred over evaporation in many applications due to a wider choice of
materials to work with, better step coverage, and better adhesion to the substrate.

During sputtering, the target, connected at a high negative potential, is bombarded with
positive argon ions created in a plasma. A plasma is initiated by applying a large voltage
across a gap containing a low pressure gas. The required breakdown voltage, Vi, is given
by Paschen’s law:

PxL
Via <
logPXL+b

2-2
where P is the chamber pressure, L is the electrode spacing, and b is a constant. Once a
plasma is formed, ions in the plasma are accelerated toward the negatively charged
cathode. When they strike the surface, they release secondary electrons, which are
accelerated away from the cathode. They may collide with neutral species while crossing
from cathode to anode. If the energy transfer is less than the ionization potential of the
gaseous species, the atom can be excited to an energetic state. The atom decays from this
exited state through an optical transition, providing the characteristic glow. If the energy
transfer is high enough, however, the atom will ionize and be accelerated toward the
cathode. The bombardment of the cathode in this ion stream gives rise to the process of

sputtering.
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2.6.4 Plasma-Enhanced Chemical Vapour Deposition (PECVD)

In our work plasma-enhanced chemical vapour deposition was used for silicon nitride
(SiN) passivation prior to measuring the minority carrier lifetime of textured silicon
wafers.

Direct plasma method and Remote and plasma methods are the two major methods
commonly used for PECVD SiN deposition. Remote plasma method was used in this

work. This process was performed at Australian National University.
2.6.4.1 Direct plasma method

In this method the processing gases are excited by means of an electromagnetic field and
where the wafers are located within the plasma. The electromagnetic field either has a
frequency of 13.56 MHz or in the 10- 500 kHz range. Figure 2-10 shows a cross sectional
view of such a direct —plasma reactor. As the wafers are directly exposed to the plasma,
the ion bombardment of the sample surface during the film deposition cause a

considerable surface damage[16].
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Figure 2-10: PECVD system employing direct plasma method

This problem can be largely eliminated as for plasma excitation frequencies above
4 MHz the acceleration periods are too short for the ions to absorb a significant amount of
energy. In this case a direct surface bombardment by ions is only possible due to the

acceleration of ions by the plasma sheath potential.
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A promising alternative is the so called remoter PECVD method which is used to

passivate our wafers before the minority carrier lifetime measurements.

2.6.4.2 Remote plasma method.

In this set up, an RF-induced plasma transfers energy into the reactant gases, allowing the
substrate to remain at lower temperatures than in other CVD techniques.

With a simple parallel plate reactor, substrates can be placed horizontally or vertically
when the pressure is low enough. Wafers are placed on the grounded electrode and are
subjected to a less energetic bombardment than wafers placed on the powered electrode.
The PECVD films are not stoichiometric because the deposition reactions vary widely,
and particle bombardment during growth of a multicomponent system changes the
composition according to the ratios of sputtering yields of the component materials.

Good adhesion, low pinhole density, good step coverage, adequate electrical properties,
and compatibility with fine line-width pattern transfer process are the main advantages of
the PECVD films.

Figure 2-11 shows the schematic of the remote PECVD system used to passivate the FZ
wafers prior to the minority carrier lifetime measurements. If the reactor is not optimised,
the quality of the film is always non-stoichiomatric. It can be seen that in this PECVD
approach, the Si wafer is located outside the plasma region, allowing the deposition of

SisNy films with virtually no surface damage of the samples.
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Figure 2-11: Schematic of the remote PECVD system

With regard to the surface passivation properties, remote-plasma and high-frequency
direct-plasma SixNy films produce about the same excellent surface passivation on
phosphorous diffused as well as non—diffused Si surfaces. While SixNy films generated by

low frequency direct PECVD perform significantly poorly [17].

Some advantages of using remote-plasma method include [18]:

e Very high plasma densities and directional film deposition can be obtained.

e Wafer handling is easier.

e No electrical contact between the wafer and the wafer holder is required.

e An in-situ quality control is possible with automatic feedback to the deposition
process.

e An upscaling to very large wafer can easily be realised.



26 CHAPTER 2 EXPERIMENTAL TECHNIQUES

2.7 Diffusion Techniques

Diffusion was performed in tube furnace in nitrogen environment. Phosphorous spin-on-
dopant liquid source as well as phosphorous solid diffusion source was used to make the

emitter of n* - p solar cells.
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Figure 2-12: Schematic diagram of the tube furnace. Three Quarts tubes of 2 meter long and 150 cm
diameter have separate gas controllers.

Diffusion, thermal oxide growth, annealing and sintering were performed in this quartz
tube furnace shown in Figure 2-12. This furnace has 3 separate tubes and each tube has
three power supplies separately for front section, middle section and the rear section.
Temperatures are monitored at these 3 points using 3 thermocouple thermometers. For a

uniform tube temperature, all three supplies were calibrated.
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Figure 2-13: Arrangement of source wafer and silicon wafer for phosphorous diffusion.

Spin on dopant liquid source (Phosphorosilicafilm by Emulsitone Company) was spun on
the destination silicon wafer and diffused in tube furnace in nitrogen environment. Solid
diffusion source was arranged in a carriage as shown in Figure 2-13 and diffusion was
done in a tube furnace in nitrogen environment. This first step of short time diffusion is
called predeposition. After the predeposition, phosphorosilica glass was removed and
drive in was performed. In this step emitter junction as well as SiO, passivation was done
simultaneously. Nitrogen and oxygen gases were used and their flow rates depend on the
junction depth and the thickness of the thermal oxide needed. For a high efficiency silicon
solar cell, extremely high purity furnace tubes should be maintained. Particularly heavy
metals reduce the minority carrier lifetime of silicon substrates and hence the cell

efficiency.

2.8 Atomic force Microscopy (AFM)

Atomic force microscopy was used to investigate the topography of the submicron
structures and the mask-less textured black silicon surfaces. The Digital Instruments

Dimension 3100 (DI 3100) instrument was used in this work. It was very useful in
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investigating insulating materials such as photoresist patterns while SEM can be used for

conductive materials such as metals and silicon.
2.8.1 Principle of AFM

AFM belongs to the class of scanning probe microscopy techniques. An image is obtained
by scanning the probe with a very sharp tip over a sample, with a tip to sample distance in
the order of angstroms. The tip is attached to a cantilever which is deflected towards and
away from the sample by separation-dependent atomic forces. In the common AFM
configuration depicted in Figure 2-14 , the cantilever deflection is measured by a position-
sensitive photodetector consisting of a photodiode and bi-cell split photodetector. From
this deflection, an image topography can be obtained. There are many AFM
configurations but for simplicity the configuration shown in Figure 2-14 will be discussed,

as this resembles that of the DI 3100 instrument [19].
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Figure 2-14: Schematic representation of a typical Atomic Force Microscope.

Coarse positioning of the sample in the x-y plane is provided by stepper motors, which
shift the sample stage. An additional stepper motor controls the height of the probe,
relative to the stage for coarse adjustments. A camera provides feedback to aid

positioning of the sample and probe, so that specific regions of the sample can be located
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and scanned. When an image is to be captured, the tip is lowered onto the sample (at a
distance dependent on the AFM mode), and the z piezoelectric scanner brings the tip to
the final scan position. The x-y piezoelectric scanners are approximately 100pm x 100pm
for the DI 3100. The AFM instrument can be operated in a number of different modes:
contact AFM, non-contact AFM, and tapping or intermittent-contact AFM. These modes
correspond to the operation at different probe / sample separations. Figure 2-15 illustrates
the relationship between the distance of operations, the relative strengths of these forces

and their direction [19].
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Figure 2-15: Three main modes of AFM operation, Tapping, Contact and Non-contact mode.

In contact mode (repulsive mode) the tip makes soft physical contact with the sample and
a cantilever with a low spring constant is required. The advantage of operating in this
mode is that the forces are large, and the distance-force curve quite steep so small
deflections can be measured more easily. The spring constant of the cantilever should be
lower than the effective spring constant of the surface to prevent surface deformation.
During the scan the cantilever deflection is measured. The scan can proceed in either a
constant- height or constant-force mode. In constant-height mode the deflection is
translated directly into a surface topography. This is suitable for low relief surfaces. More

common is the constant-force mode, which feeds back the deflection information to raise
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or lower the cantilever to maintain a constant force. The cantilever motion then reflects
_the surface topography.

In non-contact mode, no physical contact is made with the sample. The cantilever is
oscillated at a frequency which is slightly above the cantilever’s resonant frequency, just
above the sample surface (~10-100 A). The resonance frequency or vibrational amplitude
is monitored, and kept constant by a feedback mechanism that shifts the cantilever
vertically. It operates with small forces that are suitable for studying soft or elastic
1Ces mall, they are also more difficult fo meagure to the
same accuracy. A stiff cantilever is used to prevent the cantilever being pulled into
contact with the sample. Non-contact mode requires a slower scan mode than contact or
tapping mode.

In tapping mode, an oscillating cantilever is brought close enough to the sample that it
just taps the sample. It is less likely to damage soft samples compared to contact AFM as
it eliminates friction and drag between the sample and tip. Again a constant oscillation

amplitude is maintained and the cantilever motion is stored to obtain the topography. The

majority of AFM imaging in this work was conducted in tapping mode.

2.9 Sinton Lifetime Tester

A schematic of the experimental apparatus used in this thesis for measuring the minority carriers
lifetime of silicon wafers is given in Figure 2-16. The V.. can be measured directly by the

oscilloscope without the need for a coil or RF-bridge.
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Figure 2-16: Schematic diagram of the apparatus used for measuring minority carrier lifetime of silicon
solar wafers.

This technique is based on the simultaneous measurement of the excess conductance of
the wafer, through an inductively-coupled coil, and the generation rate, via a calibrated
solar cell. Under steady-state conditions, the generation and recombination rates are equal,
and the lifetime is simply proportional to the ratio of the excess conductance and the
generation rate. For a given irradiance, the total photogeneration within the sample J,;, can
be easily and accurately estimated using available computer programs [20] or published
tables and graphs [21] . The evaluation of J,;, requires that the absorption coefficient and
the optical properties of the sample are known. All lifetime measurements were

performed at the Department of Electrical Engineering, Australian National University.

2.10 Photoluminescence Measurement Technique

Photoluminescence measurement was performed at the department of physics, University
of Canterbury, New Zealand. A newly acquired cryostat capable of reaching temperatures
as low as 4K was used in this work. a close cycle liquid helium was used for low

temperature measurements.
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Figure 2-17: Photoluminescence experimental setup used to measure the photoluminescence of textured

silicon substrates.

A schematic of photoluminescence experiment at the Department of Physics and

Astronomy, University of Canterbury is shown in Figure 2-17. The detail of the

experiment and the equipments is given below.

1. Argon Laser

A continuous wave (CW) Argon gas laser was used as the excitation source. The
visible 514.5 nm laser wavelength was chosen as the excitation wavelength for these
experiments, and 20 mW laser power was maintained by adjusting the laser current.

2. Optics

A prism (P1) was needed to disperse the laser beam and other unnecessary
wavelengths were spatially filtered by an iris for these experiments. Four mirrors (M1,
M2, M3, M4) are needed to guide and reflect the beam from the laser onto the
samples. L1 is a focussing lens to adjust the laser spot size on the sample. L2 collects
the scattered emission light from the sample, and L3 is a focussing lens with a focal
length suitable for the SPEX 1700, to focus the collected light to the entrance slit of
the spectrometer.

3. Cryostat

The Oxford Microstat close cycle cryostat is capable of maintaining temperatures

from 4 K to 300 K with the help of liquid helium.
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4. Spectrometer

The SPEX 1700 spectrometer is a double monochromator that selectively passes
radiation on the basis of its frequency.

5. Photomultiplier Tube

A liquid Nitrogen cooled Germanium detector was used at 250 V.

6. Electronics

A PL signal was recorded with a conventional lock-in technique in phase with the
frequency of a mechanical chopper. A custom written computer software called T.ab

Routine was used to store and analyse the PL data.

2.11 Reflectance Measurements

Reflectance was measured using a purpose built integrating sphere attachment of a high
accuracy spectrophotometer. Besides the specularly reflected radiation, the diffuse
radiation is also measured in this method. This will give us an idea of the absorbance of
the textured surfaces. The hemispherical mirror collects the diffuse as well as the specular
reflections and sends them to the detector. The schematic of the experimental set up used
at Industrial Research Limited is shown in Figure 2-18. Although the reflectance was
measured for spectral wavelength between 250 nm to 2500 nm, the wavelength beyond
1200 nm is too low energetic to be absorbed by silicon. Therefore the reflectance data for

wavelengths lass than 1200 nm will not be included in any of the graphs in chapter 6.
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Figure 2-18 : Experimental set up of the reflectance measurements [22].

2.12 Characterisation of Solar cells
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Figure 2-19: Experimental set up used for I-V characterisation of solar cells

Fabricated solar cells were tested using custom made apparatus shown in Figure 2-19.

The halogen lamp was calibrated using a solar cell with known efficiency. The I-V data
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were collected using a Hewlett Packard 4155A semiconductor parameter analyser and
analysed using computer. This method is not accurate and has several errors such as series
resistance added by probes.

Few cells were taken to UNSW for advanced characterisation and the measured
efficiencies were compared with the efficiencies measured at ECE, University of

Canterbury.
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CHAPTER 3

SURFACE TEXTURING

3.1 Introduction

Surface texturing for enhanced absorption in Si has been historically obtained by creating
randomly distributed pyramids using anisotropic etchants and this preferential etching
works only on single crystalline silicon because of its crystallographic orientations. NaOH
or KOH is used for wet chemical texturing of crystalline silicon. These techniques are not
suitable for multicrystalline silicon (mc-Si) solar cells and thin film substrates because of
the random grain orientation. Also this technique is not suitable for preparing substrates
for thin film solar cells. Several attempts have been made to texture polycrystalline and
multi crystalline silicon wafers, including laser-structuring [23], mechanical diamond saw
cutting [24] porous-Si etching [25] and mask-less RIE etching which results in so-called
“Black silicon” [26]. Also by applying an etch mask to the surface and using isotropic
etching, structures can be etched in me-Si for light confinement [3].

A number of texturing techniques that have been studied in this work will be presented in

this chapter.
3.2 History And Principles of Light Trapping

Although the effect of surface texture on reflection is well known outside the solar cell
area, there does not seem to have been much emphasis on surface texturing in cell
literature prior to 1954. However, only months after the fabrication of the first efficient
silicon cells at Bell laboratories in late 1953, one member of the group involved, Calvin
Fuller, filed a patent application dealing primarily with boron diffusion but also
describing cells with serrated top surfaces for reducing reflection [27]. However, Dale and
Rudendberg [28] are usually credited with bringing the potential of surface structure for

reflection control to the attention of the photovoltaic community in 1960. The structure in



CHAPTER 3 SURFACE TEXTURING 37

which they were specifically interested was based on inverted tetrahedra, which would
give excellent reflection properties as discussed in the following section. The main
difficulty at the time was how to make this structure simple. The proponents explored
ultrasonic machining, using a machine piece with projecting tetrahedra, but also
foreshadowed the use of anisotropic chemical etches [28].

With the development of interest in anisotropic etching of silicon in the late 1960s for
microelectronics, geometric texturing of the cell surface finally became practical. The first
cell demonstrating major performance improvement using such texturing was the
COMSAT non-reflecting cell reported in 1974 [29]. This structure of Figure 3-1 is
formed by anisotropically etching a surface originally oriented parallel to the <100>
crystallographic plane to expose equivalent planes which intersect to form the square-

based pyramids shown.

Figure 3-1: a. Wet textured pyramids formed by <111> crystallographic planes of c-Si and b. Ray tracing
diagram for 2-D case.

Other roughly concurrent work used both KOH and hydrated hydrazine to form cells not
only incorporating these pyramids, but also grooves [30]. Oxide strips were formed by
photolithography to mask the etch and hence define groove location.

One feature of such surface texture as a means of reflection control is the wide bandwidth
response. Not only did the textured surface couple useable light into the cell, it was also
effective in coupling infrared wavelength which resulted in higher cell operating
temperatures. Alternatives such as multilayer antireflection coatings developed at about
the same time could be made more wavelength sensitive [31]. In the terrestrial
environment, more mechanisms are available for getting rid of unwanted heat from the
cell. Cells with texturing still operate a few degrees hotter than non-textured cells even in

this case [32]. Texturing has become the norm for manufacturers of terrestrial crystalline
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silicon cells. Several leading solar cell manufactures including BP solar and Sharp have
already started to market surface textured solar cells.

Multicrystalline wafers are capturing an increasing share of the bulk silicon cell market
because of their potential low cost. Although attempts have been made to control grain
orientation [33], the grains in this material are generally randomly oriented. This means
that only a fraction are suitable for crystallographic texturization. Processes based on

photolithography combined with chemical or plasma etching, laser and mechanical

ave been reported [23 241

cturing have been reported [23, 2

3.3 SF4 O, Plasma Characterisation

Different structures from a few nanometres to tens of micrometers can be engineered on
semiconductor surfaces by the dry etching process. A general requirement of silicon
etching by plasma is that the plasma radicals react with the silicon surface, building
gaseous and volatile reaction products. Some of the simplest reactions of fluoride plasma

with silicon are:

Si+4 F* — SiF, 3-1
Si+2 0%— 2Si0; 3-2
Si0, +4 F¥— SiF, + O, 3-3
SiFy + 20, — SiO4F, 24

To enable these chemical processes, the wafer surface must have a certain purity. This is
probably due to organic residuals from as-cut wafer cleaning, applied by the wafer
producer after wire sawing. If silicon wafers are exposed to plasma, a surface damage
could be generated. This RIE induced damage is discussed in Chapter 4 and Chapter 5.
Additionally, residuals on the wafer surface from the applied etchants and impurities
might penetrate into the crystal structure during the plasma etching. Even metallic
contaminants of the plasma chamber walls were found inside the crystal and on the wafer

surface [34].
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3.3.1 Effect of oxygen flow rate

The principle of Si etching using SFg /O, plasma is shown in Figure 3-2. In SF¢/O,
plasma, SFs produces the F radicals for the chemical etching of Si by forming volatile
SiF,. Oxygen creates the O radicals to passivate the Si side wall surfaces with SiOF,
which helps to control etch profiles. SFg is the source of SF," ions, responsible for the
removal of the SiOF, layer at the bottom of the etching trenches forming the volatile
Si0:Fs.
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Figure 3-2: Schematic diagram of the etch mechanism of SF¢/O, plasma system.

Three p-type, CZ-silicon substrates with photolithographically defined NiCr mask of

40 nm thick were etched in the reactive ion etcher under the following etch conditions.

Table 3-1: RIE etch parameter O, flow rare experiment

SF¢ Flow rate | Temperature | RF power | Etch Time | Etch pressure | O, flow rate

40 scecm 173K 150W 30 min 70 mT variable

When the O, flow rate is 10sccm, the etch profile is isotropic and the etch rate is

calculated as 0.15 wm/min. As can be seen in Figure 3-3, the etched surface appeared
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smooth. However, we could observe undercut due to the domination of chemical etching

rather than physical etching during RIE.

8061 28KV K2.008 18¢m WD45

Figure 3-3: The effect of addition of 10 sccm of O, to the 40 sccm SFq plasma. 10pium diameter holes
etched to a 4um deep into silicon substrate isotropically. The Nichrome metal mask is not removed.

Figure 3-4: The effect of addition of 15 sccm of O, to the 40 sccm SF4 plasma. 10pum diameter holes
etched to a 7um deep into silicon substrate anisotropically. The Nichrome mask is removed after etching.
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When the O, flow rate is 15 sccm the etch profile is highly anisotropic. As can be seen in
the Figure 3-4, the etched surface appears reasonably smooth. The etch rate is calculated

as 0.25 pm/ min.

0856 20KV  %2,008 10V D45

Figure 3-5: The effect of addition of 25 sccm of O, to the 40 sccm SFg plasma. The etch profile is highly
anisotropic and micro grass formed inside the holes. The Nichrome mask is removed after etching.

Micrograss starts to appear at higher oxygen flow rates. This was observed for oxygen
flow rate at 25 sccm and over. Figure 3-5 clearly shows the micrograss within the holes.
Micromasking causes this type of needle like micrograss. The origin of micromasking is
caused by native oxide, dust which are already on the wafer before etching [34]. But, it is
also formed during the etching because silicon oxide particles coming from the plasma are
adsorbed at the silicon surface or because of the oxidation of the silicon surface together
with the angle-dependent ion etching of this oxide layer. Another source of particles
during etching which will act as micromasking is the resputtering of mask materials due

to imparting ions [34].
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3.3.2 Effect of feature size on etch profile

Micrograss was highly likely to occur within the smaller holes (2um) rather than
relatively larger holes (3uwm and Spum) when a chromium etch-mask was used.

The etch condition of the following RIE etching is shown in Table 3-2.

Table 3-2: RIE etch parameter to determine the effect of feature size

SFe / O, Flow rate | Temperature | RF power | Etch Time | Etch pressure

40/ 25 sccm 173K 150W 30 min 70 mT

1Pn D45

Figure 3-6: 211, holes Cr mask. High O, flow rate and small mask cause micrograss inside the cavity.

Figure 3-7 shows the magnified view of the micrograss formed inside the holes shown in
Figure 3-6. They are as long as 3 um and less than 200 nm in diameter. This feature

demonstrates the very high degree of anisotropic etching of SFs / O, reactive ion etching.
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Figure 3-7: Magnified view of micrograss formed within the holes.
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Figure 3-8: 3 ,hole Cr mask. does not form micrograss during RIE when used in the same condition

applied for the substrate shown in Figure 3-6.
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Figure 3-9: 5y, hole Cr mask does not form micrograss during RIE when used in the same condition
applied for the substrate shown in Figure 3-6.

Figure 3-8 and Figure 3-9 show the 3um and 5 um holes which did not form micrograss

when etching.

lons reflected on the side walls

‘// Tons hit directly ——, \

+——1-Silicon —+——

Figure 3-10: Schematic of the mechanism that removes micrograss faster in wider holes than in narrower
holes. For wider holes, the direct as well as the reflected ions have a larger angle and hence can easily etch
the bottom of micrograss.

Figure 3-10 shows schematically how the reflected as well as the direct ions in wider

holes can easily reach the bottom of micrograss and eventually remove them.
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3.3.3 Effect of mask material in High Density Plasma etching

This experiment was performed with the help of the Technical University of Delft,
Netherlands. For this experiment, an ICP reactor was used. Aluminium, Nichrome,
Chromium and Photoresist (S1813) were tested in the high density plasma. Square array
of 3wm circular holes pattern was transferred using the wet etching technique. The etch

condition is given below.

Table 3-3: RIE etch parameter for ICP etching

SFs / O,Flow rate | Temperature | RF power | Etch Time | Etch pressure | Dc bias

20/2sccm -90C 400W 25 min 0.19 Pa 20V

Aluminium mask:

Aluminium is a very suitable material for the solar cell industry and does not contaminate
the wafer. In this experiment, pure Aluminium of 100 nm thickness was evaporated on a
(100) oriented p-type cz-silicon wafer and a square array of 2um holes pattern was

transferred using wet etching technique.

v

Figure 3-11: ICP etched silicon wafer with 100nm Aluminium mask. The holes are 2 um diameter and 10
wm deep.
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As you can see in Figure 3-11, the etching is highly anisotropic and the etch rate is higher
for the <111> plane. This crystallographic preferential etching leads to inverted pyramid
shape at the bottom of the hole.

Nichrome mask:

Figure 3-12: ICP etched silicon wafer with 100nm Nichrome mask. The holes are 2 um diameter and 10
tm deep.

A 40 nm Nichrome layer was evaporated on a (100) oriented p-type cz-silicon wafer and a

square array of 2um holes pattern was transferred using the wet etching technique.

Figure 3-12 shows the ICP etched silicon wafer with NiCr mask. Despite the fact that the
selectivity of NiCr/ Si is very high, this NiCr mask was heavily damaged closer to the
holes by the ICP plasma and may be due to undercutting. In this case also we could see

the inverted pyramid shape at the bottom of the hole.
Chrome mask:

A 40 nm chrome layer was evaporated on a (100) oriented p-type CZ-silicon wafer and a

square array of 2um circular holes pattern was transferred using the wet etching technique.
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Figure 3-13: ICP etched silicon wafer with 100nm Chrome mask. The holes are 2 pum diameter and 10 wm
deep.

Despite undercut the chrome mask is not damaged. Chrome seems to be stronger than the

other masking metals we used.

Photoresist mask:
A square array of Sum holes pattern was transferred on a silicon substrate using S1813

positive tone photoresist and postbaked at 130°C for 30 minutes in an oven.

Figure 3-14: ICP etched silicon wafer with 100nm photoresist mask on Silicon. The holes are 2 pum
diameter and 10 um deep.
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Figure 3-14 shows that the photoresist mask was very effective and the holes were highly

anisotropic.

3.4 Surface Texturing of optimised Light Trapping Structures

So far masks of square dot arrays were used for optimizing etch condition. For better light
trapping structure, hexagonally arranged holes and dots were prepared. Several masks
were made with different feature sizes and pitches. Mask preparation procedures are

discussed in Chapter 2.
3.4.1 Hole structures

A NiCr layer of 40 nm was evaporated on a p-type c-Si substrate and a honeycomb
pattern of 3-4 um holes in Sum pitch was photolithographically defined on it. The wet
etching technique was used to transfer the pattern to NiCr. The preparation procedure is
shown in Figure 2-3. Three stages of the hole type texturing are shown in Figure 3-15,

Figure 3-16 and Figure 3-17. The etch condition is given below:

Table 3-4: RIE etch parameter hole-type texturing

SFe / Oy Flow rate | Temperature | RF power Etch pressure

90/ 15 scem 173K 150W 70 mT

After 20 minutes of RIE etching the holes are anisotropic cylindrical shape of 6-7 wm
deep. Further 5 minutes of etching led to the widening of holes and when continuously
etched for further 5 minutes those flat regions were eliminated because of over etching.
These 30 minutes RIE etching yielded a good light trapping structure and is shown in
Figure 3-17.
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Figure 3-15: SEM photograph of anisotropically etched hole type structure. Holes are 6-7 pum deep and in
4 wm pitch. Etching time is 20 min.

Ba18 208KV  X3,788 18vm WD24

Figure 3-16: SEM photograph of slightly over-etched hole type structure. Holes are 7-8 pum depth and in 4
wm pitch. Etching time is 25 min.
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BB24 20K

Figure 3-17: SEM photograph of hexagonally arranged hole type structure. Holes are 7-8 pum deep and in 4
pm pitch. The substrate was over-etched to eliminate the remaining flat surface to achieve better light
trapping feature. Total etching time is 30 min.

The final textured surface of the hole-type structure is shown in Figure 3-17 after the dry

etch processes. Its reflectance measurement is presented in chapter 6.

3.4.2 Column structures

Column structures are either cylindrical or tapered pillars. They can be formed using etch
masks. SF¢/O, RIE etching forms very high aspect ratio structures. Wet chemical etching
or over etching in RIE make them cone shaped or tapered cylinders.

High aspect ratio pillars:

Lift off technique was used to transfer the 2 pum dots in 4 wm pitch honeycomb patterns
on a 2 inch, p-type, FZ-Si wafer. In this case solar cell friendly aluminium was used as the
etch mask instead of NiCr. Unlike gold, copper and other heavy metal ions, Aluminium
does not affect the silicon solar cell performance. Honeycomb mask was used in this

work.

Table 3-5: RIE etch condition for high aspect ratio pillars

SFs / OoFlow rate | Temperature | RF power | Etch Time | Etch pressure

90 /25 sccm 173K 200W 30 min 100 mT
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EHT = 1000 kv Signal A = InLens Date :11 Aug 2003
WD= 7mm User Nlame = TURNER Time :12:27:47

Figure 3-18: RIE textured column structures with a very high aspect ratio. The pillars are around 15 pum tall
and the thickness is as small as 1pum at the middle.

Surface texturing has been achieved first using photolithography to define the textured
patterns followed by a reactive ion etching pattern transfer process as illustrated in
Chapter 2.

After 30 minutes of etching, the textured pillars looked like the ones in Figure 3-18.
Further etching of another 10 minutes leads to the breaking of the pillars and hence a very
good light trapping surface because of the absence of the flat top surface. The SEM image
is shown in Figure 3-19. The surface looked very dark after the 40 minutes etching.

Forming of high aspect ratio pillars is schematically explained in the Figure 3-20.
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Figure 3-19: 40 minutes of etching leads breaking of the columns and hence a good light trapping surface.
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Figure 3-20: Schematic of the three stages of the RIE texturing. a: After 20 minutes of etching. b: After 30
minutes of etching, c:. After 40 minutes of etching.

Cone structure

geB2 20KV  K3.788 1@km WD25

Figure 3-21: SEM photograph of cone type structure. Cones are 6-7 pum height and in 4 pm pitch.

The cone type textured surface shown in Figure 3-21 was etched using NiCr etch mask.
The feature size is 3-4 wm diameter in Sum pitch and the height is 6-7um. The etch

condition is as follows.

Table 3-6: RIE etch condition for cone-type texturing

SFq / O;Flow rate | Temperature | RF power | Etch Time | Etch pressure

90/ 10 sccm 173K 150W 30 min 70 mT
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The pillars ended up in cone structure due to our intentionally over etching. This cone
type light trapping structures exhibited excellent result in the reflectance measurements
performed. The reflectance is less than 0.5% for a wide range of solar spectrum regardless

of wavelength. The detailed reflectance data is presented in chapter 6.
3.4.3 Maskless texturing

In this process no intentional mask is used. The black silicon texturing is based on local
and regenerating oxide masking and therefore inhomogeneous etching. Initially the
surface is covered with native oxide. This masking layer is not removed homogeneously,
but perforated first. Unmasked spots are etched and pyramid to needle like structures are
formed (depending on the degree of isotropy of the etch process) [35]. The walls of the
structures are covered with adsorbed SiOyF, and are therefore somewhat protected
against etching as shown in Figure 3-22. The directed ion bombardment in RIE removes
silicon as well as the adsorbed film. With the right choice of plasma parameters the
regeneration of the adsorbed masking layer during the etch is just sufficient to maintain a

kind of randomly perforated mask.
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Figure 3-22: Schematic diagram of the formation of Black Silicon during maskless texturing.

An unmasked silicon wafer was dry etched for 10 minutes at a SF¢/O, flow rate of 90/25

sccm at RF power of 200W (0.45 W/cm®) and temperature of 173K.
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Figure 3-23: SEM photograph of black silicon. (No intentional mask is used). The bright areas represent
highest points and dark areas represent lowest points.
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Figure 3-24: AFM picture of one of the maskless textured silicon substrates.

The resulting SEM image of the textured surface is shown in Figure 3-23 and Figure 3-24.
High oxygen flow rate and high power were needed for the formation of black silicon.
The surface was investigated using Atomic Forces Microscope and Surface Mean
Roughness was calculated as 517 nm while the tallest structures were as high as 4 wm in

size.



3.5 Inductively Coupled Plasma (ICP) texturing

Besides the RIE texturing, Inductively Coupled Plasma was also tried to texture the silicon
substrates. The facility at the Technical University of Delft was employed to perform this

experiment. One of the textured silicon substrates is shown in Figure 3-25. A technique called
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Bosch process was used in this texturing.

Bosch process:

To obtain anisotropic profiles, the process makes use of two alternating plasmas. The first
plasma (SFs) etches the silicon isotropically, the second plasma (C4Fg) subsequently

deposits a polymer layer to act as etch inhibition layer (in the next etch cycle) on the

sidewall of the etched structure.

Table 3-7: Etch parameters for Bosch process

SFs / C4Fg Flow rate | Temperature | ICP power | Etch Time | dc bias
150 /150 sccm
6 Sec /3 Sec cycle 25°C 2000W 25 min 90V
‘ Raith 150 1pm EHT =10.00 kV Signal A = InLens Date :11 Aug 2003
Mag= 361 KX }—i WD= 6mm User Name = TURNER Time :14:65:38

Figure 3-25: p-type FZ silicon wafer etched using a process called Bosch process.
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Even though the Bosch process is meant for anisotropic etching, Figure 3-25 shows that
the etching profile is highly isotropic. This is due to the intentional tuning of the reactor to

achieve cone type structures.

3.6 Reactive Ion Etching Using SF4 Plasma

Even though SFs plasma texturing creates fewer defects compared to SF¢/O, plasma, it is
very difficult to control the shape of the textured structures. Undercut occurs due to the
dominant chemical etching of Florien radicals.

The etch condition corresponding to the Figure 3-26 is given below

Table 3-8: RIE etch condition for SF plasma etching

SFe / O,Flow rate Temperature RF power Etch pressure

90 /10 sccm 295K 200W 150 mT

Figure 3-26 shows the SFs plasma textured silicon substrate. Larger pitch was chosen

because of high undercutting of SF¢ plasma etching. Also for minority carrier lifetime

measurement, which is discussed in chapter 4, more room is needed for wet chemical

A

etching.

Raith 150 1pm EHT = 10,00 kv Signal A = InLens Date 16 Spre 20
Mag= 400KX || WD = 6mm User Narne = TLIRMER Time 47:12:30

Figure 3-26: SF; plasma etched silicon substrate. The structures are hexagonally arranged and the pitch is
10 pm.
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Figure 3-27: Schematic of the SFs plasma texturing. (a). Before texturing.(b) After texturing. (c) After
removal of photoresist.

Since there is no sidewall passivation, SFs plasma cause severe undercut as shown

schematically in Figure 3-27 .

3.7 Summary

The SF¢/ O, flow rates influence the formation of micrograss that helps in reducing the
reflection. For SFe¢/ O, flow rate of 40/25 sccm and higher micrograss was observed.
Micrograss was more likely to occur in narrower holes than in wider holes. The ions can
etch the narrow structures easily in wider holes as shown schematically in Figure 3-10.
This was not consistence as other factors such as contamination of other gases and other
etched residuals in the RIE chamber affect the reactive ion etching greatly.

Optimised light trapping structures were achieved by RIE texturing of hexagonally
arranged holes and cone structures. Black silicon was achieved by maskless texturing.
This was achieved by SF¢/O; RIE texturing.

The cone type structures exhibited excellent minimum reflectance less than 0.5 % for a
wide range of solar spectrum regardless of wavelengths. The reflectance of black silicon
was also less than 1% for over a wide range of solar spectrum regardless of wavelengths.
The detailed reflectance results are presented in chapter 6.

The oxygen-less SF¢ plasma texturing leads to the formation of anisotropic structures.
Maskless SFq plasma etching can also be used to etch away the saw damage in unpolished
wafers. It will lead a relatively polished surface suitable for the solar cell fabrication.
However maskless texturing using SF¢ plasma was not as successful as SF¢/O, plasma.

However partial reduction in reflection is achieved and is discussed in the Chapter 4.
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CHAPTER 4

MINORITY CARRIER LIFETIME MEASUREMENTS
4.1 Introduction

Minority carrier lifetime measurement is a very useful technique in monitoring the
damage caused by the reactive ion etching. It is already reported that the surface
recombination velocity is higher for the pyramid textured silicon substrates than the
planar substrates [36] and is shown in Figure 4-1. Also the open circuit voltage of the
solar cell could be predicted by measuring the minority carrier lifetime of the textured

substrates. The theory, techniques and the results are presented in this chapter.
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Figure 4-1: Surface recombination velocity of pyramid textured substrates and planer substrates [36].



CHAPTER 4 MINORITY CARRIER LIFETIME MEASUREMENTS 59

4.2 Theory Behind The Carrier Lifetime Measurements

Surface recombination is a special case of Schokley-Read-Hall (SRH) recombination in which the
localised states occur at the surface. Unlike bulk SRH centres however, these states do not usually
occupy a single energy level, but rather form a set of states distributed across the band-gap.
Surface recombination analysis is performed in terms of surface recombination velocities (SRV)
instead of lifetimes. However, the principles are identical to bulk SRH recombination. A detailed
description of the analysis of the general case in which the SRVs have arbitrary magnitude and
may be injection-level dependent can be found elsewhere [17]. In the simpler case of a sample
with a constant bulk lifetime 7, , thickness W and a small constant SRV, S, that is the same on

each surface, the effective lifetime is:
— =+ == 4-1

The requirement that S be small arises from the assumption that the surface recombination rate is
not limited by the diffusion of carriers to the surfaces. The accuracy of this expression for various
sample thicknesses and values of S has been discussed by Sproul for carrier decay mode [37]. In
general in this thesis we are concerned with steady-state conditions, but in many cases the region
of validity of Equation 4-1 will be similar for the two. In the extreme case of infinite surface
recombination velocity, the effective lifetime will be dominated by the transit time of carriers to
the surfaces, provided the bulk lifetime is not very small. Under steady-state conditions with a
uniform generation profile, the effective lifetime in this case is given by[38].
1 1 12D
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where D is the carrier diffusivity. In low-injection conditions, the value of D for the minority
carriers should be used, while in high-injection an ambipolar diffusivity is appropriate. Note that
this expression is slightly different to that corresponding to transient decay mode, for which the
second term on the right is ZD/W? [17]. This amounts to a 22% higher effective lifetime
measured in decay mode for a sample with a long bulk lifetime. For lower bulk lifetimes, the
difference is reduced. The discrepancy arises because carriers near the surface recombine quickly

in decay mode, leaving those further away to diffuse to the surfaces, whereas in steady-state
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conditions carriers are constantly being generated near the surfaces, allowing their short lifetime
to be incorporated throughout the entire measurement. It should be noted that neither lifetime is
more ‘correct’ than the other from a fundamental viewpoint. However, it is definitely true that the
steady-state result is more applicable to solar cells, which, of course, operate under steady-state

illumination.

4.3 Types of Recombination

The energy lost by the electron in moving from the conduction band to the valance band
can be given off either as heat or as a photon. Several types of recombination mechanisms

exist, depending on how the electron releases its energy.

4,3.1 Radiative Recombination
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Figure 4-2: Energy band visualization of radiative recombination.

Radiative recombination is the recombination mechanism which dominates in devices
such as LEDs and lasers made from direct band gap materials. However, for photovoltaic
devices (which for most terrestrial applications are made out of silicon), radiative
recombination is unimportant since silicon's band gap is an "indirect" band gap which
does not allow a direct transition for an electron in the valence band to the conduction

band. The key characteristics of radiative recombination are:

e In radiative recombination, an electron directly combines with a hole in the
valance band and releases a photon.
o The emitted photon has energy similar to the band gap and is therefore only

weakly absorbed - it can therefore exit the semiconductor.
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4.3.2 Recombination through Defect Levels

Surface states

LA B B

Figure 4-3: Energy band visualization of recombination at a semiconductor surface, where multiple defect
states exist.

Recombination through defects, also called Schokley-Read-Hall recombination does not
occur in perfectly pure, undefected material. SRH recombination is a two-step process.

These are:

e An electron (or hole) is trapped by an energy state in the forbidden region which is
introduced via defects in the crystal lattice. These defects can either be
unintentionally introduced or can have been deliberately added to the material, for
example by doping the material.

o If a hole (or an electron) moves up to the same energy state before the electron is

thermally re-emitted into the conduction band, then it recombines.

The rate at which a carrier moves into the energy level in the forbidden gap depends on
the distance of the introduced energy level from either of the band edges. Therefore, if an
energy state is introduced close to either band edge, recombination is less likely to occur
as the electron is likely to be re-emitted to the conduction band edge rather than
recombine with a hole which moves into the same energy state from the valence band. For

this reason, energy levels near mid-gap are very effective for recombination
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4.3.3 Auger Recombination

Figure 4-4: Energy band visualization of Auger recombination with the excess energy transferred to: (a) a
conduction band electron; (b) a valence band hole.

In Auger recombination, a carrier recombines, but instead of emitting a photon it gives off
its excess energy to another carrier in the same band. This then thermalises down to its
respective band edge. Auger recombination is most important in heavily doped or heavily

excited material.

4.4 Plasma Enhanced Chemical Vapour Deposited Silicon Nitride
Passivation for lifetime measurements.

The thermally grown SiO, films provide very good passivation on silicon wafers.
However they feature several severe drawbacks mainly due to high processing

temperatures.

e In combination with contaminated furnace tubes, high temperatures can severely
degrade the bulk carrier lifetime of silicon wafer, requiring expensive electronic
grade processing gases and time and energy consuming furnace cleaning steps.

¢ The large oxygen content of CZ-silicon wafers is known to lead to oxygen
precipitation during lengthy high-temperature (~1000° C) treatment, which may
reduce the bulk carrier lifetime [39].

e Metal contacts cannot withstand the high oxidation temperatures, so that the oxide

must be opened by means of photolithography and chemical etching or by means
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of laser/mechanical scribing prior to the formation of the contacts, strongly
affecting the cost of the finished cells.
Also SiO, does not provide efficient reduction of reflection losses because of their small
refractive index of 1.46. This is explained in Chapter 6. However, stoichiometric silicon
nitride was used for only passivating the silicon wafer prior to the minority carrier

lifetime measurement,

The quality of a solar cell, given by its open-circuit voltage, short-circuit current and fill
factor, cannot be fully assessed until the fabrication of the device has been completed.
While of ultimate importance, these parameters do not provide information about the
physical mechanisms that determine the performance of the solar cell.

The conductance (the inverse sheet resistance) of a semiconductor changes when exposed
to light. The photoconductance is a particularly important parameter for solar cells and is
directly related to the minority carrier lifetime and, on the other hand, it is also intimately
related to the open-circuit voltage. It is, therefore, ideally suited to establish a close link
between the final device performance and the optimization of the recombination
parameters in the material. In addition, the photoconductance under steady or quasi-steady
illumination can be measured in a convenient, contactless manner using very simple
apparatus and procedures. The detail of the experimental technique is given in the

chapter 2.

4.5.1 Relationship between Photoconductance, Effective Minority Carriers Lifetime
and Open-Circuit Voltage

The minority carrier lifetime of a semiconductor material is directly related to its
photoconductance. Under steady-state illumination, a balance exists between the
generation and the recombination of electron-hole pairs, i.e. Jpn = Jyee, €Xpressing them as
current densities. As a consequence of this balance, an excess concentration of electrons
and holes is established in the material. The total recombination in a sample of thickness
W can be conveniently expressed in terms of an average excess minority carrier density,

An,,, and an effective minority carrier lifetime, 7



64 CHAPTER 4 MINORITY CARRIER LIFETIME MEASUREMENTS

q |Andx
7o OI _gAn, W 4-3

ph

Tor Topr

which essentially is a version of the classic relationship 4n = G174 The photogenerated
excess electron and hole densities, An = Ap, also result in an increase in the conductance
of the sample. The excess photoconductance, i.e. the difference between the conductance

measured under illumination and in the dark, is given by:

W

o,=q j(A’W,, +Apu, )dx = ghn,, (u, + 1, )W 4-4
]

For many semiconductors the electron and hole mobilities are well known and a
measurement of the photoconductance is, therefore, a nearly direct way of probing for the
excess carrier denéity. In general, the excess carrier density is position dependent; the
total number of carriers divided by the wafer thickness gives the average carrier density,
Angy, used in Equations 4-1 and 4-2 [40]. The approximation in Equation 4-4 assumes that
the electron and hole mobilities are approximately constant across the sample and their
possible carrier density dependence is accommodated for by evaluating them at the
average carrier concentration. Equation 4-4 should be iterated to find a self-consistent set
of values for both An, and [n + Hp, although this iteration is not necessary if the
photogenerated excess carrier density is much smaller than the majority carrier density.
For monocrystalline silicon, the dependence of electron and hole mobilities on both the
dopant density and the injection level can be found in the literature [41, 42] . The
application of Equation 4-4 to some materials might not be straightforward; for example,
the mobility in some polycrystalline semiconductors might be orientation dependent.
Combining Equations 4-3 and 4-4, the effective minority carrier lifetime can be
determined as
o-L

=—" 4-5
Jp,, (u, +;zp)

Te.!f
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The conductance and the incident light intensity can be measured using a calibrated
instrument and a reference solar cell or photodetector, respectively. For a given irradiance,
the total photogeneration within the sample Jp, can be easily and accurately estimated
using available computer programs[20] or published tables and graphs[21]. The
evaluation of J, requires that the absorption coefficient and the optical properties of the
sample are known. The application of Equation 4-5 to materials that are not as
comprehensively characterized as crystalline silicon might be problematic. This is
illustrated by the case of amorphous silicon, for which photoconductance measurements
have been used frequently to determine not the lifetime but just the mobility lifetime
product. Photoconductance and open circuit voltage are measures of the excess minority
carrier density. For a p-n junction solar cell made on a p-type wafer with dopant density
Ny, the open-circuit voltage can be calculated from the electron and hole densities at the
boundary of the space charge region.

KT m((An(O)[NA + Ap(on]

q 2

i

VUL’ =
n
where the photogenerated electron density has been assumed to be much higher than the
equilibrium electron concentration, 4An(0)>>n.4; subject to this assumption, Equation 4-6
is valid for an arbitrary injection level. Note that the local excess minority carrier density,

An(0), is not, in general, identical to the average An,, that can be obtained from a

measurement of the photoconductance using Equation 4-4.

4.6 Minority carrier lifetime measurements of plasma textured
substrates

The Quasi-Steady-State Photo Conductance (QSSPC) technique [43] was used to measure
the effective carrier lifetimes of the textured samples. This technique is based on the
simultaneous measurement of the excess conductance of the wafer, through an
inductively-coupled coil, and the generation rate, via a calibrated solar cell. The schematic
of the experimental technique is given in Chapter 2. Under steady-state conditions, the
generation and recombination rates are equal, and the lifetime is simply proportional to

the ratio of the excess conductance and the generation rate. In this measurement, not only
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the minority carriers lifetime can be deduced, but the implied open circuit voltage can be
calculated.

Prior to lifetime measurement, it is essential to deposit a passivating film; in this case
80 nm stoichiometric SisN4 was deposited on the wafer surfaces using PECVD method.
Si3N4 passivation works by field-effect passivation, since the films contain relatively high
densities of fixed positive charge. Silicon dioxide, on the other hand, passivates the

surface chemically, by bonding with dangling bonds at the surface. In the absence of

resulting effective lifetime is often dominated by the bulk lifetime of a sample. This is
reflected by the lifetime measurements on the FZ control samples (see Figure 4-6), which
have planar surfaces produced by chemical etching. Typical sample preparation for

minority carriers lifetime measurement is illustrated.

Pattern transfer using
photolithography
0
Plasma etching
4
Wet chemical DRE

(except for reference)

4
RCA1 & RCA2

cleaning
4
PECVD Si,N, passivation
4
Lifetime measurement Using

QSSPCD

Figure 4-5: processing and characterisation steps involved in plasma textured silicon substrates.
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Chemical Defect Removal Etching (DRE)

In most of the cases, plasma etching creates damage to the bulk near the surface and
hence the minority carrier lifetime of the wafers. A thin layer of the textured surface was
removed by wet chemical etching to reduce the defects caused by plasma. For this
purpose, a mixture of HNO3 (70%) and HF (40%) was used. HNOj: HF (50:1) etches p-
type silicon at around 0.5 pm / minute at room temperature. This process is called Defect
Removal Etching (DRE).

Surface Passivation for lifetime measurement

PECVD silicon nitride was used to passivate the substrates prior to the minority carrier
lifetime measurements. Remote plasma method was used to deposit about 80 nm of

stoichiometric SisNy4 on textured substrates as well as reference substrates.

4.6.1 SF¢/O, plasma textured substrates

In this experiment, we measured the minority carrier lifetime of the Silicon substrate
textured in the Oxford Plasmalab 80 reactive ion etcher using SF¢/O, plasma. The

substrate description and the RIE etch parameters are given in Table 4-1.

Table 4-1 : Etch process and wafer specitication for RIE etching

Substrate specification Etch conditions
Growth = (100), FZ — silicon SFs =90 sccm,
Type = p-type , O, =10 sccm
Thickness = 0.5 um T =-100°C,
Resistivity = ~10 Q cm, RF power =150W,
Size =3x3 cm, Pressure= 70 mT
Polishing = Chemically polished (shiny dc bias = -103 V (self)
etched).
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The minority carrier lifetime result is shown in the Figure 4-6. Minority carrier lifetime
was measured for an un-textured substrate, a textured substrate without DRE and a
textured substrate with DRE. After the texturing, the minority carrier lifetime is reduced
and then recovered after a wet chemical DRE. For comparison, all effective lifetimes are

given here at an excess carrier density of 1x 10" cm™,
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Figure 4-6: Minority carriers lifetime of (a) Reference wafer (b) RIE textured (hole-type) substrate without
DRE (c) RIE textured (hole-type) substrate after DRE

The effective lifetime of the sample after DRE is 36us, compared with 2 or 3us for the
RIE etched sample without DRE. This corresponds to an implied one-sun open-circuit
voltage of around 605mV compared to about 550mV before DRE. Each order of
magnitude increase in lifetime gives an extra 60mV, since the voltage is logarithmically
dependent on the carrier density (and hence lifetime), assuming an ideality factor of 1.
Thus the damage removal etch can be used to produce low defects surfaces and further

reduction could be possible for deeper DRE.
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4.6.2 ICP textured substrates

To investigate the influence of the plasma type on the plasma induced defects, a few ICP
textured samples were studied by measuring their minority carriers lifetimes. The samples
were prepared and sent to the Technical University of Delft, Netherlands, for the ICP
etching. The so called Bosch process, described in the Chapter 2, was employed to texture
theses substrates. The substrate description and the ICP etch parameters are given in

Table 4-2.

Table 4-2: Substrate specification and etch parameters for ICP etching

Substrate specification

Etch conditions- Bosch process

Growth  =(100), FZ —silicon

Type = p-type ,

Thickness = 0.5 mm

Resistivity = ~10 € cm,

Size =3x3 cm,

Polishing = Chemically polished (shiny
etched).

SFs = 150sccm-6 sec
C4Fg =150 sccm -3 sec
T = 25°C,

RF power = 2000w,
Pressure = 70 mT
dcbias=-90V

Time = 100 sec

The minority carrier lifetime measurement is shown in Figure 4-7. The reference wafer
(curve a) showed 350 us at an excess carrier density of 1x 10%/cm. But the ICP etched
substrate (curve b) showed only about 18 us. However, after 4 minutes of DRE to remove

about 2 um of damaged silicon layer, the lifetime (curve c) was recovered to 250s..
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Figure 4-7: Minority carriers lifetime of (a) Reference wafer (b) ICP textured (hole-type) substrate without
DRE (c¢) ICP textured (hole-type) substrate after DRE.

4.6.3 SKF¢ plasma textured substrates

Oxygen added SFg¢ plasma etches faster, but also causes more defects [44]. In this
experiment we textured silicon substrates using SFg plasma without oxygen in the
Reactive Ton Etcher to isolate the defects introduced by oxygen from the RIE process.
Very high selectivity of silicon / photoresist etching is another advantage of using SFe. A
mask with hexagonally-arranged circular dots of 8 micron diameter on a 10 micron pitch
was photolithographically transferred to the silicon substrates and was used as an etch

mask for SFs texturing process.

Table 4-3: Etch process and wafer specification for SFg plasma etching

Substrate specification

Etch conditions

Growth  =(100), FZ - silicon
Type = p-type ,
Thickness = 0.3 mm
Resistivity = ~5 Q cm,

Size = 50mm (diameter

Polishing = Double side polished

SFs =160 sccm,

T =-100°C,
RF  =200w,
P =150 mT

dc bias =-102 V (self)

Time =4 min
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AZ 4620 positive photoresist was used as an etch mask. Previously, a metallic etch mask
was needed for the SFs/ O, base plasma texturing. HNOs: HF (50:1) solution for a period
of 5 min at room temperature was used to remove the damaged layer of thickness about

2-3 um.
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Figure 4-8; Minority Cairiers Lifetimes of SF; plasma (RIE) textured (hole type) Silicon substrates before
and after chemical defect removal etching is compared with an un-etched reference sample.

The minority carrier lifetime of the SFg plasma textured in the Oxford Plasmalab 80
etcher is shown in Figure 4-8. Even though oxygen was not used for this experiment, the
lifetime result was not promising. However, the lifetime was improved dramatically after

5 min DRE, which removed about 2-3 wm of damaged layer.

4.6.4 ECR plasma textured substrates

A mask with hexagonally-arranged circular dots of 8 pum diameter on a 10 pm pitch was
photolithographically transferred to the silicon substrates and was used as an etch mask

for ECR plasma texturing process. AZ 4620 positive photoresist was used as an etch mask



72

CHAPTER 4 MINORITY CARRIER LIFETIME MEASUREMENTS

in place of the metal etch masks which were used in our previous work. This is to

eliminate any lift off processes and develop a method where only dry etching is employed.

Table 4-4 : The substrate specification and the etch conditions for the ECR etching

Substrate specification

Etch conditions

Growth =(100), FZ —silicon
Type  =p-type,
Thickness = 0.3 um
Resistivity = ~5 Q cm,

Size = 50mm (diameter)

Polishing = Double side polished

SFg =22.5sccm,
T =250 K

RF power=400W,

P =1.5 mT

de bias = -18 V (self)

Time = 8 min

The substrates were etched for 8 minutes in the High Density Plasma (HDP) with the

Electron Cyclotron Resonance (ECR) source etcher to obtain a 7 um deep structure. This

ECR etching was done at Delft Institute of Microelectronics and Submicron Technology

(DIMES), the Delft University of Technology, the Netherlands.
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Figure 4-9: Minority Carriers Lifetimes of SF6 plasma (ECR) textured (hole type) silicon substrates before
and after chemical defect removal etching is compared with an un-etched reference sample.
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For comparison, one textured substrate was etched for 5 min in HNOs/HF (50:1) solution
to remove 2-3 wm of silicon layer. This ECR reactor was operated at 2.45 GHz. The etch
condition and the substrate specification is shown in Table 4-4. The minority carrier
lifetime of the ECR etched substrate is shown in Figure 4-9.

In the ECR textured substrates, the minority carrier lifetime obtained after the DRE
corresponds to an implied one-sun open-circuit voltage of around 680mV compared to
abont 640mV hefore DRE. Tt is interesting to notice that for both ECR and RIE textured
substrates the minority carrier lifetime can be recovered to such high level after the DRE
step.

It is encouraging to note that for ECR textured wafer, the minority carriers lifetime is
around 250 microseconds even before the DRE process. This indicates that high open
circuit voltages can be obtained using these textured substrates even without DRE. This
illustrates that with the proper choice of plasma conditions an effective plasma texturing

process can be achieved.

4.6.5 Effect of etch temperature on minority carriers lifetime.

To study the effects of etching temperature on the RIE induced defects, the minority
carrier lifetimes have been measured for substrates etched at 300K and at 173K in an SFg
plasma. It is found that the minority carrier lifetime is significantly higher for substrates
etched at 300K than those etched at 173K as shown in Figure 4-10. This result is obtained
after a 1 minute DRE step and indicates that increasing the temperature during etching

helps in annealing the structural damage as it forms.
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Figure 4-10: Minority carriers lifetime of substrates textured at 300 K and 173 K are compared with the
reference substrate.

4.6.6 The effect of surface area increment due to plasma texturing

In our previous experiments, we assumed that the drop in minority carriers lifetime in
plasma textured silicon substrates is entirely due to the plasma induced defects. In this
experimental work we made an attempt to quantify the defects contributed by the
increment of surface area due to the plasma texturing.

The origin and nature of defects induced in the bulk and at the surface due to texturing
could be better understood by measuring the minority carrier lifetime and implied open
circuit voltage for cells having different surface areas.

Minority carrier lifetimes of various silicon substrates were measured using the Quasi
Steady State Photo Conductance technique and the corresponding implied V,. were
calculated. The starting silicon substrates were SOmm in diameter, double side polished,
<100> oriented, p-type, FZ-Silicon of 50 cm resistivity. Three different patterns were

photolithographically defined and the photoresist was used as an etch mask for reactive
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ion etching (RIE). Atomic Force Microscopy (AFM) data and SURFERS computer

software were used to calculate the textured surface areas.
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Figure 4-11: Minority carriers lifetime and implied V.. of RIE textured FZ-Si for substrates with different
surface areas.

Figure 4-11 shows a comparison of the effective minority carriers lifetime measured on a
reference substrate and a SFg plasma textured substrate. Texturel has a smooth polished
surface after a maskless etch process while the other substrates have various textured
structures. By using the same etching parameters for all substrates, but forming structures
with different surface areas, it was possible to study the influence of surface area on

minority carrier lifetimes and the implied open circuit voltage of the substrates.
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Figure 4-12: The minority carrier lifetime of RIE textured substrates as a function of increase in surface
area.

The textured surface area increases up to 150% compared to untextured substrates. All
substrates were subjected to a defect removal etching (DRE) in HF:HNOj; (1:50) solution
in order to remove a layer of about 250nm prior to SisN4 passivation. Figure 4-12 shows a
linear decrease in minority carrier lifetime as the textured area increases. Therefore, the
drop in minority carrier lifetime is not only due to plasma induced damage, but partly due

to an increase in surface recombination due to an increase in the surface area.

4,7 Surface Area Calculation

The surface area increment was calculated for a few geometrical structures using a

mathematical software called MAPLE.
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4.7.1 Hole-type structures

The 3-D algebraic equation 4-7 and 4-8 are used to generate the geometrical structures

shown in Figure 4-13 and the surface area was calculated mathematically.

Z =§(x2 +3%) 47
4
Z = l(x4 +y") 4-8
5
The increment of these structures over a planer surface is calculated as 154% for structure

shown in Figure 4-13 and is 205% for the structure shown in Figure 4-14. These structure

are similar to the RIE textured surface shown in Figure 3-17.

Figure 4-13: Over etched hexagonally arranged holes in | Figure 4-14: Over etched hexagonally atranged holes
6 mm deep and in 4 mm pitch generated by the | in 6 mm deep and in 4 mm pitch generated by the
Equation 4-7. Equation4-8.
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4.7.2 Column type structures

A number of column type structures are also generated using algebraic equations and their

surface area increments were calculated
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Figure 4-15: A number of column structures and their surface area increments over a planer surface are
calculated using MAPLE software.




CHAPTER 4 MINORITY CARRIER LIFETIME MEASUREMENTS 79

4.7.3 Pyramid Structures formed by (1,1,1) planes

The conventional alkaline etching forms square pyramids by exposing the <111>
crystallographic planes in c-Si substrates. Figure 4-16 shows the <111> planes and the

pyramid.

W m

(a) (b)

Figure 4-16: (a) <1,1,1> crystallographic planes (b) The pyramid structures formed by (1,1,1)
crystallographic planes (c) cross section of a pyramid and apex angle.

The total pyramid area increment is calculated as 73%

4.8 Summary

A high minority carrier lifetime is an indication of low defect concentration and is
essential for obtaining high collection efficiency in silicon solar cells.

It is demonstrated that the plasma induced damage is very high in the case of RIE textured
substrates compared with the ICP textured substrates. This is illustrated by the extremely

low minority carrier lifetime of less than 10 p S for RIE treated substrates. It is interesting
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to notice that for both ICP and RIE textured substrates the minority carrier lifetime can be
recovered to such high level after the chemical defect removal step.

The ECR created less damage compared to other plasma texturing methods. The minority
carrier lifetime of the ECR textured substrate showed about 200 us which is equivalent to
640 mV of implied open circuit voltage.

These results indicate that most of the plasma generated damage propagates into a shallow
layer beneath the surface, as it only requires the removal of between 2-3 microns to notice
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However, one of our latest results showed that, 10 minutes of low power (17W) RIE
texturing using 20sccm SFg on FZ-Si of similar specification gave as high as 400 us
lifetime and an implied V. of 660mV without any DRE.

It can be concluded from the surface area calculation that the minority carrier lifetime
drop due to surface area increment is proportional to the area increase due to texturing.
Therefore, the drop in minority carrier lifetime is not only due to plasma induced damage,
but partly due to an increase in surface recombination due to an increase in the surface

area.
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CHAPTER 5

PHOTOLUMINESCENCE ANALYSIS

5.1 Introduction

During RIE treatment the etching surface is exposed to bombardment by energetic ions,
which greatly enhances the reaction rate of the reactive gas with the semiconductor
surface; however, the bombardment also causes contamination to the surface and
produces substantial damage in the near surface region, introducing various defects.
Surface and near-surface modifications resulting from RIE can greatly affect the
performance of electronic devices such as solar cells. The composition of the reaction
layer formed at the Si surface after pure SFg RIE has been studied mainly by surface-
characterization techniques including x-ray photoemission spectroscopy [45] atomic force
spectroscopy [46] and in situ Raman scattering spectroscopy [47]. Less is known about
defects that may be produced further away from the surface. The electrically active
defects induced by SFg¢ plasma have been studied by means of deep level transient
spectroscopy (DLTS) and infrared absorption, where the formation of carbon interstitial-
related defects and divacancies has been reported [48]. Important information about the
RIE-induced defects can be obtained also by photoluminescence (PL) spectroscopy
[49],[50]. The obvious advantages of this method are its high sensitivity and selectivity,
as well as the possibility to study the defect structure in the below-surface region without
any particular sample preparation, as needed, for instance, for DLTS characterization. The
PL studies performed for silicon substrates etched with various plasmas, such as carbon-
tetrafluoride (CFEy), argon (Ar), deuterium (D), hydrogen-bromide (HBr), as well mixtures
of these gases, have shown that the creation of specific defects is mainly determined by
ion bombardment, while surface contamination from the plasma is less important. The
crucial role of ion bombardment in the creation of extended defects giving rise to broad
PL bands has also been pointed out, whereas ion implantation of carbon from the CFy

plasma has been suggested as a source for the formation of the carbon-related centres
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responsible for C and G lines [51]. However, the creation of these specific centres as a
result of bombardment-induced displacement of oxygen and/or carbon atoms during RIE

treatment was also shown to occur [49],[50].

5.2 Photoluminescence spectrum of pure silicon

When excess carriers are created in silicon, a small fraction will recombine by emitting
light, the reverse of the absorption process. At low temperatures, carriers will have
reiaxed into the iowest possibie energy staies before recombining, 1.¢. they will recombine
from excitation states. Figure 5-1 shows the luminescence spectrum from silicon at 26 K
at increasing magnification (obtained by widening the monochromatic slit, sacrificing
resolution).

The peak height indicates the strength of the coupling of the phonon to the optical
transaction and, hence, the strength of the inverse absorption process. The strongest peak
at 1.10 eV corresponds to recombination with TO (Transverse-Optical) phonon emission.
When more than one phonon is involved, there is scope for an increasing number of
combinations of phonons, which will conserve momentum during the multiphonon

process.

"""1 300 wm’
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Figure 5-1: Typical intrinsic photoluminescence of silicon at 26 K recorded with four different slit
widths [52]}
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5.3 Photoluminescence Experimental Setup.

The aim of this experiment is to present the photoluminescence studies of defect
formation in p-type silicon samples treated with SFs/ O, plasma. The schematic of the
experimental setup and equipment description are given in Chapter 2.

Photoluminescence (PL) was measured using the 514.5 nm line of an Ar* laser as an
excitation source. The luminescence was dispersed with SPEX 1700 spectrometer with a
liquid nitrogen cooled Germanium detector. The PL signal was recorded with a
conventional lock-in technique in phase with the frequency of a mechanical chopper. PL
measurement was done between 900meV to 1200 meV photon energy range because of
the sensitivity of the Ge detector used.

The following measurements were done for mc-Si substrates. We identified few PL lines
possibly due to the RIE induced defects in mc-Si substrates. SFs / O, plasma etched
substrates were used in these experiments. These measurements were performed at room

temperature as well as at 4.2K using liquid helium cooled probe.

5.4 Photoluminescence Measurement of Untextured Multicrystalline
Silicon Substrates

In this experiment, all possible PL spectra were searched for the mc- Si wafer. The

specification of the me-Si wafer is as follows.

Table 5-1 : Specification of the mc-Si substrate

Doping Resistivity Thickness Polishing

p-type (Boron) 10 Q cm 200 pm. Unpolished




84 CHAPTER 5 PHOTOLUMINESCENCE ANALYSIS

45000 -
40000 -|

35000
FE

w
o
(&
Q
o

25000 1

20000 -|

/\ BE
] 1
15000 1
10000 1
5000 -
0 VAT : : : : : |

1080 1085 1090 1095 1100 1105 1110
Energy{meV)

PL intensity (arb unit)

Figure 5-3: Photoluminescence spectrum measured at 4.3 K on the mc-Si reference wafer that was not
exposed to plasma.

Only the TO line was able to be measured in the untextured mc-Si wafer. Figure 5-3
exhibits the well known features of the near band-gap PL in Si. The PL lines are due to
bound exciton (BE) and free exciton (FE) in silicon [53]. The bound exciton and the free

excitons in different phonon replicas are clearly resolved.

5.5 Photoluminescence Measurement of Untextured Cz-Silicon
Substrates

In this experiment, all the possible PL spectra were searched for the Cz- Si wafer.

Table 5-2 shows the specification of the Cz-Si substrate.

Table 5-2: Specification of the Cz-Si substrate

Orientation Doping Resistivity Thickness | Polishing

<100> p-type (Boron) | 10 Q cm 450 um. Single side polished
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Figure 5-4: Photoluminescence spectrum measured at 4.3 K on the Cz-Si reference wafer that was not
exposed to plasma. This is a merged figure and the relative intensity may not be in scale.

Only the PL lines at 1039 meV and 1100meV lines were able to be measured in the

untextured Cz- Si wafer as shown in Figure 5-4.

5.6 Photoluminescence Measurement of RIE Textured mc-Si Wafers
The aim of this experiment is to present the photoluminescence studies of defect
formation in p-type silicon samples treated with SF¢/O; plasma.

Boron doped mc-Si wafers of 10 Q cm resistivity and 200 pm thickness were used for
RIE texturing. A maskless etching technique was employed to texture the black silicon

surface. The RIE etch condition is as follows.

Table 5-3:The RIE etch condition of the mc-Si wafer

SFs / OyFlaw rate | Temperature | RF power | Etch Time | Etch pressure

90/ 25 sccm 173K 200W 30 min 80 mT

Liquid He was used to cool the samples for low temperature PL. measurements. At low

temperature, the PL spectrum lines were very sharp and free of noise.
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Figure 5-5: Reactive lon Etched mc-Si substrate shows a sharp G line at 969.5 meV. PL. measurement was
performed at 4.3K.

The sharp G line at 969.5 could be associated with the plasma induced defects in this RIE

textured mc-Si wafer.
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Figure 5-6: Photoluminescence of mc-Si etched with SF¢/O, measured at 4.2 K
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5.6.1. Possible origin of 969.5 meV optical band

The 969 meV optical band shown in Figure 5-5 is one of the most intensively studied
bands in silicon. In addition to this weak excitonic G line, another PL line associated with
radiation defect is reported at the energy position at 789.3 meV, called C line [53]. Due to
the wavelength limitation of the SPEX1700 used to measure the PL in this experiment,
this particular C line could not be measured in this experiment.

Earlier studies [51] suggested that this defect centre consists of two carbon atoms and one
unique silicon atom. The centre is produced by combining a mobile interstitial carbon
atom C; with a static substitution carbon atom Cs. The C; may originate from radiation
damage, when a silicon interstitial displaces a Cs atom or by injection of a C; atom from
outside the crystal, eg. from CF; plasma. However, the SF¢/O, plasma used in our
experiment does not contain carbon atoms. Thus, the second mechanism of C-centre
formation can be ruled out in our case

Normally, silicon wafers contain oxygen and carbon atoms in a small quantity. Also
SFs/O, plasma etching may inject O, related ions. A displacement of O and /or C atoms
due to the ion bombardment may be a major mechanism for the formation of these defects
[54].

Another study suggests that gamma-ray irradiation also produces this defect centre in

silicon [55].

5.6.2.Depth of the defect centres associated with 969.5 meV optical band

It should be stressed that the depth of the near-surface layer probed in the PL experiment
is determined by the depth of the photocreated carrier profile. The penetration depth of the
514.5 nm excitation light is about 1 wm at 2 K in silicon [54]. Taking into account the
diffusion of photocreated carriers, the carrier profile should extend up to a few tens of
microns, depending on the crystal quality. The intensity of a particular defect-related PL
band depends crucially on the competition between various radiative and nonradiative
channels. Thus, the PL spectroscopy permits only qualitative characterization of the

surface condition after the plasma treatment.
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Figure 5-7: The relative PL intensities measured for the RIE etch mc- Silicon wafers when four different
laser wavelengths were used. The power of the laser beam was kept constant at 100 mW,

When the wavelength of the laser was increased, the intensity of the PL spectram was
also increased, as shown in Figure 5-7. The penetration depth of this range of lasers is
more than 1 wm in Si. This means, the particular luminescent centres are spread deeper.

This is supported by our minority carrier lifetime measurements reported in Chapter 4.

5.7 Photoluminescence Measurement of RIE Textured Cz-Si Wafers

The 969.5 meV photoluminescence line was not seen in Cz-Si wafers. It is reported that
the intensity of this particular line depends on the Carbon concentration in the wafer [53].
The C concentration may be too low to measure the PL. in our Cz-Si wafer used in this
experiment. However, the PL lines observed in the reference wafer were observed here as

well and similar to Figure 5-4.

5.8 Effect of Annealing on RIE Textured mc-Si Wafers

RIE treatment in the SF¢/O; plasma leads to the appearance of the sharp excitonic G line

with the energy position at 969.5 meV shown in Figure 5-5. They are absent in the un-
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etched reference mc-Si wafers. When the etched wafer was annealed at 300° C, the G line
at 969.5 meV was weakened and a new PL line at 950 meV appeared as shown in

Figure 5-8.

45000 — -

40000 -

35000 -

)

w
o
o
o
(=]

25000 -

20000 -

PL Intensity ( arb. Unit

15000 4
10000

7 WWMWWM ‘
0 T ; T
(] 930 940 9

92 50 960 970 980
Energy(meV)

Figure 5-8; RIE etched mc-Si followed by annealing at 300°C for 30 min shows the weakening of G line at
969.5 meV and formation of a new line at 950meV. PL measurement was performed at room temperature.

When the SF¢/O, plasma etched mc-Si wafers were annealed at 400° C, those lines were
further shifted towards the low energy end and splitting occurred. As can be seen in
Figure 5-9, the intensity of the sharp G line at 969.5 meV gradually disappeared (or
shifted) when annealed above 400° C. But another two PL lines started to appear when
annealed above 300° C and they split and shifted towards the lower energy level when

annealed above 400° C.
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Figure 5-9: RIE etched mc-Si followed by annealing at 400° C for 30 min shows the disappearance of the G
line at 969.5 meV and the two split lines at 935 meV and at 965meV and a weak line at 925.5 meV. PL
measurement was performed at room temperature.
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Figure 5-10: PL spectra of mc-Si etched with SF¢/O, and annealed at 425° C in N, for 30 min shows the
disappearance of the G line at 969.5 meV and the two split lines at 935 meV and at 965meV and a weak line
at 925.5 meV. PL measurement was performed at 4.3K.
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The low temperature PL. lines shown in Figure 5-10 are sharper and well resolved
compared to that of room temperature PL lines shown in Figure 5-9.
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Figure 5-11 : Comparison of PL measured at 4.2K (a) mc-Si etched with SF¢/O, (b) mc-Si etched with
SF¢/O, and annealed at 425° C in N, for 30 min. Measured at 4.2 K.

The intensity of the bound exciton PL line at 1093meV is weaker than the free exciton PL
line at 1100 meV after the SF¢/O, etching as shown in Figure 5-11a. The intensity of the
bound exciton PL line becomes stronger than the free exciton PL line after the Nj

annealing for 30 min as shown in Figure 5-11b.
5.8.1.Origin of 926 meV photoluminescence line

One of the e radiation damage centres in silicon is associated with very sharp and intense
transitions at 926 meV (H line). A close correlation has been established between the
intensity of these lines and the oxygen content of the sample [56]. The carbon content
correlates also with the H line. It is shown that the formation of the H line is controlled by
O; (interstitial oxygen atom) migration, and that the centre leading to H must be similar to
the G centre [56]. The origin should be the oxygen injected during SF¢/ Oy RIE and the
radiation during RIE. This defect must have been activated after annealing. Because O;

becomes mobile only after the temperature of 400° C [57].
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5.8.2.Possible origin of the PL line at 935 meV

This 935 meV line was observed only after annealing above 400° C. This was also
observed for the substrates irradiated by 1-2 MeV electrons [58]. The defect associated
with this particular PL line at 935meV incorporates one carbon atom and oxygen is not
involved [59]. There is a possibility of incorporation of boron as well [58]. Potential
candidates for this defect centre are a vacancy, a silicon selfinterstitial and interstitial

carbon. Boron in the defect is expected to occupy a substitutional lattice site.

5.8.3.Possible origin of the PL line at 965meV

By adding oxygen to the SF¢ plasma, the contamination of the Si surface by oxygen atoms
is shown to considerably affect the PL spectra. It was argued that oxygen contamination
enhances the formation of the all PL centres via the creation of extended defects, such as
oxygen precipitates. The lattice stress near the oxygen-related extended defects is
suggested to cause the splitting of the G line as well as the shift of the bound exciton lines
observed after SF¢/O, RIE [54].

The defects corresponding to the G line are known to be formed by two nearest-neighbour
substitutional carbon atoms and a Si interstitial and do not include the oxygen impurity.
Thus, it is reasonable to assume that oxygen can form the precursor defects necessary to
create G centres. The formation of radiation-induced defects is often considered using the
“branching reactions” approach [60]. This model predicts an increase of the [C]
concentration by the production of selfinterstitials. The mobile C; atoms are then trapped
at another C; to form G line centres. If the sample contamination by oxygen from the
plasma is high enough, the formation of oxygen precipitates is likely to occur. Oxygen
precipitation is known to be accompanied by the generation of Si interstitials, thus

stimulating the formation of G defects.

5.8.4.Splitting of PL lines after annealing

The splitting of this line into two components indicates that the stress-induced defects

cannot be destroyed at such annealing temperatures. High radiation damage of our
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samples could be responsible for the low formation energy and, consequently, low
formation temperature observed for these centres [54].

5.9 Behaviour of The 1.1 eV Free Exciton Line

Different laser powers were used to measure the intensity of the PL lines caused by the
bound (BE) and free (FE) excitons at the near band-gap region around 1.1 eV. The PL
line in the left is caused by BE and the right is caused by FE as shown in Figure 5-12.
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Figure 5-12: The relative PL intensities measured at 4.2 K for the RIE etch mc- Silicon wafers when five
different laser power were used.
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Figure 5-13: The BE and FE photoluminescence lines measured in phase and out of phase with the
reference signal.

When the laser power is 30mW, the PL line of BE intensity is higher than that of FE.
When the laser power is 220mW, the BE intensity is the lowest and the FE intensity is
observed to be the highest.

The PL signal was much stronger when the phase difference of the reference beam and
the beam from the sample was 90° as shown in Figure 5-13. This suggests that there could
be a much longer time delay in the phonon assisted recombination process. A detailed

study is needed to verify this claim.

5.10 Summary

Ion bombardment of the silicon surface during RIE produces defects, giving rise to the
carbon related C and G lines. By adding oxygen to the SFs plasma the contamination of
the silicon surface by oxygen atoms is shown to considerably affect the PL spectra. The
oxygen contamination enhances the PL centres via the creation of extended defects, such
as oxygen precipitates. A lattice contraction near these extended defects is suggested to

cause the observed splitting of the C and G lines [54]. However, the minority carrier
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lifetime results reported in Chapter 4 showed that SF¢ plasma alone causes significant
defects in silicon wafers and result in a decrease in open circuit voltage of solar cells.
Radiation may play a considerable role in causing damage during RIE process. The C and
G lines were observed by others for the substrates irradiated with e [60].

The splitting of PL lines after annealing suggests that those associated defects may not be
annealed out further.

Long process times and high rf-power or self-induced dc bias were also suggested for

parameters influence in defect formation during plasma etching.
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CHAPTER 6

LIGHT TRAPPING AND REFLECTION CONTROL

6.1 Introduction

Solar cells with high substrate lifetime and well passivated surfaces have collection
efficiencies approaching 100 % of the photogenerated carriers, independent of where in
the solar cell these carriers are generated. A significant number of photons in the solar
spectrum have enough energy to create electron-hole pairs in the silicon, but are very
weakly absorbed in the solar cell. Light trapping refers to schemes utilized to maximize
the absorption of the weakly absorbed light by maximizing the path length traversed by
the photon in the solar cell. One of the simplest implementations of this concept is to
optimise the backside metallization for high reflectance, ensuring that the weakly
absorbed photons will cross the cell twice. Another simple scheme is to structure the front
cell surface to refract the photons into an angle with a larger path across the cell. More
complex structures have been investigated that use structured front and back surfaces as
well as mirrored surfaces to increase the effective path length of the photons by, in
principle, up to 50 times the wafer thickness [9, 62, 63]. This can increase the current
from the solar cell by up to 15 % for a 100 um thick solar cell. Even higher degrees of
light trapping are made possible by the use of a very high concentration of textured
structures with a limited acceptance angle [9, 64].

These features of light trapping are important for any silicon solar cell, under one sun or
concentrator conditions. They are especially critical for concentrator cells. Concentrator
solar cells have very high current densities that cause transport losses due to bulk series
resistance and carrier diffusion gradients. A minimization of these effects demands thin
substrates. Light trapping is the means by which a very thin, optimised concentrator solar

cell can be engineered to absorb most of the available light.
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In this chapter, the background theory of antireflection, the reflectance measurements on
various antireflection surfaces and theoretical modelling using PV-optics will be

presented.

6.2 Optical Theory of Antireflection Coating
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Figure 6-1: A multilayer nonabsorptive thin-film antireflection coating system.

A multilayer nonabsorptive thin-film AR coating system shown in Figure 6-1 can be

solved by using a matrix method [65], [66]. Each layer j can be expressed by a matrix Mj

_{ cosd;  —ip;'sind, 6-1

J

L—ipjsiné'j cos o,

where 8, =27/ 4,)n;d; cos 0, 6-2

where 2, is the light wavelength in the air, n; and d; are the refractive index and the
thickness of the coating material, 6; is the incident angle in the layer which is determined

by
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n; sin 0; = n, sin 0, 6-3

For Transverse Electric (TE) waves p; = n; cos} 6-4

and for Transverse Magnetic(TM) waves p;changes to

pi=(1/n;) cost; 6-5

The matrix

M= M]-MZ-MS---Mm 6"6

can be simply used to incorporate the optical property of all the layers of the film. There
are three other matrices to be used to calculate the reflection. The detailed solution could
be found elsewhere [65, 66]

al_|p, 1 1
{pro I}M{p”ﬂj 6-7

The polarized reflection

6-8

R is different for TE and TM waves. If the incident angle is not zero, due to the sunlight
being unpolarised, the total reflection R is half from TE waves and half from TM waves,

R=05%,, +0.5%,, 6.9

The solution for the expression for reflection R, which is derived from Equations 6-1 -

6-9, is published elsewhere [66].

2
n,~—n
R — 1 [
(”1 +noj 6-10




CHAPTER 6 LIGHT TRAPPING AND REFLECTION CONTROL 99

At the interface from air, n,=1, to silicon n; =3.85, the reflection is calculated to be about
35%. Hence, AR coating is essential to reduce the reflection to be less than 5% for high
efficiency solar cell.

For a single layer antireflection (SLAR) coating and normal incidence, a quarter
wavelength thick film gives the minimum reflection, which has a thickness of dj. The
solution for d; could be found elsewhere [66].

[lj :/10/(4711') 6-11

where j is equal to 1, for SLAR coating.

Under this condition, the light reflected from the second interface will go back to the first
interface with a phase change of 180°. It will interfere with the reflected light from the
first interface and weaken it due to their opposite phases. Applying Equation 6-11 to
Equation 6-1 - 6-9 yields [66]

(02 =, )
ny —n,n,
R=|—5—""=

nf + 11,1, 6-12

Hence, at the condition

n, =./n,n, 6-13

The reflection R becomes zero. Hence, Equations 6-11 and 6-13 are the conditions for the
optimized SLAR coating.
For double layer antireflection (DLLAR) coating at the normal incidence condition, also
according to 6-1 - 6-9, when the same quarter wavelength is used for each film as from
6-10, the expression for R changes to [66]
2

_ [1112113 —n,n; J 6.14

2 2
nn, +n,n,

a

b

R =

When

2 — 2 -
nyny =n,n, 6-15

Then R =0,
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Hence Equations 6-11 and 6-15 are the conditions for optimized DLLAR coatings. They
give pairs of indices and thickness, but not a unique choice as for SLAR. Only Equations
6-1 - 6-9 can be used for solar cell calculations, because it is required to calculate the
reflection over the very wide range of wavelength, and for some nonnormal incidence
angle.
6.3 Theory of Reflection Control By Texturing
The effect of surface structure on reflection depends on the size of the structure relative to
the wavelength of incident iight. Folilowing the discussion by Campbeli [67], three
different size ranges can be considered:

(1) macroscopic

(i) ~ microscopic and

(iii)  intermediate.
In the macroscopic region, surface features are large compared to the wavelength of light.
Optical interference effects can be neglected and ray tracing approaches used to describe
the interaction between these features and light. The geometry of the features can be used
to steer either reflected or refracted light in the desired direction.
In the microscopic region, feature size is much smaller than the wavelengths of light, say
less than 0.1 um. Such features may be treated by a “graded index” method where the
true surface profile is approximated by a series of layers, each composed of different
amounts of the two media involved [67]. Such feature sizes are not particularly effective
in scattering the light [68] , acting much as if a graded index coating had actually been
deposited on a flat surface.
For intermediate feature sizes (0.1 um to a few microns), there can be strong interaction
between the light and the features. Both reflected and refracted light can be strongly
scattered. One simplification for strongly scattering cases is to treat the surface as
“Lambertian” that is, as scattering light with uniform brightness in all directions. Another
possibility is to regard any actual surface as a composite of Lambertian and non-scattering

(specular) [68].
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6.3.1. Two dimensional geometries
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Figure 6-2: 2-D grooves . (a) ideal case shown groove angle, o; (b) rounded peaks and troughs.

Figure 6-2 (a) shows a simple two dimensional (2D) grooved surface structure. Groove
size is assumed large compared to the wavelength of light so that ray tracing approaches
can be used to describe the interaction between the groove and light. The groove angle is
o, as shown. Such grooves reduce overall reflection by reflecting incident light
downwards so it has a second chance of being coupled into the surface. For light incident
perpendicular to the plane of the cell, there are several threshold values of a marking
changes in reflection properties. Once o exceeds 30°, some light incident near the base of
the grooves, will benefit from this “double bounce” effect. Once o exceeds 45°, all
perpendicular incident light will benefit. As a increases beyond 54° triple bounces
become possible for light incident near the base of the grooves. By 60°, all such light
experiences “triple bounces”, and so on. These thresholds will become somewhat blurred
if the light of interest has angles of incidence other than perpendicular.

If the angular dependence of reflection from a surface of reflectance R is neglected,
reflectance after n bounces will be R". For the example of silicon embedded in an
encapsulant of refractive index 1.5, surface reflectance is about 20% at free space
wavelengths around 600nm, near the peak of the solar spectrum. Overall reflectance
would reduce to 4% after a “double bounce” and less than 1% after a “triple bounce”.
Mathematically, for 54°< o < 60° , the fraction of perpendicularly incident light

experiencing triple bounces, f3, can be shown to be :
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7= sin(5c —270)
T sin(90-a) Pl

For surface features formed by intersecting (111) crystallographic planes o is 54.7°. All
perpendicularly incident light will get at least a double bounce, with 11.1% incident near
the bottom of the groove experiencing triple bounces [21].

Although chemical texturing can produce very sharp edges between the differently
oriented planes, edge rounding sometimes occurs as a result of subsequent processing or
is deliberately used to reduce stress concentrations from overlaying layers such as
mechanical abrasion, rounding is unavoidable. As shown in Figure 6-2 (b), rays incident
on the flatter regions of the curves will experience only a single reflection for
perpendicular light, once the angle of the tangent falls below 45° for the peaks and

(45° - a/2) for the troughs.
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Figure 6-3: Ray paths for grooves formed for (111) equivalent planes (2D case). a. Ray striking closer to
the bottom of the groove. b. Ray striking closer to the top of the groove.

Similar concentration will apply to other less regular shapes than the grooves of Figure
6-2. Generally, the design principle is “the steeper, the better” provided peak and trough
reflection is also factored into the evaluation.

For precise calculation of reflection properties, the angular dependence of reflection has

to be considered and polarization effects become important. Due to the higher reflectance
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of light polarised perpendicularly to the place of incidence, reflected light has a
progressively higher component of this polarization after each reflection.

Finally, most cells are not used directly exposed to air but are encapsulated, usually under
glass. The important reflection properties are those of the combination of cell and
encapsulant.

Figure 6-3 shows the ray path for light perpendicularly incident upon grooves formed by
intersecting (111) planes encapsulated under glass or other material of refractive index
equal to 1.5, For unpolarised light at 600 nm free space wavelength , 96.0% of the
incident light energy will be coupled into the glass (T1), 25.3% will be reflected after first
striking the groove (T|Ry), reducing to 5.1% strongly polarised after the second groove
reflection (TR2R3) [67].

Most of this light then internally strikes the encapsulant / air interface at an angle close to
39° as shown. This is not sufficiently oblique for total internal reflection. However, light
of this polarization is still quite strongly reflected at these wavelengths, giving only 3.6%
of the originally incident light following this path coupled out here (T1R2R3T4). A fraction
(11.1%) of incident light strikes the area near the base of the groove and has an additional
reflection from the silicon surface. However, this third reflection is very oblique (86.3%
from normal) giving high reflectance of light regardless of polarization. Moreover, this
light strikes the glass less obliquely, giving lower reflection at the glass and higher
transmission. The net result is that this “triple bounce” light fares slightly worse than the
“double bounce” light with 4.0% coupled out. When combined with the 4.0% originally
reflected (R;) plus a strongly attenuated component of T1RyR3R4 ( after further reflections)
and T\ R,R 3R 4R's, a total of 7.6% of the total incident energy is reflected.

This reflection loss can be reduced by applying antireflection coatings to the textured cell
surface to reduce components Ry and R3 [69]. Additionally component R; can be reduced
by applying an antireflection coating to glass, or by subjecting the glass to a chemical
treatment. This gives the same effect by changing surface properties [70]or by texturing
the glass [71], cleanability becomes an issue in the latter case.

Ray path visualisation for RIE textured 3D structures is not very easy. However high

aspect ratio cones can be approximated to pyramids of small apex angle and high aspect



104 CHAPTER 6 LIGHT TRAPPING AND REFLECTION CONTROL

ratio holes can be approximated to inverted pyramids with smaller apex angle for

theoretical modelling.

6.4 Reflectance Measurement of Textured Surfaces

Reflectance was measured using purpose built integrating sphere attachment of a high
accuracy spectrophotometer. Besides the specularly reflected radiation, the diffuse
radiation was also measured in this method. This will give us an idea of the absorbance of

the textured surfaces. The experimental set up is given in Chapter 2.
6.4.1.Hole-type textured wafers

A p-type Cz-silicon wafer was textured using photolithographically defined NiCr mask.
The SEM image of this sample is given in Figure 3-17. The reference wafer is a single
side polished p-type Cz-Silicon wafer. The average thickness of the wafers is about 350
um. The holes are about 7-8 um deep and 4 um in pitch. The detailed texturing procedure
is given in Chapter 3.

As can be seen in Figure 6-4, at 400 nm wavelength the reflectance is reduced from 50%
to 10 % and at 1000nm wavelength, it is reduced from 32% to 4.4 %. Beyond 1200nm
wavelength, the incident light is almost fully transparent for silicon and the reflection is
entirely from the backing material.

The reduction in reflectance in the ultraviolet region is very significant as it contributes a
major part in boosting the solar cell efficiency. Approximately 80% reduction is observed

in this region.
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Figure 6-4: Diffuse reflectance of planar silicon and the hole - type textured silicon wafer. The magnified
reflectance data for hole-type textured silicon wafer is also shown.

6.4.2. Cone-type textured wafers

A p-type Cz-silicon wafer of 350 um thickness was textured using photolithographically
defined NiCr mask. The SEM image of this sample is given in Figure 3-21. The reference
wafer is a single side polished p-type Cz-Silicon wafer. The cones are about 6-7 wm high
and 4 wm in pitch. The detailed texturing procedure is given in Section 3.3.2.

As can be seen in Figure 6-5, the reflectance is reduced from 50% to 1 % at 400 nm
wavelength and, it is reduced from 32% to 0.3 % at 1000nm wavelength. Beyond 1200nm
wavelength, the incident light is almost fully transparent and the reflection is entirely
from the backing material.

Approximately 98% reduction in reflection is observed in the ultraviolet region.
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Figure 6-5: Diffuse reflectance of planer silicon and the textured surfaces of cone type structure. Insert is
the magnified reflectance data for cone-type textured silicon wafer.

On average, the reflectance is less than 0.5 % in the effective wavelength region. This is a
very significant achievement in controlling the reflection without any antireflection

coatings.

6.4.3. Mask-less textured substrates

Unlike the previous texturing methods, a p-type Cz-silicon wafer of 350 wm thickness
was textured without any photolithographically defined mask. This is called maskless
texturing method. The texturing detail and the SEM image of the textured wafer are given
in Section 3.3 and Figure 3-23 respectively. The reference wafer is a single side polished
p-type Cz-Silicon wafer.

As can be seen in Figure 6-6, the reflectance is reduced from 50 % to 3 % at 400 nm
wavelength and it is reduced from 32% to 0.9 % at 1000nm wavelength. Beyond 1200nm
wavelength, the incident light is almost fully transparent and the reflection we get is

entirely from the backing material.
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Figure 6-6: Diffuse reflectance of planer silicon and the maskless textured surfaces of silicon wafer. Insert
is the magnified reflectance data of the maskless textured silicon wafer.

On average, the reflectance of the maskless textured silicon surface is around 1 % in the
effective wavelength region. This is slightly higher than that of cone type texturing.
However, the maskless method can save time, energy and cost as far as the photovoltaic

industries are concerned.

For visual comparison, these three graphs are combined and given in the
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Figure 6-7: Diffuse reflectance of planer silicon, cone type textured surface, hole type textured surface and
the maskless textured surfaces of silicon wafer are given in a single graph for visual comparison.

6.5 Reflection measurement on antireflection coatings.

Several antireflection coatings (ARC) including SizN4, SiO; TiO,, ZnS,MgF,, and
Titanium silica film are used in silicon solar cells. The reflectance is measured for SiO,
ARC and ZnS / MgF, double layer anti reflection coatings (DLARC). The wafer used in
this experiment is 300 um, p-type, double side polished, FZ-silicon of 5Qcm resistivity.
For RIE texturing, SFs gas was used and the SEM image of cone type texture is similar to
that of Figure 3-26 and the hole type texture is similar to the one in Figure 3-17. The
purpose of this ARC experiment is to compare the reflectance measured on textured

wafers.

6.5.1. Thermal silicon dioxide

Generally, SiO, absorbs wavelength less than 500 nm and hence reduces the efficiency of

solar cells. However, SiO; is generally used as ARC in commercial solar cells because of
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its ability to passivate the silicon solar cells. A 110 nm of SiO, can be used as an ARC as
well as a passivation layer for silicon solar cells.
In this experiment, dry thermal SiO, was grown in an O, environment at 1000° C. in a

tube furnace as described in Chapter 2.
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Figure 6-8: The reflectance of FZ- silicon wafer with 130nm of thermal oxide is shown with the reflectance
of polished silicon wafer. The minimum reflectance is 9% at 700nm.

The thickness of the thermal oxide was calculated as 130 nm which is 20nm higher than
the ideal value of 110 nm. The trough of the reflectance is at 700 nm instead of the ideal

600nm as shown in Figure 6-8.
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Figure 6-9:— The reflectance of the hole-type textured FZ- silicon wafer with 130nm of thermal oxide. The
textured wafer was wet etched in diluted HF: HNO3 (50:1) solution for 8 min to remove about 5 wm of
silicon before growing thermal oxide.

The reflectance of the textured silicon wafer with 130nm of SiO, as ARC is shown in
Figure 6-9. The textured surface consists of hexagonally arranged hole-type structures in
10um pitch. The surface is similar to the one shown in Figure 3.17. The reflection

measured in Figure 6-9 is much higher than that measured in Figure 6-5.
This less effective surface texturing may be due to the following reasons.

a. The 10um pitch holes in Figure 6-9 is much larger compared to the 4um pitch
holes in Figure 6-5.

b. The 8 min defect removal etching removed about 5um silicon and hence made the
textured surface very smooth.

c. Larger pitch and DRE end up with more flat surfaces in the bottom of the holes.
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Figure 6-10:. The reflectance of the cone-type textured FZ- silicon wafer with 130nm of thermal oxide. The
textured wafers were wet etched in HF: HNO; (50:1) solution for 8 min to remove about 5 pm of silicon
before growing thermal oxide.

The reflectance of a cone-type textured silicon surface with 130 nm of thermal SiO; is
shown in Figure 6-10. In this case the reflection is much higher than expected. The above
mentioned three reasons could be applicable to this case as well. For short wavelength

region, the cone-type textured wafer give lower reflectance than cone-type textured wafer.

6.5.2. Mgk, antireflection coating

An MgF, layer can reduce reflection from silicon surfaces. The reflective index of MgF,
is 1.3-1.4. A good single layer ARC should satisfy Equations 6-11 and 6-13. Therefore
the best ARC material should have a reflective index of 1.96. That is why very low
reflection could not be obtained at any wavelength as shown in Figure 6-11. However
MgF, is better than SiO, as it is evaporated at very low temperature and it does not
absorb UV very much. Thermal SiO; is grown at temperature around 1000° C and cause

diffusion of impurities easily.
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Figure 6-11: The reflectance of the cone-type textured FZ- silicon wafer with thermally evaporated 110nm
of MgF,. The textured wafers were wet etched in HF: HNO; (50:1) solution before evaporating MgF,.

6.5.3.Double layer anti reflection (DLAR) coating (ZnS and Mg F,)

Multilayer antireflection coatings reduce reflection in broader band [72].

In this work, MgF, of refractive index 1.38 and ZnS of refractive index 2.3 are coated
using thermal evaporation technique. The thickness of MgF,/ZnS layers has been
theoretically optimised to be 110 nm and 35 nm respectively and it was experimentally
verified [69]. Such DLAR coatings give very low surface reflectance over the entire

absorbable solar spectrum.
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Figure 6-12: The reflectance of the cone-type textured FZ- silicon wafer with thermally evaporated 35nm
of ZnS and 110 nm MgF,. The textured wafers were wet etched in HF: HNO; (50:1) solution before
growing thermal oxide.

A Fz- silicon substrate was textured using an etch mask of hexagonally arranged 6um
dots in 10 wm pitch. The textured wafers were coated with a double layer antireflection
(DLAR) coating of ZnS (35 nm) and MgF,(110 nm). Thermal evaporator was used for
this purpose. Thermally evaporated ZnS/MgF, exhibits a very broad band antireflection as

shown in Figure 6-12. Unlike SiO,, it reduces reflection in the UV region as well.

6.6 Modelling using PV- Optics software

PV-Optics is a software package for the design and analysis of solar cells and modules
[73]. PV Optics is easy-to-use software that accurately models the optics of most solar
cells or modules, and provides information needed to design a device with maximum-
effective light-trapping and optimum photocurrent. PV Optics can handle multilayer
structures consisting of a combination of dielectrics, absorbing semiconductors, and

highly absorbing metallic layers with planar and non planar interfaces. Each of the layers
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may be thin or thick as compared to the coherence length of light in that layer. It uses this
criterion to select the application of the ray or wave optics to analyze the layer or the
structure. This package outputs a variety of data including plots of the net reflectance,
transmittance, and absorbance, the AMI1.5 weighted absorbed photon flux and its
distribution within each layer, and the Maximum Achievable Current Density (MACD)
from each active layer. MACD is the value of the photocurrent produced within an active
layer corresponding to the generation of one electron-hole pair for each absorbed photon,

and subsequent collection of all of the generated carriers.

Reflectance MACD = 338 mA/cm*2
q - - Transmittance, =
Tolal Semiconductor Absorbance

8 /| Absorbance in Metal

Absorption, Transmittance, Reflectance (Arb. unit)

0 A4 5 6 T 8 9 1 1.1 1.2
Wavelength (um)

Figure 6-13: The PV-Optics data of reflectance, transmittance and the total absorption of a plane silicon
with 110 nm of SiO, as anti reflection coating (ARC).

Thermally grown SiO; could act as an ARC as well as a good surface passivation agent.
The PV optics modelling shown in Figure 6-13 reveals that the Maximum Achievable
Current Density (MACD) of an untextured silicon wafer with 110 nm of SiO, as ARC is
33.8 mA/cm® The reflectance calculated using PV-Optics agrees with the measured

reflectance.
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Figure 6-14: PV-optics data of 70 nm of Si;N, antireflection coating on plane silicon wafer.

The refractive index of Si3Ny is 1.9 and satisfies the 6-13. A 70nm SisN4 ARC gives very
low reflection in the blue response region as shown in Figure 6-14. The MACD is
calculated as 36.15 mA/cm” However, the optimum antireflection could be obtained by a
DLARC of 71 nm of SisNyg and 10 nm of SiO, as passivation layer. PV- optics
calculation shows a MACD of 36.38 mA/cm® for this DLARC as shown in Figure 6-15.
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Figure 6-15: PV-optics data of 71 nm of SizN; and 10 nm of SiO, as double layer antireflection
coating(DLARC) on a planer silicon wafer.
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Figure 6-16 The PV-Optics data of reflectance, transmittance and the total absorption of a textured silicon
without any anti reflection coating (ARC). The texturing structure is 6 L m high square pyramids with 50 °
apex angle.
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The PV-optics modelling for a silicon wafer textured with pyramids of 6 wm high and 50°
apex angle exhibits a tremendous boost in MACD and is 39.58 mA / cm® without any

antireflection coatings as shown in Figure 6-16.
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Figure 6-17: The PV-Optics data of reflectance, a textured silicon without any anti reflection coating
(ARC). The assumed structure is 6 [t m high square pyramids with 35° apex angle.

The PV optics calculation for square pyramids of 6 wm high and 35° apex angle is shown
in Figure 6-17. Pyramids of smaller apex angle will give better antireflection features and
hence the MACD. These square pyramids can be assumed to be similar to the cone type
texturing shown in Figure 3-21. This assumption agrees with the experimental data shown

in Figure 6-1 for the cone type texturing.
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Figure 6-18: The square pyramids of small apex angle (left) and high aspect ratio cone-type structures

(right) are shown in this illustration.

The Figure 6-18 shows how the hexagonally arranged cone-type texturing of high aspect

ratio can be approximated to pyramids of smaller apex angle for theoretical PV-Optics

calculations.
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A DLARC of 70nm of SisN4 and 10 nm of SiO; on texturing structures of 50° apex angle
boosts the MACD from 39.58 mA/cm*to 41.01 mA/cm?as shown in Figure 6-19.

6.7 Effect of rear texturing
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Figure 6-20: Reflectance calculated for textured silicon wafer with SiO, antireflection using PV-Optics

software. The thickness of SiO, is 110 nm and the texturing structure is Sum tall square pyramids of apex
angle 70.5°,

Rear texturing for a front textured silicon wafer becomes effective only in the long
wavelength range, particularly after 975nm, as shown in Figure 6-20. The energy of the
photons beyond 975 nm is too small to be absorbed in silicon. Therefore, rear texturing
may bring adverse effects to the silicon solar cells by absorbing the unwanted infrared
wavelengths which will raise the cell temperature. Cell temperature is an efficiency
limiting factor in silicon solar cells. . The approximately linear relationship of temperature
and the open circuit voltage is shown in Equation 6-18 which is derived from the basic

Equation 6-17 for the short circuit current of silicon solar cell [§].
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Isc :Io(quM/kT _1) 6_17
where , I is the short circuit current of solar cell

I, is the saturation current

Vo 18 the open circuit voltage.

dv,. Ve =V +y(kT/q) 6-18

oc

dar T

where, Vgo = Eq0/ q, E,, is the band gap of Si.

vy includes the temperature dependencies of parameters determining the saturation current
L.

This equation predicts that, Voc decreases by about 0.4 % per °C. Power output also will

decreases by 0.4 to 0.5 % per °C [8].

6.8 Summary

Different types of texturing structures and antireflection coatings have been examined for
their reflectance. Very low reflectance was achieved for the SF¢/O, etched cone-type
texturing. The reflectance is less than 0.5% in the majority of the absorptive region of the
solar spectrum. However, the reflectance of the maskless etched wafer is very impressive
as it is very cost effective compared to the masked process. Less than 1% reflectance was
observed in the most of the effective region of the spectrum for these maskless textured
silicon substrates. However, the reflectance increased above 3% for the wavelength less
than 400nm. This is expected as the absorption coefficient is 100 times higher at the
wavelength of 350 nm than at 500 nm.

Our results show that a good texturing does not need any antireflection coating except a
thin SiO, or SizN4 needed for surface passivation.

The SFs textured 10um pitch structures did not exhibit low reflectance as these structures
were not optimized. Larger pitch of the structures and much longer defect removal
etching caused high reflectance. But the minority carrier lifetime analysis and the
photoluminescence analysis shows that longer DRE is inevitable to achieve a high open

circuit voltage.
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The PV-Optics modeling shows that the maximum achievable current density could be
increased from 33.8 mA/cm? for planar silicon to 41.3 mA/cm? for textured silicon. As
shown in Figure 6-16, for a textured silicon with reflectance as high as 4% could exhibit
MACD of above 39.5 mA/cm’.

Our experimental and modelling results clearly show the advantage of using texturing
over antireflection coatings. Textured surfaces give very low reflectance over a wide

range of solar spectrum while the ARC give minimum over a selective wavelength range.

However there are disadvantages of texturing as well.
e More care is required in handling the textured wafers as textured wafers break
easily.
e Textured surfaces are much more effective in coupling light of all wavelengths
into the cells, including unwanted infrared radiation of insufficient photon energy
to create electron-hole pairs. This tends to make the cell run hotter. Additional

precautions are needed to reduce the cell temperature.
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CHAPTER 7

SOLAR CELL FABRICATION

7.1 Introduction
A simple silicon solar cell fabrication involves three major processes.
1. Cleaning of silicon wafers.
2. Junction diffusion
3. Metallisation
However, more complicated steps such as texturing, surface passivation, antireflection
coating and back surface field are necessary for a high efficiency silicon solar cell. In this

chapter the wafer cleaning procedures, junction diffusion procedures, front and back

metallisation and the cell characterization techniques and their results are presented.
7.2 Cleaning process of Silicon wafers

Transition metals in silicon are highly recombination active and affect silicon solar cells
efficiency very much [74]. The purity of a Si wafer is a key prerequisite for a high
efficiency silicon solar cell. However, only the contamination on the surface of Si wafers
could be cleaned by chemical means. Wafcr cleaning chemistry has remained unchanged
during the last 30 years and is based on hot alkaline and acidic hydrogen peroxide
solutions, a process known as RCA standard clean [75]. These cleaning steps remove
inorganic and organic contaminations on the surface of wafers. All samples investigated
in this work received this type of cleaning sequenée prior to any thermal processes such as
diffusion, oxide passivation and SisNy passivation. The following Table 7-1 summarises

the details of the cleaning sequence used for the samples processed.
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Table 7-1: Silicon wafer cleaning procedure called RCA cleaning.

Step | Process Chemicals Details
1 RCA1 H,0:H,0,:NH4OH (5:1:1) 12 min at 80° C
2 DIW Rinse Deionized Water ( 18M£2 cm) Imin at 18° C

3 HF HF: H,O (1:10) 15 Sec at 18° C
4 RCA2 H,O:H,0,:HCI (6:1:1) 12 min at 80° C
5 DIW Rinse Deionized Water ( 18MQ c¢cm) | Imin at 18° C
6 Dry Dry Ny Imin

7.3 Emitter Diffusion

7.3.1. Theory of diffusion

According to the First Law of Diffusion, the transfer of solute atoms per unit area in a 1-

dimensional flow can be described by the following equation:

oC (v, )
o 7-1

J = -D

where J is the particle flux, C is the concentration of the solute, D is the diffusion
coefficient, x is the distance into the substrate, and t is the diffusion time. The negative

sign indicates that the diffusing mass flows in the direction of decreasing concentration.
From the Conservation of Mass, we also know that:

aC_ oJ

% ox 7-2

If this relationship is combined with the 1st Law of Diffusion, then the 2nd Law of
Diffusion (otherwise known as Fick's Law) is derived, which states:
oC o

5 - D_é;_i 7-3
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In order to solve Fick's LLaw, one initial condition and two boundary conditions are
required. Two solutions to Fick's Law are generally encountered in IC fabrication:

infinite-source and limited-source diffusion. These are each described below.

7.3.2. Infinite-source diffusion (pre-deposition)

Infinite-source diffusion requires a constant surface concentration of diffusing atoms. This
generally corresponds to the process step known as "pre-deposition." In this case, the

initial condition and boundary conditions are:

Cx,0) =0, C,t) = Cs, C(0 ,t)=0 7-4

where Cs is the surface concentration. The solution to Fick's Law under these conditions

is:

2+/ Dt

where "erfc" is the complementary error function.-

C(x,t)=Cs eifc[ il } 7-5

7.3.3. Limited-source diffusion (drive-in)

Limited-source diffusion requires a constant amount of total dopant per unit area of the
diffusing surface. This corresponds to the process step known as "drive-in" or any

subsequent heat cycles. In this case, the initial condition and boundary conditions are:

Clx,0) =0, [C(x,t)=5, C(e0,=0 7-6

where S is called the "dose." The solution to Fick's Law under these conditions is:

A

C(x,0) = ex [7'\42}
A YDt P rDl 7-7
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7.4 Spin On Dopant Solar Cells

Phosphorosilicafilm (Emulsito}le Company) was used as the phosphorous diffusion
source. Phosphorosilicafilm-3 x 10° is a dopant formulation designed to produce
phosphorous diffused layers in silicon for solar cells. When applied by spinning or
spraying, a film is generated that consists of silica with phosphorous dissolved in it. This
phosphorous doped silica layer provides an erfc source, and the sheet resistance decreases

.
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7.4.1.Local selective emitter solar cell with aluminum emitter contact

A mc-silicon wafer and a CZ-silicon wafer were used to fabricate the 1* spin on dopant

solar cell in this project. The specification of the wafers is as follows.

Table 7-2: Substrate specification of spin on dopant solar cells

Doping Surface Thickness (um) Resistivity (€2 cm)
me-Si p-type (Boron) | unpolished 250 ~10
CZ-Si p-type (Boron) | Single  side 350 ~10
polished

This multicrystalline silicon is a commercial photovoltaic grade wafer donated by BP
solar, Australia. The wafer was chemically polished by a method called “shiny etch”. In
this method a mixture of HNO; (70%) and HF(40%) at the ratio of 9:1 v/v was used at
room temperature for 2 minutes with slight agitation. This not only removes about
10 um of silicon layer from both sides of the unpolished wafer, but also reduces the
roughness of the wafer from 1pum to less than 100 nm.. This process will get rid of the
saw damage as well as the metallic contamination on the surfaces.

The CZ- silicon used in this process is laboratory grade and also shiny etched to remove
the saw damage.

Other procedures are the same for both cells and are described here.

1. RCA 1 and RCA 2 clean
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SOG (Phosphorosilicafilm-3 x 10* ) was spun at 4000 rpm.

Dried on hotplate at 100 °C for 1 min.

Diffusion in N, environment at 1100 °C for 15 min. (sheet resistance=10 2/square)
Phosphorosilica glass was removed using buffered oxide etch (BOE).

Aluminium (1.8pum) was sputtered to front and rear.

Emitter contacts were photolithographically defined and unwanted aluminium was

etched away using wet Al-etch

AN ape ot
Su SCC UsIng

HNOs5:HF (100:1) — Resultant sheet resistance is around 50 /0.
Titaniumsilica film was spun to the front as antireflection coating.

Annealed at 475° C for 30 min on hotplate.

. Cells were isolated to remove the edge shunting.

12.

I-V characteristic was performed using HP-semiconductor parameter analyser

using the 2 probe technique.

The effective overall cell size is 2 x 2cm. As the Hewlett Packard 4155A parameter

analyser can handle a maximum current of 100 mA, it was not possible to test this 2 x 2

cm cell in AM1.5 light condition. Our light source was a halogen lamp calibrated using a

solar cell of known efficiency. For more accurate characterisation, few cells were sent to

UNSW for efficiency varificartion.

The first mc-Si substrate solar cell and the CZ-Si solar cell fabricated in this works

showed an encouraging result. I-V characterisation of the mc-Si substrate solar cell is

shown in Figure 7-2. The open circuit voltage was around 530 mV. The I-V data clearly

shows a leakage current which is indicated by a low shunt resistance which affect the fill

factor extensively and hence the solar cell efficiency.
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Figure 7-1: Schematic representation of spin on dopant silicon solar cell fabrication.

A fast data acquisition mode led to the picking up of the main frequency of the power
supply and is clearly seen by the ripples in Figure 7-2 and Figure 7-3. This problem was
solved by choosing a rather slow data acquisition mode in characterising the other sets of
cells. This is a demonstration for the ability to make working solar cells.

I-V characterisation of the CZ-Si substrate solar cell is shown in Figure 7-3. The open

circuit voltage was around 520 mV.



128 CHAPTER 7 SOLAR CELL FABRICATION

_0’061||!||1I.AIAA.11!¥|1!II

-0.05

-0.01

Voltage (V)

Figure 7-2: The I-V characteristic of a 2 x 2 cm, multicrystalline-silicon substrate solar cell fabricated
using spin on dopant diffusion source and Titaniumsilicafilm ARC. An uncallibrated light source was used
for this measurement.

-0.07 ?“lll!rllllkkkj.ll! .
-0.06

-0.05

S
(o]
ey

Current(A)

S
o
w

S
o
N

-0.01

Voltage (V)

Figure 7-3: The IV characteristic of a CZ- Si substrate solar cell made using spin on dopant diffusion

source. An uncallibrated light source was used for this measurement. Titaniumsilicafilm was used as ARC.
The cell size is 2 x 2 cm.
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7.4.2.Role of aluminium emitter contact.

Aluminium is a cheap metal compared to other possible emitter contacts metals such as
silver. Solar cell friendliness(does not create considerable defect) and high adhesion to
silicon are the other main advantages of aluminium. However, it was noted that vacuum
evaporated aluminium emitter contacts tend to shunt through the shallow emitter easily at
temperatures above 400 C while sputtered aluminium withstand at temperatures as high as
500° C. An Al/ Si (98 /2 %) alloy was found better than pure aluminium for emitter

contacts. Al / Si alloy can stand temperatures as high as 550° C without shunting.
7.4.3.Double layer photolithography for thick metal lift off.

To reduce series resistance and improve current density, thicker metal contact is necessary.
A special double layer photoresist system was used to lift off 1pum silver. In this technique,
1. AZ 4620 photoresist was spun at S000 rpm

2. Soft baked for 2 min at 100° C on a hotplate

3. Flood cxposed for 1 min

4. AZ 1500(20 cp) photoresist was spun at 4000 rpm for 1 min and softbaked for 1 min.

5. Exposed for 12 sec under emitter contact mask

6. Developed for 45 sec in AZ 300 MIF developer.

Az4620 (7-8pm)
Pl R

A“Z‘]’S’OO(“]TSpm)*"

Figure 7-4: Optical microscope photograph of the double layer photoresist system for thick metal lift off.
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The optical microscope image of the double layer photoresist system and its resultant
developed pattern is shown in Figure 7-4. This technique is capable to lift off even 2pum

metals.

7.4.4.Back surface field (BSF) solar cell with Ti/Pd/Ag emitter contact

Back surface field improve cell efficiency by improving open circuit voltage and short
circuit current density [76].
High quality FZ-silicon wafer was used in this work. The specification of the wafer is as

follows.

Table 7-3: Specification of the FZ silicon wafer

Growth Doping Surface Thickness (um) | Resistivity ( cm)
FZ, (50mm), | p-type (Boron) | Double  side 300 ~5
<100> ' polished

Approximately 10um silicon layer was removed by wet etching technique from the wafer
to remove saw damage. Usual RCA cleaning was performed before starting the
fabrication process. The fabrication process of Boron BSF solar cell with Ti/Pd/Ag

emitter contact is shown schematically in Figure 7-5.
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Figure 7-5: Schematic representation of BSF and local emitter silicon solar cell fabrication.

The important fabrication steps of the BSF and local selective emitter solar cell are shown

in Figure 7-5. Phosphorosilicaﬁlm—3x1020 was used to diffuse the emitter area at 950C

for 15 min and Phosphorosilicafilm-5x10* was used to diffuse the local selective emitter

at 1000° C for 30 min. These diffusion steps would result in 50€ /o emitter sheet

resistance and 10 Q /o local emitter contact sheet resistance. Borosilicafilm100 was used

to diffuse the back surface field. Four 10 x 10mm cells were fabricated in a 50mm wafer

and isolated finally by cleaving.
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7.4.1.1 Ti/Pd/ Ag emitter contact

Al shunts through the emitter when annealed above 400 C. Ag is the best metal for emitter
contact as it has very high conductivity. However the adhesion of Ag with silicon is very
poor. Therefore Ti and Pd have to be used for adhesion improvement. A 20 nm of Ti, 20
nm of Pd and 1 um Ag were evaporated using e-beam evaporation technique and a
double layer PR system was used to lift off. The cells were annealed at 400° C for 30 min
in nifrogen environment in the tube furnace shown in Chapter 2.

7.4.1.2 1-V characterisation

The I-V characteristic was performed using the HP- parameter analyser using the two
point probe technique. A calibrated halogen lamp was used to illuminate the cell. After

this measurement, another 1 pm of Ag was added on top of the Ti /Pd /Ag using double
layer photoresist and lift off.
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Figure 7-6: SOG solar cell with Boron back surface field. (a) Iptm of Ag without ARC. (b) 2um of Ag
without ARC. (¢) 2um of Ag with Titaniumsilicafilm ARC.
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As can be seen in Figure 7-6, 2um Ag emitter contact gives about 8% more current
density and adding an antireflection coating boosts the current density by 35%. However,
the open circuit voltage is around 520 mV despite the high quality FZ-Si substrate.

7.4.1.3 Effect of Boron back surface field

Borosilicafilm (Emulsitone company) spin-on dopant source was used for back surface
field. However, it is reported that boron diffusion causes high surface damage and low

carrier lifetime in silicon solar cells [15]. However it is solved by selective BSF diffusion.

7.5 Solid Diffusion Source Doping Solar Cells

Spin on dopant source solar cells were not successful as far as the Vo and efficiency are
concerned. We suspected the quality of the source and moved to solid diffusion source.
Hereafter a PH950 solid diffusion source will be used for making n-type junction for solar
cells. PH950 solid diffusion source consists of an active component Silicon
Pyrophosphate (SiP,07) carried on and in an inert porous Silicon Carbide (SiC) substrate.
Prior to actual silicon diffusion take place, new phosphorus source wafers were annealed
at 950° C in an ambient of 100% N, for 8 hours to activate the P source. Several textured
as well as untextured solar cells were made using the solid diffusion source and the best

results are presented in this chapter.
7.5.1.RIE textured silicon solar cells

One 50mm FZ-silicon substrate and other CZ-silicon substrate were used in this batch to

fabricate the textured solar cell. Four 10x10mm cells were fabricated on every wafer.

Table 7-4 : Substrate specification for textured silicon solar cells

Substrate Doping Surface Thickness (um) Resistivity (€2 cm)
. ) Single  side
CZ-Si p-type (Boron) polished 350 10
F7.Si p-type (Boron) Dopble side 300 -5
polished

The substrate specification for the RIE textured solar cells are shown in Table 7-4. A

mask of hexagonally arranged 8um dots in 10 wm pitch was used to transfer the pattern
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photolithographically on AZ4620 thick resist, which was used as etch mask for RIE

texturing. RIE etch condition is shown in Table 7-5.

Table 7-5: RIE etch condition for SF6 plasma etching

SF¢ Flow rate Temperature | RF power Etch pressure Time

160 scecm 173K 200W 150 mT 7 min

The textured pillars were about 7-8 wm high and are similar to the surface shown in
Figure 3-27. A 5 min defect removal etching was performed in HNO3: HF (50:1) solution.
This step removed about 3 um of silicon at a rate of 0.6um/min. The cell fabrication steps

are given in Table 7-6 and schematically shown in Figure 7-7.

Table 7-6: Process sequence of the CZ-Si and FZ -Si textured solar cells

Steps Details

1. Cleaning RCA 1 and RCA 2

2. RIE texturing SF¢, 160scem, 200 W, 150 mT, 7 min

3, Oxide growth 950°C for 2 hours in O,

4. Cell size 10 X10mm

5.  Finger opening optical lithography followed by BOE

6.  Finger selective (N'") 950°C for 30 min.

predeposition

7.  Emitter window opening Optical lithography followed by Buffered
Oxide Etch (BOE). (HF:H4NF=1:7)

8.  Emitter N* predeposition Phosphorous predeposition at 875° C for
30min

9.  Deglaze BOE

10.  Back surface field (BSF) 2 um of 99.999 % Al was evaporated using

Balzers thermal evaporator.

11.  Simultaneous drive in of | 5% O, and N, at 1050°C for 3 hours.
Phosphorous and Al and oxide

passivation

12.  Oxide patterning For Front metallisation

13.  Optical lithography for top contact | Lift off.

14.  Emitter contact T/Pd/Ag  (30nm/30nm/100nm)  were
evaporated.

15.  Thickening the fingers Ag metal lift off (Ipm Ag)

16. Back metal contact 2 um Al evaporated using Balzers physical
evaporator.

17. Sintering 450°C, 30 min in Forming gas.

18.  Cell isolation Diced using diamond saw
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A double layer thick photoresist was used to add further lum Ag on top of the Ti/Pd/Ag
(30nm/30nm/100nm) emitter contact.
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Figure 7-7: Schematic diagram of the process sequence of textured silicon solar cell
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Figure 7-8: Schematic diagram of the textured silicon solar cell

Alloyed aluminium was used as back surface field and 110 nm of thermal oxide was

grown for surface passivation and ARC. Figure 7-8 shows details of the structure of the
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finished cell. The sheet resistance of the emitter and local emitter was measured using

four point probe technique and was found as around 150 €/0 and 20 €2/o respectively.

7.5.1.1 I-V characteristics of RIE textured Si solar cells

The I-V characteristics of the textured cells were measured using a calibrated halogen
lamp under AM 1.5 condition at room temperature. The lamp intensity was calibrated

using a solar cell of know efficiency.
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Figure 7-9: I-V characteristics of a textured CZ- Si solar cell with selective emitter. The estimated
efficiency of this cell is 13.5%.

As shown in Figure 7-9 and Figure 7-10, the measured V. was around 540 mV for CZ-Si
wafer and 560 for FZ-Si substrate. There was a marked difference in j,. as well and was
38.6 mA cm™ for CZ-Si solar cell and 40.5 mA cm™ for FZ-Si cell. The efficiency was
calculated by comparing their performance with a 20% efficient pyramid textured FZ-Si
solar cell fabricated by Photovoltaic Specialists Centre (PVSC), University of New South
Wales (UNSW), Australia. The efficiency of the CZ-Si solar cell was around 13.5% and
the FZ-Si solar cell was around 14% with fill factor of about 58%.
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Figure 7-10: I-V characteristics of a textured FZ- Si solar cell with selective emitter. The estimated
efficiency of this cell is 14%.

7.5.2. Untextured low resistivity FZ-Si solar cells

In this batch, an extremely high quality float-zone wafer (manufactured by Wacker)

donated by PVSC, UNSW, was used to fabricate the cell. Four 1x1 cm cells were

fabricated on one quarter of a 100mm diameter wafer.

Table 7-7: Substrate specification of Wacker wafer.

Substrate

Doping

Surface

Thickness (um)

Resistivity (Q cm)

F7Z-Si ,<100>

p-type (Boron)

Double side

semi polished

350

0.8-1.2

The wafer specification is given in Table 7-7. The fabrication step is illustrated in Table

7-8. The solid diffusion source was used for a sheet resistance of 150 Q/o for the emitter
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area and 20 Q/o for the local emitter. Sputtering was used for all metallisation to avoid
contamination of other metals such as gold from the physical evaporator. Figure 7-11

shows the main fabrication steps and Figure 7-12 shows the finished cell schematically.

Table 7-8: The steps involved in the fabrication of selective emitter solar cell

Steps Details

1. Cleaning RCA1 and RCA2

2. Oxide growth 950°C for 2 hours in O,

3. Cell size 10 x10mm

4. Finger opening optical lithography followed by BOE

5. Finger selective (N') 950°C for 30 min ( Ph950 solid diffusion

predeposition source)

6. Emitter window opening Optical lithography followed by Buffered
Oxide Etch(BOE). (HF:H4NF=1:7)

7. Emitter N* predeposition Phosphorous predeposition at 875° C for
30min (Ph950 solid diffusion source)

8. Deglaze BOE

9. Back surface field (BSF) 99.999 % Al was sputtered to the back.

10. Simultaneous drive in of | 5% O, and N, at 1050°C for 3 hours.
Phosphorous and Al and oxide

passivation

11. Oxide patterning Front metallisation

12. Optical lithography for top contact | Lift off.

13. Emitter contact Ti/Pd/Ag  (30nm/30nm/100nm)  were
Sputtered

14, Thickening the fingers : Ag metal lift off (1um Ag)- sputtered

15. Back metal contact 2 wm Al sputtering for back contact

16. Sintering 500°C, 30 min in Forming gas.

17. Cell isolation Diced using diamond saw
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Figure 7-11: Schematic of the selective local emitter silicon solar cell preparation.
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Figure 7-12: Schematic description of selective local emitter solar cell.

7.5.1.2 1-V characteristics of untextured low resistivity FZ-Si solar cells

The I-V characteristic of a local selective emitter solar cell is shown in Figure 7-13. The

light used was a halogen lamp with an approximate power of 100 mW cm™.
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Figure 7-13: I-V characteristics of 18.7 % efficient local selective emitter solar cell (N=18.7%)
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The main reason for this high open circuit voltage and efficiency may be due to the low
resistivity, the high quality of the Wacker’s FZ- silicon wafer and use of sputtering
instead of thermal evaporation.

The measured V,. was around 620 mV for this FZ-Si substrate. The j,. was measured as
38.4 mA cm™ .The efficiency was calculated as 18.7 %by comparing its performance with
a 20% efficient pyramid textured FZ-Si solar cell fabricated by Photovoltaic Specialists
Centre (PVSC), University of New South Wales (UNSW), Australia. The fill factor was
calenlated as 51%. The low fill factor may be due fo the series resistance added by the
testing probes. This could be avoided by using four point probe I-V characterisation

technique.

7.6 Furnace Contamination Test
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Figure 7-14: Minority carrier lifetime and the implied V. of FZ-Si wafers annealed at different
temperature in forming gas is compared with a reference wafer.
Contaminated diffusion furnace is suspected to be the main reason for low V,. measured
for most of the cells. The following experiment supports this argument. Figure 7-14
shows the minority carrier lifetime and the corresponding implied V.. of four FZ-Si

substrates of 5 Q cm resistivity placed in the diffusion furnace tube at different
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temperatures for 1 hour in forming gas environment. Data show that when a silicon
substrate is placed in this furnace at temperature above 700° C, the minority carrier

lifetime reduces sharply below 20 uS and the implied V. reduces below 570 mV.

7.7 Summary

Spin on dopant source and solid diffusion source were successfully used to fabricate Si
solar cells. me-Si, CZ-Si and FZ-Si wafers were used to make solar cells. Textured as
well as untextured substrates were used to fabricate different types of cells. The maximum
Voo of 620 mV was obtained for the Wacker’s FZ wafer of approximately 1 Q cm
resistivity while V. of 560 mV was obtained for the textured FZ wafer of approximately
5 € cm resistivity. RIE textured FZ silicon wafer with thermal oxide ARC showed a
short circuit current density of 40.5 mA cm™ which is in agreement with the PV-optics
modelling in Chapter 6. Minority carrier lifetime results in Chapter 4 predicted a V. of
more than 700 mV for untextured FZ-Si substrates of 5 Q cm resistivity and even more
for 1 Q cm resistivity. The furnace contamination test results clearly show that solar cells
fabricated at temperatures above 700° C in this diffusion furnace from substrate resistivity
of 5 ©Q cm will not exhibit Vo, of more than 570mV. A lower resistivity substrate can
exhibit relatively higher V. [77]. This result reflected in most of the solar cells fabricated
in this tube furnace. Heavy metal or gold contamination in the tube furnace is suspected

for this low V. and efficiency.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

8.1.  Conclusions

Optimised light trapping structures were achieved by plasma texturing of hexagonally
arranged holes and column structures. Maskless texturing was also highly successful. This
was achieved by RIE texturing using SF¢/O, (90/20 sccm) plasma at 173 K for 10 minutes
at an RF power of 0.45 W/em®.

For cone-type texturing, the reflectance was less than 0.5% in the majority of the
absorptive region of the solar spectrum. However, the reflectance of the maskless etched
wafer is very impressive as it is very cost effective compared to the masked process. Less
than 1% reflectance was observed in most of the effective region of the spectrum for this
maskless textured silicon substrate. These reflectance measurements were performed
without any anti reflection coatings. Our results show that a good texturing does not need
any antireflection coating except a thin SiO, or SiyN, needed for surface passivation.
However the effective lifetime measurements on SF¢/O, plasma textured silicon
substrates revealed a very high level of plasma induced damage. A wet chemical defect
removal etching helped considerably recover the lifetime. The damaged layer appeared to
be very deep and spread beyond 4um for the most of the textured substrates etched with
full power. A deep chemical etching tends to remove the textured structures. Alternatively,
a less reactive SFg plasma was used to texture silicon substrates. In this case also the
plasma damaged layer appeared to be deeper than 5 microns. Therefore, relatively larger
structures were textured and deeper defect removal etching was performed. Typically,
8um dots in 10 wm pitch were textured and deeper DRE was performed. For SFs-RIE
textured silicon substrates, the effective lifetime was reduced from 1.2 ms to few ps and
then recovered to around 800 us after a defect removal etching of around 2-3 wm of

silicon.
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However one of our latest results showed that, 10 minutes of low power (17W) reactive
ion etching using 20sccm SFg on FZ-Si of similar specification gave as high as 400 us
lifetime and an implied V. of 660mV without any DRE. In this case no mask is used and
the etched depth is around 400 nm and the surface profile is planar.

However, a high density plasma etcher using electron cyclotron resonance (ECR) source
exhibited relatively lower damage than that of conventional parallel plate RIE. This ECR etching
was done at Delft Institute of Microelectronics and Submicron Technology (DIMES), Delft
University of Technology, Netherlands. It is encouraging to notice that for ECR textured wafer,
the minority carriers lifetime is around 250 microseconds even before the DRE process which
indicates that high open circuit voltages can be obtained using these textured substrates even
without DRE. The calculated open circuit voltage (implied Voc) for this ECR textured FZ- Si
substrate was 640 mV. A defect removal etching of 2-3 pum of silicon recovered the effective
lifetime to around 750 pwm which is equivalent to an implied Vo, of 680 mV. Since the high
density plasma etched substrate has less defects, we can conclude that the defect is process
dependent and can be minimized by choosing appropriate plasma conditions.

A correlation between the surface area increment due to texturing and the drop in
minority carrier lifetime was established. It was found that the minority carrier lifetime
drop due to surface area increment is proportional to the area increase due to texturing.
Therefore, the drop in minority carrier lifetime is not only due to plasma induced damage,
but partially due to an increase in surface recombination due to an increase in the surface
area.

Photoluminescence studies of plasma textured multicrystalline silicon substrates
suggested that ion bombardment of the silicon surface during RIE produces defects giving
rise to the carbon related defect centres. By adding oxygen to the SFe¢ plasma, the
contamination of the silicon surface by oxygen atoms is shown to considerably affect the
PL spectra. The oxygen contamination enhances the PL centres via the creation of
extended defects, such as oxygen precipitates. A lattice contraction near these extended
defects is suggested to be the observed splitting of the C and G lines. However, the
minority carrier lifetime results reported in Chapter 4 showed that oxygen less SFs plasma
texturing also causes significant defects in silicon substrates and results in a decrease in

open circuit voltage of solar cells.
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Radiation may play a considerable role in causing damage during RIE process because the
C and G lines were observed by others for the substrates irradiated with e’

The splitting of PL lines after annealing suggests that those associated defects may not be
annealed out further.

The SFg textured 10um pitch structures did not exhibit low reflectance as these structures
were not optimized for minimum reflection. Larger pitch of the structures and much

longer defect removal etching caused high reflectance. But the minority carriers lifetime

.......... 1e photeluminescence analysis shows that lon
achieve a high open circuit voltage.

The PV-Optics modeling shows that the maximum achievable current density (MACD)
could be increased from 33.8 mA/cm?® for a planer silicon to 41.3 mA/cm’ for textured
silicon. It also shows that for a textured silicon with reflectance as high as 4% could
exhibit MACD of above 39.5 mA/cm”.

Therefore, there is a tradeoff between the open circuit voltage and short circuit current for
a high efficiency silicon solar cell. For a high minority carriers lifetime and hence for a
high V., a deep defect removal etching is needed. However, a deep defect removal

etching would increase the reflectance and, hence, would reduce the I,. For a high

efficiency solar cell a balanced must be maintained in optimizing V. and Ig.

There are a few disadvantages of texturing as well. More care is required in handling the
textured wafers as they tend to break easily. Textured surfaces are much more effective in
coupling light of all wavelengths into the cells, including unwanted infrared radiation of
insufficient photon energy to create electron-hole pairs. This tends to make the cell run
hotter.

Finally, several solar cells were fabricated and tested. Spin on dopant source and solid
diffusion source were successfully used to fabricate Si solar cells. me-Si, CZ-Si and FZ-Si
were used to make cells. Textured as well as untextured substrates were used to fabricate
different types of cells.

A two layer photolithography system using a thin and a thick photoresist system was

developed to lift off thick metal emitter contact.
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The maximum V, of 620 mV was obtained for the Wacker’s FZ wafer of approximately
1 Q cm resistivity while V. of 560 mV was obtained for the textured FZ wafer of
approximately 5 € cm resistivity. RIE textured FZ silicon wafer with thermal oxide ARC
exhibited a short circuit current density of 40.5 mA cm’, which is in agreement with the
PV-optics modelling in Chapter 6. Minority carriers lifetime results in Chapter 4 predicted
the Voo of more than 700 mV for untextured FZ-Si substrates of 5 £ cm resistivity and
even more for 1 Q cm resistivity. Contaminated diffusion furnace tube is suspected to be
the main cause for the low V,. obtained in our work. An experiment on a few FZ-Si
wafers treated in this particular furnace tube confirmed this suspicion. The lifetime
measurements on these substrates suggested that solar cells fabricated from substrate
resistivity of 5 Q cm at temperatures above 700° C in this diffusion furnace would not

exhibit V. of more than 570mV.

8.2. Recommendations For Future Work

In the absence of a lifetime tester, photoluminescence analysis on plasma textured FZ~Si
could be used for investigating the plasma induced defects in the bulk near the surface.
This is possible if a more sensitive detector of wide range is acquired. Currently, the
lower limit of the detector used in this work is 800meV. The sample dos not need surface
passivation for PL analysis. This is one of the advantages of minimising the plasma
induced defect by observing the defects level by PL. measurement.

A better solar cell could be fabricated from ECR textured substrates in a TCA cleaned
furnace tube.

Conventional silicon solar cell processes involve large amount of chemical waste. Also
the amount of deionised water required for traditional processing is a very significant cost
factor in solar cell production. In future, the following recommendation should be
considered when fabricating a silicon solar cell with minimum use of wet chemicals and
deionised water. This is driven partly by environmental concern but also by economic

considerations.
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Less reactive SFg plasma with very low dc-bias and power could be used to remove the
plasma induced defect instead of chemical defect removal etching. An optimised
maskless texturing method could be used to eliminate unnecessary photolithography steps.
Nano and micro imprint technology and interferometric lithography also could be used
to texture the solar cell surface.

At least 10 nm of SiO, is needed for surface passivation. Nowadays photolithography is
used to etch away the SiO, layer for defining the front metal contacts. Instead of
photolithography, a reusable PDMS shadow mask could be used to remove this thin layer
of Si0, in the contact region. Screen printing of front metal contacts will further reduce

the waste of chemicals and deionised water.
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