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Abstract

In order to make solar energy a viable solution for the energy challenges
facing humankind in the coming years, the cost of solar cells must be reduced. The
single sided laser-doped solar cell has been shown to provide high efficiency without
an increased manufacturing cost. However, the peak efficiency of this structure has
previously been limited by basic design issues. This thesis examines two different
ways to improve the performance of single sided laser-doped solar cells. The first is
replacing the aluminum rear contact with localised contacts and a high-quality
passivation layer. The second is optimising the laser processing to minimise any
detrimental effects.

The first part of the thesis focuses on rear surface passivation. It begins with a
review of different passivation methods and then investigates the influence of
annealing on the obtained passivation. It is demonstrated that annealing in the 600-
820°C range significantly improves the passivation of different SiNy films on
different silicon surfaces. An optimal annealing temperature is identified in the 680-
700°C range. A surface recombination velocity value in the range of 2-7 cm/s is
calculated for 1 Q.cm p-type substrate. Significant bulk lifetime enhancement is seen
when SiNy-passivated CZ wafers are annealed. Using an optimal annealing condition,
the implied open-circuit voltage of CZ silicon substrates increased to a value
comparable to that of FZ wafers - almost 720 mV.

The second part of this thesis focuses on the laser doping process and in
particular the impact of dielectric films on defect formation. Laser-induced defects are
investigated using a wide range of characterisation techniques. It is found that laser
doping degrades the electrical performance of the device. This degradation is more
pronounced when a dielectric layer is present during the laser process, possibly due to
the thermal expansion mismatch between the silicon and the overlying dielectric
layer. However, no crystalline disorientation resulting from the epitaxial regrowth
process is observed. Near-surface defects caused by laser doping are observed and a
higher density of defects is revealed by Yang etch when a dielectric film is present on
the surface prior to laser doping. An electron beam induced current system is
extensively employed to analyse the laser-doped junctions. It is found that although a
uniform p-» junction is formed even when ablation occurs, junction discontinuities are
more frequently observed for high laser powers. It is shown that a Si0,/SiNy stack is
able to reduce the defect density. An efficiency of 18.4% on commercial-grade CZ
substrates demonstrates that high efficiencies are achievable despite the laser-induced
defects, provided an optimum dielectric layer and laser power are used.



The influence of laser parameters on the electrical performance of laser-doped
solar cells is then investigated. It is demonstrated that a wide range of laser diode
currents can be used to create a p-n junction by laser doping. Grooves formed through
intermediate levels of ablation can be used to improve the adhesion between the
silicon and the metal without significantly degrading the cell performance. It is shown
that similar open-circuit voltage (V,.), short-circuit current (Jy.) and fill factor (FF)
values are obtained for a wide range of laser diode currents. At intermediate levels of
silicon ablation, the V,,. is the first cell parameter to be reduced, primarily due to the
large silicon-metal interface. This reduction decreases the efficiency, although
efficiencies above 18.1% are still achievable. At higher levels of ablation, shunts
reduce the FF and V,.. Under these conditions significant efficiency degradation is
observed. An efficiency of 18.7% is achieved on a large area commercial grade p-type
CZ industrial size substrate. Electroless and photo-plating are compared; higher
pseudo-FF's are achieved for photoplated laser-doped solar cells. If the photoplating
technique is combined with well-optimised Ni sintering, the pseudo-FF is almost
independent of the laser diode current.

At the end of the thesis, a new double sided laser-doped structure is developed.
This structure is based on silicon nitride passivation of the rear surface and the
formation of a selective emitter and local back-surface field by laser doping. One-sun
implied V,. above 680 mV is achieved using the double sided laser-doped structure on
commercial grade CZ p-type wafers when measured after laser doping and prior to
metallisation. This is ~50 mV higher than the V,. obtained for the single-sided laser-
doped cell at the same stage. This high V,. demonstrates the potential of this structure
to achieve efficiencies exceeding 20%.
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Chapter 1 : Introduction

Humankind faces three main energy-related problems today. The first is global
warming, which refers to the effect of human activities on the climate, especially due
to burning fossil fuels (coal, oil and gas) and deforestation [1]. The basic mechanism
of global warming can be understood by considering the radiation from the sun that
warms the Earth and the infrared radiation from the Earth and the atmosphere that is
emitted to space. On average, these two radiation streams must balance for the Earth’s
temperature to remain constant. The greenhouse effect arises from the presence of so-
called “greenhouse gases”, such as carbon dioxide (CO,) and methane, in the
atmosphere. These gases absorb part of the thermal radiation emitted by Earth; an
excess of these gases in the atmosphere alters the basic energy balance. The balance is
restored by an increase in the Earth’s surface temperature. It is estimated that
doubling the current concentration of CO, would increase the global average
temperature by 5-6°C [1]. The clear correlation between atmospheric CO;
concentration and the polar temperature over the last 160,000 years is presented in

Figure 1-1.
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Figure 1-1: Variation over the last 160,000 years of polar temperature (black line) and atmospheric
CO; concentration (gray line) [1].

Increases in global surface temperature would have catastrophic impacts both
on human communities and on natural ecosystems. Recent satellite photos indicate
that the global sea level is rising by 3.4 mm/year, and it is estimated that by 2100 the
total rise will exceed one metre [2]. Furthermore, disasters such as tropical cyclones,
floods, wind-storms and droughts are all climate-related. Figure 1-2 shows the



variation in the global near-surface temperature over the last 140 years. It clearly
demonstrates that global warming is an existing problem that must be promptly
addressed. If global warming is to be limited to a maximum of 2°C above pre-
industrial values, global emission of greenhouse gases needs to peak between 2015
and 2020 and then decline rapidly [2].
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Figure 1-2: Variations in the global average near-surface temperature over the last 140 years [1].

The second problem humankind is facing is exhaustion of our energy
resources. Today, humans collectivity consume 13 terawatts (TW) of power and it is
estimated that 30 TW will be required by 2050 due to global population growth and
economic development [3]. As shown in Figure 1-3, almost 80% of the total energy
consumed in 2008 was provided by fossil fuels [4]. Geologists have estimated that at
the 1998 level of energy use, only half a century worth of oil is available [3].
Although gas and coal reserves would last longer, new energy sources need to be
developed.
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Figure 1-3: Renewable energy share of total final energy consumption at 2008 [4].

The third energy-related problem is energy poverty. According to a United
Nations report, at least 1.6 billion people do not have access to electricity [5], mostly



due to the fact that it is too expensive to distribute electricity to their rural
communities by conventional means, such as extending the transmission line network.
Due to the lack of energy, these communities suffer from a very low standard of
living. Since a reliable source of electricity is essential for generating jobs and
sustaining industrial activity, it is almost impossible for members of these
communities to improve their standard of living above current levels. Indoor pollution
from traditional fuels and stoves and the lack of electricity in local clinics contribute
to poor health conditions in these regions. Furthermore, the report indicates severe
social impacts of this poverty, especially on women and children. In many of these
communities children do not attend schools and instead must work to meet their
family’s subsistence needs. Women are responsible for most of the household cooking
and water boiling activities, which limit their ability to pursue other productive
activities, education and social participation [5]. Improving the opportunities for
people living in poor communities should be a primary goal for the global
community, especially for those of us who are fortunate to live in developed

countries.

There are several well-known alternatives to fossil fuels that can be employed
to generate electricity. Nuclear energy is often suggested as a non-emitting large-scale
source of electric power. However, this is only a short-term solution for a long-term
problem. Beside issues surrounding waste disposal, security, the limited supply of
uranium and the health concerns related to this energy source, it was shown recently
that nuclear power generation is not an economical solution compared to other
alternatives such as solar energy [6]. Furthermore, ten to fifteen years are required to
build and commission modern nuclear plants [7], so they cannot impact global
emissions within the 2015-2020 window mentioned earlier.

Renewable energy sources can provide clean energy and can replace fossil
fuels in many applications. However, the use of most renewable energy technologies
is limited. Wind and hydroelectric generation are effective only in certain locations
and cannot meet the future 30 TW demand. Biomass - the burning of organic material
- is limited by the availability of water and arable land, while geothermal is limited by
the high drilling cost. Exploitation of the ocean’s energy is a relatively new
technology and is probably the least mature renewable energy alternative [4].
Although a global solution for energy problems must include a combination of all the
mentioned renewable energy alternatives (together with improvements in design and
changes in usage patterns to encourage energy efficiency), solar energy is the only
technology that can effectively address all three problems raised above.

Solar energy is essentially unlimited: every hour the Earth’s surface receives
more energy from the sun than humans use in a year [3]. There are hardly any
limitations on the location where this energy can be used; solar energy can potentially



provide electricity whenever there is a sun. Photovoltaic (PV) - the direct conversion
of sunlight into electricity by separation of charge in an electronic material - is almost
an entirely maintenance-free technology. When properly designed and manufactured,
photovoltaic modules are durable and easy to transport, making PV an ideal solution
for rural and inaccessible regions. Photovoltaic power generation produces no
pollutants, no waste products and does not liberate toxic chemicals into the
environment, so its basic operation is inherently environmentally friendly. The fact
that it can be installed at the point of use saves the cost of developing a transmission

network and prevents any associated environmental damage.

The main limitation of PV is cost. At present, the price of one kilowatt hour of
electricity from PV in the United States ranges between $US0.19 (for industrial use)
and $US0.35 (for residential use), much more expensive than the fossil fuel
alternatives - between $US0.04 and $USO0.08 [8]. Although silicon (Si) makes up
25.7% of the Earth’s crust by weight and is the second most abundant element (being
exceeded only by oxygen), it does not appear as a pure element in nature [9]. Solar
cell fabrication requires pure Si as a starting material; unfortunately the purification
process is very expensive. Bruton estimated that 40% of the final module cost arises
from the silicon wafer [10], while Jester estimated it as 50%, where 30% is due to the
purification process and 20% is due to the wafering [11]. It is clear that in order to
make solar energy cost-competitive, reduction in the solar cell cost is essential. One
path to reduce the cost is to reduce the raw material cost. While this can be done by
reducing the wafer thickness or by employing a lower quality of Si, for example,
fabrication processes must be modified to suit these substrates. The second path is
increasing the solar cell efficiency without significantly increasing the manufacturing
cost. Like any other manufacturing process, decreasing the fabrication cost is
desirable. In solar cell fabrication this can be done mainly by reducing the thermal

budget and the use of expensive materials.

This thesis explores a new fabrication approach based on laser processing and
rear surface passivation that increases the solar cell efficiency and aims to do so
without increasing the manufacturing cost. Additionally it is very suitable for low-
quality and thin substrates.

1.1 Thesis Objectives

This thesis examines possible improvements of the single-sided laser-doped
solar cell, in order to enhance its efficiency. It focuses on two different aspects. The
first is replacing the aluminum rear contact of this structure by localised contacts and

a high-quality passivation layer. The second is optimising the laser processing and the



laser operation condition in order to minimise any detrimental effects. The objectives

of this thesis are therefore:

1.2

To analyse loss mechanisms in single sided laser-doped solar cell, in order to

identify paths of improvement.

To verify published results regarding surface passivation of low-resistivity p-
type substrates and to identify the best method compatible with existing
equipment in order to establish baseline processes.

To identify and examine potential improvements in the passivation process in
order to achieve high voltages using relatively low quality substrates. To
assess the suitability of the chosen passivation method for subsequent
fabrication steps of the laser-doped solar cell.

To investigate the formation of laser-induced defects and their impact on the
electrical parameters of the device. To understand the influence of the
presence of a dielectric layer on defect formation. To develop methods to
minimise the impact of these defects on the solar cell.

To investigate the impact of the laser operating conditions on the solar cell

performance, in order to maximise the obtained performance.
To develop a novel double sided laser-doped solar cell structure, in order to

increase the solar cell efficiency without increasing the fabrication cost. To
identify potential problems and to provide possible solutions.

Thesis Outline

This thesis consists of two main parts; the first (Chapters 3-5) deals with

surface passivation, while the second (Chapters 6-8) focuses on device fabrication

including laser processing and the improvement of laser-doped solar cells with self-

aligned metallisation.

Chapter 2 reviews different structures of solar cells. It starts with describing

the most common commercial solar cell — the screen-printed solar cell. The

limitations of this structure are analysed and compared to the performance of the most

efficient laboratory solar cell — the passivated emitter and rear locally-diffused

(PERL) solar cell. The concept of the selective emitter is explained and its

commercial applications, such as the “buried contact” and “semiconductor finger”



solar cells, are presented. Different applications of lasers in solar cell fabrication are
then reviewed, together with solar cell structures that incorporate laser processing.

Chapter 3 reviews the different recombination mechanisms in solar cells. The
concept of effective lifetime is explained and different methods to measure it are
presented. Special attention is given to describing methods to separate the influence of
different recombination mechanisms in order to determine the impact of each of them
on the device.

Chapter 4 reviews three main surface passivation methods: silicon dioxide,
silicon nitride and a stack layer of silicon dioxide/silicon nitride. The interface
properties and the impact of annealing on each of the methods are presented in order
to assess advantages and limitations. Voids in the published studies are identified,

especially in relation to the influence of annealing on the obtained passivation.

At the beginning of Chapter S, available equipment is utilised to establish
baseline processes. Passivation results reported in the literature are verified by
comparing different passivation methods for the surfaces of low-resistivity p-type
substrates. As silicon nitride is found to provide the highest passivation quality, the
influences of refractive index and film thickness on the passivation quality are
investigated. The chapter then studies the dependence of silicon nitride passivation
quality on annealing in the temperature range 600-820°C, using a variety of films and
surfaces. Focus is given to the influence of annealing on the bulk lifetime of
Czochralski (CZ) grown Si wafers. At the end of the chapter, the suitability of silicon
nitride passivation to the fabrication sequence of laser-doped solar cells is evaluated.

Chapter 6 investigates laser-induced defects. The influence of different
dielectric films on defect formation is highlighted, as this is the basis for the laser
doping method employed in this thesis. A wide variety of characterisation methods
are used to obtain insights into the nature of these defects. Following these
investigations, laser-doped solar cells with different dielectric films are fabricated and
their electrical parameters are compared and analysed. At the end of the chapter a
novel method is introduced to minimise laser-induced defects by modifying the laser
pulse, in order to reduce the cooling rate of the Si after laser-induced melting.

Chapter 7 investigates the influence of laser power on solar cell electrical
parameters. The discussion is divided into three major parts. The first part investigates
the influence of laser power on the electrical parameters of the laser-doped junction.
The second part studies the impact of laser power on the performance of completed
solar cell, in order to examine possible use of induced ablation to improve metal



adhesion to laser-doped regions. The relationship and the trade-off between surface
roughness and electrical performance are ascertained. The third part of this chapter
investigates the influence of laser power and plating techniques on the device shunt

resistance.

Chapter 8 investigates the loss mechanisms of the single-sided laser-doped
structure and discusses possible improvements. The main part of this chapter presents
a novel solar cell structure: the double sided laser-doped solar cell. This structure is
based on silicon nitride passivation of the rear surface and the formation of selective
emitter and local back-surface field by laser doping. The fabrication sequence of this
new structure is outlined and preliminary results are presented. Some problems in the

metallisation process are identified and possible solutions are given.

Finally, Chapter 9 summarises the important results discussed in this thesis,
as well as suggestions for possible future work.






Chapter 2 : Review — Solar Cells and Laser
Applications

At present the main limitation of solar cells is their relatively high cost. In
order to make solar cells competitive, their efficiency must be improved without
increasing the manufacturing costs. This chapter evaluates both the most common and
the most efficient types of solar cells, in order to identify the main limitations of the
former and possible commercial applications of the latter. In addition current laser
applications in solar cell fabrication are reviewed, with focus on its potential to
replace a variety of expensive processes.

2.1 History

The operation of solar cells is based on the photovoltaic effect, which is
defined as the “generation of electric current by light incident on an interface between
certain pairs of substrates” [12] or more generally “providing a source of electric
current under the influence of light or similar radiation” [13]. The photovoltaic effect
was first demonstrated by Bequerel in 1839 [14] by illuminating coated platinum
electrodes inserted into an acidic solution [15].

The first solar cell was fabricated by Fritts in 1883 [16-17]. It was made of
selenium coated with a very thin layer of gold and achieved an efficiency of ~1%. The
first semiconductor p-» junction solar cell was described and patented by Ohl in 1941
[18]. However, the first operating solar cell was developed only in 1954 by Chapin,
Fuller and Pearson [19]. The junction was formed by a p-type emitter diffusion on an
n-type silicon substrate and achieved 6% efficiency [19]. The cell’s efficiency was
quickly improved to 10% and it soon found its first application, to power satellites in
space [20].

The efficiency continued to improve, reaching 14.5% in 1961 [21]. The
change to boron doped substrates, which occurred during this period of time, lowered
the efficiency, but improved the tolerance to radiation in space [22]. Efficiencies
above 14.5% in boron doped substrates were only achieved in the early 1970s by the
‘violet’ solar cell [23]. Figure 2-1 presents the evolution of crystalline and
multicrystalline silicon solar cell efficiencies over the last 60 years. The record
efficiency of 25%, which approaches the Shockley-Queisser limit for a p-n junction
[24], was obtained by the University of New South Wales (UNSW) [22, 25] with the
passivated emitter and rear locally diffused (PERL) solar cell. However, efficiencies



of commercial solar cells are well below this value, in the range of 16.5 % [26]. This
highlights the need to develop commercial processes that utilise some of the high
efficiency features of the PERL cell. One possible pathway is using lasers to achieve

lower cost, higher performance commercial solar cells.
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Figure 2-1: Evolution of crystalline and multicrystalline silicon solar cells efficiency [22].

2.2 Screen-Printed Solar Cells

Screen-printed solar cells have dominated the PV market over the last 30 years
[27], despite suffering from well-known limitations. The prevalence of this
technology is mainly due to it being robust, simple and requiring relatively
inexpensive equipment that can be easily automated. Furthermore, the manufacturing
process produces relatively low amounts of chemical waste and has little
environmental impact [28]. This section describes the structure of screen-printed solar
cells and highlights their limitations.

Figure 2-2 presents a schematic of a p-type screen-printed solar cell. Its main
features are a front-surface homogenous emitter, a full-area rear contact and wide,
metallic front finger contacts. Due to the width of the front fingers, the fingers are
spaced 2.5-3 mm apart in order to reduce shading losses. This relatively large distance
requires high lateral conductivity within the emitter layer, hence a heavily-diffused
emitter is needed. Furthermore, a high surface concentration of dopant is required to
reduce the contact resistance of the Si-metal interface. Therefore, a conventional
screen-printed solar cell, typically has a 40-45 Q/o emitter [26]. In order to minimise
the formation of shunts, which can occur during contact firing, the emitter depth is in
the range of 0.3-0.4 um [26].

However, this heavily-doped, relatively deep emitter is one of the main
limitations of the screen-printed solar cell. Auger recombination (see Chapter 3) and
the high concentration of phosphorus atoms result in a high recombination rate within
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the emitter layer. These recombination processes significantly reduce the solar cell’s
response to short wavelength photons, which are absorbed in the first few nanometres
from the surface. Carriers that are generated by these photons must travel to the
junction for collection, though most of them recombine prior to collection and do not
contribute to the light generated electrical current. Therefore, this heavily-doped layer
is often called a dead layer. In addition to the current loss, the large emitter dark
saturation current (/y) reduces the device voltage. Furthermore, the high surface
doping concentration increases the surface state density, increasing the surface
recombination velocity, and further reducing both the current and voltage of the solar
cell.

Another limitation of the screen-printed structure is the high shading loss. Due
to the large finger width, between 7-10% of the front surface is shaded. In addition to
the current loss, the high recombination rate at this large Si-metal interface reduces
the solar cell voltage. The relatively low conductivity of the metal pastes and high Si-
metal contact resistance introduce another loss mechanism, resulting in relatively low
values for the fill factor (FF), which is in the 75-76% range [28].

The dead layer and high recombination rate at the front surface, greatly reduce
the importance of the rear surface design, as the front side dominates cell
performance. Typically the rear surface passivation is based on the formation of an
aluminium (Al) back surface field (BSF) [29-30], which provides only a moderate
level of passivation. An in-depth review of the fabrication sequence of a screen-
printed solar cells can be found in Ref. [26].

150-200 pm

rear metal contact

metal

Figure 2-2: Screen-printed solar cell schematic [31].

2.3 The PERL Solar Cell

The PERL solar cell structure has held the record for highest efficiency single-
junction silicon solar cell since the beginning of the 1990s, with a current record of
25% [22, 25]. This section reviews the PERL structure in order to identify features
which can be adapted for mass production.
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Figure 2-3 presents a schematic of the PERL structure. One of its main
advantages is the use of a selective emitter. The front surface consists of two levels of
doping: a lightly-doped emitter (150 /o for a 1 Q.cm substrate [32]) and heavily-
doped regions immediately beneath the metal contacts. The light emitter provides a
good response to short wavelengths and reduces the contribution of this layer to the
total dark saturation current, while the heavily-doped regions beneath the metal
reduce the Si-metal contact resistance and suppress recombination at the Si-metal
interface, by reducing minority carrier concentration in these areas [33]. Further
reduction is achieved by minimising the contact areas on both surfaces by using
photolithography.

The passivation of both surfaces is based on dry oxidation followed by
aluminium-annealing (see Chapter 4) which provides a very low surface
recombination velocity and allows the use of a thin oxide without degrading the
obtained passivation [34].

Reflection loss from the front surface is reduced to below 3.5% by using thin
front metal fingers (~25 pm wide), inverted pyramids and a double layer antireflection
coating [34].

In addition to its near-perfect response to short wavelengths, the PERL cell
also responds well to long wavelengths. This is attributed to the thick (400-450 pum),
high quality float zone (FZ) substrate, very good rear passivation and minimal
heavily-doped regions [22]. An effective light-trapping scheme is used, consisting of
‘tiler’s pattern’ inverted pyramids and a metallic rear Al reflector. This reflector also
contributes to the long wavelength response of the device by enhancing the average
path length of weakly absorbed light by up to 40 times [34].

Fill factor loss is minimised by an improved front metallisation process [32], a
heavily doped region beneath the metal and the well-optimised spacing between the
finger (on the front) and the contact holes (at the rear).

rear contact oxide
Figure 2-3: PERL solar cell schematic [35].
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Table 2-1 compares the electrical parameters of screen-printed and PERL solar
cells under standard AM1.5 spectrum (100 mW/cm?, 25°C). Although the efficiency
of the PERL structure is 8.5% absolute (~5.5% for PERL on a CZ substrate) higher
than that of screen-printed solar cells, the high fabrication cost prevents its acceptance
into mass production. Besides the cost, the fabrication of PERL solar cells involves at
least five different photolithographic processes, eight high temperature processes and
the evaporation of metal contacts and two layers of antireflection coating (ARC),
which results in a lengthy fabrication time [36]. However, the superiority of the PERL
solar cell highlights the need to develop comparable commercial methods of forming
selective emitters, well defined front metal fingers and high quality rear passivation.

Table 2-1: Electrical parameters of screen-printed and PERL solar cells (AM1.5 spectrum, 100
mW/cm?, 25°C).

Resistivity Area Je Ve FF Efficiency Ref

[Q.cm] [cm?] [mA/cm’] [mV] [%] [%]
Screen-printed 2.0 155 35.1 614 76.3 16.5 [26]
PERL CZ 1.2 4 38.7° 628 79.4 19.3° [37]
PERL FZ 1.0 4 42.7 706 82.8 25.0 [22]

* No ARC. The J,. and efficiency are expected to increase by 15% with the application of an ARC.
> As measured after 8 days of storage.

2.4 Laser Grooved Solar Cells

One of the main advantages of the PERL structure is the use of a selective
emitter to enhance device performance. In the PERL solar cell, the selective emitter is
defined by photolithography. However, this method cannot be adapted to commercial
applications due to its high cost. This section reviews two commercial realisations of
the selective emitter concept, using laser processing to form grooves.

2.4.1 Buried Contact Solar Cell

The buried contact (BC) solar cell was introduced by Wenham and Green in
1986 [38-39]. As can be seen in Figure 2-4, its front surface design is similar to that of
the PERL, while the rear surface is identical to that of the conventional screen-printed
solar cell.
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Figure 2-4: Buried-contacts solar cell schematic [35].

The fabrication sequence of this structure consists of surface texturing and
light-emitter diffusion (100-120 /o), followed by an oxidation step. Besides being a
passivation layer, the silicon dioxide film acts as a diffusion-barrier and as a mask for
subsequent groove-diffusion and metallisation processes. The selective emitter is
formed by laser ablation, which creates 20 um wide, 50 um deep grooves. After
removing laser-induced defects, a heavy groove-diffusion is carried out. The rear
contact is formed by a full-area Al-alloyed layer, while the front metal fingers are
electrolessly plated [40].

Similar to the PERL structure, the use of a selective emitter improves the
device’s response to short wavelengths (blue response), thereby increasing the light
generated current. The voltage is enhanced by the reduced dark saturation current (due
to the lightly-diffused emitter), and the shielding of the Si-metal interface from the
active area of the cell (by the heavy diffusion). If CZ wafers are used as a substrate,
the heavy phosphorus groove-diffusion improves the material quality by gettering of
impurities [41-43]. The relatively narrow and deep grooves provide an excellent
aspect ratio, which decreases the shading loss and - together with the high
conductivity of the plated metal and low Si-metal contact resistance - improves the
FF.

Due to the nearly-optimised front surface design, the rear surface is the main
limitation of this structure [44]. In order to improve the performance of the standard
BC solar cell, a double-sided BC (DSBC) [45-48] and an interdigitated buried
backside contact (IBBC) [49] structures were developed. However, the performances
of these advanced structures seem to be limited by the increased fabrication
complexity.
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Table 2-2: Electrical parameters of different buried contact solar cells (AM1.5 spectrum, 100 mW/cm?,
25°C).

Resistivity Area Jse Voe FF Efficiency Ref

[Q.cm] [em?] [mA/cm’] [mV] [%] [%]
Standard BC 1.0 12 39.7 646 79.4 20.4 [43]
DSBC 1.0 8 36.5 662 76.8 18.5 [50]
IBBC (n-type) 1.0 8 379 664 76.5 19.2 [51]

The BC structure was successfully transferred to industry [52-53],
demonstrating impressive efficiency of 18.3% [54]. It was shown in addition to the
improved performance, the production cost is similar or even lower than the
traditional screen-printed solar cell [55]. However, due to the long high-temperature
processes, this structure is not suitable for multi-crystalline silicon (mc-Si) substrates.

2.4.2 Semiconductor Finger Solar Cell

Another commercially available selective-emitter structure is the
semiconductor finger (SCF) solar cell, which was developed by Mai [26, 56]. It is
based on the BC structure with one main modification: the laser grooves in this
structure are perpendicular to the metal fingers (see Figure 2-5). This permits screen-
printed metal contacts to be applied to the front and rear surfaces. Note that the
dielectric layer (silicon nitride) allows the metal to contact the Si only in the heavily-
doped finger regions [57].

Semiconductor Metal finger
finger (n™)

p-type

+

p

rear metal contact

Figure 2-5: Semiconductor finger solar cell schematic [26].

The fabrication sequence of the SCF is fairly similar to that of BC solar cells.
After texturing and light-emitter diffusion, a silicon dioxide layer is thermally grown.
This layer serves as a diffusion barrier for subsequent heavy groove-diffusion. Similar
to the BC, laser ablation is used to create 20 um deep grooves. Laser-induced defects
are then etched prior a heavy groove-diffusion. Next, the silicon dioxide is removed
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before silicon nitride deposition. Besides an ARC layer, the silicon nitride serves as a
passivation layer and isolates the metal from the silicon surface. Screen-printed Al is
employed to create a BSF and rear contact, while screen-printed silver paste is used to
form the front metal fingers. Due to the high conductivity of the heavily-diffused
grooves, the spacing between the metal fingers can be increased by 50% [58] without
degrading the FF, even though the cell design makes use of a lightly-diffused emitter.
An efficiency of 18.4% was achieved by this structure using only production-line
equipment.

The main advantage of the SCF is that only minimal modification of existing
screen-printed production lines is required. However, similar to the BC structure, this
structure is less suitable for mc-Si substrates due to the long high-temperature

Processces.

Table 2-3: Electrical parameters of semiconductor finger solar cell fabricated on CZ p-type substrate
(AM1.5 spectrum, 100 mW/cm?, 25°C) [26].

Area Jse Voe FF Efficiency
[em?] [mA/cm?] [mV] (%] [%]
155 36.9 638 78.3 18.4

2.5 Laser Applications in Solar Cell Fabrication

Except for grooving, lasers have been used for decades in a variety of other
solar cell manufacturing applications. Lasers are often used to isolate edges [59-60]
and shunted areas [61], for ablating dielectric layers [62-64], texturing surfaces [65-
67] and micro-structuring [68]. Some research groups have employed lasers to
reactivate inactive dopants subsequent to heavy thermal diffusion to improve the
overall result of the diffusion [69]. Given their wide application, this section briefly
reviews laser-based solar cell structures.

2.5.1 Laser Drilled Solar Cells

Laser drilling is used to create holes through the silicon wafer. The shape of
the holes can be either cylindrical or conical. Conical holes were found to be more
suitable for solar cell fabrication since they are easier to plate [70]. There are a
number of cell designs that utilise this process and these will be described below.

Emitter Wrap-Through

The emitter wrap-through (EWT) solar cell, which is presented in Figure 2-6
utilises laser drilled holes (vias) to connect the front junction with rear metal contacts
[71]. This is a back-contact structure, where all the metal contacts are placed on the
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rear surface; therefore, shading loss is almost eliminated. Other benefits of the back-
contact structure are the simplified module assembly [71] and a homogenous optical
appearance, which is desirable for some applications [72].

Top Surface

Bottom Surface &————Grooves

Figure 2-6: Emitter wrap-through solar cell schematic [71].

Different versions of this structure, with different metallisation methods and
fabrication sequences, were developed over time [73]. However, most of these
sequences are based on the BC structure [74] and use a dielectric layer as a diffusion
barrier. In all structures, the vias are doped and filled with metal and are therefore
highly conductive. The vias diffusion forms a rear junction, which improves the
carrier collection, especially when a low-quality substrate is used. The EWT solar
cells are characterised by high current density and a relatively low FF value, mostly
due to metallisation problems. Table 2-4 summarises key results obtained by this

structure.

Table 2-4: Electrical parameters of EWT solar cells.

Resistivity Area Je Voe FF Efficiency Ref
[Q.cm] [cm?] [mA/cm?] [mV] [%o] [%]

N/A (CZ) 25 37.7 591 74.6 16.6 [72]
1.4 (CZ) 6.23 40.9 616 74.1 18.7 [75]

Metal Wrap-Through

The metal wrap-through (MWT) is a variation of the EWT structure, which
was suggested by Van Kerschaver ef al. in 1998 [70]. Similar to the EWT, this
structure is based on laser-drilled holes. However, in this solar cell, only the busbars
are transferred to the rear, while the metal fingers are kept on the front. This reduces
the fabrication complexity, by reducing the number of required vias. However, it
preserves the simplified module assembly and the formation of the rear junction,
which increases the collection volume [70]. Recently, an efficiency of 18.6% was
demonstrated using this cell structure on an FZ substrate [76].
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2.5.2 Laser-Fired Contacts

The laser-fired contact (LFC) was proposed by Schneiderlochner ez al. in 2002
as a method to create rear, localised contacts [77]. The method is based on the known
ability of a laser to alloy Al into Si in order to form p-type Si regions [78]. In the LFC
structure, the rear surface is well passivated by a dielectric film, coated with
evaporated Al. Laser pulses are then applied to locally alloy Al into Si, creating an
effective p° BSF [79]. Similar to the PERL structure, this structure eliminates the
large rear Si-metal interface. The contact area is minimised to localised regions,
improving the device voltage and the response for long wavelengths [80]. The LFC
method has been combined with different solar cell structures, such as BC solar cells
[81], with a high degree of success [80].
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Figure 2-7: Schematic of solar cell with rear laser-fired contacts [77].

Table 2-5 summarises key results obtained with LFC solar cells. High FF
values demonstrate the ability of the laser to form good ohmic contact between the Si
and Al. As can be seen in the table, a variety of dielectric films can be applied to the
rear surface for passivation. The achieved efficiency of 20.3% on a mc-Si wafer was
the first cell to achieve an efficiency above 20% using this type of substrate.

Table 2-5: Summary of key results obtained by LFC solar cells.

R R Resistivity Area Je Ve FF Efficiency
Dielectric 5 5 Ref
[Q.cm] [em?] [mA/em’] [mV] [Yo] [%]
Si dioxide 0.6 (mc-Si) 1 37.7 664 80.9 20.3 [82]
Si nitride 0.5 (FZ) 4 38.5 670 79.8 20.6 [83]
Si dioxide 0.5 (FZ) N/A 39.1 678 81.4 21.6 [79]
Amorphous Si 0.5 (F7) 4 39.5 677 81.1 21.7 [83]
Si dioxide 0.5 (FZ) 4 39.7 685 80.9 22.0 [83]
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2.5.3 Rear Interdigitated Single Evaporation Solar Cell

Another rear contact design is the rear interdigitated single evaporation (RISE)
solar cell, introduced by Engelhart et al. [84-85]. The rear surface of this structure
consists of two height levels. The ~40 um height difference is created by laser
ablation and subsequent crystal damage etching. The upper level is boron-diffused in
order to form a BSF, while the lower level is phosphorus-diffused to create an emitter
[86]. Both of the levels are passivated by silicon dioxide. The local opening for the
electrical contacts is performed by laser ablation of an etch resist. The ohmic contact
is achieved by growing a thin tunnel oxide (~1.5 nm), prior to Al evaporation, onto
the entire rear. Note that the type of substrate wafer may be changed from p-type to n-
type without changing the processing sequence or the cell design. An efficiency of
22% was achieved by the RISE structure on a FZ p-type substrate [86]. The high FF’
value demonstrated by this cell design (see Table 2-6) indicates that good ohmic
contact was formed at the silicon-silicon dioxide-Al interface. Furthermore, this high
value indicates no shunt, which occasionally characterises rear contact structures, was
created.

Aluminium layer Base grid Emitter grid

Etching barrier

Si0, layer

base region

w—-u Lhs y ARMAL ALY rr Lidbiians i) . i
Textured front P-type Si P-doped SIO, layer
emitter region

Figure 2-8: Schematic of the RISE back junction solar cell [86].

Table 2-6: Electrical parameters of RISE solar cells.

Resistivity Area Jse Ve FF Efficiency Ref
[Q.cm] [cm?] [mA/cm?] [mV] [%] [%o]
1.5 (FZ) 4 40.5 660 80.6 21.5 [85]
1.5 (FZ) 4 41.7 662 79.9 22.0 [86]

2.6 Laser-Doped Solar Cells

Fairfield and Schwuttke in 1968 were the first to create a p-n junction with a
laser. They used focused irradiation from a pulsed laser to scan a polished surface
coated with phosphorus. This formed a diode with parameters similar to a
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conventionally diffused junction [87]. Different methods were then developed to form
a junction with the assistance of lasers. One method involved laser annealing of ion-
implanted silicon. In this process, a dopant film is ion-implanted into the surface, after
which a laser is used to remove crystallographic defects by melting the surface and
allowing it to epitaxially resolidify. During this process, redistribution of the
implanted dopants occurs and a junction is formed [88-90]. Another method forms the
junction by recrystallising a doped amorphous silicon layer deposited onto a silicon
substrate [88].

In recent years, much attention has been given to the laser doping process, also
known as laser-induced diffusion. In this method, dopants are driven into the surface
region by laser-induced melting and diffusion in the liquid phase. A wide variety of
dopant sources can be used in gas, liquid or solid form. Doping from gaseous sources,
often called gas immersion laser doping (GILD), is based on laser-induced melting of
silicon in an environment that contains a high concentration of dopant atoms — for
example, gaseous species such as PH; [91] or PCl; [67, 92] are used as a phosphorus
source. Another option is to employ a laser to produce dopant molecules by gas-phase
photolysis and to simultaneously heat the substrate to allow incorporation of dopants
[93]. An interesting alternative is gas discharge implantation and XeCl laser
annealing, which was used by Young ef al. to achieve efficiencies up to 16.5% [94].
Liquid dopant sources can be used as well. In this case the wafer is immersed in
organic solutions [95] or laser chemical processing (LCP — see below) can be done
[96]. If solid sources are used, the process is often called /aser induced melting of pre-
deposited impurities doping (LIMPID). In this process, the dopant source can be
evaporated [97-98] or sputtered [99] onto the surface. More recently it seems that a
spin on dopant (SOD) source is the preferred option. In this approach, a solution with
a high dopant concentration is spun onto the surface. The film is then solidified by a
short bake to create a solid dopant source [100-101]. High efficiencies using a variety
of substrates and SODs have been obtained using this method [102-104]. The laser
doping process has broad applications, including the formation of large area emitters
[103, 105], selective emitters [67, 102, 106-107] and BSF [90, 108]. Formation of
selective emitters using the laser doping approach is very promising, as it offers the
ability to create heavily-doped regions without additional high temperature processes.
This is a significant benefit when mec-Si substrates are used.

This section reviews three main laser doping techniques. More information

regarding laser doping is provided in Chapters 6 and 7.
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Table 2-7: Classification of different laser doping techniques using liquid phase diffusion.

Gas Source (GILD) Liquid Source Solid Source (LIMPID)

Dopant Gas [67,92] Solution Bath  [95] PSG [109-111]

Gas Photolysis  [93] LCP [96] Evaporation [97-98]
Sputtering [99, 112]
SOD [100-101]

2.6.1 Laser Chemical Processing

Laser chemical processing (LCP) was first proposed by Willeke and Kray in
2001 [113] (initially referred to as laser chemical etching (LCE) [114]). It is based on
the laser light-guiding water jet, which was developed by Richerzhagen in the middle
of the 1990s [115]. In this laser system, the beam is focussed in a nozzle inside a
pressurised water chamber, so that a hair-thin laminar water jet is emitted from the
nozzle and carries the laser beam [113]. Similar to glass fibre, the beam is directed to
the work-piece by total reflection at the water-air interface (see Figure 2-9). The laser
system was patented and commercialised by the Swiss company Synova under the
name LaserMicroJet [116]. Since it is possible to replace the water with different
chemicals as a liquid jet; the applications of the LCP system can be extended beyond
the original use of wafer cutting. As examples, damage-free micro-structuring can be
performed by adding potassium hydroxide to the liquid jet [68, 96], while deep cutting
can be done by adding appropriate chemicals and solvents to enhance ablation via
chemical reactions [117]. If the liquid jet contains dopants atoms, laser doping is
possible [118-120]. Efficiencies exceeding 20% were demonstrated by Kray et al.
using this approach, though microelectronics grade processing was used such as
photolithography to define metal contacts and FZ wafers were required [121].
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Figure 2-9: Schematic of LCP system [68].
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2.6.2 Line Beam

The line-beam system presented in Figure 2-10 has been developed at the
University of Stuttgart over the past few years [122]. As the name indicates, it uses a
line-beam shaped laser focus with very narrow short axis focus (< 10 pm) and a wide
long axis (~200 um) [123]. The intensity in both directions is Gaussian distributed
[105]. Initially, the system was designed for the creation of a full-area emitter [103].
Extremely homogeneous doping profiles have been demonstrated by this approach
[124], especially when sputtered phosphorus precursors were used [99, 112].
Furthermore, a laser-doped emitter was fabricated on textured surfaces, without
significant degradation of the reflectance properties of the device [125]. An efficiency
of 18.9% was achieved recently on FZ substrate by large area emitters fabricated by
this method [104]. More recently, this approach was extended into selective emitter

formation [109, 126].
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Figure 2-10: Schematic of the ‘line beam’ laser system [126].

2.6.3 The UNSW Approach

A different laser doping method for creating selective emitters has been
developed at UNSW [127]. In this method, the dopant source (SOD) is applied onto
the dielectric film, which is employed not only as an ARC and passivation layer for
the surface, but also as a mask for the subsequent metallisation process. A laser beam
scanning over the areas where metallisation will be applied locally melts the silicon,
removes the dielectric film and induces diffusion of dopants in liquid phase. In this
way, a selective emitter and self-aligned metallisation pattern are formed
simultaneously. High-efficiency solar cells, both on n-type and p-type substrates, were
achieved by this technique [128-130]. The electrical parameters of these solar cells are
summarised in Table 2-8.
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textured front with SiNx passivation

Figure 2-11: Single sided laser-doped solar cell schematic [128].

2.7 Chapter Summary

The main limitation of screen-printed solar cells is the heavily doped emitter
and the large surface coverage by the front metal fingers. It has been demonstrated by
a variety of solar cell structures that selective emitters and well defined front fingers
significantly enhance device performance. However, the formation of selective
emitters typically includes high temperature processes. High temperature processes
are not desirable, as they are expensive, require a long cleaning process, can degrade
wafer quality (due to contamination) and are not suitable for mc-Si substrates.

Formation of selective emitters by laser doping is a promising method. Due to
the localised nature of the laser beam, selective emitters can be created without
suffering from the afore-mentioned limitations. A wide variety of laser processes both
in laboratory and industrial environments, demonstrate the high suitability of laser
processing in solar cell fabrication. Chapters 6-8 of this thesis investigate different
approaches to further improve the laser doping process and laser-doped solar cell

structures in order to make solar cells more cost-effective.

Table 2-8: Summary of electrical parameters of laser-doped selective emitter solar cells.

Resistivity e Ve FF Efficiency

Method 5 Ref
[Q.cm] [mA/cm’] [mV] [%] [%]
UNSW 1.0(FZ2)* 33.2 672 78.0 17.4 [66]
UNSW 2.5(Cz)*° 35.9 642 79.1 18.2 [130]
———- 1.0 (FZ) 333 619 80 16.5 [107]
———- 1.0 (FZ) 34.8 633 78.2 17.2 [111]
LCP 0.5 (FZ) 38.5 664 78.0 20.0° [131]
LCP 0.5 (FZ) 38.7 665 79.2 204" [121]
UNSW mc-Si 35.0 623 73.0 15.9 [132]
UNSW 1.0 (CZ) 37.1 629 75.0 17.5 [128]

* On n-type substrate.
® Photolithographically defined front metal contacts.
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Table 2-9: Summary of electrical parameters of full area laser-doped emitter solar cells.

Resistivity Area Je Ve FF Efficiency Ref
[Q.cm] [em?] [mA/cm?] [mV] [%] [%o]
1.5(CZ2) 1.0 35.0 560 72.0 14.1 [69]
1.5(CZ2) 0.4 35.6 536 73.0 14.3 [98]
(FZ) 4.0 34.1 618 67.7 14.4 [103]
0.35 4.0 31.56 623.2 78.4 154 [124]
0.2 (FZ) 4.0 35.2 677 79.1 18.9 [104]
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Chapter 3 : Review - Recombination and
Effective Lifetime

Electron-hole pairs are created in semiconductors in a process called
generation. In solar cells the energy source for this process is typically the absorption
of incident light, although thermal processes can provide this energy as well. In the
reverse process of recombination, electron-hole pairs are annihilated, emitting
photons or phonons [133]. Recombination is therefore a limiting process which
reduces solar cell performance, impacting especially the voltage, current and
efficiency, but also the fill factor (when occurring within the depletion region). It is
desirable to minimise the recombination processes within the device, although it is
impossible to eliminate them completely.

Recombination at the rear surface has been identified as the main limitation of
a number of commercial solar cell structures. The development of high quality
passivation for this surface that is also suitable for commercial applications is the
main focus of the following chapters. However, since surface recombination occurs in
parallel with other recombination processes, analysis of surface passivation quality
requires an understanding of other recombination mechanisms and their combined
influence on the effective minority carrier lifetime. This chapter considers these topics

and reviews effective lifetime measurement techniques.

3.1 Recombination in Solar Cells

Recombination processes are commonly classified as intrinsic or extrinsic
processes [134]. Intrinsic recombination processes, including radiative and Auger
recombination, occur even in ideal semiconductors. The influence of these
mechanisms depends mainly on the amount of carrier injection. In contrast, extrinsic
recombination occurs due to the presence of defect levels that provide a
recombination path for minority carriers. This is the predominant recombination
mechanism in Si devices under conditions of normal carrier injection [135]. Other
recombination processes within the solar cell can be viewed as a manifestation of one
of these fundamental mechanisms. For example, surface recombination can be seen as
a particular case of recombination through defect levels created by dangling bonds
[136]. For any recombination mechanism it is possible to define the associated
recombination lifetime or the minority carrier lifetime. This value can be defined as

the average time for an electron-hole pair to recombine after generation [135]:
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3-1) =21

where 7 is the carrier lifetime, An is the excess minority carrier concentration and U is
the net recombination rate. Due to the fact that the different recombination processes
occur in parallel, the influences of the different recombination processes on the carrier
lifetime are usually lumped together into the effective minority carrier lifetime t.
such that:

3-2) 1 zi

3.1.1 Radiative Recombination

Radiative recombination is the reverse process of absorption. An electron in
the conduction band falls to an empty state in the valance band, emitting all or some
of its excess energy as a photon. In direct band-gap semiconductors this process
usually involves only three particles (an electron, a hole and a photon), while in
indirect band-gap material four particles are often involved (an electron, a hole, a
photon and a phonon) as dictated by the conservation of energy and momentum [133].
Radiative recombination is the dominant recombination mechanism in direct
semiconductors [135] and is the basis of semiconductor lasers and light-emitting
diodes (LED). However, due to the involvement of an additional particle, radiative
recombination is suppressed in indirect materials such as Si. The net recombination
rate for radiative recombination is given by [135]:

3-3) U,..=Bnp—n7)

where B is the radiative recombination coefficient for the given semiconductor, n (p)
is the electron (hole) concentration and #; is the Si intrinsic carrier concentration
(between 9.65x10° cm™ [137] and 1.01x10'° cm™ [138] at 300 K). The value of B for
Si has been calculated to be 5x10™° cm’/s, at 300 K [139], while experimental
measurements give a value of 9.5x107"° em’/s [140]. The difference is attributed to
excitonic effects which enhance the recombination rate and high value of »n; which

was used during the measurement [31]. The corresponding carrier lifetime is given by
[135]:
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1
- B(n, + p, + An)

3-4) Traa'

where ny (py) is the electron (hole) thermal equilibrium concentration. Note that under
low injection conditions, the carrier lifetime has a constant value that depends on the
doping level of the substrate (see Figure 3-1).

A possible side effect of radiative recombination is photon recycling or photon
re-absorption. In this process, a photon that is emitted during the radiative
recombination process is re-absorbed somewhere else in the semiconductor to
generate an electron-hole pair [141]. This effect does not seem to have an important
role in Si photovoltaics due to low radiative recombination rates and weak absorption

in the wavelength range of interest.

3.1.2 Band-to-Band Auger Recombination

In band-to-band Auger recombination, an electron recombines with a hole and
the excess energy is given to a third charge carrier which can be either an electron or a
hole. This third carrier is excited to higher energy level in the appropriate band and
can return to the initial energy state by emitting phonons [31]. From the traditional
view, it is assumed that the charge carriers are non-interacting free particles [142].
Auger recombination is very effective in heavily doped material and under high
injection level conditions [31]. In the case where the third charge carrier is an electron
the process is denoted by eeh, while ehh labels a process where a hole is the excited
carrier. The net recombination rates for these processes are given by [31]:

3'5) Ueeh = Cn (nzp _n02p0) and by Uehh = Cp (np2 - n0p02)

where C, and C, are the Auger coefficients. Dziewior and Schmid determined their
values to be: C, = 2.8x10°" cm®s and C, = 0.99x10°' cm%s [143]. The
corresponding carrier lifetime is given for a p-type material by inserting Eq. (3-5) into
Eq. (3-1):

1
3-6) P —
e Cn’ +C ,nAn

However, a significant deviation from equations (3-5) and (3-6) has been
experimentally observed [136]. Coulomb-enhanced Auger recombination, which
accounts for the Coulomb interaction between the involved electron and hole has been
proposed to explain these deviations [144]. Modified Auger recombination
coefficients can be used to fit the experimental results [145]. Kerr and Cuevas
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introduced a general parameterization of Auger recombination that was shown to
accurately fit the available experimental data [146]:

3-7) U,...,=1p(1.8x107% 1 " +6x107 p,*® +3x107 An"*)

Auger

Similar to radiative recombination, the Auger carrier lifetime is steady at low
injection level. Due to the strong dependence of the lifetime on the excess carrier
concentration (as a result of the “»n” squared in the denominator), Auger
recombination becomes the dominant recombination mechanism in high injection
condition.

Figure 3-1 presents the calculated radiative and Auger recombination carrier
lifetimes for p-type (1 Q.cm) Si. For the radiative lifetime Eq. (3-4) was used
(B = 9.5x10™" cm’/s), while for Auger recombination both the non-interacting free
particle lifetime (Eq. (3-6)) and the Coulomb-enhanced lifetime (Eq. (3-7)) were
calculated. The figure also shows the intrinsic lifetime, the effective lifetime due to
both recombination processes (Eq. (3-2)). For this substrate Coulomb-enhanced Auger
recombination is the limiting mechanism for the entire injection range, while if non-
interacting free particle Auger recombination is used, radiative recombination limits
the lifetime at low and medium injection (below 1x10'® cm™). The intrinsic lifetime
value of 2.3 ms, as calculated using the Coulomb-enhanced Auger recombination, is
used in this thesis as the upper lifetime bound for 1 Q.cm p-type Si wafer.
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Figure 3-1: Calculated radiative lifetime, Auger lifetime and the intrinsic carrier lifetime for p-type
(1 Q.cm) Si.

3.1.3 Recombination through Defect Levels

Crystallographic defects and impurities incorporated into the crystal generate
discrete energy levels within the otherwise forbidden band-gap. The presence of these
levels allows for a two-step recombination process in which an electron from the

conduction band relaxes to the defect level before recombining with a hole in the
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valence band. The excess energy is usually released in the form of phonons [133]. The
statistical physics of this process were independently developed by Shockley and
Read [147] and by Hall [148] and therefore it is often called Shockley-Read-Hall
recombination (SRH recombination). Following their approach, the recombination

rate is given by [147]:

2
np — n,

Tpo(n+nl)+rn0(p+pl)

3-8) Uy =

where 7,9 and 7,9 are the capture time constants and are related to the capture cross

section g/, the carriers’ thermal velocity v, and the defect concentration N;:

3-9) T,=—"— and T,

and the symbols #; and p; are the so-called SRH densities, which are defined as:

E -FE E -E
3-10) n, =N, exp(— CkT L) and p, =N, exp(— tkT =)

where £ is the Boltzmann constant, 7" is the temperature in Kelvin, E; is the energy
level of the recombination centre, N. and N, are the effective densities of states in the
conduction and valance bands and E. and E, are the energies of the conduction and
the valance bands, respectively.

The corresponding carrier lifetime is given by [147]:

p0+p1+An+T n,+n, +An

3-11) T =7
SRH p0n0+p0+An

n

0
n, + p, +An

Evaluation of Equations (3-8) - (3-11) reveals that the carrier lifetime is a
function of the substrate resistivity, the carrier injection level and the properties of the
recombination centre (energy level, capture cross section and defect concentration). It
can be shown that the most effective recombination centres are the ones with energy
level lying near the centre of the forbidden band-gap [135]. The dependence of the
SRH lifetime on the excess carriers (An) is relatively complex, but examining the
limiting cases of low and high injection levels can shine light onto the nature of this
relationship [133]. The SRH lifetime for a p-type semiconductor is given for low and
high injection, respectively, by:
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Equation (3-12) highlights the fact that under low and high injection
conditions the SRH lifetime has a constant value (nof injection level dependent). For
deep defect levels (i.e. for defects lying near the centre of the band-gap) a further
simplification of Eq. (3-12) is achieved for low injection. In such a case the SRH
lifetime is simply equal to 1,0 (due to n;, p; << py).

The effective lifetime due to the combined impact of intrinsic and SRH
recombination mechanisms is often referred to as the bulk lifetime:

3-13) 1:(1+1)+1:1+1

Tbulk de Ty uger TSRH T]ntrinsic TSRH

Figure 3-2 presents the calculated intrinsic recombination lifetime, the SRH
recombination lifetime and the bulk lifetime of p-type (1 Q.cm) Si. Coulomb-
enhanced Auger recombination was used to calculate the intrinsic lifetime, while a
deep defect level (E;- E, = 0.6 ¢V) and moderate capture time constants (z,o = 100 ps
and 7,0 = 2 ms) were used to calculate the SRH recombination lifetime. Note that
under these conditions the SRH lifetime increases with increasing injection level.
More information regarding SRH lifetimes under a variety of injection levels, defect
energies, substrate doping concentrations and temperatures can be found in Ref.
[149].
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Figure 3-2: Calculated intrinsic lifetime (under Coulomb-enhanced Auger recombination), SRH

recombination and the bulk lifetime of p-type (1 Q.cm) Si.
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3.1.4 Surface Recombination

The surface of a semiconductor is a severe interruption of the crystal
symmetry [133]. Partially bonded Si atoms, often called dangling bonds, increase the
density of defects within the band-gap. Even if the Si surface is not a bare surface,
bonds between Si and other atoms can possibly create stress, which generates defect
states [136]. SRH recombination statistics can be used to analyse surface
recombination due to similarity of the processes at the surface to bulk recombination.
However, a small modification must be made to convert the analysis from
recombination per unit volume to recombination per unit surface area. In a fashion

similar to Eq. (3-8), the surface recombination rate can be defined by [133]:

3 14) _ nsps _ni2
’ (ns+nl)+(ps+pl)
SpO SnO

where n, and p; are the electron and hole concentrations at the surface and S,y and Sy
are the surface recombination velocity parameters (SRV parameters) which are
related to surface state density Ny, and the capture cross section o,,:

3-15) S,=0,v,N,, and S, 6=0o,v,N,

Note that Ny, has units of cm™ and Sy has units of velocity (cm/s) and not of
time (sec). Similar to SRH recombination, surface recombination is strongly
influenced by the surface states (defect energy, density and capture cross section), by
the substrate resistivity and by the carrier injection level. It is important to mention
that the above analysis is based on the assumption of no electric field at the surface
that might affect the recombination (this assumption is often referred to as ‘flat-band
conditions’ [133]). This assumption was found to be an over-simplification that
causes large deviations between the predicted and the measured SRV values [133].

Eq. (3-14) is applied to a single surface state. However, a real surface contains
a high density of defects in different energy levels, forming a continuum of surface
states within the band-gap. The recombination rate must therefore be calculated by

integrating over this continuum of energy levels. D;(E) = N,/dE denotes the interface
state at given energy. The recombination rate is then given by the integral:

Ec 2
np. —n
=V, S D.(E)dE
hE-[(nS+nl)+(pS+pl) (&)

o,(E)  o,()

3-16) U,
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The effective surface recombination velocity - S,z can then be defined by:

3-17) U,=S,,An,

e

where An; is the excess minority carrier concentration at the surface. In this thesis the
quality of the surface passivation is evaluated by S,z

Two fundamental methods to reduce the surface recombination rate can be
concluded from Eq. (3-16) [133]:

1. Optimisation of the properties of the surface, mainly by reducing the surface
states density, but also by modifying the capture cross sections. A common
method for reducing surface states is growing a dielectric film on the surface
to minimise the density of the dangling bonds.

2. Reducing the concentration of the charge carriers at the surface. The
recombination process requires both an electron and a hole. Reducing the
concentration of one carrier type will decrease the recombination rate
significantly. Reduction of the surface concentration can be achieved by
employing particular doping profiles (for example by creating a back surface
field) or by electrostatic field effect. The highest recombination rate occurs
when the electron and hole concentrations at the surface are similar (assuming

identical capture cross sections).

The carrier lifetime due to recombination at the surface (z;) can be calculated

by solving the following equation [150-151]:

3-18) —=a,’ D
T

where D is minority carrier diffusion constant under low injection level and the
ambipolar diffusion constant under high injection level and a; is the smallest

eigenvalue solution of:

3-19) tan(a W) = (S, + Sz)/(aOD - Sl%]

a,

where W is the wafer thickness and S; and S, are the SRV on either side of the sample.
An example solution of this equation is given in Figure 3-3, for the case where
W =300 um, D =30 cm?/s and S; = S,= 100 cm/s. The smallest value of o which was
found to solve the equation is 14.78 cm'l, which leads to a surface lifetime 7, = 150 ps
when using Eq. (3-18).
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Figure 3-3: The graphs of the two terms of Eq. (3-19) for W =300 um, D = 30 cm?/s and S,=5,=100

cm/s in the range 0 < oy < 100 cm™. The smallest value of a, that solves the equation is also shown.

Sproul has shown that for low values of § (S;=S,=S¢;y < D/(4W)) the following
expression can be used to calculate the surface lifetime with a high level of accuracy
[152]:

28
3-20) L —
T w

This expression will be employed, in this thesis, to calculate the surface
lifetime. For very high values of S, the surface lifetime is not limited by the SRV
anymore; instead the surface lifetime is determined by the supply rate of minority
carriers to the surface. Under this condition the surface lifetime is given by:

(7
3-21) TY min =
- D\

It was mentioned that the flat-band simplification leads to large deviations
between the predicted and the measured SRV values. An extended SRH formalism,
which includes the charge effect on the recombination rate, was introduced by Grove
and Fitzgerald [153]. This theory has been discussed in detail by Aberle [133] and
will not be discussed here. However, some conclusions from this theory are important
for the following chapters:

1. Minimal SRV is achieved when the surface is under inversion.

2. Depletion of the surface region leads to maximal SRV.
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3. The impact of wafer resistivity is more pronounced when considering band
bending, due to the influence of sample resistivity on the transition point
between depletion and inversion.

4. Two different effects lead to a strong injection level dependence of the SRV:
electrostatic surface charge and asymmetrical capture cross section.
Measurements of the surface states and the charge density are required to
determine which effect dominates.

3.1.5 Emitter Recombination

Analysis of emitter recombination is relatively challenging due to a variety of
effects related to a high dopant concentration. Firstly, the high dopant concentration
enhances intrinsic recombination and raises the density of defects which increases the
SRH recombination within the emitter and at the emitter’s surface. Secondly, effects
such as band-gap narrowing [154-155] and free carrier absorption [156] have an
increased influence on the process within the emitter region. However, under these
conditions Auger recombination is likely to be the dominant recombination
mechanism. The recombination current (J,..) into the emitter is given by [157]:

n
3-22) T = oo 22
ni

where Jj. is the emitter saturation current density, and » and p are the electron and
hole concentrations on the base side of the space-charge region [136]. By averaging
the recombination current across the entire volume of the sample, the recombination

rate can be found:

n
emitter = JOe p 2
qWn,

1

3-23) U

where ¢ is the elementary charge of the electron. The emitter lifetime can now be

defined for low and high injection levels by:

177" _ i
3'24) Temitterflow - J N Cll’ld z-emiz‘terfhigh - J. A
0etY 4/D 0

where N4/ is the acceptor/donor concentration in the substrate.
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3.2 Effective Lifetime

All these recombination processes occur simultaneously in the Si wafer. The
carrier lifetime under the combined influence of these processes is described as
effective minority carrier lifetime (hereafter, effective lifetime). Analysis of the
effective lifetime is a powerful tool to study the different processes within the sample
and is used throughout this work. Equation (3-2) can be written more specifically as:

s emitter z-bu/,’c s emitter

1 1 1 1 1 1 1 1 1
325) —= + + +—+ =+
Trad TAuger z-SRH 3 T 4 T

where 75, 1s defined by Eq. (3-13). Although effective lifetime measurement is
relative easy, it is challenging to separate the influence of the different mechanisms.
Different methods and systems for measuring effective lifetime are discussed in the
following section.

Surface Lifetime

Separation of the surface lifetime from the measured effective lifetime in order
to evaluate the quality of the rear surface passivation is highly important for the study
presented in the next chapters. There are two main methods to separate the surface
lifetime from the effective lifetime, both are based on a test structure described in
Figure 3-4. It was shown that this symmetrical structure gives the optimum sensitivity
of the measured lifetime regarding variation of S.; [158-159]. The main assumption
regarding this structure is that both surfaces have similar SRV (S§;=S:=Sp). It is
widely accepted that this assumption is reasonable if the surface preparation is done
simultaneously for both surfaces and if the same system with identical parameters is
used to form the passivation layer [158, 160], although some concern was raised
regarding the cleanliness of the second surface to be deposited (when the passivation
layer is deposited onto the surface) [161].

Passivation Layer

p-type

Passivation Layer

Figure 3-4: Schematic of test structure sample.
The first method is based on the dependence of the surface lifetime on wafer

thickness. In this method, a number of wafers with a similar bulk lifetime, but with
different thicknesses are used. A 1/z.4 vs 1/W plot is used to display the measured
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effective lifetime. The slope of the linear fit to this graph represents 25,4 while the
intercept of the fit with the y-axis represents 1/zj, This method was used by
Yablonovitch ef al. to measure their unusually low S,z 0f 0.25 cm/s [162] and by other
researchers, with high level of accuracy [150, 163]. An example of this plot is shown
in Figure 3-5.

The second method involves only one wafer and is based on an assumption
regarding the bulk lifetime [164]. High quality wafers, such as FZ wafers, are mainly
used in this method [158, 160]. It is assumed that these wafers are limited primarily
by intrinsic recombination due to minimal SRH recombination rate; therefore under
this condition S, can be calculated by:

1 1 1 2 1 28, wi 1 1
3200 —= t—t—=——+——>=>8,=—| —-
w 2

Tejf Tlntrinsic TSRH Ts z-Intrinsic Te/f Tlntrinsic

Note that the upper limit of S,y is calculated by this equation. Due to the
involved assumption regarding the bulk lifetime this method is probably less accurate
for determining the value of S.» when compared to the first method, especially for
cases when very low values of S, are calculated. However, it still provides an
adequate level of accuracy and is widely used [136, 158, 160]. This method was also
employed in this thesis as it requires a significantly smaller number of wafers and
provides sufficient information when comparing different passivation methods and
different fabrication parameters.
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Figure 3-5: Example for calculation of S, using different thicknesses of similar wafers. The slope of

the linear fit represents S,;(0.22 cm/s), while the intercept with the y-axis represents 1/ 7, [162].
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Emitter Recombination
Investigation of the emitter recombination is often carried out at high injection
levels. Under this condition, the injection level dependence of this recombination can

be used to calculate the value of Jy.:

1 1 1 1 2 1 1 2An
3-27) —= + + + = + +Joe———
Teff Trad 7’-Auger z-SRH 7’-emitter TAuger 7’-SRH q Wn i
1 1 1 2An
3-28) — =+ J, .
Teﬁ’ z-Auger z-SRH q Wni

In these equations, radiative recombination is ignored due to its negligible
influence on the effective lifetime compared to other recombination processes in Si.
When presenting the term (1/7.5 - 1/T4u-) as a function of the excess carrier An, Jy,
can be extracted from the slope of the linear fit to the graph. This method was first
suggested by Kane and Swanson [157] and was shown to be a useful investigation
tool [165]. It is employed in this thesis to study the influence of different fabrication

processes on emitter recombination.

3.2.1 Measurement Methods

As effective lifetime is a very useful investigation tool for recombination
processes within the solar cell, this section reviews the main methods to measure it
and the basic principles behind the measurement systems.

Transient Decay Method

As mentioned before, there are different methods to measure effective
lifetime. These methods differ mainly by the excitation condition used during the
measurement. In the transient decay method the excess carriers are typically created
by optical excitation from a laser or flash lamp. After terminating the excitation, the
decay of the carrier density is monitored as a function of time. Due to the fact that no
generation occurs after the excitation ceases, the change in the carrier density is only
due to recombination processes. Using Eq. (3-1), the effective lifetime is given by:

_d(én) =U-= An =T, = —An/—d(An)

3-29)
dt Ty dt

This equation implies an exponential decay of the carrier density with time.
The interpretation of effective lifetime in this case is the time taken for the carrier
density to reduce to 37% of its initial value [166].
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The most robust application of this method is the Photoconductance Decay
(PCD) measurement, which was first proposed in 1955 [167]. In this application, the
sample conductivity is sensed by an electrical circuit, mainly in contactless mode. The
following expression can then be used to describe the conductivity, o (note the
difference between conductivity and capture cross section — o,,,) of the sample, as a
function of An, assuming no traps [150]:

3-30) o=q(un+u,p)= Ao =qAn(u, +u,)

where 1, is the electron/hole mobility, which can be found in the literature [168-
169]. From this equation An can be extracted easily, and thus 7. can be calculated
using Eq. (3-29). The main advantage of this method is that only the relative change
in An with time needs to be measured. Furthermore, the measurement is independent
of the light intensity, the pulse shape and of the optical properties of the sample [170].
However, this method requires a steep “cut off” of the optical excitation and fast
electronics to detect the excess carrier decay. These requirements limit the use of this
method to relatively high lifetime samples (> 100 ps [170]).

Steady-State Method
In this method a steady and known generation rate is maintained. Under
equilibrium conditions a balance exists between the rates of recombination and

generation. The effective lifetime in this method is given by [166]:

A A
3-31) U=G:—n:>reﬁ:E”

Tefﬁ‘

where G is the generation rate. This expression assumes uniform generation and
uniform carrier density across the sample, which is a good approximation if the wafer
thickness is smaller than the carrier diffusion length. Unlike PCD, the absolute values
of the excess carrier density, as well as the generation rate need to be measured. One
advantage of the steady-state method is that the effective lifetime is measured under
similar conditions to the operating condition of a solar cell. However, it is difficult to
measure the effective lifetime as a function of An, as this measurement requires many
well-stabilised light intensities and would potentially heat the sample [171].

Quasi Steady-State Method

In the Quasi Steady-State (QSS) method, an excitation source with a slow
decay time (several ms) is employed. The sample is kept under QSS condition as the
light intensity varies from maximum to zero. The QSS condition is maintained as long
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as the decay time constant is longer than the effective lifetime [150], however it is
advised that the decay constant time should be at least 10 times longer than the
effective lifetime [170]. The QSS Photoconductance (QSS-PC) measurement was first
proposed by Sinton et al. and typically employs a flash lamp, with an adjustable decay
time as an excitation source [172-173]. Simpler electronics and light sources can be
employed to measure even very low effective lifetimes with this method. The
effective lifetime for a wide range of An (including under one-sun conditions) can be
measured quickly and without sample heating. Similar to the steady-state method, this
method requires measurement of the generation rate.

Good agreement was found between the measured effective lifetime obtained
from the transient and QSS-PC methods for well-passivated samples [174]. However,
these methods diverge for poorly-passivated samples (Se; > 5700 cm/s). The

difference increases for thicker samples and is dependent on the light source [175].

In 1999 Nagel et al. proposed the use of the generalised analysis, based on the
continuity equation for excess carriers in semiconductor, to calculate the effective
lifetime [176]:

3-32) ;oo An
- g =
G- d(An)

dt

This expression reduces to Eq. (3-29) under a transient condition (G=0), while
under QSS condition (d(An)/dt=0), Eq. (3-31) is obtained. A wide range of effective
lifetime values can be measured when this analysis is employed, with no limitation on

the excitation decay time constant [176].

3.2.2 QSS-PC and PCD Measurements

In this thesis, two Sinton bridges (WCT-100 and WCT-120) were used to
measure the effective lifetime under QSS and transient conditions. The Sinton bridge
is based on a radio-frequency (RF) circuit with a coil [177] inductively coupled to the
measured sample above it. When the RF generator is connected to the circuit, the coil
produces electromagnetic radiation, which in turn induces an electromagnetic field
within the measured wafer. Since the wafer is relatively thin, the resulting field is
fairly constant within the wafer. Prior to each measurement the bridge needs to be
balanced and the conductivity of the wafer under equilibrium conditions (i.e. the
“background conductance”), needs to be measured. A flash lamp with adjustable
decay time illuminates the sample. During illumination, the sample conductivity
increases due to generated carriers. The output voltage of the unbalanced bridge is
then recorded by an oscilloscope. It is important that the operating point of the bridge
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be well within a region where the relationship between the sensed conductivity and
the output voltage is linear. The generation rate is sensed by a calibrated detector and
recorded by a second channel to the oscilloscope. To calculate the generation rate in
the measured sample, an optical constant needs to be input. The value of this constant
represents the difference between the optical properties of the detector and of the
sample. The change in conductance is translated into A» using Eq. (3-30) and mobility
models. The effective lifetime is then calculated using the transient, the steady-state or
the generalised equations. The measurement result is the average effective lifetime in
the sample area bounded by the coil.

By adjusting the flash decay time, transient and QSS conditions can be
achieved. Typically, a decay time constant of 10-20 ps is chosen for PCD
measurements and 2 ms for QSS measurements [170]. These decay times limit the
measurement accuracy in each operation mode. Table 3-1 summarises the
recommended effective lifetime range for each setting.

Table 3-1: Recommended effective lifetime measurement setting [170].

lumination mode Analysis mode Lifetime range
SS <200 ps
QSS Q55 !

Generalised Any

. Transient > 100 ps
Transient .
Generalised > 100 ps
Optical Constant

As previously mentioned, an optical constant must be used to accurately
calculate the generation rate within the sample. The generation rate is calculated by:

J
3-33 G=G,—=
) Oquabs

where Gy is the measured illumination in Suns (one-sun = 100 mW/cmz), Jy 18 the
short circuit current density of the detector under one-sun illumination (38 mA/cm®
for the WCT-100/120) and £, is the optical constant. The value of f,,; depends on the
reflectance of the illuminated surface, light trapping properties of the sample, the
sample thickness and the spectrum of the light source. Although guidelines for
determining the constant value have been given [170, 178], some uncertainty still
exists regarding the appropriate value of this constant. For high effective lifetime
samples, the value can be determined by comparing the results of transient and QSS
measurements [179]. The calculation of the effective lifetime when using the PCD
method does not require measurement of the generation rate and therefore no optical
constant is needed. The appropriate optical constant can be found by adjusting its
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value until a good agreement between the transient and the QSS measurement results
is obtained. Recently a self-consistent calibration method was proposed by Trupke
and Bardos to accurately determine its value [180].

Measurement Accuracy

The uncertainty level in the effective lifetime measurement has been rarely
studied, probably due to the complexity involved. McIntosh and Sinton carried out a
preliminary investigation and identified a number of sources of uncertainty [181].
These sources include uncertainty in the measurement itself (hardware), but also in
the input parameters. One of the main sources of uncertainty is the carrier mobility
model employed for the calculations. From Eq. (3-30), A#n is extracted by using the
sum of carrier mobilities, though the carrier mobility depends on An itself [168]. The
WCT-100/120 uses an iterative process based on parameterisation of empirical results
to obtain self-consistent mobilities and An values [170]. The parameterisation depends
on An (but not on the temperature) and introduces another complexity to the
uncertainty calculation [181]. Another possible source of uncertainty is the bridge
calibration. As mentioned, the photoconductance method is based on linear
relationship between the sensed voltage and the sample conductivity. The calibration
constants are conventionally found by measuring the output voltage for wafers with
known conductivities. However, the accuracy level of this procedure depends on the
number of calibration wafers. Furthermore, MclIntosh et a/. found that this calibration
procedure is not suitable for high resistivity wafers (> 30 Q.cm) [182]. In their work,
Mclntosh and Sinton calculated uncertainty of 10.9% and 8.6% for QSS and PCD
effective lifetime measurements, respectively [181].

Trapping and Depletion-Region Modulation

Two mechanisms have been identified that create artifacts in the measured
effective lifetime at low injection levels. The first one is frapping, which is observed
mostly in mc-Si wafers, but also in other low-quality samples [183-184]. Under this
condition, extremely high effective lifetime values were measured using both PCD
and QSS methods, at low injection levels. A defect level is described as a trap and not
as a recombination centre if the captured minority carrier is more likely to return to its
original energy band, rather than to recombine after the capture time. From neutrality
demands, due to the trapped minority carriers, the majority carrier concentration
increases. As a result, the photoconductance of the sample increases, which leads to
higher calculated effective lifetime. The influence of this process is more prominent at
lower intensity levels, where the trapping concentration is similar to the substrate
doping concentration (background doping — N,p). Macdonald and Cuevas found that
the trapping can increase the measured effective lifetime by 1-2 orders of magnitude
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[183]. The influence of the trapping can be reduced by using a bias-light correction
[185].

The second effect is depletion-region modulation (DRM) [186-187]. This
effect was observed in samples with a depletion region, such as p-» junction or silicon
nitride passivation. Similar to trapping, it results in very high effective lifetime at low
injection levels. This increase is due to modulation of the depletion region width
during illumination. As mentioned, the background conductivity is taken before each
measurement; this measurement becomes a baseline for future calculations. During
illumination, the generated carriers induce a voltage across the depletion region,
which reduces its width. Hence, areas which were initially part of the depletion region
with a negligible amount of charge changed to be part of the bulk region with carrier
density of Nyp. This transformation from depletion to bulk region causes a
corresponding increase in the sample conductivity [187]. Again, the contribution of

this process is more pronounced at low injection levels.

Implied V,,

One of the advantages of the QSS method is the ability to predict the V,. of
solar cells — or the implied V,. — at very early stages of the fabrication sequence. The
calculation is based on the known excess carrier concentration and is given for a

p-type wafer by [188]:

3.34) Voo KT h{ An(O)[N , + An(O)]]

q n’

1

where An(0) is the carrier concentration at the junction. Note that this value in general
is not identical to the average An (Ang,,.) calculated by Eq. (3-30). For well
passivated, electrically thin samples (where the diffusion length is longer than the
wafer thickness), the assumption of An(0) = An,,. is acceptable. For other cases,
adjustments are necessary. Cuevas and Sinton proposed the expression An(0) = 2An,y.
for the case of high rear surface recombination, while the expression An(0) =
Angvo(W/Ley is more appropriate for the case of electrically thick samples (where Loy
is the effective diffusion length — L.y = (Dfeﬁ)oj)) [188]. In this study, the implied V.
is used often to evaluate the passivation quality. Note that the optical constant has
very limited influence on the implied V,.. However, care must be taken when
comparing it to values obtained with other devices such as an /-V tester, since the
spectrum of the flash lamp is not perfectly-matched to the standard AM1.5G spectrum
[189-190]. It is important to mention that the calculated implied V,. does not take into
account recombination associated with the Si-metal interface; in this sense, it is the
upper limit for the V,,. of the device.
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3.2.3 QSS-PL

QSS photoluminescence (OSS-PL) has been introduced only recently as an
effective lifetime measurement system [191-192] and proven an accurate technique
for different solar cell applications [193]. The QSS-PL system is used extensively in
the course of this study.

The luminescence emission from Si wafer is determined by the bulk radiative
recombination rate which, as can be seen from Eq. (3-3), is proportional to the product
of the electron and the hole concentrations [194]. The relative PL signal (Ip; 1) is
given by [192]:

3-35) Iy g =AB(T)np = A,B(T)An(An+ Ny, ,)

where B(7) is the radiative recombination coefficient and 4; is a scaling factor, which
takes into account the fact that in most cases the PL signal is measured only in relative
units [192]. B(T) is assumed to be constant for injection levels below 1x10" cm™
[191]. Note that the dependence of Ip; ,.; on An is different at different injection

levels:

3-36) [PLirelihigh = A1B(T)An2
IPLJe/Jow = A4,B(T)N ,,,An

The effective lifetime can be calculated by using Eq. (3-32) after extracting An
from Eq. (3-35):

2
3-37) an=-Now | Noa |, Lo e
2 2 A.B(T)

It is assumed that in the QSS mode, effective lifetime in the order of 1 ns can
be detected by the PL system [195]. Since QSS-PL is less prone to intensity artifact
effects compared to QSS-PC, accurate results can be obtained even at very low
injection levels (see below).

Measurement System

The QSS-PL system employed in this study has been described previously in
Ref. [191]. It is based on a modified Sinton bridge (WCT-100) which includes a PL
sensor. For the PL sensor a ~10 cm’® Si pin-diode with a low noise preamplifier is
used. The sample is placed on the bridge and is illuminated from the top by an LED-
array package with an emission wavelength of 810 nm and a rated maximum optical
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power of 1.5 W (~ one-sun). A voltage controlled current drives the array according
to computer commands. A 900 nm filter is placed between the LED and the sample to
block any unwanted emission from the LED [191]. The penetration depth of the LED
light in the Si wafer is small compared to a typical sample thickness, so it is assumed
that only PL emission from the sample is detected by the sensor. Note that the
position of the sensor at the rear of the sample makes this setup more sensitive to the
rear surface due to photon re-absorption [196-197]. As part of this thesis, a high
intensity capability (up to ~10 suns) was added to the system. This addition is based
on a laser illumination and is described in detail in Appendix 7.

A glass plate is used to couple a fraction of the light into a Si photo-detector
with a low-gain preamplifier. Both of the signals, from the PL sensor and from the
photo-detector are analysed by the software to calculate the effective lifetime (using
the generalised analysis) and the implied V.. Using computer control, it is possible to
customise the light pulse profile. Furthermore, improvements in the system’s data
acquisition abilities allow for the calculation of effective lifetime down to an injection
level of 10°® cm™ [192].

Self Calibration Method

When calculating the effective lifetime using Eq. (3-32), both G and An must
be measured in absolute units. However, as mentioned for the QSS-PC measurements,
accurate determination of the generation rate is challenging. Not only the illumination,
but also the sample absorptance needs to be measured in order to determine the
generation accurately. It is even more difficult if the spectral absorptance of the
sample is different from that of the reference cell, such as for textured or thin samples
[198]. Recently, Trupke and Bardos introduced a self-consistent method to determine
the generation rate from QSS-PC measurements [180]. This method is based on
adding a scaling factor f;, to the generalised expression of the effective lifetime:

An

~d(An)
JG== 4

3-38) T, =

They demonstrated that only one value of f; will lead to similar calculated
effective lifetime values for the rising and the falling edges of the light pulse.
Different values of f;, create a hysteresis due to different effective lifetime values for
the same An [180, 198]. The determination of f; needs to be done in the intermediate
frequency regime (between QSS and transient conditions) [180] and by choosing a
pulse shape which produces a pronounced hysteresis [198]. However, when using the
QSS-PL, two constants need to be found (f; and 4;). The self-consistent method
cannot be used to determine both. One option to overcome this limitation is to use the
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self-consistent method to determine f;, while 4; is found by comparing the QSS-PL
and the QSS-PC measurements at high intensity levels [198]. A second option is to
determine A4; by using the self-consistent method while f; is determined by additional
means. In this option, f; is split into its two components. The system component,
which includes the photo-detector, the glass plate etc, is determined separately (by an
additional calibrated detector) and only once for a system. The second component is
the sample absorptance which is measured by other systems, such as a
spectrophotometer [199]. However, it was found independently during this study and
by Roth ez al. [200] that care needs to be taken when using the self-consistent method
for samples with low lifetime (< 100 ps), due to limitations of the preamplifier [200].

Coping with Trapping and DRM

PL measurement is more robust against artifact effects which limit other
measurement techniques, such as QSS-PC, at low injection levels [191, 201]. This is
because it is proportional to the product of the electron and hole concentrations and
not to the sum of them.

Trupke et al. demonstrated by PC1D simulation that QSS-PL measurements
are significantly less affected by the presence of space charge regions, compared to
QSS-PC measurements [191]. In contrast, transient PL can be influenced strongly by
space charge regions, due to their effects on the recombination and diffusion
processes of charge carriers within the bulk [191].

Bardos et al. showed that the effect of trapping on the PL measurement is very
limited [201]. They calculated a disturbance of only 0.7% in the effective lifetime
measurement due to trapping, for a p-type 1 Q.cm substrate. Under similar conditions,
the measured effective lifetime using QSS-PC was found to be ~25 times more than
the actual one [201]. The superiority of QSS-PL over QSS-PC at low injection level
was also demonstrated by other studies [192, 200].

PL is also more stable with temperature variation, compared to QSS-PC [195].
Temperature variation is another source of inaccuracies in PC measurement,
especially when measuring poor quality samples where the generated carrier
concentration is small. In this case, the small concentration change can be obscured by
even a small variation of the temperature between the background conductance and
the effective lifetime measurements [195]. In contrast, the value of B(7T) changes only
by ~3% at room temperature [139], which leads to a relatively marginal variation in

the measured PL signal.

Suns-PL

Determining the voltage of a sample from a PL measurement is based on the
fact that both are linked to the separation of the quasi Fermi level (Ay) [196]. The
relationship between the PL and Ay is given by [192]:
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3-39) Iy o= AB(T)n’ exp(%)

Whereas the voltage (V) of an ideal solar cells is given by gV = An [196].
Using Eq. (3-39), the solar cell voltage can be expressed as:

3-40) V= k—Tln(lpL ) +C
p _

where C” is a calibration factor that needs to be determined. It has been shown that the
Suns-PL (PL measurement in combination with the light intensity measurement) is
equivalent to the well established Suns-V,. technique [202] for a wide range of
injection levels [196]. The main advantage of Suns-PL over Suns-V,. is that it is a
contactless method and does not require a complete solar cell [196]. Hence,
information regarding the /-J behaviour of the solar cell can be obtained in the early
stages of its fabrication sequence (excluding series resistance effects).

3.2.4 PL Imaging

Similar to QSS-PL, the PL imaging method has only been introduced recently
[203-204]. However, it has already proven to be a very powerful monitoring tool and
it is often employed to optimise different fabrication steps and equipment design
[205-207]. Its main advantage is the very short measurement time. In a matter of
seconds a spatially-resolved measurement of the effective lifetime/implied V,. of a
standard sample can be produced. Since this can be repeated quickly at different
fabrication stages, these sample parameters can be traced throughout an entire
process.

In the PL imaging system, an 815 nm diode laser is used to illuminate the
sample, with less than 5% intensity variation across the sample area [203]. The PL
signal is detected by a cooled (-30°C) Si Charge-Coupled Device (CCD) camera. In
this setup, the illumination and the detection are done from the same side of the
sample. To eliminate any possible detection of reflected laser illumination by the
CCD camera, a 1000 nm long-pass filter is placed between the camera and the
sample. The intensity level (0.001 — 10 Suns) and the integration time are controlled
by computer software to optimise the final image [203]. Similar to QSS-PL, PL
imaging can be employed at any fabrication stage as it does not require any metal
contact or solar cell structure. Based on this system novel methods have been
developed for detection of series resistance [208-209] and localised shunts in solar
cells [210].
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3.3 Chapter Summary

Different recombination mechanisms were reviewed. Special attention was
given to surface recombination, as it the main topic of the next chapters. From the
flat-band SRH theory, two fundamental methods to reduce the recombination rate
were identified: reduction of the density of surface states and reduction of carrier
density at the surface. From the extended SRH formalism it was concluded that the
inversion condition decreases the recombination rate. Injection level dependence of
the surface recombination was identified as resulting from surface charge and the
asymmetrical capture cross sections of electrons and holes. The concept of effective
lifetime and different effective lifetime measurement techniques and systems were
reviewed as they will be referred to often during the course of this thesis.
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Chapter 4 : Review - Surface Passivation

In the previous chapter the basic principles of surface recombination were
reviewed. It was shown that the recombination rate is dependent on the substrate as
well as on the surface states. Two fundamental methods were identified to reduce the
surface recombination rate.

The first method aims at reducing the available charge carrier concentration at
the surface. Any recombination process requires one minority carrier and one majority
carrier, with the former usually contributing most to determining the recombination
rate. Decreasing the concentration of the minority carriers provided all else remains
unchanged, will reduce the recombination rate. This can be achieved by creating a
doping profile, such as back surface field [29] or by an electrostatic field formed by
fixed charges at the surface or in the coating film. An electric field can also be formed
by the so-called floating junction [211]. This junction is created by diffusing an n-type
layer (in the case of a p-type substrate) into the rear surface. The resulting junction is
isolated from the rear metal contacts and therefore “floats”. An additional benefit of
this n-type layer is the fact that holes and not electrons are the minority carriers within
this layer. Due to the lower mobility of holes, the recombination rate at the surface
reduces significantly.

The second method focuses on reducing the density of surface states. This can
be accomplished in several ways, for instance immersing the wafer in solutions such
as hydrofluoric acid (HF) [162] or iodine/ethanol [81-82]. Although high quality
passivation is obtained by this technique, it is not suitable for solar cell fabrication.
Other techniques include hydrogenation (using atomic or molecular hydrogen to
saturate dangling bonds) and growing a dielectric film onto the surface. The latter
approach is widely used for solar cell application.

Some passivation techniques combine more than one element. For example,
silicon nitride film reduces the surface state density and creates an electrostatic field
due to high internal positive fixed charge. Its large hydrogen concentration can also be
used for hydrogenation during annealing.

This chapter reviews the properties of three passivation layers: silicon dioxide,
silicon nitride and a stacked layer of both. These layers will be evaluated in the next
chapter as rear surface passivation treatments for low-resistivity p-type substrates.

49



4.1 Silicon Dioxide and Aluminium Annealing

Silicon dioxide (Si0;) played a crucial role in the development of integrated
circuits, especially in the development of field-effect devices such as Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET) [133]. The dependence of these
devices on the properties of the Si-SiO; interface has made it the most intensively
investigated semiconductor-insulator system [133]. The benefits of using SiO, for
silicon solar cell applications, especially as a surface passivation were soon
recognised by different research groups. One of the early studies in this field was done
at the end of the 1970s by Fossum and co-workers. They demonstrated an increase in
the open circuit voltage (V,.) and the short circuit current (J,.) of a solar cell when
using a thin SiO, film as a front surface passivation layer [212]. The improved
understanding of the thermal oxidation process over the years has lead to significant
enhancement of the passivation qualities of thermal SiO,. To date, SiO, provides the
lowest interface state density of all solid-film passivation techniques, mainly due the
movement of the Si-SiO; interface to a cleaner region within the wafer [133]. As
mentioned, numerous studies have been carried out on the Si-SiO, interface (for
example, see Refs. [133] and [213]). The following section reviews some of these
studies in order to highlight the properties of SiO, as a passivation layer, as it is used

in this work.

4.1.1 Thermal Oxidation Process

Thermal oxidation is typically carried out in a quartz tube furnace at 800 -
1200°C. The oxygen source can be either oxygen gas (O;) (“dry oxidation) or water
vapour (“wet oxidation”). The oxidation reaction for these cases can be described by:

4-1) Si+0, <« SiO, (dry oxidation)
4-2) Si+2H,0 <« SiO,+2H, (wet oxidation)

Typically, the oxidation process includes more than one step. Table 4-1
presents a three-step oxidation process commonly used to achieve high quality
passivation: oxidation (either dry or wet), post-oxidation annealing in nitrogen (N,),
or preferably in argon (Ar) ambient, and Forming Gas Annealing (FGA). The last of
the three is carried out at lower temperatures in an ambient containing mostly N, with

a low percentage of hydrogen (H).

Since the oxide grows into the Si by consuming it, the growth rate changes
with time. The growth rate for short oxidation is proportional to the oxidation time (7),
while for long processes the growth rate is better described as a function of the square

root of the time (¢*’) [133]. The growth rate is higher for wet oxidation than dry
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oxidation [214]. The growth rate is also influenced by the doping concentration at the
surface (doped surfaces oxidise faster) and by the crystal orientation (e.g., oxidation
of a (111) surface is faster than a (100) surface) [215].

Table 4-1: A three-step oxidation processes.

Process Temperature [°C] Environment
Oxidation 800 - 1200 O, or water vapour
Post-oxidation annealing 1000 - 1100 N, or Ar
Forming Gas Annealing 350 - 450 N, with a few % of H,

Trichloroethane (TCA, C,H;Cls) can be added to the oxygen gas supply as a
chlorine source [87-88]. Chlorine is known to remove metallic impurities from the
furnace and from the wafer surface due to the formation of metal chlorides. Although
TCA does not change the interface properties, it reduces the contamination level
[133]. The reaction of the TCA with O, can be described as:

4-3) C,H,CL,+20, <« 3HCI+2CO,
4HCI+0, < 2H,0+2Cl,

Due to the formation of water, the TCA can be viewed as wet oxidation and
therefore has a faster growth rate than dry oxidation. It is essential to supply enough
O, to fully feed the TCA reaction, since its absence can lead to the formation of the
toxic gas phosgene.

4.1.2 Properties of the Si-SiO, Interface

Surface State Density

The surface state density (D;, or Ni,EfDi,dE) at the Si-SiO, interface is very
low and in some cases can be reduced to 1x10° cm™ [216]. For comparison, the
atomic density of Si is around 7x10" ¢cm™ and the surface state density of un-
passivated Si surface is on the order of 1x10" em™ [133]. Hence SiO; reduces the
surface states by four orders of magnitude. It was found that lower D; is obtained
when the oxidation occurs at high temperatures and that the value of D; of (111)
oriented surfaces is 3-4 times higher compared to that of (100) [133]. It was also
found that D; is influenced by the doping concentration and by the type of dopant.
Donors, such as phosphorus (P), introduce lower D;, compared to acceptors such as
boron (B). The D;, value is constant at concentrations below 10" ¢m™ for donors and
10" cm™ for acceptors. Above this doping concentration, D;, increases linearly with
the doping concentration [217]. No difference was found when comparing D;, of wet
and dry oxides [215].
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Interface Charge
Three different kinds of charges exist at the Si-SiO; interface [133]:

1. Fixed (immobile) oxide charge density (Qp). This is a sheet of positive charge
which is located very close to the interface (within 2 nm). This charge (5-
20x10' g/cm?) is not influenced by illumination conditions.

2. Mobile charge density (Q,,), mainly due to alkali ions. Improvement of surface
cleaning techniques has reduced this charge to negligible levels.

3. Interface state charge density (Q;). This value is strongly influenced by the
preparation of the Si-SiO, interface. At well-prepared interfaces, Q; is much
smaller than Orand can be ignored.

The origin of the interface charge is Si dangling bonds, back-bonded with
three oxygen atoms (“Pox defects”) [133, 218]. The charge density is decreased with
high temperature oxidation [154, 215] and especially when dry oxidation is used (at
temperatures higher than 1000°C) [215]. The fixed oxide charge (Q)) does not depend
on wafer resistivity [133]. Note that from the viewpoint of interface properties, wet
oxidation has advantages over dry oxidation such as higher Oy and faster growth rate.
However, due to the lower purity of de-ionised water when compared to the O, gas
source and possible corrosion problems in the oxidation system, dry oxidation is
preferred.

Kerr and Cuevas studied the injection level dependence on the effective
lifetime for different values of substrate resistivity [219]. The effective lifetime was
found to increase for increased substrate resistivity. Lifetimes in both n- and p-type
material demonstrate injection level dependence, though the dependence of p-type
samples is more pronounced at lower injection levels. Similar results were reported by
Aberle [133]. The increased effective lifetime with increased resistivity can be
explained by the influence of the resistivity on the transition point between depletion
and inversion conditions. As mentioned before, the oxide charge is independent of the
resistivity; hence the same charge leads to depletion or inversion according to the

wafer resistivity.

Not many studies were done on the influence of oxide thickness on the
passivation quality, Zhao et al. reported lower V,. when using thinner oxide as a

passivation layer [32, 34].

4.1.3 Post-oxidation Anneal and FGA

The importance of post-oxidation anneal is well known [220]. It is carried out
in an inert ambient (N, or preferably Ar) at high temperatures (1000-1100°C). The
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quality of the SiO; layer to be grown last is extremely important as it forms the Si-
Si0, interface. As mentioned above, lower D, is obtained when a high temperature is
used. Keeping the furnace at high temperatures until all the oxygen in the furnace is
consumed ensures a high quality oxide at the interface.

It was found that annealing in hydrogen-containing ambient, such as H, or
FGA, reduces D; significantly. This reduction is due to the termination of the
dangling bonds by hydrogen. More than 20 minutes treatment is needed to ensure
stable equilibrium [133]. Note that the weak Si-H bonds can be broken by ultraviolet
(UV) light.

4.1.4 Aluminium Anneal - Alneal

Deposition of an Al layer on top of the oxide before annealing it at 350-450°C
improves the interface properties dramatically. This process, which is often referred to
as alneal, provides the best level of surface passivation up to date [221] and has been
used to fabricate the world-record highest efficiency PERL solar cell [32]. It seems
that Balk was the first to propose that atomic hydrogen is produced at the Al-SiO,
interface [222]. It is believed that the Al reacts with water vapour [223] or with water
in the form of hydroxyl ions within the oxide to produce atomic hydrogen [213, 224]:

4-4) Al+OH — AlIO_+H

The aluminium oxide is denoted as AlOx (and not as Al,O3) because its
composition is unknown and probably changes during annealing [224]. The released
atomic hydrogen then diffuses from the Al-Si0O; interface to the Si-SiO; interface to
passivate dangling bonds. The advantage of atomic hydrogen over molecular
hydrogen was explained by Wilkinson and Elliman [225]. According to them, at least
two different recombination centres exist at the Si-SiO; interface: one that reacts with
both atomic and molecular hydrogen and one that can be passivated only by atomic
hydrogen.

In their intensive study, Reed and Plummer found no influence of the oxide
thickness on D;, [224]; this was supported later by Zhao et al. [32, 34] and Cuevas et
al. [223]. An interesting conclusion from this observation is that atomic hydrogen
diffusion is not influenced by oxide thickness. As no benefit was found for using a
hydrogen-containing ambient for annealing, it is assumed that enough atomic
hydrogen is released by the reaction itself [224]. Similar D; was measured for n- and
p-type wafers [224]. However, it was found that crystal orientation has a major
influence: (111) shows higher D; than (100) [224]. If possible, thermal evaporation is
preferable to sputter or beam evaporation systems, due to less surface damage [133,
224]. Although not widely investigated, it is assumed that the purity level of the Al
has an influence on the obtained results. Despite the fact that Reed and Plummer did
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not find any advantage for an alneal process longer than 10 minutes, it is commonly
performed for a longer time. Table 4-2 presents a summary of the process conditions
used by different research groups.

Table 4-2: Summary of alneal process condition used by different research groups.

Temp. [°C] Duration [min] Al thickness [pm] Reference
370 30 N/A [32]
400 30 0.2 [223]
400 30 0.1 [219]
500 60 0.1 [225]

When using a p-type wafer, the presence of the Al on the rear has an
additional benefit. Due to the low work function of the Al (~ 4.1 eV), the band
bending at the rear puts the surface under inversion, similar to adding more positive
charge [133]. Thus, a field effect passivation is achieved. Tang et al. reported a loss of
10 mV when striping off the Al layer after alneal process [47].

Table 4-3 summarises some of the surface interface properties measured by
Aberle on 1 Q.cm (100) FZ Si (TCA grown oxide, 20 min alneal at 400°C) [133].

Table 4-3: Summary of measured surface interface properties of alneal samples [133].

D;, (at midgap)
t[cm'ZeV'I] & [q/cmz]
Alneal p-type 3-4x10° 6x10"
Alneal n-type 4-5x10° 8x10"

4.1.5 Comparison between Alneal and FGA

Table 4-4 summarises Aberle’s fit parameters to experimental data for alneal
and for FGA samples [133]. The main conclusion from these fittings is that D;, of the
alneal samples is lower by more than one order of magnitude than that of FGA.

Table 4-4: Summary of fitted interface parameters for alneal and for FGA [133].

D, [em?eV 0/ [q/em’]
Alneal (fit to experiment) 1.5x10" (at midgap) 5.6x10"
FGA (fit to experiment) 3.9x10" (at E,+0.4 eV) 8.5x10"

Table 4-5 summarises the effective lifetime values measured by Aberle [133]
and by Zhao et al. [32] at different oxidation stages. The significant improvement of
the effective lifetime after the alneal process illustrates its superiority over the FGA
process.
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Table 4-5: Summary of the effective lifetime after different oxidation steps.

As-oxidised After FGA After alneal Reference
FZ (0.7 Q.cm) 35 us 62 pus 185 ps [133]
FZ (1.5 Q.cm) 14 ps 40 ps 400 ps [32]

4.1.6 Limitations of Thermal Oxidation

Although using SiO, as a passivation layer significantly reduces surface state
density at the Si-Si0, interface, it has some limitations:

1. The high temperature and the relatively long processing time increase the cost
and reduce the throughput.

2. The high temperature process may degrade the bulk lifetime due to
contamination in the furnace or an inadequate cleaning sequence.

3. When using CZ or mc-Si wafers, the high temperature process can further
reduce the bulk lifetime due to the large concentration of oxygen in CZ wafers
[226] and the grain boundaries in the mc-Si wafers.

4. Although providing an excellent passivation for both n- and p-type substrates
of high resistivity, the passivation quality depends on the doping type for low
resistivity. While excellent passivation is still obtained for n-type substrate,
much poorer passivation is obtained for low resistivity p-type wafers [158,
160, 227].

5. The S, at the Si-SiO, interface strongly depends on the minority carrier
concentration within the wafer or, equivalently, on the injection level. For An
> 10" cm” the thermal oxide provides good passivation, which leads to a high
V,e value, though the S,z at low injection level is much higher. Although this
variation of the S,y does not limit the V., it limits the fill factor (FF) and
therefore the obtained efficiency [228].

6. The oxide layer does not contain hydrogen, which could improve both the
surface and the bulk passivation via hydrogenation during the subsequent
annealing process [229].

7. The low refractive index (n,) of Si0; (1.46) reduces its efficiency as an anti-
reflection coating (ARC) when used as a passivation layer on the front surface.

8. The high temperature process limits the possibility of performing the
metallisation processes before the passivation, which can limit some cell
structures [226].

9. It is well-known that due to the difference in the segregation coefficients of Si
and SiO,, redistribution of dopants during the oxidation process occurs [230].
If p-type substrate is used, this redistribution leads to creation of a boron
depletion layer below the surface. Robinson et al. found that the boron
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concentration can be reduced by a factor of two if thick oxide (> 500 nm) is
grown [231]. This depletion layer can limit the use of an oxide layer for some
applications (such as direct Si-metal contact on the rear surface, without
additional diffusion).

These limitations imply the need for developing low temperature, easily-
implemented passivation methods. One of the most promising approaches is Si nitride

film as a passivation layer, which is reviewed in the next section.

4.2 Silicon Nitride

Plasma enhanced chemical vapour deposition (PECVD) was invented by
Sterling and Swann in 1965 [232] and was shortly thereafter adopted by the
microelectronics industry [218]. At the beginning of the 1980s it was introduced to
the photovoltaic community by Hezel and Schorner [233]. They used the very high
interface charge of amorphous hydrogenated silicon nitride film (a-SiNy:H, hereafter
referred to as SiNy) to develop the metal-insulator-semiconductor inversion-layer
(MIS/IL) solar cell [234]. Even in these first publications the benefits of SiNy - such
as relatively low interface states, surface passivation abilities and good anti-reflection
properties - were recognised [233]. Low SRV values were soon achieved using SiNy
as a surface passivation layer [235]. Kyocera seems to have been the first PV
company to use PECVD systems in a production line [218]. The high percentage of
hydrogen within the SiNy film contributed to the improved efficiency of their mc-Si
solar cells [229]. PECVD systems were soon incorporated into the production lines of
BP Solar, Mobil Solar and others [218]. These days, PECVD systems are used by
most solar cell manufacturers. Simultaneously different research groups extensively
investigated the properties of the SiNy film, improved it and extended its application
[218, 236-237]. This section reviews some of the work in this area, as SiNy is
employed in this study for rear surface passivation. The section begins with a short
review of PECVD systems and continues with SiNy and Si-SiNy interface properties.

4.2.1 PECVD Systems

Stoichiometric silicon nitride (Si3N4) may be grown in several ways, such as
by direct nitration of silicon, nitrogen ion implantation into silicon or sputtering of Si
in a nitrogen containing ambient [133]. However due to the fact that some of these
methods are limited to a very thin films (< 10 nm) and some create surface damage,
chemical vapour deposition (CVD) is commonly used to grow an amorphous silicon
nitride film from a gas phase. There are three main types of CVD systems:
atmospheric pressure CVD (APCVD), which deposits films at 700-1000°C; low
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pressure CVD (LPCVD), which operates at lower temperature (700-800°C) and
reduced pressure (0.01-1 Torr); and plasma-enhanced CVD, with processing
temperatures below 500°C and reduced pressure (0.01-1 Torr). In general, these
systems employ reactants containing hydrogen, resulting in non-stoichiometric, high-
concentration hydrogen-containing films [238]. Due to lower deposition temperature,
PECVD is the preferred option for PV applications.

The Use of Plasma in PECVD

Plasma is a gas containing charged and neutral species, including some or all
the following: electrons, ions, atoms and molecules. On average, plasma is electrically
neutral, because any charge imbalance introduces an electric field which will
eliminate this imbalance [239]. Although plasma is often referred to as the fourth
phase of matter - since it evolves from the gas phase by the addition of energy to the
system - there is not a distinct phase change between gas and plasma [239]. To create
and sustain plasma requires an energy source. In a PECVD system, this energy source
is an electric field produced by either direct current (DC) or alternating current (AC).
Typical AC excitation frequencies are 100 kHz, 13.56 MHz (RF) and 2.45 GHz
(microwave region) [239]. These plasmas are sometimes referred to as electric
discharges or glow discharges.

The extensive use of plasma for deposition (or etching) is due to efficient
generation of chemically active species. When an electric field is applied between two
electrodes (see for example Figure 4-1), electrons are emitted from the cathode and
accelerated by the field. In the presence of reactant gases, collisions occur between the
energetic electrons and gas molecules. The outcome of these collisions depends on the
kinetic energy of the electron (£.). For low kinetic energy (< 2eV) elastic collisions
occur, conserving the kinetic energy of the colliding particles [240]. Due to the
significant velocity and mass difference between the electron and the molecule, the
electron energy remains similar after these collisions. If the electrical field is strong
enough, the electrons will still continue to gain sufficient energy to cause ionisation.
At higher E, inelastic collisions start to occur, in which E, is partially converted into
internal energy of the target molecule. At high E. (> 15 eV) the collisions result in
ionisation. The excited molecule can then undergo one of the following processes: (a)
electron relaxation, where the electron falls back to the ground state by emitting a
photon which gives the plasma its glow; (b) ionisation, which sustains the plasma by
supplying it with new free electrons; or (c) dissociation, which creates free radicals
(atom/molecule/ion with unpaired electrons) [240]. There are different types of
dissociations; all of them release free radicals (see Table 4-6). The produced radicals
are very active chemically, due to their unsatisfied bond and are the primary reactants
in the plasma-enhanced film deposition. The type of radicals formed is influenced by
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the reactant gases used in the specific system. Analysis of the radicals produced by a
silane (SiH4) - ammonia (NH3) mixture can be found in Refs. [241-242].

Table 4-6: Summary of the different dissociation processes (AB designates a molecule and the dot
indicates a radical).

Process Reaction
Dissociative ionisation AB+e > A" +eB+2e-
Dissociative AB+e —>eA4+eB+e

Dissociative electron attachment AB+e —>eA+ B~

Reactor Designs

The design of the PECVD reactor has a crucial influence on the SiNy film
properties. Two different PECVD reactor designs exist: the parallel-plate or direct-
plasma reactor and the remote-plasma reactor.

In the parallel-plate configuration, all the reactant gases are excited by an
electromagnetic field between two parallel plates (see Figure 4-1 (a)). The wafer is
placed onto one of the plates, with direct contact to the plasma. Due to this contact,
the plasma parameters - especially the plasma excitation frequency - heavily influence
the film properties. In a low-frequency direct PECVD system, the excitation
frequency is in the 10-100 kHz range, which is below the plasma frequency of about 4
MHz. Below this plasma frequency, ions within the plasma can follow the excitation
frequency [243], gaining enough energy to create severe surface damage (ion
bombardment). This problem is solved in high-frequency direct PECVD, where
frequencies above the plasma frequency are used to excite the plasma (typically 13.56
MHz). The acceleration periods in this range of frequencies are too short for the ions
to gain energy, hence reducing possible damage to the surface. It was shown that the
passivation quality achieved in films prepared by high-frequency PECVD is
significantly higher than in the low-frequency system [244]. Furthermore, the films
deposited by the high-frequency system demonstrate superior UV stability [244].

NH3

b Plasma Microwave excitation
a) )
SiH, + NH3 SiH4+ NH4 SiH, SiH,
Il Il Il I
- 1 ]
{Plasma LIRS @ g
vvvvv armcie
r - Z |Sarn[:)Ie | | p
[ 1 | [ I [ U ]
J«Vacuum l Vacuum

Figure 4-1: Examples for direct-plasma reactor (a) and for remote-plasma reactor (b) [218].
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In the remote-plasma reactor, excitation of the plasma is spatially separated
from the sample [218]. Several remote-plasma configurations exist, as discussed in
Refs. [245] and [246]. Figure 4-1 (b) presents one common remote configuration
where ammonia is excited outside the reactor by microwave excitation. Silane is
injected into the deposition chamber where it is mixed with the plasma. Since the
wafer is not in direct contact with the plasma in this design, no ion bombardment
occurs and surface damage is avoided. Other benefits of the remote reactor include
higher plasma densities, faster growth rate and the possibility of improving uniformity
by using a lower excitation frequency. It was shown that remote-plasma and high
frequency direct-plasma films provide similar and very high passivation quality [244],
with excellent UV stability [247]. Figure 4-2 summarises some of the key results
reported by different research groups relating to the SRV of p-type substrates
passivated by direct (high frequency) and by remote PECVD systems. The scattering
of the presented data can be explained not only by the variety of deposition systems
and deposition parameters, but also by different assumptions regarding 7, which are
used in the calculation of S
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Figure 4-2: SRV as a function of the surface doping concentration, as reported by different research
groups: ANU ([159, 248]), ISFH ([158, 160, 238, 249-250]), ISE ([251]), ECN ([252-253]) and HMI
([254]). The solid line is a fit to ANU results.

4.2.2 Si-SiN, Interface Properties

Interface properties have a significant influence on surface recombination
(SRH recombination — Eq. (3-16)). However, it is very difficult to measure Oy, D;, and
o at the Si-SiNy interface due to hysteresis and high leakage current [133]. This
section reviews the information regarding these properties, as they play a crucial role
in the outcome of surface passivation processes.

Surface State Density

The value of D, at midgap lies in the range of 1x10'" - 5x10'* cm@eV™' [161,
235, 255-257], which is one order of magnitude higher than the D, value at the Si-
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Si0, interface. Hezel et al. found that a lower D, value is obtained at higher
deposition temperatures; additionally, they found that a post-deposition anneal can
reduce this value even further [235, 255, 258]. Elmiger and Kunst found that
increasing film thickness reduces the value of D (up to a saturation value) [256].
Schmidt and Aberle studied the defects at the Si-SiNy interface for SiNy films
deposited by different PECVD systems. They distinguished three main defect types;
one defect, which they designated as defect “C”, was found to dominate the quality of
interfaces formed by low-frequency direct PECVD [218, 259]. They concluded that
this type of defect is created by ion bombardment [259], while the other two defects
are Si dangling bond defects like those found at Si-SiO; interfaces [218]. The poor
passivation of the low-frequency direct system was attributed to the presence of the
“C” defect, as all the interfaces studied were found to have similar D;; and Oy values
[218].

Interface Charge

Typical reported values of Oy in the early years of SiNy investigation fell in the
range of 2-7x10'* cm™ [234, 255]. This value was found to increase with decreasing
deposition temperature [235]. However, recent studies have narrowed the range to 2-
3x10' ecm™ [237, 254, 256-257, 260].

It was reported that post-annealing of the film reduces the value by almost half
[233, 235, 260]. Elimiger and Kunst found that O, increases with the film thickness
until it reaches a constant value at 20 nm [256-257]. Schmidt and Aberle suggested
two components of the charge. The first component - similar to the charge at the Si-
SiO, interface - is due to dangling bonds (P, defects) and has a density of ~1x10"!
cm™. The second component, which is often referred to as a K centre, originates in a
Si dangling bond defect back-bonded with three nitrogen atoms. Most interface
charge is of this type [218, 259]. The apparent similarity to the Si-SiO, interface was
explained as resulting from the presence of a very thin (< 2 nm) oxynitride layer that
exists in the interface between the bulk Si and the SiN, film. This thin film is formed
in the period between loading the wafers into the deposition chamber and the
beginning of the deposition itself [218, 234, 256, 259]. Similar dangling bonds defects
exist at the Si-oxynitride interface and the Si-SiO, interface. Hence, the positive
charge is divided between a thin oxynitride film and a layer of ~20 nm within the
SiNy. Figure 4-3 depicts the charge distribution at the Si-SiNy interface.

The charge density is usually determined by a capacitor-voltage (CV)
measurement in the dark [215]. However, it was found that a good fit can be obtained
only by using a lower value of Oy in the S.(An) model (based on the extended SRH
formalism [153]). Schmidt and Aberle assumed that the Oy is influenced by the
illumination and proposed a model where (O is strongly reduced by electron
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neutralisation of the ionised K centres [218, 259]. This assumption allowed for a
satisfactory fit between the measurements and the model. Recently Dauwe et al.
employed corona charging to measure the charge density under illumination for the
first time [260]. For comparison the Oy was measured in the dark as well. Surprisingly
the same value (2.3x10'* cm™) was measured under both illumination conditions
[135]. By accounting for recombination in the space charge region for the illuminated
case [145], a good fit to the S.;(An) model has been achieved [237, 260].

The influence of the gas ratio on Oy has not been studied deeply. Mackel and
Ludemann found an increased number of K centres in N-rich films [251]. De Wolf et
al. suggested that the O has two components: O, which is independent on the gas
ratio, and Q,, which increases for decreased #, [261].
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Figure 4-3: Charge distribution at the Si-SiN; interface [218].

4.2.3 Annealing of SiN,

As mentioned previously, one of the key advantages of SiNy is the high
concentration of hydrogen within the film (1-2.1x10%* atoms/cm’ [238, 262]; this
value decreases with increasing deposition temperature [133]). During the annealing
process a fraction of this hydrogen diffuses into the wafer, both in atomic and
molecular forms [236]. Atomic hydrogen can then saturate dangling bonds within the
surface, the bulk or the grain boundaries (in the case of mc-Si wafers) reducing the
recombination processes within the solar cell. Improvement of mc-Si solar cells by
SiNy deposition has been studied since the mid-1980s, when enhancement of all cell
parameters was reported by Kimura after using SiNy film as ARC [229]. Since then,
SiNy has been employed by different research groups as bulk and surface passivation
for mc-Si solar cells. For example, by changing the ARC from TiO, to SiNy and
adjusting the process sequence, Szlufcik et al. increased their cells’ efficiency from
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12.5% to 13.7% [263]. Negel et al. employed post-deposition annealing to improve
the effective lifetime of their cells from 80 ps to 140 pus [264], while a Georgia Tech
group annealed SiNy together with an Al layer to boost the effective lifetime of
different types of silicon ribbons [265].

Although this process clearly improves mc-Si solar cell performance, it seems

that the exact mechanism of this improvement is not fully understood.

Influence of the Annealing Process on the Effective Lifetime and S,

Table 4-7 summarises the influence of the annealing process on the effective
lifetime and S, as reported by different research groups. Two points that can be
concluded from this table are:

1. Although it has been proven that SiNy annealing improves the performance of
mc-Si solar cells, contrary results were achieved using a test structure (as in
Figure 3-4). Some of the differences can be explained by variation of the
deposition systems and the reactant gases. However, further study is required
to fully understand this process.

2. The temperature range of 400 - 800°C has not been studied deeply. Most of
the investigations were carried out in the typical ranges for FGA (400°C) and
for screen-printed metal contact firing (800°C and above). However the 400 -
800°C range can be used if other metal contacts are employed, such as
electroless plating.
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Table 4-7: The influence of annealing on the lifetime / S, as reported by different research groups.

PECVD Temp. Duration

. Conclusions Reference
system [°C] [min]
Direct 400 30 Improvement of S,. [252]
. 400 30 I t of S
Direct mprovement of S ' [266]
730 30 sec Improvement of S, (not as good as 400°C annealing).
. Improvement of effective lifetime for most of the
Direct 400 25 prov Ve e [267]
samples.
390, 500, Improvement of the effective lifetime.
Remote 600, 650 0-1000  Peak improvement after shorter annealing time for [268]
and 700 increased temperature.
Steady effective lifetime up to 100 sec of annealing.
Remote 800 0-60 v etectiv P ¢ [269]
Degradation for longer time.
Direct 400 15 Both degradation and improvement of S, were [270]
730 30 sec observed (depending on the gas mixture).
400. 500 400°C: improvement of effective lifetime up to 30 min
Direct 550’ 600’ 0-60 and then degradation. [271]
’ Higher temperature: degradation after shorter time.
Improvement of S, only for films in the 2.0 <n,<2.2
Remote 850 10-60 sec 7 7 O [272]
range.
Improvement of the effective lifetime for n, = 2.1
R >1 2
emote 900 0 sec Degradation of the effective lifetime for n, = 2.4 [237]
Remote 800 1 Improvement only for n,= 2.1 and 2.2 [273]
Improvement of the effective lifetime for few samples
Remote 800 60 P P [274]
only (see text).
Degradation of the effective lifetime.
R 4 2
emote 500 0 Thinner films degrade more. [238]
400 15 Degradation of S,
Remote ceraca %On O e [270]
730 30 sec Degradation of S,z
Remote 300 ® 1@ Degradation of effective lifetime of most of the [253]
samples.
Remote N/A <1 Reduction of V,,. [275]
Direct ® 300 ® 1@ Degradation of the effective lifetime for Si-rich [261]

samples.

*  Assumption. The text states — metal firing condition.
® Low frequency.

“Blistering” is another mechanism by which the annealing process can
influence the quality of the passivation and the effective lifetime. In this phenomenon,
hydrogen released from the SiNy layer creates holes in or otherwise damages the SiNy
film itself [261].

Bonds in SiN, Film

SiNy mainly includes three types of chemical bonds: (Si-N), (Si-H) and (N-H).
The densities of (N-N) and (H-H) bonds within the film are negligible. It was found
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that an increase of the refractive index corresponds to a reduction of the density of
(N-H) and (Si-N) bonds and an increase of the density of (Si-H) bonds [238, 251,
273]. Van Erven et al. suggested that the transition from low-index to medium-index
is due to the replacing of (N-H) bonds with stronger (Si-N) bonds, and that the
transition from medium- to high-index is a result of (Si-Si) and (Si-H) bonds replacing
(Si-N) bonds [258]. It was found that the density of the (Si-N) bonds is a good
indication of the film mass density, where higher bond density indicates a denser film
[275].

Table 4-8: Absorption spectrum ([262, 267, 276]) and bond energy ([277-278]) in SiNj film.

Absorption spectrum

Bond [em™] Energy [eV]
Si-H 3300 - 3350 3.10
Si-N 2130 -2200 3.45
N-H 800 — 840 4.05

Hydrogen Passivation

The variation in the post-annealing passivation quality can be explained by
broken hydrogen bonds and diffusion of the free hydrogen atoms. For example,
Schmidt et al. explained the improvement in the effective lifetime in the first 30 min
of annealing by the breaking of weak (N-H) bonds. The free hydrogen atoms then
diffuse to passivate dangling bonds within the bulk or at the interface [271]. The
reduction in the effective lifetime after 30 min of annealing was attributed to the
breaking of (Si-H) bonds, which creates new dangling bonds and therefore degrades
the passivation. Other diffusion models with different predictions have been proposed
[265, 276, 279-280].

A number of studies have investigated bond density as an indication of the
passivation level. Mackel ef al. concluded that the variation in the hydrogen bond
density does not predict the passivation quality, though the density of the total bonds
([A-Bliotal), can indicate it [267]. Hong et al. suggested that the density of the film and
not the bond density can be used to predict the passivation quality [281]. They show
that the internal quantum efficiency (IQE) at 1020 nm after the annealing process
increases with increasing film mass density; the IQE at long wavelengths can be used
as an indication of the bulk lifetime. This was supported later by IQE and efficiency
measurements by Kessels ef al. in which they demonstrated that both of the
parameters increase with increasing film mass density [282].

Weeber et al. then proposed (Si-N) bond density as a fundamental indicator of
the passivation quality of the SiNy film [273-274]. They explained that the (Si-N)
bond density (which is related to the film mass density) and not the hydrogen
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concentration within the film governs the bulk and surface passivation. They
investigated the relationship between the (Si-N) bond density and the passivation
quality obtained and found an optimum density of 1.3x10* c¢m™ [283]. Below this
value, the film density is too low, which leads to a film with an “open structure”.
Under this condition, the released hydrogen is more likely to effuse [274]. However,
at higher densities the film becomes too dense, which significantly slows the
hydrogen diffusion in the film and limits its ability to passivate dangling bonds [274,
284]. Films with this bond density value were found to provide higher effective
lifetime and V. after the annealing process [274, 283-285]. Dekkers et al. pointed
later that in a flexible network (open network), a fast release of hydrogen from its
bonds to Si or N atoms results in H, formation [286]. This molecule is more likely to
diffuse out of the film to the ambient than to passivate recombination centres. Despite
the mentioned relationship between », and (Si-N) bond density, it was shown that
variation of bond density for a fixed », is possible by adjusting the deposition
temperature [285].

4.3 Si0O,/SIN, Stack Passivation

The passivation quality of a SiO,/SiNy stack has been examined on p-type
substrates and on #' emitters by number of research groups. This passivation method
was also evaluated during the course of this work. This section includes a short review
regarding Si0,/SiNy stack passivation.

4.3.1 SiO,/SiN, Stack Passivation of p-Type Substrate

Rohatgi et al. used Rapid Thermal Oxide (RTO) beneath high-frequency direct
grown SiNy to achieve S, of ~10 cm/s on a 1.3 Q.cm p-type substrate [266]. They
found that although each of the layers provides only moderate passivation after
annealing at 730°C, the stack layer demonstrates high post-annealing passivation
quality. This stack layer also shows a weak injection level dependence in the range
10'* < An < 10" cm™. In a later study, Rohatgi ef al. compared SiNy to a SiO,/SiNy
stack and found that the latter demonstrates superior thermal stability [270]. Better
thermal stability of the Si0,/SiNy stack was also reported by Schmidt ez al. [271]. No
correlation between the oxide thickness and the passivation quality was reported. To
the contrary, Larionova et al. found that thin oxide layers (10-40 nm) provide better
passivation when applying a SiO,/SiNy stack to an n-type substrate [287]. They
attributed this to the consumption of a large fraction of hydrogen by dangling bonds
within the thicker oxide layer, while the hydrogen diffuses toward the Si-SiO,

interface.
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4.3.2 Si0,/SiN, Stack Passivation of »” Emitters

It seems that Szlufcik et al. were the first to report the use of SiO,/SiNy as n"
emitter passivation [263]. Rohatgi et al. reported lower Jj, values for emitters
passivated by a SiO,/SiNy stack than by SiNy, for both planar and textured surfaces
[270]. Kerr et al. studied a wide range of emitter resistivities and found that emitter
passivation using Si0,/SiNy stack is of similar quality to that obtained by the alneal
process [288-289]. The measured Jy. values of a SiN-passivated emitter were higher
for high-resistivity emitters, although similar values were measured for emitters with
resistivity below 100 Q/o. Similar results were reported by Schmidt et al. [271].
Furthermore, similar V,. values were measured for solar cells passivated by SiNy and
by a SiO,/SiNy stack layer on both front and rear surfaces [271]. Van Erven et al.
found that Si-rich SiNy films (as part of the stack) provide lower Jy, values when
compared to low-index layers and that all stack layers provide better passivation than
Si0, alone [258].

4.4 SiN, Passivated Solar Cells

The proven high passivation quality of SiNy was employed by different
research groups in their fabrication of new solar cell structures. Hubner et al.
developed a bifacial solar cell structure based on SiNy passivation of both surfaces
[290]. A local BSF was formed on the rear surface using Al evaporation through a
shadow mask and sintering. High front and rear efficiencies of 19.5% and 16.5%,
respectively, were demonstrated by this structure on a 0.5 Q.cm FZ p-type substrate.
Higher efficiencies of 20.1% (front) and 17.2% (rear) were achieved, using the same
structure, on a 1.5 Q.cm substrate with a double-layer ARC of PECVD SiNy and
PECVD SiO; [291]. To make this structure affordable, Lenkeit et al. replaced the rear
evaporated contacts with screen-printed ones and achieved 16.0% (front) and 9.3%
(rear) efficiencies on a similar substrate [269]. After an optimisation process these
efficiencies were improved to 17.4% and 13.4% for front and rear illumination,
respectively [272]. Dauwe et al. demonstrated a high efficiency of 20.6% on a 0.5
Q.cm FZ p-type substrate using a MIS structure [292]. A local BSF was formed by Al
evaporation and sintering, followed by deposition of a SiNy layer as rear surface
passivation. To improve the internal reflectance, a full area Al film was evaporated
onto the rear surface. Mittelstadt ef al. employed the same structure for a mc-Si cell to
achieve 18.1% efficiency on a 1.0 Q.cm wafer [293-294]. Kerr and Cuevas used a
simplified passivated emitter and rear contacts (PERC) solar cell structure [295] to
fabricate a 19.7% SiNy passivated solar cell on a 0.3 Q.cm FZ p-type substrate [296].
Recently, efficiencies of 17.0% (front) and 10.3% (rear) on 2 Q.cm CZ substrate were

reported for a bifacial structure with front and rear screen-printed metal contacts
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[297]. However, this structure is still limited by the front side design and the lack of
local BSF below the metal contacts.

Despite the high efficiencies, most of these structures are not suitable for mass
production due to the expensive fabrication processes involved. One of the aims of

this thesis is to develop a high efficiency, SiN-passivated structure which is

commercially viable.

Table 4-9: Efficiencies of different SiN,-passivated solar cell structures.

Substrate Front Eff. Rear Eff. Rear Front Rear Ref
[Q.cm] [%] [%] Passivation Metal Metal
0.3 (FZ) 19.7 - SiN, Evaporation Evaporation [296]
0.5 (FZ) 19.5 16.5 SiN, Evaporation Evaporation [290]
0.5 (Fz2) 20.6 -—-- SiNy Evaporation Evaporation [292]
0.5 (Fz) 21.5 -—-- SiNy N/A N/A [298]
1.5 (FZ) 16.0 10.0 SiN, Evaporation  Screen-print [269]
1.5 (FZ) 16.7 -—-- SiN, Evaporation Evaporation [299]
1.5 (FZ) 17.4 13.4 SiNy Evaporation  Screen-print [272]
1.5 (FZ) 20.1 17.2 SiN, + SiO, Evaporation Evaporation [291]

1.0 (mc-Si) 18.1 - SiNy Evaporation Evaporation [293]
2.0 (CZ) 17.0 10.3 SiN, Screen-print ~ Screen-print [297]

4.5 Chapter Summary

The main properties of Si-SiO, and Si-SiNy interfaces are summarised and
compared in Table 4-10. In general, the Si-SiNy interface is characterised by one order
of magnitude higher surface state density and interface fixed charge than the Si-SiO,
interface. These values both decrease for increasing deposition temperature; similar
behaviour was reported for Si-SiO, interfaces. The capture cross section ratio at both
of the interfaces varies across a wide range of values, depending on the

oxidation/deposition parameters.

Table 4-10: Properties of SiO, and SiN, interfaces.

D;; at midgap O . H concentration
2 o 2 o,/c, at midgap o
[em™eV™] [em™] [atomic %]
Si-SiN, 1x10" - 5x10" 2.3x10" 10-10°* 10-40
Si-Si0, 1x10° - 2x10" 5x10' - 2x10" 50°

@ Defect A: 10*-10°, defect B: 10-10°, defect C: 1072-1.
> After alneal.
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Although it provides high-quality passivation in a laboratory environment,
Si0O; has major drawbacks which limit its use in industry. In particular, the relatively
low passivation quality of low-resistivity p-type substrates, possible lifetime
degradation when processing CZ or mc-Si wafers, a high risk of contamination and
high cost and reduced throughput are barriers to widespread commercial use of SiO,
passivation.

SiNy provides high-quality surface passivation for low-resistivity substrates at
low temperature, which makes it suitable for commercial applications. One of the
main advantages of SiNy is the high concentration of hydrogen within it. This high
concentration is very beneficial for mc-Si wafers, where the hydrogen released during
annealing diffuses into the wafer bulk and passivates grain boundaries. Though
several models have been proposed to explain this process, none has managed to fully
characterise it. Despite the proven performance enhancement of mc-Si wafers, diverse
results have been published regarding the influence of the annealing process on
surface passivation. While some studies found that S.; reduced after annealing, some
indicate an increase in SRV. Furthermore, the temperature range between 400 and
800°C has not been thoroughly studied. The next chapter will shine some light into
this range.

Though high efficiency is achievable by SiN-passivated solar cells, most of
the structures that have been considered are not suitable for commercial applications
due to their complexity and high cost. One of the aims of this thesis is to develop a

new solar cell structure based on SiNy passivation and laser doping.
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Chapter 5 : Rear Surface Passivation of
Solar Cells

Two significant recent developments in solar cell fabrication have contributed
to the increased importance of rear surface passivation quality. The first is the
reduction of wafer thickness in order to reduce material cost. This reduces the
distance between the rear surface and the junction to be less than the diffusion length
of a typical commercial wafer. The second is the improvement of front surface
designs by a number of commercially-available techniques. These improved designs,
mainly based on a selective emitter, leave the rear surface as the main limitation for
further improvement of the solar cell efficiency. Wenham identified recombination at
the rear surface of buried contact (BC) solar cells as the primary contributor to the
total dark saturation current of devices fabricated on substrates with resistivity greater
than 0.5 Q.cm [44]. Stocks ef al. halved the recombination of their device simply by
reducing the rear contact coverage [300].

To date, the most common rear surface passivation technique for commercial
solar cells is based on an aluminium (Al) fired BSF. Although it provides moderate
passivation, this method is limited by the large Si-metal interface. Figure 5-1 presents
the internal quantum efficiency (IQE) and the reflectance curves of an 18.5%
efficient, single sided laser-doped (SSLD) solar cell fabricated during this thesis on
large area commercial grade CZ p-type (2 Q.cm) substrate (see Chapter 7 for details).
It is evident from these curves that the major limitation of this cell’s performance is
the long-wavelength spectral response. Although the quality of the bulk material plays
a role in suppressing the long-wavelength response, this limiting behaviour is mostly
due to the relatively poor passivation of the rear. Note that poor internal reflectance
cannot explain the reduced response, as the Al rear reflector and textured front surface
provide a very good light trapping scheme. Even more importantly, this reduced
response indicates a degradation of the device’s voltage, due to the high dark
saturation current from the rear surface. Similar curves have been obtained for BC and
semiconductor finger (SCF) solar cells.
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Figure 5-1: IQE and reflectance of 18.5% efficiency SSLD solar cell, made on large area commercial

grade CZ p-type (2 Q.cm) substrate.

Figure 5-2 demonstrates the crucial role of the rear surface for achieving high
efficiencies. It presents cell efficiency as a function of the rear SRV for different
values of front SRV, as obtained from the one-dimensional numerical device
simulation program - PC1D [301]. The parameters of this simulation are summarised
in Table A11-1. The main conclusion from this simulation is that efficiencies above
20% are possible only for rear SRV below 200 cm/s. It is interesting to compare the
influence of the front and rear SRV. While increasing the front SRV by two orders of
magnitude (from 10 to 1000 cm/s) reduces the efficiency only by ~0.2% absolute (for
rear SRV of 10 cm/s), the same change for the rear SRV will reduce the efficiency by
almost 2% absolute (from 20.8% to 19.0% at front SRV equal to 10 cm/s). This
difference, which is mainly due to the diffused front surface, highlights the
importance of high quality rear surface passivation to enhance solar cell efficiencies.
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Figure 5-2: Solar cell efficiency as a function of the rear SRV for different values of front SRV. The

simulated parameters are summarised in Table A11-1.

This chapter investigates the use of silicon nitride for passivation of the rear
surface in low-resistivity p-type substrates. This passivation scheme, together with the
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laser doping process will be used in the following chapters to develop a novel double
sided laser-doped (DSLD) structure. Due to the fact that this structure is not limited
by the firing temperature of the rear metal contact, focus is given to optimising the
annealing temperature of this film with the aim of reducing recombination throughout
the device and particularly at the device surface.

The chapter begins by utilising available equipment to establish baseline
processes. Passivation results reported in the literature are verified by comparing
silicon dioxide, silicon nitride and a stack layer as rear surface passivation for low-
resistivity p-type substrates. As silicon nitride is found to provide the highest
passivation quality, the influences of refractive index and film thickness on the
passivation quality are investigated further. As reviewed in a previous chapter,
conflicting results have been reported regarding the influence of annealing on silicon
nitride passivation. Furthermore, annealing of SiNy films in the temperature range of
600-800°C has been rarely studied. This chapter therefore investigates for the first
time the dependence of the silicon nitride passivation quality on the annealing
temperature in this range, using a variety of films and surfaces. Focus is given to the
influence of annealing on the bulk lifetime of the CZ wafer, as this matter has not
previously been fully investigated. At the end of the chapter the suitability of the SiNy
passivation to the fabrication sequence of LD solar cell is evaluated.

5.1 Characterisation of the PECVD System

5.1.1 General

A lab-scale PECVD system from Roth & Rau (AK-400) was used in this
study. A schematic of this system is given in Figure 5-3. Two microwave antennas
(2.45 GHz) in the upper part of the chamber excite the injected ammonia (NH3) to
create plasma. In the lower part, silane (SiHy) is injected from a metal gas ring, which
is located above the substrate holder. The heated substrate holder, which is made of
graphite, is connected to an RF (13.56 MHz) source via a matching network. The RF
source establishes a bias voltage that draws the plasma down the chamber where it
reacts with the SiHy to deposit a SiNy film on the substrate. Since the plasma
excitation occurs inside the deposition chamber, it is not a purely remote reactor
design; nor is it a direct system, as the wafers are not in a contact with the plasma.

Instead, this reactor is classified as a semi-remote system.
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Figure 5-3: AK-400 schematic.

The experiments described in this section were performed in order to
characterise the available PECVD system and to establish baselines processes. The
results and conclusions from these experiments were used to design subsequent

experiments.

The ratio between ammonia and silane flow rates (gas ratio - GR) and the
deposition duration were the only parameters which were varied for all the
experiments in this chapter. All the other parameters were kept constant and are listed
in Table 5-1.

Table 5-1: Deposition parameters which were used in this study.

Parameter Value
Deposition temperature [°C] 400
Ar flow rate [sccm] 30
Total gas flow rate [sccm] 90
Total pressure [mbar] 0.2
Microwave power [W] 750
RF power [W] 50-65
Bias voltage [V] 150

5.1.2 Index and Growth Rate

The influence of deposition time and GR on the thickness and index of the
SiNy film are investigated in this experiment in order to characterise the PECVD

system.

Sample preparation

Nine groups of three single-sided polished wafers were used to investigate the
relationship between deposition time and film thickness. The relationship between the
deposition time and the refractive index was monitored as well. The wafers were

cleaned using RCA solutions [302] and given an HF dip prior to the SiNy deposition.
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Two GRs were used, while the deposition time was in the 65-115 sec range (the rest
of the parameters are as shown in Table 5-1). After the deposition, a dual-mode
ellipsometer (Gaertner L116A) was employed to measure the film optical parameters
at 632.8 nm.

Results and Discussion

Figure 5-4 presents film thickness (a) and film refractive index (b) as a
function of the deposition time. Each point in the plots is the average value of 15
measurements (three wafers, five points on each), while the error bars present the
standard deviation (STD) of these measurements from the average value. The linear
fit is given as a guide to the eye.
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Figure 5-4: Film thickness (a) and film index (b) as a function of the deposition time. The error bars
represent the STD of 15 measurements. The linear fit is given as a guide to the eyes.

A linear relationship exists between the film thickness and the deposition time
for both gas ratios. The growth rate of Si-rich film (low GR) was found to be faster.
Silane is known to be a very reactive gas; it is likely that a high flow rate of silane
enhances the deposition rate. No influence of the deposition time (hence, the film
thickness) on the refractive index was found. Similar results were also obtained by
others; for example, Elmiger and Kunst found that the refractive index reaches a
constant value after deposition of 20 nm of film [256]. Note that although a linear fit
was obtained, it is possible that parts of the graph, such as the initial deposition
period, cannot be described by this relationship.

In the next section, the dependence of film refractive index and thickness on
GR is investigated.

Sample preparation

Five groups of three single-sided polished wafers each were used in this part
of the study. The pre-deposition preparation was similar to the one described before.
However, in this experiment the deposition time was set to 90 sec for all the groups.
The GR was the only parameter to be varied.
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Results and Discussion

Figure 5-5 presents both the refractive index and the film thickness as a
function of GR. A linear relationship was found between the refractive index (#,) and
the GR, which can be empirically described as:

5-1) n =343-1.12xGR

A linear relationship between the refractive index and GR was also reported
by other researchers [238, 253, 292], although the constants depend on the PECVD
system and deposition parameters (such as temperature, pressure, etc.). It is interesting
to notice the relationship between the film thickness and GR. Low GR (high silane
flow rate) leads to a faster average growth rate (9.0 A/sec and 7.4 A/sec for GR of
0.77 and 1.07, respectively). This observation is in good agreement with the results
shown in Figure 5-4.
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Figure 5-5: Film index and film thickness as a function of the gas ratio. The error bars represent the
STD of 15 measurements. The solid line is given as a guide to the eyes.

5.1.3 Uniformity of Deposition

The substrate holder used in this study has eight slots for eight samples,
arranged in two rows of four (see Figure 5-6). Evaluation of the deposition uniformity
with respect to wafer position in this holder is important for future comparison
between different depositions. The next section examines the obtained thickness and
index uniformity of different SiNj films.

Figure 5-6: Top view of the substrate holder.
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Sample preparation
Five groups of eight single-sided polished wafers were used to investigate the
uniformity. The pre-deposition preparation was similar to the one described before.

Both the GR and the deposition time were varied.

Results and Discussion

Figure 5-7 presents film thickness (a) and film index (b) as a function of the
position during the deposition. The positions are labelled according to Figure 5-6.
Both the thickness and the index were measured at 10 different positions on each
sample. The average and the STD values of these measurements are shown in this
figure. Figure (a) presents the film thickness for two deposition times (GR = 1.14),
while figure (b) shows the film indices of different GRs (deposition time = 90 sec).
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Figure 5-7: Film thickness (a) and film index (b) as a function of the position during the deposition.
The error bars represent the STD of 10 measurements on the same sample. The solid lines are given as
a guide to the eye.

Figure 5-7 reveals non-uniformity for both of film thickness and index across
the samples holder. The average values of samples located in positions 1, 5 and 8 are
significantly higher compared to other samples. However, the average values of
samples located in other positions are quite uniform. One explanation for this non-
uniformity is the SiH4 gas ring design (see Figure 5-8). It is possible that the SiH4 is
not distributed equally by the ring, hence higher concentration regions are created on
the sides.

Figure 5-8: Top view of the SiH, distribution gas ring.
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As a result from this experiment, the position of the samples during
subsequent experiments was recorded. Comparison is only done for samples in the
same position. When a batch consists of four samples it is preferable to use the middle

four positions for a more uniform deposition.

5.1.4 Repeatability

Repeatability of results is a key issue in any research work. In order to monitor
the repeatability of the deposition results, the experiment described in Section 5.1.2
was repeated a number of times.
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Figure 5-9: Film index as a function of the gas ratio. The solid line is given as a guide to the eyes.

Although only a small change between two successive measurements was
found, there is a noticeable drift in the results for measurements taken several months
apart. This drift is more pronounced for lower GR values. Figure 5-9 presents the
results of two experiments which were done four months apart using identical
parameters. The figure reveals a refractive index drift of more than 7% at the lower
GR values, despite the fact that similar values were obtained at higher GR values. The
origin of this discrepancy is still under investigation, and is possibly due to instability
of the RF matching network as well as the instability of the electrical contact between
the RF source and the substrate holder.

For subsequent experiments, an effort was made to ensure the samples were
deposited with minimal delay between different batches with the aim of avoiding this
source of variation in the results. Care must still be taken, however, when results of

different experiments are compared.

5.1.5 Conclusions

The available PECVD system was characterised in order to establish baseline
processes. The system demonstrates a linear relationship between film thickness and
deposition duration. Furthermore, the refractive index is linearly dependent upon the
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GR, but is not influenced by the deposition duration within the measured thickness
range. Additionally, higher growth rate was observed for Si-rich films.
Non-uniformity across the substrate holder was revealed. It was found that the
four positions at the sides produce thicker films (with a higher index) compared to the
middle positions. Furthermore, a shift in the refractive index was observed, especially

at low GR values.

5.2 Comparison between Different Passivation Methods

Three types of dielectric layers were considered as options for the passivation
of un-diffused, low resistivity p-type substrates: SiO,, SiNy and a SiO,/SiNy stack.
The aim of this section is to verify published results in the literature and to evaluate
the passivation quality of each of these films.

Sample preparation

In this experiment 18 p-type (100) wafers were used: nine FZ wafers with
resistivity of 1 Q.cm and nine commercial grade CZ wafers with resistivity of
2.5 Q.cm. The thickness of the wafers after saw damage etch was 240 um and 160 pum
for the FZ and the CZ, respectively. After a full RCA clean and HF dip, a thick oxide
(~270 nm) was grown in a conventional tube furnace, followed by 15 min annealing
in nitrogen environment at 1000°C (see Table 5-2 for details). At the end of the
oxidation process, six wafers (three FZ and three CZ) were put aside, while the oxide
was removed from the rest of the wafers in an HF dip. Subsequently, a thin dry oxide
(~18 nm) was grown on the 12 bare wafers, followed by 15 min annealing. The
wafers were then split into two groups, each containing three FZ and three CZ wafers:

1. SiOy/SiNy group: SiNy was deposited onto both surfaces at the end of the
oxidation (90 sec deposition, GR = 0.77).

2. SiNy group: the oxide was removed using an HF dip, before SiNy
deposition onto both surfaces (90 sec deposition, GR = 0.77).

The SiN, wafers were oxidised twice to eliminate variation in the effective
lifetime due to high-temperature processing. Si-rich film was chosen as it is reported
to provide the highest quality passivation [237-238, 253, 273]. The complete process
sequence is outlined in Figure 5-10.
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Table 5-2: Oxidation parameters.

Duration [min] Temperature [°C]
Dry oxidation + TCA 30 1030
Wet oxidation 30 980
Dry oxidation + TCA 30 1030
Annealing in N, 15 1000

Saw damage etch and RCA cleaning

!

Oxidation and annealing

'

HF dip

!

Cry oxidation and
annealing

HF dip

¥

SiN deposition

. !

Effective lifetime measurement

Figure 5-10: Process flowchart diagram.

Results and Discussion

Figure 5-11 presents the effective lifetime as a function of An for the FZ (a)
and CZ (b) samples. The SiNy passivated samples demonstrate significantly higher
effective lifetime for the entire range. It can be assumed that the bulk lifetime is
similar for all the wafers, due to identical substrate and processing sequence. Hence,
any variation of the effective lifetime is attributed to difference of the passivation. The
Si0,/SiNy stack was found to provide a better passivation at most injection levels,
compared to SiO;.

The shape of these graphs is similar to that observed by others [248]. At high
injection level (An > 10'® cm™) the effective lifetime is strongly influenced by Auger
recombination, while at low injection level, the injection level dependence of Sy is
more pronounced. Note the effective lifetime of the stack passivated samples shows
very weak dependence on An, similar to reports in the literature [266].
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Figure 5-11: Effective minority carrier lifetime as a function of the carrier density for FZ (a) and CZ
(b) representative samples passivated by different dielectric layers.

A visual representation of the data from Figure 5-11 is given in Figure 5-12,
which presents PL images of one representative sample from each group. All the
images were taken under similar condition and are presented in the same scale. Bright
regions represent areas with higher PL signal, implying higher lifetime and V,. (see
Eq. (3-37) and Eq. (3-40)). As predicted from the effective lifetime measurement, the
SiNy passivated sample image is much brighter than the other two images, while the
Si0,/SiNy stack image is brighter than that of the SiO,.

L e
Figure 5-12: PL imaging of representative samples: SiN, group (a), SiO,/SiNy stack group (b) and
SiO, group (c). All the images were taken under similar conditions and are presented in the same scale.

To further investigate the passivation quality, the S, values were calculated at
an injection level of 1x10"° cm™, using Eq. (3-26) and the measured effective lifetime
of the FZ samples. As an intrinsic lifetime, a value of 2.3 ms was chosen (according to
Figure 3-1). The upper limit of S, was calculated using an infinite bulk lifetime.
Under this assumption the only recombination process within the sample occurs at the
surface. Table 5-3 includes both of these values, together with the effective lifetime at
1x10"° cm™. Note that all the calculated values are below 200 cm/s. As expected from
the lifetime measurement, the S, provided by SiNj is significantly lower compared to
the ones obtained by the other two passivations. The superiority of SiNy to SiO as a
passivation layer of low resistivity p-type substrate is similar to the findings of others
[160, 227]. However, contrary to the obtained results, most studies find that a
Si0,/SiNy stack provides a lower S than SiNy [266, 270-271]. It is possible that
experimental variation arising from the use of different oxidation processes (RTA vs
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tube furnace, absence of FGA) and PECVD systems causes this disparity. Similar to
the results presented here, Romijn ef al. measured lower S 4 value on SiN, compared
to a stack layer [303].

Table 5-3: Effective minority carrier lifetime and calculated S, at 1x10"° em™.

Tz [1S] S [em/s] Sefr max [cmM/S]
SiN, 433 22.5 27.7
Si0,/SiN, 99 115.7 120.9
SiO, 69 169.5 174.7

The implied V,. values at one-sun were extracted from the effective lifetime
measurements and are presented in Table 5-4. The implied V,. of the SiNy passivated
sample is ~40 mV and ~70 mV higher than that of the stack and the SiO, passivated
samples, respectively. Interestingly, a high implied V,. value above 680 mV was
obtained in the SiNy passivated commercial grade CZ sample.

Table 5-4: Average implied V,. value (one-sun).

SiN, [mV] SiO,/SiN, [mV] SiO; [mV]
FZ (as-deposited) 701.9 658.9 632.4
CZ (as-deposited) 683.5 646.2 616.6
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Figure 5-13: V,, as a function of the rear SRV for different values of front SRV. The simulated
parameters are summarised in Table A11-2.

To gain a better understanding of the influence of S on the V., modelling
was carried out using PC1D. Figure 5-13 presents the result of this simulation. In
order to obtain a good fit between the measurement and the simulation, a bulk lifetime
of 160 ps was chosen. The rest of the simulation parameters are as presented in Table
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A11-2. According to the simulation, the maximum possible V,. value of sample with
this bulk lifetime is 694 mV (for S.y= 1 c/s for both surfaces).

To investigate the thermal stability of the passivation, all the samples were
annealed in an open air belt furnace at peak set temperature of 680°C. The belt speed
was set to 4600 mm/m, which leads to less than four sec at the peak temperature. A
diagram of the belt furnace used is given in Appendix 12, while a summary of the
furnace zones setting can be found in Table A12-1.

Under the assumption that any change in the effective lifetime of FZ samples
is due to variation in the passivation quality and not the bulk lifetime, it seems that the
annealing process improves the passivation quality of the SiNy and the SiO,/SiNy
stack layers, while degradation was observed for the SiO, samples. The most striking
result is the one-sun implied V,. above 700 mV for SiNy passivated CZ samples. This
value cannot be explained solely by passivation improvement, as the PC1D simulation
predicted a maximum V,. value of 694 mV (for perfect passivation of both surfaces,
see Figure 5-13). An investigation regarding this improvement is presented in
following sections.

Table 5-5: Post annealing one-sun implied V..

SiN, [mV] Si0,/SiN, [mV] SiO, [mV]
FZ (post annealing) 709.2 691.5 599.6
CZ (post annealing) 706.2 654.8 576.7

Conclusions

It was found that SiNy provides better passivation when compared to the SiO,
and SiO,/SiNy stack layers. Annealing was found to improve the passivation quality
of both SiNy and SiO,/SiNy films, while degradation was observed for SiO,
passivation. The implied V,. measured for SiNy passivated samples after annealing
exceeded expectations. Further investigation is required to fully understand the reason
for this improvement.

5.3 Sample Preparation

Surface preparation prior to deposition was found to significantly influence the
passivation quality. Typically the preparation includes a cleaning procedure followed
by a diluted/buffered HF dip to remove the chemically-formed oxide. Chen compared
the passivation of n-type substrates whose surface had been cleaned in RCA [302], in
Piranha [304] and as-is (no cleaning) prior to deposition. All samples were dipped in
diluted/buffered HF [305]. It was found that RCA-cleaned samples demonstrated
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higher effective lifetime, hence better surface passivation. The advantage of using
RCA clean is even more pronounced after a firing process. The post-firing passivation
quality of these samples improved, while the other samples (Piranha or no clean)
showed either no improvement or degradation [305]. The Energy Centre of the
Netherlands (ECN) has developed a special pre-deposition cleaning sequence based
on wet bench treatment after an HF dip. It was found that this so-called ECN clean
improves the blue response to a greater extent than an RCA clean [306]. However, the
chemical composition of this sequence is confidential. Schuurmans et al. compared
the influence of diluted HF and buffered HF (BHF) after an RCA clean on the
passivation quality. Choice of solution was found to heavily influence the passivation
quality of p-type substrates depending on the sample orientation. Diluted HF dip was
shown to provide better passivation for (100) and (110) oriented samples, while BHF
provides lower S,;for the (111) orientation [307]. Although HF dip is commonly used
as a final step prior the deposition, Mackel and Ludemann did not perform it, claiming
that the oxide grown chemically during the RCA cleaning improves surface
passivation [251]. Based on the results of these studies, all the samples in this thesis
were RCA cleaned before the SiNy deposition. However, due to the ambiguity
regarding the HF dip following the RCA clean, this section investigates the impact of
omitting the HF dip as the last step of the cleaning sequence prior to deposition.

Sample preparation

Six FZ 1 Q.cm p-type (100) wafers were used in this experiment. After a saw
damage etch, the 260 um-thick wafers were RCA cleaned and split into two groups.
While three wafers were HF dipped before the deposition, the other three were not. A
Si-rich film (90 sec deposition, GR = 0.77) was deposited onto both of the surfaces
prior to effective lifetime measurement. The samples were then annealed in a belt
furnace at peak set temperature of 680°C. The belt speed was set to 4600 mm/min; the
other furnace settings are listed in Table A12-1.

Results and Discussion

Table 5-6 summarises the average one-sun implied V,. and the STD values of
the two groups before and after the annealing process. The HF-dipped samples
demonstrated a higher implied V,. (and lower STD values) before and after the
annealing process. As the only difference between the samples is the HF dip process,
it can be concluded that an HF etch prior to the SiNy deposition improves the

passivation.
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Table 5-6: Average one-sun implied V,. and STD of the two groups, before and after annealing.

Implied V,. [mV] STD [mV]
No HF dip (as-deposited) 681.3 43
HF dip (as-deposited) 727.6 0.8
No HF dip (post-annealing) 726.7 34
HF dip (post-annealing) 735.7 0.7

Figure 5-14 presents PL images of two representative samples, one from each
group. The brighter image of the HF-dipped sample supports the above conclusion.

Figure 5-14: PL imaging of representative samples: without HF dip (a) and with HF dip (b). The

images were taken under the same conditions and are presented in the same scale.

Conclusions

HF-dipped samples demonstrate higher implied V,. before and after annealing.
As a result, the cleaning process for all the samples fabricated during the course of
this thesis includes a full RCA clean followed by diluted HF dip. The difference
between the results obtained here and those reported by Mackel and Ludemann may
be due to the different PECVD systems. It is possible that a thin chemically-grown
oxide reduces surface damage caused by the high frequency direct PECVD system
which was employed by Mackel and Ludemann, while it degrades the surface

passivation when a semi-remote system is used.

5.4 Deposition Parameters and Electrical Performance

As reviewed previously the deposition parameters heavily influence the
achieved passivation quality. This section verifies published results and evaluates the
passivation obtained by the available PECVD system. In addition to the conventional
evaluation by effective lifetime, implied V,. and SRV, the dependence of the FF on
the passivation quality is investigated in addition by calculating the local ideality
factor as a function of the injection level.
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5.4.1 Deposition time

Sample preparation

Twenty FZ 1 Q.cm p-type (100) wafers were used in this experiment. The
wafer thickness after an alkali saw damage etch was in the 210-220 um range. After a
full RCA clean and HF dip, SiNx was deposited onto both of the surfaces. Prior to the
deposition, the wafers were split into five groups of four wafers each. A GR of 0.88
was used for all depositions. However, the deposition duration was varied in the 60-
105 sec range. Single-side-polished wafers were used to measure the film’s optical
parameters with a dual-mode ellipsometer at single wavelength of 632.8 nm. The
electrical parameters of the film were evaluated by effective lifetime measurements,
using both QSS-PC and QSS-PL systems, with good agreement between them.

Results and Discussion
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Figure 5-15: Average one-sun implied V,. as a function of the film thickness (a) and the effective
lifetime of representative samples measured by the QSS-PL system (b). The solid line is given as a
guide to the eye.

Figure 5-15 (a) presents the average one-sun implied V,. as a function of the
SiNy film thickness. The error bars represent the STD of four measurements, while the
solid line is given only as a guide for the eye. No influence of the film thickness on
the implied V,. was observed in the studied thickness range.

The effective lifetime as a function of the injection level of representative
samples from each group is presented in Figure 5-15 (b). The measurements were
taken using the QSS-PL system (generalised analysis). For these measurements the
illumination range was extended up to ~10 suns using a setup which was specially
developed for this thesis (see Appendix 7 for more details). For the first time, QSS-PL
measurement was performed at high injection level (up to 5x 10'° cm™). The ability of
the QSS-PL to accurately measure the effective lifetime down to an injection level of
1x10° cm™ is clearly demonstrated (Figure 5-15 (b)). Similar effective lifetime values
were obtained for all samples. The observed dependence of the effective lifetime on
An accords with the findings of other researchers [236, 248].
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At high injection levels the effective lifetime is limited by Auger
recombination, while at low levels it is primarily influenced by the injection level
dependence of S, Similar to the case of SiO, passivation, two mechanisms can give
rise to this dependence. The first is the asymmetry in the capture cross section of
electrons and holes. From the simple flat-band SRH theory this large asymmetry
(o4lop = 10'-10° at midgap [133]) is predicted to result in strong injection level
dependence due to a transition from recombination limited by the capture cross
section of electrons to that of holes [308]. A significant decrease in S.; is expected
once the injection level exceeds a critical value of ny/p, = g,/0, [309]. The second
mechanism is due to a field effect created by the high density of positive fixed charge
within the SiNy film. At low injection levels, this positive charge increases the
electron concentration at the surface region relative to the bulk area. Hence, the
recombination rate is enhanced. However, at higher injection levels, the fixed charge
constitutes an inversion layer in the moderately doped p-type substrate. In this layer
the holes and not the electrons are the minority carriers. Hence, due to their lower

mobility compared to that of electrons, the recombination processes are slowed.
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Figure 5-16: Generation rate as a function of the implied V,. (Suns-PL) (a) and the extracted local
ideality factor as a function of the injection level and the implied V. (upper scale) (b). The generation
rate equivalent to one-sun illumination is indicated.

This behaviour is also shown in Figure 5-16 (b), which presents the local
ideality factor as a function of injection level. The observed transition from high to
low local ideality factor indicates a variation of the surface recombination [186]. The
high recombination at low injection leads to high local ideality factor, while the
decrease of S, at higher injection leads to a reduction of the ideality factor. The

noticeable peaks at an injection level of 1-3x10"" cm?

correspond to the
aforementioned critical values where ny/ps = 0,/0,. An important point to examine is
the maximum power point (MPP); the value of the local ideality factor at this point
influences the obtained FF. To help identify this point, an upper scale with units of
mV was added to the figure. Local ideality factor in the 1.2-1.35 range were extracted

at this point (~620 mV), indicating an absolute reduction of 2-3% from the theoretical
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limit of the FF [310]. Interestingly, a similar value was calculated for the oxide-
passivated world record PERL solar cell [308].

Table 5-7 summarises the calculated maximum S.; values of the different
films. The calculation employs Eq. (3-26) and assumes infinite bulk lifetime at two
injection levels: near open circuit (1% 10" ¢m™) and near MPP (1x10" cm™) working
condition. As can be seen, similar values were obtained by all the films. Although, S5
increases in the transition from open circuit to MPP working conditions, a good
passivation (Sey < 30 cm/s) is obtained at both points.

Table 5-7: Effective minority carrier lifetime and calculated S, at two injection levels.

i 1x10" em™ 1x10" em™
Deposition Time
Tz [1S] S5 [cm/s] T [1S] S5 [cm/s]
60 sec 630 19.1 429 28.0
75 sec 596 20.1 440 27.3
82 sec 626 19.2 430 27.9
90 sec 610 19.7 430 27.9
105 sec 610 19.7 430 27.9
Average 614 19.5 432 27.8
STD 14 0.4 4 0.3

Conclusions

The film thickness (in the studied range) does not influence the passivation
quality. Elmiger and Kunst determined a minimum film thickness of 20 nm to achieve
maximum passivation; above this thickness no passivation improvement was observed
[256]. Similar results were reported later by Kerr [136]. However, it was shown that
thicker films provide better UV stability [247]. As a result, in this thesis a film
thickness of ~70 nm was set as a minimum thickness.

Good passivation was obtained at open circuit and at MPP working conditions.
The Suns-PL measurements were used to extract the local ideality factor. By
analysing its value near the MPP, a possible limitation on the FF' was recognised.
However, this limitation is similar to that identified in the world record PERL solar
cell.

5.4.2 Gas Ratio

Sample preparation

Twenty FZ 1 Q.cm p-type (100) and five single-sided polished wafers were
prepared as described above, excluding the deposition parameters. In this experiment
the GR was varied (0.77 < GR < 1.14), while the deposition time was set to 90 sec.
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Results and Discussion

Figure 5-17 (a) presents the average one-sun implied V,. as a function of the
film refractive index. Si-rich (high index) passivated samples achieve higher implied
V,c compared to N-rich passivation. A similar conclusion can be drawn from Figure
5-17 (b), which shows the effective lifetime as measured by the QSS-PL system
(generalised analysis). Higher effective lifetime, hence better passivation, was
provided by the Si-rich films. The trend in the effective lifetime data is similar to that
observed in the previous section. The effective lifetimes for all the different films
coincide at low injection (< 2x10" ¢m™) and approach the minimum surface lifetime
value of 7,= 1/Dx(W/m)* [152]. Under this condition, the recombination is limited by
the supply of electrons to the rear surface and not by the surface recombination

velocity.
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Figure 5-17: Average one-sun implied V,. as a function of the film refractive index (a) and the
effective lifetime of representative samples measured by the QSS-PL system (b). The solid line is given

as a guide to the eye.

Figure 5-18 corroborates the data presented in Figure 5-17. Comparison of two
PL images of representative samples from the GR = 1.14 (a) and the GR = 0.77 (b)
group emphasises the superiority of the Si-rich film (image b) over the N-rich film as
a passivation layer. Both of the images were taken under identical conditions and are
presented in the same scale. Hence, the difference in the brightness can be attributed

solely to variation in the effective lifetime/V,. of the samples.

(a)
[

Figure 5-18: PL imaging of representative samples from the GR = 1.14 group (a) and the GR = 0.77
group (b). The images were taken under identical conditions and are presented in the same scale.

87



Figure 5-19 shows the generation-implied V,. curve (a) and the extracted local
ideality factor (b). No clear trend was identified regarding the influence of the film
index, excluding the implied V,. value at one-sun conditions, which is similar to the

trend presented in Figure 5-17.
Implied V__[mV]

400 500 600 700 800
(@) —
1E20 4 Gas Ratlo: |-
% ED = g
€ gﬁ"r 5] :
s Vo g3
- 1E18 &
T >
x =
<
s g2
§ 1E16 Gas Ratio: [} %
o o 114 o
c
@ 1 / 2 100 - S J
o < 077
1E14 T
300 400 500 600 700 800 1E10 1E12 1E14 1E16
Implied V. [mV] Minority Carrier Density [cm™]

Figure 5-19: Generation rate as a function of the implied V,. (Suns-PL) (a) and the extracted local
ideality factor as a function of the injection level and the implied V. (upper scale) (b). The generation
rate equivalent to one-sun illumination is indicated.

Table 5-8 summarises the calculated maximum S.; values of the different
films. The calculation was done using Eq. (3-26) and infinite bulk lifetime at two
injection levels: near open circuit (1x10" ¢cm™) and near MPP (1x10'* cm™) operating
condition. As predicted by the effective lifetime measurement, Si-rich films provide
lower Sz

Table 5-8: Effective minority carrier lifetime and calculated S,z at two injection levels.

Gas Ratio 1x10" em™ 1x10" em™
Tyr[ns]  Sep[em/s] Tyrlns]  Sey [em/s]
1.14 489 24.5 382 31.4
1.07 622 19.3 441 27.2
1.00 550 21.8 414 29.0
0.88 639 18.8 458 26.2
0.77 717 16.7 491 24.4

Conclusions
Similar to other studies in the literature [237-238, 253, 267], it was found that

Si-rich films provide better passivation than N-rich films. Effective lifetime
3

5

measurements reveal significant variations in injection levels of 5x10'-5x10'® cm
while comparable values were obtained at other injection levels.

Low S, values - below 20 cm/s - indicate that the films provide high quality
surface passivation that can be employed as a rear surface passivation. The next
section will investigate the thermal stability of the obtained passivation under
different annealing conditions.
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5.5 SiN, Annealing

As reviewed previously, conflicting results have been reported regarding the
influence of annealing on SiNy passivation (see Table 4-7). Furthermore, the
investigations have been focused mainly on annealing within two temperature ranges,
the traditional 350-400°C for FGA and the typical screen-printed contact firing range
(above 800°C). The middle temperature range has rarely been studied. The aim of this
section is to clarify the influence of annealing on the obtained passivation for the
temperature range of 600-820°C. This temperature range can be used for solar cell
designs that are free from the restrictions of screen-printed contact firing. The
passivation quality of different SiNy films and different surfaces is studied. The
second aim of this section is to further investigate the origins of the significant
enhancement in post-annealing implied V,. as observed with CZ samples in
Section 5.2.

5.5.1 ARC SiN; Film (Industrial PECVD System)

In this part of the study the passivation performance of an ARC SiNy layer

deposited by an industrial PECVD system is investigated on test structures.

Sample preparation

Two groups of wafers were used in this part of the study. The first group was
commercial grade p-type CZ 2.5 Q.cm (100)-oriented wafers while the second was p-
type FZ wafers with resistivity of 1 Q.cm and of the same orientation. The CZ wafers
were textured using an anisotropic alkaline etch solution, resulting in 1-2 pm-high
pyramids and wafer thickness in the 170-180 um range. The FZ samples received an
alkaline saw damage etch and had a final thickness in the 220-230 um range. All
samples were cleaned using a standard RCA sequence and HF dip before SiNy
deposition.

An in-line commercial Roth & Rau remote PECVD system (SINA) was used
to deposit a standard ARC SiNy layer onto both surfaces of the sample. A diagram of
the PECVD system and deposition parameters are given in Appendix 13. The film
refractive index and thickness were measured using polished wafers and found to be
2.06 and 75 nm, respectively. The samples were then annealed at different
temperatures in the range of 600-820°C using an open air belt furnace. The belt
furnace zone setting is provided in Table A12-2. The belt speed was set to 4600
mm/min, which leads to less than four seconds in the peak temperature zones. The
effective lifetime and the implied V,. were measured before and after this annealing
process, using the QSS-PC system (generalised analysis).
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Results and Discussion

Figure 5-20 shows the average one-sun implied V,. as a function of the
annealing temperature. The solid and the dashed lines represent the average as-
deposited implied V. of the CZ and the FZ samples, respectively, while the error bars
represent the STD of four samples annealed at each temperature (from each group).

The very low as-deposited implied V,. values and the similarity between the
results for the FZ samples and the CZ samples indicate that the surface passivation,
not the bulk lifetime, is the limiting factor for these samples. The small difference
between the groups probably arises from the increased surface area of the textured CZ
samples, which reduces nearly 14 mV (k7/g*xIn(1.73)) from the V,., compared to a
planar surface. A significant improvement can be observed across the entire
temperature range for both types of samples. For the FZ samples, a nearly constant
improvement can be observed in the range of 620-680°C. Above 680°C, the implied
Vo decreases with increasing temperature. The behaviour of the CZ samples is
similar, but with a wider temperature range (620-720°C) where steady improvement
can be observed.
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Figure 5-20: Average one-sun implied V. as a function of the annealing temperature. The error bars
represent the STD of four samples annealed at each temperature from each group.

Figure 5-21 presents the effective lifetime as a function of the injection level
for representative FZ (a) and CZ (b) samples before and after annealing. As
mentioned previously, the very low as-deposited effective lifetime is limited by the
surface recombination and not by the bulk lifetime, as indicated by the similar values
obtained for both groups. The value (~2 ps) is comparable to the lower limit of
surface lifetime (7, = 1/Dx(W/r)?), which of course indicates a very poor passivation
quality. The post-anneal increase in the effective lifetime indicates an improvement of
the surface passivation. As can be seen, the effective lifetime is no longer limited
solely by the surface recombination, but also by the bulk lifetime as indicated by the
different effective lifetime of the FZ and the CZ samples.
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Figure 5-21: Effective lifetime as a function of the injection level of representative FZ (a) and CZ (b)
samples before and after annealing at 680°C.

To confirm that the limitation on the implied V. is due to surface passivation
and not degradation of the bulk lifetime, the SiNy layer was removed from selected FZ
samples. After a standard RCA clean, a new SiNy film was deposited onto both
surfaces using the laboratory PECVD system (GR = 0.88, 90 sec). The average one-
sun implied V,. value after this deposition was above 725 mV, indicating that the
relatively poor passivation achieved with the ARC film and not degradation of the
bulk lifetime limits the electrical performance of these samples. Figure 5-22 gives
further evidence for this improvement, showing the effective lifetime after the second
deposition. For comparison, the effective lifetime of the same sample after the first

deposition and after annealing is given as well.

()
= 1 & FZas-depositel %

® 5004 4 FZpost annealing

g ] v FZsecond depo. j %

©

= 500 - y \%

& 400 71

5 5

© 300 ;

2 ] &

g 200

S ]

o 100 M

= ] P

g o '

E 1E13 1E14 1E15 1E16 1E17

Minority Carrier Density [cm'3]

Figure 5-22: Effective lifetime as a function of the injection level of representative FZ sample after
second deposition. For comparison the effective lifetime is shown for the first deposition and

subsequent anneal.

The variation of the surface recombination is summarised in Table 5-9 by the
calculated maximum S5 Eq. (3-26) and infinite bulk lifetime were used to calculate
the post annealing S,y and its value after the second deposition. Note that Eq. (3-26)
cannot be employed to calculate the as-deposited S,z due the poor passivation of this
film. The S,y values were calculated under the assumption that the FZ bulk lifetime
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does not change during the annealing process; this assumption will be confirmed in
the following section.

Table 5-9: Effective minority carrier lifetime and calculated S, at injection level of 1x10" cm™.

Topr (1] Segr max [cM/S]
As-deposited 2 >10*
Post annealing 86 134
After second deposition 457 25

Conclusions

It was found that annealing improves the passivation quality of the ARC SiNy
film. Although improvement was observed for the entire range, greater improvement
was observed for annealing temperatures in the range of 620-720°C. However, the
obtained passivation is relatively poor.

5.5.2 Si-rich Film

To fully explore the potential of annealing to enhance the passivation quality,
Si-rich films deposited using the laboratory PECVD system were examined in the
following section.

Sample preparation

For this study p-type CZ and FZ 1 Q.cm (100)-oriented wafers were used.
Wafer thickness after an alkaline saw damage etch was found to be in the range of
210-220 pm and 220-230 pum for the CZ and the FZ wafers, respectively. All samples
were cleaned using a standard RCA sequence and HF dip before SiNy deposition. The
laboratory semi-remote PECVD system was used to deposit a Si-rich film (GR = 0.88,
90 sec) onto both surfaces of the sample. The samples were then annealed at different
temperatures in the range of 600-820°C using the same belt furnace as employed
above with similar settings (Table A12-2). The effective lifetime and the implied V.
were measured before and after this annealing process using the QSS-PC system
(generalised analysis).

Results and Discussion

Figure 5-23 presents the average one-sun implied V,. as a function of the
annealing temperature. The as-deposited averages are given by solid and dashed lines
for the CZ and for the FZ samples, respectively. Also given are the STD of four
samples annealed at each temperature. A significant improvement can be seen for the
entire range of the temperatures: implied V,. values above 700 mV were achieved for
all samples. For most of the range the improvement is constant, with an indistinct
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peak in the range 680-700°C. In this range, the obtained average one-sun implied V.
is comparable to that obtained for the FZ samples.
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Figure 5-23: Average one-sun implied V. as a function of the annealing temperature. The error bars
represent the STD of four samples, which were annealed at each temperature, from each group.

The improvement is clearly shown in Figure 5-24, where the effective lifetime
of representative CZ and FZ samples annealed at 680°C is given as a function of the
injection level. A significant enhancement of the effective lifetime is seen. Similar
improvement was observed for the other samples. The observed enhancement of the
FZ samples is attributed to surface passivation improvement, while further
investigation is needed to explain the enhancement seen for the CZ samples.
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Figure 5-24: Effective lifetime as a function of the injection level of representative FZ (a) and CZ (b)
samples before and after annealing at 680°C and after second deposition (see text).

For a better understanding of the source of this enhancement, the SiNy was
removed from selected samples (both CZ and FZ samples) and an identical film was
redeposited onto both surfaces for each sample. Figure 5-24 includes the effective
lifetime after this second deposition. As can be seen, the effective lifetime of the FZ
samples after the second deposition is almost identical to the as-deposited value. This
indicates that the post-annealing effective lifetime enhancement is due to
improvement of surface passivation. It also implies that the annealing process
produces no alteration of the FZ bulk lifetime. In contrast, for the CZ samples an
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enhancement of the effective lifetime is observed when comparing the effective
lifetime after the second and first depositions. Under the assumption that a similar
film was deposited by using identical deposition parameters in the same PECVD
system, the most likely explanation for the higher as-deposited lifetimes (after the
second deposition) is due to improvement of the bulk lifetime during the previous
annealing process. It is well-known that CZ wafers contain a high level of oxygen
[311-312], metastable defects [313-316], iron [317-318] and in the case of low
commercial grade substrates a high level of contamination [319] and even crystal
dislocation [320-322]. It is assumed that hydrogen released during annealing diffuses
into the bulk and passivates these defects [323], much like the process of
hydrogenation in mc-Si wafers. Hence, reduction of the bulk recombination and
improvement of the substrate quality occur. The fact that the values after the second
deposition are lower than the post-annealing ones indicates that the annealing process
improves the surface passivation as well. Similar conclusions can be obtained from
Table 5-10 which summarises the one-sun implied V. of representative samples after
different stages of the process.

Table 5-10: One-sun implied V,. of representative samples after different processing stages (the
samples were annealed at different temperatures).

Sample ID Aft‘e.r first Post annealing Afte.r ‘second
deposition [mV] [mV] deposition [mV]
W23 644.6 713.0 667.8
w24 639.9 715.6 669.3
W12 642.0 713.4 672.7

The maximum S,y values were extracted from the FZ samples’ effective
lifetime measurement at an injection level of 1x10" ¢cm™ using Eq. (3-26) and infinite
bulk lifetime.

Table 5-11: Effective minority carrier lifetime and calculated S, at injection level of 1x 10" cm™.

Topr (1] Segr max [cM/S]
As-deposited 788 14.6
Post annealing 890 12.9

To confirm the conclusions, the experiment was repeated, this time using
commercial grade p-type CZ 2.5 Q.cm (100)-oriented wafers together with FZ 1 Q.cm

samples with the same orientation.
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Sample preparation

The CZ wafers were textured using an anisotropic alkaline etch solution,
resulting in 1-2 um-high pyramids and wafer thickness in the 170-180 um range. The
FZ samples received an alkaline saw damage etch, resulting in a final thickness in the
220-230 pm range. The rest of the preparation was similar to that described above.
Here, however, the deposition time was increased for the textured wafer to 105 sec.
Due to the larger surface area, the deposition rate on textured surfaces is slower;
hence a longer deposition time is needed on textured surfaces to produce film
thicknesses similar to those on planar surfaces.

Results and Discussion

Figure 5-25 shows the average one-sun implied V,. as a function of the
deposition temperature. As before, the solid and the dashed lines represent the as-
deposited average of the CZ and the FZ samples, respectively. These values are
similar to the ones presented in Figure 5-23. The slightly lower as-deposited values of
the CZ samples can be explained by the larger surface area and higher resistivity. As
before, an improvement can be observed for the entire temperature range for both the
CZ and the FZ samples. While the improvement of the FZ samples is quite constant
across this temperature range (~17 mV), the improvement seen in the CZ samples
shows a peak in the 660-680°C range. In this range, the implied V. is significantly
increased to above 680 mV. The difference between these values and the values
obtained before (Figure 5-23) are explained by the larger surface area, higher
resistivity and lower quality commercial grade CZ wafers. The very high implied V.
of the post annealed FZ samples, approximately 740 mV, indicates a very high surface
passivation quality.
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Figure 5-25: Average one-sun implied V. as a function of the annealing temperature. The error bars
represent the STD of four samples annealed at each temperature from each group.

Figure 5-26 demonstrates the same improvement by comparing two PL images
of the same CZ sample before and after the annealing process. It is important to note
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that although the same scale was used for both images, they were taken using different
laser exposure times (0.8 sec for the as-deposited (a) and only 0.1 sec for the post
annealing one (b)). Although it is challenging to extract a quantitative conclusion
from these images, a qualitative observation can be made: despite the shorter exposure
time, the image on the right (b) is much brighter. Hence this sample has higher
effective lifetime and V..

Figure 5-26: PL imaging of CZ sample, before (a) and after annealing at 680°C (b).

Figure 5-27 presents the effective lifetime of representative CZ and FZ
samples before and after annealing as a function of the injection level. Significant
enhancement is clearly observed for both cases. Effective lifetime approaching 1.75
ms was measured by both QSS-PL and QSS-PC (generalised and transient analysis)
with good agreement between them. Effective lifetime above 350 us was measured
for the post annealed CZ sample, which is well above the expected value for this
quality of wafers. To confirm the source of this enhancement, the SiNy layer was
removed from selected samples. A new film was deposited onto both of the surfaces,
using the same PECVD system with identical parameters. Figure 5-27 (b) includes the
effective lifetime after this process. As before, the measured effective lifetime after
the second deposition is higher than after the first deposition, which supports the
conclusion that annealing improves not only the surface passivation but also the CZ
bulk lifetime. Table 5-12 adds more information by presenting the one-sun implied

Vo of representative samples after different processing stages.
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Figure 5-27: Effective lifetime as a function of the injection level of representative FZ (a) and CZ (b)
samples before and after annealing at 680°C and after second deposition (see text).
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Table 5-12: One-sun implied V,. of representative samples after different stages (the samples were
annealed at different temperatures).

Sample ID Aft‘e.r first Post annealing Afte'r ‘second
deposition [mV] [mV] deposition [mV]
Wi 629.4 675.9 659.2
w7 631.9 665.2 655.6
W8 626.1 666.0 653.2

The S.y values were extracted from the effective lifetime measurement at an

injection level of 1x10" c¢m™

, using Eq. (3-26). Two bulk lifetimes were used: as an
upper bound, an infinite bulk lifetime was used (Se max), While the intrinsic limit on
the effective lifetime (75, = 2.3 ms) was used to compare the obtained passivation to
that reported by Kerr [136]. The as-deposited Sy value of 10.5 cm/s is comparable to
that achieved by others for this kind of wafer (see Figure 4-2 and [136]). However, the
post-annealing value of 2.1 cm/s is the lowest value reported to date for SiNy

passivated 1 Q.cm p-type substrate, according to the author’s knowledge.

Table 5-13: Effective minority carrier lifetime and calculated S, at injection level of 1x10"* em™.

Topr (18] S [cm/s] Set max [cm/s]
As-deposited 744 10.5 15.5
Post annealing 1611 21 7.1
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Figure 5-28: Generation rate as a function of the implied V,. (Suns-PL) (a) and the extracted local
ideality factor as a function of the injection level and the implied V. (upper scale) (b). The generation
rate equivalent to one-sun illumination is indicated.

The ideality factor was extracted from the generation-rate-implied V,. curve
and is presented in Figure 5-28. The ideality factor value at MPP is in the 1.3-1.35
range. As mentioned above, this value, which exceeds unity, can reduce the FF by 2-
3%. At high injection the ideality factor approaches the Auger ideality factor (for high
injection) limit of 0.66 [31].
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5.5.3 Influence of Film Parameters

In the previous section it was found that the optimum annealing temperature
range for passivation by SiNy films is 660-700°C for both ARC and
Si-rich films and for different surfaces. This section extends the investigated range of
SiNy films and studies the influence of the film parameters on the obtained implied
V,c after annealing at the optimum temperature.

Sample preparation

P-type CZ 1 Q.cm (100) oriented wafers were alkaline saw damage etched to a
thickness in the 220-230 um range. Following a standard RCA clean and HF dip, the
samples were divided into groups of four wafers. SiNy layers with different indices
and thicknesses were deposited onto both surfaces using the laboratory semi-remote
system. The film parameters were measured using single-sided polished wafers and a
dual-mode ellipsometer. The samples were then annealed at the optimal temperature
of 680°C, using a belt furnace as described previously. Table A12-1 summarises the
furnace zones setting, while the temperature profile of the used setting is given in
Figure 5-29. The effective lifetime of each sample was measured before and after this
annealing process, using both QSS-PC and QSS-PL systems.
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Figure 5-29: Temperature profile of the belt furnace (for zones setting see Table A12-1).

Results and Discussion

Figure 5-30 (a) shows the average one-sun implied V,. as a function of the
film index where all samples are of a thickness in the range 74-76 nm. Figure 5-30 (b)
presents the implied V. as a function of the film thickness, where the refractive index
of all the samples falls between 2.42 and 2.44. The as-deposited trends for both of the
graphs are similar to those observed previously (see Figure 5-15 (a) and Figure 5-17
(a)). As before, all the samples demonstrate a post-annealing improvement. The post-
annealing influence of the refractive index on the one-sun implied V,. is more
pronounced, that is, a Si-rich film provides better passivation. The behaviour of the
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n, = 2.24 samples (after annealing) does not appear consistent with that of the other
samples; however, the experiment was repeated a number of times with a similar
result. The post-annealing influence of the film thickness on the one-sun implied V.
is interesting: while no as-deposited influence was observed, a strong correlation
between the post-annealing implied V,. and the film thickness was found. Thicker

samples demonstrate greater improvement.
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Figure 5-30: Average one-sun implied V. as a function of the film index (a) and the film thickness (b).
The solid lines are given as a guide to the eye. The error bars represent the STD of four samples.

The as-deposited relationship between the film thickness and the obtained
passivation is similar to the results reported by Elmiger and Kunst [256] and by
Lauinger et al.[238]. Neither study found a dependence of the as-deposited
passivation on the film thickness. However, the post-annealing result is different. In
the study presented here, improvement was observed for all thicknesses, while
degradation was observed for most of the thicknesses in Ref. [238]. Despite this
difference, the same trend was found in both of the studies: thicker films respond
better to annealing. A possible explanation can be the large reservoir of hydrogen
provided by a thick SiNy film. As mentioned, hydrogen released during annealing -
especially in the form of atomic hydrogen - can passivate dangling bonds in the bulk
of the SiNy, at the Si-SiNy interface and in the bulk of the silicon wafer.

5.5.4 Investigation of Surface Passivation Enhancement

The effective post-annealing lifetime enhancement of the FZ samples indicates
improved surface passivation, as improvement of the bulk lifetime is unlikely to occur
in this high quality substrate. It is expected that the thermal treatment changes some or
all of the Si-SiNy interface properties: the surface state density, the surface charge
density and the capture cross section of electrons and holes. As the S.(An) depends
on these parameters in different ways for n- and p-type substrates, comparison
between the two may reveal more information regarding the origin of the
enhancement. In this section, a preliminary investigation is performed by comparing
the post-annealing behaviour of n-type and p-type substrates. However, a more
comprehensive study must be done in order to fully understand this process.
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Sample preparation

For these experiments, n-type CZ 1.7 Q.cm (100)-oriented samples were used.
The thickness of the samples after saw damage etch was in the range of 220-230 um.
The sample preparation, the SiNy deposition and the annealing process were identical
to that described above in Section 5.5.2.

Results and Discussion

The influence of the four parameters - the surface state density (D), the
positive surface charge density (Q)) and the electron and hole capture cross sections
on the effective lifetime of low resistivity #n- and p-type substrates — is summarised in
Table 5-14. D;; and Qrhave similar influence on the effective lifetime of »n- and p-type
substrates. The influence of the capture cross sections is more complicated, but in
general they have opposite effects for substrates of different polarities. Like in any
other investigation of recombination processes, it is assumed here that some or all of
the mentioned parameters change simultaneously, so that any variation of the
effective lifetime is due to a combination of several effects. Improvement of the
effective lifetime for both n- and p-type substrates is expected for decreases in the
surface state density and/or increase of the positive surface charge.

Table 5-14: Influences of variation of surface state density, surface charge and capture cross section
ratio on the effective lifetime of low resistivity »- and p-type substrates (| = decrease, T = increase).

D; | orl opl Onl
P -tyPe ) Increases  Decreases See Appendix 10
(effective lifetime)
n-type

0 Increases  Decreases  Increases  No change
(effective lifetime)

Figure 5-31 presents the effective lifetime as a function of the injection level,
before and after annealing. Significant post-annealing effective lifetime improvement
can be observed for both #n- and p-type substrates; see Figure 5-27. Published studies
report a reduction of the surface charge density after annealing. Hezel and Schorner
found that the surface charge density reduced by almost a half after 5 min annealing at
300°C [233]. Dauwe et al. reported similar results for a short anneal (20 sec) at 850°C
[260]. Therefore, reduction of the surface state density is most likely the dominant
mechanism for this improvement. It is assumed that hydrogen passivation of dangling
bonds at the Si-SiNy interface reduces the surface state density. A study by Hezel et
al. supports this conclusion; in their study a post-annealing reduction of the D;, was
observed [255]. Reduction of D;, was also reported by Duerinckx and Szlufcik [324].
Note that variation in the surface charge density can still occur, but the reduction of

the surface state density screens any deleterious effects.
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Figure 5-31: Effective lifetime as a function of the injection level of representative n-type sample
before and after annealing at 680°C.

Interestingly Figure 5-32 reveals a possible change within the capture cross
section ratio as well. The figure presents the extracted local ideality factor of p-type
substrates before and after annealing. The shift in the ideality factor peak to a lower
injection level indicates a possible variation of the capture cross section ratio and/or
change of charge. Increase of one or both will shift the peak to lower injection levels.
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Figure 5-32: The extracted local ideality factor as a function of the injection level and the implied V.
(upper scale) of p-type sample before and after annealing.

Despite the interest in understanding the origin of this process, due to different
focus of this thesis and limited time, no further investigations have been done.
However it is recommended to perform a future study using different methods, such
as C-V measurements, to fully understand the origin of the observed enhancement.

Examination of the local ideality factor of the n-type substrate is very

interesting. As mentioned before, the “hump” in the ideality factor curve is due to the
transition from electron-limited to hole-limited surface recombination. However,
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when using an n-type substrate, no inversion layer is formed by the positive interface
charge. Hence, no “hump” can be seen in low/medium injection levels.

The observed hump at high injection levels is due to high injection effects.
Under this condition, the concentrations of the minority and the majority carriers are
similar across the entire device. The increase of the depletion region width pushes the
ideality factor value toward 2 (which characterises depletion region recombination).
At a higher injection level this process is balanced by Auger recombination which
pulls the ideality factor value down toward 0.66 (which characterises Auger
recombination). Due to the relatively low background doping of the n-type 1.7 Q.cm
substrate (Np = 2.8x10" cm'3), this effect starts to dominate at a lower injection level

than in the p-type 1 Q.cm substrate.
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Figure 5-33: The extracted local ideality factor as a function of the injection level and the implied V.
(upper scale) of a representative n-type sample.

5.5.5 Conclusions

For the first time, a comprehensive study regarding the influence of annealing
in the range 600-820°C on the passivation quality was carried out, using different
SiNy films and different surfaces. Passivation enhancement was observed across the
entire temperature range for all the samples. It seems that maximum improvement is
obtained in the range 660-700°C. Similar to the findings of this study, Rohatgi et al.
found an optimum SiNy anneal temperature of 700°C for passivation of defects in
edge-defined film-fed grown (EFG) Si [265]. Szlufcik ef al. recognised an optimum in
the range 650-700°C when annealing their passivation layer [263]. It is believed that
hydrogen in atomic form diffuses to saturate dangling bonds at the Si-SiNy interface,
improving the surface passivation [236, 271]. It is possible that the poorer
enhancement at lower annealing temperatures is raised from the limited amount of
hydrogen released from the film due to lower thermal energy. The lower improvement
at a higher temperature range can be due to a decrease in hydrogen retention at defect
sites in the Si and at the Si-SiNy interface [265] or by formation of molecular
hydrogen which tends to effuse instead of diffusing toward the interface. This study
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completes the gap in the literature regarding the influence of annealing temperature on
the passivation.

It was shown that the bulk lifetime of CZ samples and not only the surface
passivation improves during annealing. Effective lifetime above 350 ps exceeds the
expected lifetime from a commercial grade CZ substrate. It is well known that
hydrogenation that occurs during annealing enhances the electrical performance of
mc-Si [229, 263-264]. However, the influence of this process on the electrical
parameters of CZ substrates has not been reported up to date.

It was shown that Si-rich films provide better passivation before and after
annealing. No correlation was observed between film thickness and as-deposited
passivation quality. However, a clear correlation was found post-annealing, where
thicker films demonstrate higher implied V..

High quality as-deposited and post-annealing passivation was achieved, as
indicated by the low values of S, These values are comparable to the record low
SRV on a 1 Q.cm p-type substrate [248].

5.6 The Influence of Second Annealing (at 400 C)

Metal contacts must be formed in order to extract power from the solar cell.
Electroless and photo-plating metallisation are the preferred methods to create metal
contacts in double sided solar cells. Both techniques require nickel sintering, typically
performed at 350-400°C. In order to evaluate the suitability of the SiNy passivation to
future fabrication processes, this section investigates the influence of the second

anneal at 400°C on the obtained passivation.

Sample preparation

Representative CZ samples from previous experiments that had already
undergone annealing at a range of temperatures (Figure 5-20) were re-annealed at
400°C using the belt furnace. All the furnace zones were set to 400°C while the belt
speed was set to 4600 mm/s, leading to ~70 sec at peak temperature. The effective
lifetime and the implied V,. were measured before and after this process.

Results and Discussion

Table 5-15 presents the one-sun implied V,. of representative samples before
and after the second anneal. All of the samples demonstrate high thermal stability;
most show a small improvement in implied V.. Subsequent anneals (at 400°C) show

similar results.
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Table 5-15: One-sun implied V,. of representative samples after first and second annealing. The first
anneal was done at different temperatures, while the second was done at 400°C.

W6 w9 W10 W15 Average
After first anneal [mV] 660.5 668.2 681.0 668.5 662.0
After annealing at 400°C [mV] 668.1 672.4 683.6 667.1 665.3
Change [mV] +7.6 +4.2 +2.6 -13 +3.3

Similar conclusions can be obtained from Figure 5-34, which presents the
effective lifetime as a function of the injection level of a sample annealed first at
700°C and then re-annealed at 400°C. As can be seen, the sample demonstrates good
thermal stability under the given test conditions.
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Figure 5-34: Effective lifetime as a function of injection level after first annealing and after annealing
at 400°C.

Conclusions

All the tested SiNy films demonstrate high thermal stability under a second
anneal at 400°C. Thus it is concluded that these films will retain their passivation
quality under similar nickel sintering conditions during the metallisation process.

5.7 Optical Properties

Up to this point the focus was given to the electrical parameters of various
SiNy films, however the optical parameters of the film have important influence on
the solar cell performance as well. Furthermore, these parameters influence some of
the fabrication processes, such as laser doping. In this section the optical parameters

of the different layers are investigated.

104



5.7.1 Influence of Annealing on the Optical Properties

In previous sections the dependence of the passivation quality on the annealing
conditions was studied. However, the annealing process can influence the optical
parameters of the dielectric layer as well. Variation of the SiNy ARC properties is a
main concern, as it can degrade the solar cell current. In this section the post anneal
optical parameters are measured and compared to the as-deposited ones.

Sample preparation

Single-sided polished wafers were employed in this part of the study. After a
full cleaning procedure, SiNy layer was deposited onto the front surface, using the
laboratory PECVD system. Both the deposition time and the GR were varied in order
to investigate a wide range of films. The optical parameters were measured using a
dual-mode ellipsometer (at 632.8 nm) and spectrophotometer (Cary 500), before and
after annealing at optimum temperature (680°C) using an open air belt furnace (see
Table A12-1 for the zones setting).

Results and Discussion
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Figure 5-35: Film thickness as a function of the deposition time (a) and refractive index as a function
of GR (b), before and after the annealing process. The solid lines are given as a guide to the eye.

The film thickness as a function of the deposition time, before and after the
annealing process, is shown in Figure 5-35 (a). All the presented films were deposited
using GR = 0.86, while the deposition time was varied. As previously, a linear
dependence of the film thickness on the deposition time was found. Only negligible
changes were observed when comparing the post annealed measurements to the as-
deposited ones. Unchanged film thickness after deposition was also reported by
Winderbaum et al. [325]. The GR dependence of the refractive index before and after
annealing is presented in Figure 5-35 (b). The deposition duration of all the films was
set to 90 sec, while the GR was varied. These results show a clear difference between
Si-rich and N-rich films. While the refractive indices of the N-rich films stayed
steady, the refractive indices of the Si-rich samples increased significantly. It was also
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found that this increase is independent of the film thickness. A similar trend was
observed by others [268, 272, 275]. Wright et al. noted this type of behaviour only for
an annealing temperature above 750°C [326].

Figure 5-36 corroborates the variations in the refractive index observed above,
presenting the reflection of representative films before and after annealing. While the
post-annealing reflectance of the GR = 1.14 film is identical to the as-deposited one, a
significant variation can be seen for the lower-GR films. It is assumed that
densification of the Si-rich SiNy film during annealing is the cause of this change
[327]. During this process, Si-Si bonds replace Si-H and N-H bonds, increasing the
film refractive index.
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Figure 5-36: The wavelength-dependent reflectance of different GR films, before and after the
annealing. Note that the measurements of GR = 1.14 are identical.

5.7.2 Transmission, Reflectance and Absorption

In order to analyse the optical losses of the film, the absorption coefficient
needs to be calculated. In this section an optical model of the film, based on
reflectance and transmission measurements, is developed in order to extract the
extinction coefficient. The extinction coefficient is then used to calculate the
absorption coefficient as a function of the wavelength.

Sample preparation

Two quartz pieces were Piranha and RCA cleaned before SiNy deposition.
Two GRs (GR = 1.14 and 0.77) were used to form N-rich and Si-rich films with layer
thickness in the 95-100 nm range. A Cary 500 spectrophotometer was used for
reflectance and transmission measurements. The WVASE32 software package from
Woollam & Co. was employed to fit the measurements using the Tauc-Lorentz
oscillator parameterisation, developed by Jellison and Modine [328]. From the fit, the
wavelength dependence of the refractive index (#,(4)) and the extinction coefficient
(k(1)) were extracted to calculate the absorption coefficient.
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The Tauc-Lorentz formalism combines Tauc’s expression for the joint density
of states with the Lorentz oscillator to determine the imaginary part (g;) of the
dielectric function [328]:

AE,.C(E-E,) 1
2 : (22 gz 2 E>Eg
(EF-E,)y+CE° E

5-2) &, (E)=
0 E<LE

where A is the amplitude, Ej is the peak transition energy, C is a broadening term and
E, is the optical band-gap. All or some of these parameters are used to fit the
measured data. The real part (¢;) of the dielectric function is calculated using
Kramers-Kronig integration (for more details see Ref. [328]). Using these two parts,
the wavelength dependence #,(1) and k(1) can be calculated [329]:

1/2
n, = {%[(512 +€22)1/2 + & ]}

1 1/2
k = {E[(glz +522)1/2 — & ]}

Table 5-16 summarises the Tauc-Lorentz parameters which were found to
provide the best fit for the measured reflectance and transmission.

Table 5-16: Tauc-Lorentz parameters, which were found to provide the best fit for the measured data.

Parameter GR=1.14 [eV] GR=0.77 [eV]

4 134.05 162.31
Ey 7.37 5.56
C 18.83 16.98
E, 2.32 1.95

Results and Discussion

Figure 5-37 presents the measured and the fitted reflectance and transmission
of the two films. Good fit was obtained for the N-rich film; however, it was
challenging to fit the measurements of the Si-rich film at long wavelength, possibly
due to accuracy of the measurements in this range (limitation of the IR sensor).
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Figure 5-37: The measured and fitted reflection and transmission of films deposited with
GR =1.14 (a) and GR =0.77 (b).

From the obtained fitting, the wavelength dependence of the refractive index
and the extinction coefficient were extracted and are presented in Figure 5-38 (a). As
expected from the lower optical band-gap (see Table 5-16), the extinction values of
the Si-rich film, at short wavelengths are higher than the ones of the N-rich film.
Higher k values for Si-rich films have been reported widely and are attributed to the
increased number of Si-Si bonds [242, 253, 282, 326]. The absorption coefficient (o)
was then calculated using the extracted k(1) and the well known expression [329]:

_ Amk(D)

5-4
) A

where 4 is the wavelength. The calculated values as a function of the wavelength are
given in Figure 5-38 (b). The high absorption of the Si-rich film in the short
wavelength range limits its use as a front surface passivation; however, it still can be
employed as a rear surface passivation in non-bifacial solar cell structures.
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Figure 5-38: The calculated wavelength dependence extinction coefficient (k) and refractive index (n,)
of GR = 0.77 and GR = 1.14 films (a) and the calculated absorption coefficient of both the films as a
function of the wavelength (b).
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5.7.3 Conclusions

The influence of the annealing process on the optical parameters was
investigated. Only negligible variation was observed in the refractive indices of N-
rich films, while the variation in Si-rich films was significant. Therefore, it can be
assumed that the optimum annealing condition will not degrade the optical parameters
of the SiNyx ARC layer.

Optical models were developed for the two films and were used to calculate
the absorption coefficient as a function of the wavelength. The obtained information
will be used in following chapters to evaluate the optical losses of the SiNy layers.

5.8 Etching Rate of SiN,

In order to be suitable for the fabrication sequence of solar cells, the SiNy
passivation layer needs to withstand different types of wet chemical processes. This
section investigates the etching rate of the SiNy layers in different solutions
commonly used during solar cell fabrication. Focus is given to aqueous HF solutions,
as they are typically employed for surface preparation prior to the metallisation
process (deglazing).

Sample preparation

Single-sided polished wafers were used to evaluate the etching rate. Following
a full RCA clean and HF dip, different SiNy layers were deposited onto the wafers.
Four different etching solutions were used (see Table 5-17 for details). The etching
time was varied in the range of 5-60 sec (at room temperature) and 5-10 min (at 55°C)
for the HF and the NaOH solutions, respectively. The film index and thickness were
measured by a dual-mode ellipsometer at 632.8 nm at 10 different locations, before
and after the etching process. The etching rate was extracted from the linear fit to the
etching graph (change of thickness vs etching time).

Table 5-17: Etching solutions mixture (DI H,O = distilled water, RT = room temperature).

DI H,0 HF (49%)

HF 1% 98 ml 2 ml RT

HF 2.5% 95 ml 5ml RT

HF 5% 90 ml 10 ml RT
DI H,0 NaOH (50%)

NaOH 12.5% 75 ml 25 ml 55°C
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Results and discussion

Figure 5-39 presents the measured thickness change as a function of the
etching time of a representative sample (n, = 2.1). The solid lines are a linear fit to the
measured data. The etching rate was found to be relatively constant throughout the
whole etching time. No change of the refractive index was observed. Similar graphs
were found to describe the behaviour of the other films, although with different
etching rate Table 5-18 summarises the calculated etching rate of different films in
different solutions.

90 T T T T T T
Etchrate n =2.1: . . . .
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704 A HF25% I A -
B HF 1% | | | |

Change of Thickness [A]

Etching Time [sec]

Figure 5-39: Change of film thickness as a function of the etching time. The solid lines are linear fits
to the measured data.

As can be seen, Si-rich films demonstrate a slower etching rate in aqueous HF
solutions, compared to N-rich films. This finding agrees well with published data
[159, 238, 330]. Due to variation between PECVD systems, the deposition parameters
and the etching solution concentration, a direct comparison between the etching rates
calculated here and by others is not straightforward. However, it seems that the
extracted values are comparable to the ones measured by Schmidt ez al. [159] and by
Lauinger ef al. [238], one order of magnitude faster than those reported by Williams
et al. [203, 330] and slower than those in Ref. [326].

The most striking result is the fast etching rate of Si-rich film in NaOH
solution. In contrast to the etch rate in HF solutions, Si-rich film is etched more than
one order of magnitude faster in NaOH solution than N-rich film. This measurement
was repeated a number of times with similar results. No comparable data was found in
the literature; the most related one examines the etching rate of SiNy in KOH solution
(30-33% by weight) at 80°C, published by Williams et al. [330-331]. However, they
measured significantly slower etching rates.
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Table 5-18: Etching rate of different solutions.

1% HF 2.5% HF 5% HF BHF * NaOH

Gas Ratio " [A/sec] [A/sec] [A/sec] [A/sec] [A/sec]
1.14 2.12 04 1.0 1.2 1.2 0.02
1.00 2.37 0.3 -—-- 09 -—- 0.06
0.77 2.74 0.2 -—- 0.6 -— 0.82

* 100% BOE (1:7) of J.T. Baker at room temperature (NH4F: ~35%, HF: ~6.3%).

Conclusions

Etching rates of different films in a number of solutions were measured. It was
shown that the etching rate of Si-rich film in HF solutions is very slow. This can
produce a problem if the subsequent fabrication sequence is based on wet chemistry
etching. However, it does not limit solar cell structures which are based on laser
opening of the dielectric film. Surprisingly, it was found that the etching rate of Si-
rich film in NaOH solution is very fast, more than one order of magnitude faster than
the etching rate in HF solutions.

5.9 Chapter Summary

The use of SiNy as rear passivation of a low resistivity p-type substrate was
investigated in this chapter. By comparing SiNy, Si0, and SiO,/SiN stack layers it
was shown that SiNy provides superior passivation before and after annealing.

The dependence of the obtained passivation on the SiNy film parameters was
studied using a variety of films. It was found that Si-rich layers provide lower S,z
values than N-rich films before and after annealing. In as-deposited samples, no
influence of the film thickness on the one-sun implied V,. was observed, but a strong
correlation was found post-annealing.

A comprehensive study regarding the influence of the annealing temperature
on the obtained passivation was carried out. This study completes an existing gap in
the published literature. Significant improvement was observed across the entire
temperature range for different films and surfaces. Interestingly, an optimum
annealing temperature was identified in the 680-700°C range, which falls within the
range not previously studied. The enhancement of the effective lifetime is attributed to
improvement of the surface passivation, probably due to reduction of the surface state
density by hydrogen passivation. However, it is assumed that variation of the surface
charge density and electron/hole capture cross section occurs simultaneously. It was
shown that when CZ substrates are annealed, a significant bulk lifetime enhancement
occurs as well. Using an optimum annealing condition the implied V,. of CZ
substrates increased remarkably to a value comparable to that of FZ wafers.
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A very low S, values were calculated both in one-sun and MPP operating
conditions. The local ideality factor was extracted and was used to predict the
influence of this dependence on the solar cell FF. It was shown that the injection level
dependence of the S, can reduce the theoretical optimum FF by 3%. This value is
similar to the one calculated for PERL solar cells. Hence, the investigated passivation
scheme is suitable for high efficiency solar cell structures.

The suitability of the SiNy passivation layers for laser-doped solar cell
fabrication sequences was examined and was found to be highly suitable. In addition
to having good passivation properties SiNy films also demonstrated excellent
tolerance to all processing conditions. Good thermal stability was shown under nickel
sintering conditions. No influence of annealing on the optical parameters of the ARC
layer was observed. Slow etch rates in aqueous HF solutions ensure no degradation
during the deglazing process, prior to the metallisation. However, care needs to be
taken when a NaOH-based solution is used.

112



Chapter 6 : Laser-Induced Defects in Laser
Doped Solar Cells

Laser doping offers a promising method to define selective emitters for solar
cells. Its main advantage is the localised nature of the laser beam, which allows
melting of the surface area without heating the bulk. The ability to perform this
process with a dielectric film on the surface offers further benefits, such as the
possibility of creating self-aligned metallisation patterns simultaneously with the
selective emitter formation. In this method, which has been developed at UNSW by
Wenham and Green [127], the dopant source is applied onto the dielectric film. A
laser beam scans over the areas where metallisation will be applied locally melts the
silicon, removes the dielectric film and induces diffusion of dopants in the liquid
phase. In this way, a selective emitter and self-aligned metallisation pattern are
formed simultaneously. This method was employed in this thesis to fabricate a laser-
doped (LD) solar cell. However, laser-induced defects, contaminations and
discontinuities in the LD junctions degrade the solar cell performance. The study
presented in this chapter investigates laser-induced defects associated with this laser
doping approach. Focus is given to the influence of different dielectric films on defect
formation.

As a starting point, the implied V,. values achieved with different dielectric
films are compared. A variety of characterisation methods are then employed to
obtain insights into the nature of these defects. Crystal orientation is studied using
electron backscattering diffraction (EBSD) [332], while the formation of defects is
investigated using Yang defect etch [333] and transmission electron microscopy
(TEM). The quality of the formed junction is examined using electron beam induced
current (EBIC) [334]. Contaminants such as oxygen and nitrogen in the molten areas
are determined using secondary ion mass spectrometry (SIMS). Following these
investigations, laser-doped solar cells with standard SiNy and a double SiO,/SiNy
stack layer ARC are fabricated on commercial grade p-type CZ substrates. Their
electrical parameters are compared and analysed. At the end of the chapter a novel
method is introduced to minimise laser-induced defects by modification of the laser
pulse in order to reduce the cooling rate of the Si post melting.
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6.1 Literature Review

In order to form a theoretical base, the chapter begins with a short literature
review of laser operational principles, interaction between laser light and Si, defects in
Si and laser-induced defects.

6.1.1 Laser Operational Principles

A laser (light amplification by stimulated emission of radiation) oscillator is a
combination of two basic components: an optical amplifier and an optical resonator
(see Figure 6-1). The optical amplifier includes a light source, such as lamp or diode,
and a laser crystal made of a semiconductor material (laser rod). The optical resonator
(laser cavity), consisting of two opposing parallel mirrors perpendicular to the axis of
the crystal, acts as a selective feedback element by coupling some of the photons
emitted from the amplifying medium back into the medium in phase with the
amplified light [335].

[Nlumination of the crystal by the light source leads to a large number of
electrons being excited to higher energy levels (inversion). Continued illumination
increases the number of excited electrons until the number of generated electrons is
balanced by their elimination via spontaneous recombination, predominantly by
radiative recombination (emission of photons). If the spontaneously-emitted photon
travels in line with the crystal axis, it will be reflected back into the crystal by the
optical resonator. By passing through the crystal this photon can trigger the
recombination of excited electrons, i.e., it can induce stimulated emission. The newly-
emitted photon is identical to the incident photon in terms of wavelength, direction,
phase and polarisation. This process is the basis of lasing action, which can be
initiated if the feedback is sufficiently large to compensate for the internal losses of
the system [335]. The amount of feedback is mainly determined by the reflectivity of
the aperture-end mirror, which must be partially transparent in order to allow the laser
beam to escape. The laser oscillator continues to increase the photon flux as long as
the gain remains above unity, where the gain is determined primarily by the number
of excited electrons and the rate of stimulated emission. In steady state, the emission
rate of new photons from the crystal is balanced by the optical losses within the
oscillator; in this case the gain is unity. This mode of laser operation is known as
continuous wave (CW).

The density of electrons in the excited level at steady state is often called the
threshold density, which is determined by the power of the light source, the losses in
the optical resonator and the properties of the laser crystal. Change in one of these
parameters leads to the oscillation of the system until a new steady state is achieved
with a new threshold density. For example, increasing the light source power
increases the number of excited electrons (gain > 1), however this leads to
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enhancement of the stimulated recombination which reduces the number of the
excited electrons. Reducing the number of excited electrons decreases the
recombination rate; hence the density of electrons in higher energy levels increases
again. This process continues until a new steady state is reached (with unity gain).

Pump lamp —

T Mirrg

Pumip eanity —_

Figure 6-1: Major components of an optically pumped solid-state laser [335].

Q-switching is a mode of laser operation often used to generate high laser
pulse power. The quality factor - Q - is defined as the ratio of the energy stored in the
cavity to the energy losses per cycle. In this mode, the Q-factor of the optical
resonator is altered in order to generate a light pulse: energy is stored in the laser
crystal by optical pumping while the Q-factor is lowered to prevent laser emission.
Under this condition the density of excited electrons in higher energy states reaches a
level far above the threshold density of CW operation. This level is known as
population inversion. The excited electron density is now limited by the excited
electron lifetime, which is a specific property of the laser crystal. When a high Q-
factor is restored, the stored energy is released rapidly in the form of a very short light
pulse, due to the high gain created by this energy. The pulse peak power is several
orders of magnitude higher than the power under CW condition [335]. Figure 6-2
provides a schematic of the Q-switched laser oscillator.
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Figure 6-2: Q-switched laser oscillator [336].

Figure 6-3 presents the resonator losses, population inversion and the photon
flux as a function of time. When the resonator losses are high, due to low a Q-factor,
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the lasing action is disabled. Under this condition, the density of excited electrons
increases until population inversion is achieved. Lowering the resonator losses at this
point (switching to high Q-factor), enables stimulated emission to occur. The photon
flux grows exponentially and a Q-switched laser pulse is emitted. Note that the pulse
is emitted after appreciable delay due to the required time for the stimulated emission
to build up from spontaneous recombination. Note also that the excited electron
density at the end of the pulse is well below the threshold level. Hence, a successive
pulse can be emitted only after a significant time, in which the excited electron
density returns to a value well above the threshold level. This can be a severe
limitation for the laser doping process due to the short melting period of the Si, as will

be discussed in the following sections.
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Figure 6-3: Resonator losses, population inversion and photon flux as a function of time [335].

6.1.2 Interaction between Laser Light and Silicon
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Figure 6-4: The state diagram of Si. The zero enthalpy point is taken to be the melting point [337]

For photons with energy above that of the silicon band gap, laser radiation
incident on the surface of a Si wafer is absorbed by the excitation of electrons within
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the crystalline lattice. As these electrons interact with the lattice, the temperature near
the excitation region rises rapidly up to the Si melting point (1414°C). Further heating
increases the enthalpy until the latent heat of fusion is reached and the Si undergoes a
phase change from solid to liquid [338]. The temperature continues to rise, though not
as rapidly as in the solid phase, until the boiling point is reached. Once the latent heat
of vaporisation is exceeded, Si starts to be removed. Figure 6-4 displays a
temperature-enthalpy diagram of this process. The post-melting slower heating rate is
explained by the enhanced surface reflectance and the large absorption coefficient of
liquid Si. The latter results in an absorption depth of only ~0.01 um (see Table 6-2).
The deeper regions are therefore no longer directly heated by absorbing incident
radiation, but instead by thermal conduction from areas near the surface. This and the
high thermal conductivity of liquid Si slows down the temperature increase [339].
When the thermal loss by conduction exceeds the energy gained by the laser
irradiation, the temperature falls until the freezing point is reached, when the latent
heat needs to be removed prior to solidification. While the front melt (the position of
the liquid-solid interface) sweeps back, the Si epitaxially recrystallises [340]. The
quality of the recrystallised area is strongly influenced by the front melt velocity, as
will be discussed in the next sections.

Figure 6-5 presents the front melt position as a function of time for a variety of
laser energies. Higher laser energy increases the melting duration and the melting
depth, although it takes a similar time to reach this depth. Hence, the front melt
penetration speed into the wafer increases with increasing laser energy. On the
contrary, due to the much longer melting duration, the front melt velocity outside the

wafer is slower for increased laser energies.

T ] pe—
I:l'iJ.l':nl:l
[t ]

o L

& 50
- AT

MELT-FRONT POGITION |

i -
o el 200 ] A0
TRIE [egsh

Figure 6-5: Front melt position as a function of the time for variety of laser energies [341].

If a dopant source is available during the melting duration, a diffusion of
dopants in the liquid phase occurs. The shape of the resulting doping profile depends
on the dopant parameters (mainly diffusion and segregation coefficients) and the
melting duration. This will be discussed in detail in the next chapter.
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The presence of dielectric films (SiO, or SiNy) on the surface modifies some
aspects of the process. Firstly, the amount of laser energy absorbed by the Si increases
due to reduced surface reflection (see Figure 6-6), which exceeds the relatively low
absorption loss within the film (maximum 14% for 75 nm Si-rich SiNy layer; see
Table 6-2). Secondly, although the film is heated by thermal conduction, a
temperature gradient is still expected, which results from the low thermal conductivity
of Si at higher temperature. Due to the lower melting point of Si compared to both
types of dielectric films (see Table 6-1), it is expected that parts of the film will be
mechanically lifted off by pressure from the substrate. This process, together with the
stress resulting from different thermal expansion coefficients, creates crystallographic
defects. These laser-induced defects are the focus of this chapter.

Table 6-1: Silicon, SiO, and SiN; properties.

Silicon Ref. SiO, Ref. Siz;N, Ref.
Melting Point [K] 1687 [342] ~1970 [154] ~2150 [343]
Boiling Point [K] 3540 [344] -——- ———- - -

Silicon Ref. Silicon Ref. SiO, Ref. Siz;N, Ref.

Solid Liquid Solid Solid

Density [g cm™] 2.33 [154] 2.56 [342] 2.27 [154] 3.1 [154]
Thermal Conductivity 1.56

1 a [342] 1.10 [344] 0.014 [154] 0.3 [345]
[Wem™ K7 0.22
Specific Heat 0.713

1l . [342] 0.89 [342] 1.0 [154] - -

[Jg K] 1.032
Thermal Expansion 2.616 3.9

[342] 0.5  [154] [346]

Coefficient [x10° K™'] 4.661° 6.8°

Properties are at room temperature if not stated differently.
? At melting point.
® At 1000K.

100 T T T T T T T T

s Planar Si

e Planar Si + ARC SiN,

v Textured Si

» Textured Si + ARC SiN_
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Figure 6-6: Measured reflection as a function of the wavelength of Si with different surface treatments.
SiN, properties: n, = ~2.05, d = ~82 nm.
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The melting depth is strongly related to the absorption depth of the laser
energy. Figure 6-7 (b) presents the absorption depth and absorption coefficient of Si
as a function of the wavelength. Short wavelength lasers create shallow melting, while
longer wavelengths penetrate farther into the Si and so create deeper melts.
Furthermore, it was shown that for incident photon energy close to the Si band-gap,
smalls variations in the laser illumination lead to significant differences in the surface
temperature, due to the temperature dependence of the absorption coefficient (see
below). Modelling of this so-called thermal runaway behaviour using 10% variation
in the laser energy predicts a difference of almost 2000°C in the surface temperature
for long wavelengths, while only 100°C is predicted for short wavelengths [347].

Two laser wavelengths were available for this work: 1064 nm and 532 nm.
The 532 nm was preferred due to the shallow absorption depth (1-2 um at 532 nm)
and the lack of thermal runaway effect.
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Figure 6-7: Optical parameters of Si as a function of the wavelength (obtained from Ref. [342]).

As mentioned before, the optical properties depend not only on the wavelength
but also on the temperature. Both the reflectance and the absorption coefficient
increase with increasing temperatures. The temperature dependence (at 532 nm) of the
absorption coefficient can be expressed by [348]:

T(K)
6-1 7)=5.02x10° 7
) a(T) x 10" exp( 430)

The dependence of the reflection (R) on the temperature, at the same
wavelength, was found to be [349]:

6-2) R(T)=0.356+5x10"T(K)

In the transition from solid to liquid, the values of these parameters are further
increased. Table 6-2 summarises key optical parameters of Si and SiNy at room
temperature (RT) and in liquid phase (both at 532 nm). The SiNy data was obtained
from Figure 5-38.
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Table 6-2: Optical properties of Si and SiNy at 532 nm. The properties of Si are given at room
temperature (RT) and in liquid phase. The properties of SiN, were obtained from Figure 5-38.

Silicon Ref. Silicon Ref. SiN, SiN,
RT Liquid GR1.14 GR0.77
Refractive Index 4.13 [342] 3.11 [342] 2.31 2.84
Abs_?rption coefficient 6550 [342] L19%10° [(342] 51 1.95x10°
[em™] 10085 [348]
Reflectance [%] 37 [350] 70 [349] - -

6.1.3 Defects in Silicon

Defects in Si can be classified into four main categories: point, line, area and
volume defects [351-352]. Although the classification is based on the spatial
dimension of the defect, it is also related to their electrical activity due to the strong
correlation between physical imperfections and recombination activity of the defect
[353]. This section provides a brief review regarding defects in Si. More information
can be found in Ref. [352-353].

The point defect category includes a wide range of defects, including dopant
impurity atoms and vacancies. Such defects introduce lattice strain among the
neighbouring lattice sites. The amount of strain is determined by the size and the
concentration of the defects [353]. Line defects are introduced in the form of
dislocations. The two main types of line defects in the Si lattice - edge and screw
dislocations - are illustrated in Figure 6-8. Edge dislocation results from inserting or
removing partial planes of the lattice, while screw dislocation results from a fault in
the atom stacking, which joins the upper plane with a lower one [353]. Misfit
dislocations are generated by growing a material with lattice constant ‘a’ on top of a
substrate with lattice constant ‘b’. Area defects include mainly defects at the crystal
surface and grain boundaries. The latter type of defect is classified according to the
level of misorentation and size. If the lattice atoms on one side of the grain boundary
create a mirror image of the ones on the other side, a twin boundary is formed. The
simplest form of twin boundary is a stacking fault, where no dangling bonds are
formed along the boundary. Volume defects comprise precipitates and inclusions,
which are clusters of defects or impurities in the Si lattice. These defects act as

nucleation sites for other defects, such as point defects [353].
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Figure 6-8: Edge dislocation (a), screw dislocation (b) and misfit (c) [353].
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Both crystal growth and device fabrication generate defects. For example,
incorporation of interstitial oxygen (O;) into the wafer during its growth (mainly when
the CZ growth method is employed) generates bulk defects, which degrade the solar
cell performance [353]. High temperature processes are the main source of defects
during solar cell fabrication. In addition to possible contamination, high temperature
processes introduce thermo-mechanical stresses within the wafer. When the stress
exceeds the elastic limit of the wafer, plastic deformation takes place via dislocation
generation [353]. Although only a very localised region of the wafer is heated by laser
irradiation, the large thermal gradient between the irradiated area and its surroundings
generates stress that results in the formation of defects [354]. Furthermore, as
mentioned before, the laser doping process involves recrystallisation of the molten Si;
similar to crystal growth, this process can generate defects. The next section reviews
laser-induced defects as the basis for the study presented in this chapter.

6.1.4 Classification of Laser-Induced Defects

Laser-induced defects were identified as a performance-limiting factor when
the laser was used for the first time to form a semiconductor p-» junction more than
40 years ago. In their pioneering work, Fairfield and Schwuttke focused laser
radiation onto a polished silicon surface which was coated with phosphorus to create a
junction [87]. Although the junction performance was comparable to that of a
conventional diode, they identified laser-induced defects as a possible degradation
source. Attention was then turned to the use of laser annealing, especially for ion-
implanted silicon. In this process the laser removes crystallographic defects by
melting the surface layer and allowing it to epitaxially resolidify. The quality of the
recrystallised layer and the influence of crystal defects on the electrical characteristics
of the semiconductor were widely investigated by several research groups [88, 97,
355-356].

In their research, Mooney et al. used deep level transient spectroscopy (DLTS)
and found defects up to 10 um into the material, with high defect concentration near
the surface when using a Q-switched ruby laser [355]. They indicated that defect
formation occurs up to the photon absorption depth and concluded that heat
conduction is not an important damage mechanism. However, these defects were not
observed by TEM. Narayan et al. used the same type of laser and did not observe any
defects (neither precipitates nor dislocations) in the recrystallised zone [97]. Similar
results were also reported by Young et al. [88, 356]: no defects either in the form of
clusters, dislocations or stacking faults were observed in the TEM images. Young et
al. concluded that a defect-free epitaxial layer was grown from the melt, with the
same crystallographic orientation as the bulk wafer. They later found that while a
defect-free recrystallised layer could be grown on a (100) substrate, a high density of
stacking faults was observed on a (111) substrate. They speculated that the formation
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of stacking faults results from a single mistake in the stacking of atoms during the
crystal growth [357]. Defect-free recrystallised zones were also achieved using
different types of lasers [103, 105]. Recently, Hopman et al. observed near-surface
dislocation when using high laser power [131]. These dislocations were not found
when low laser power was employed.

Despite the fact that no defects were found in TEM images, some researchers
observed degradation of the electrical performance of the molten areas [89-90, 358]. It
is widely believed that electrically-active point defects are the source of the
degradation. This assumption is also supported by depth profile measurements
utilising DLTS [355, 358-359] and by Hall mobility measurements [35].

It has been shown that the recrystallisation velocity is a critical parameter in
the formation of electrically-active point defects [360]. Rapid cooling was found to
create such defects, which severely limit the carrier lifetime in the recrystallised area
[31-32]. In solar cells these point defects lower the minority carrier lifetime and hence
the open circuit voltage [90, 361-362]. The critical recrystallisation velocity was
determined to be 1-1.5 m/sec; velocities above this value produce high levels of
defects [98, 363]. The importance of the regrowth velocity was demonstrated by
Young et al., who suggested substrate heating during the annealing as a method to
slow the regrowth velocity and thereby improve the quality of the regrowth layer.
They attributed the improvement to a reduction in the point defect density [89-90].
Tong et al. used double crystal X-ray diffractometry (DCD) to demonstrate the same
effects [364]. An interesting finding was that the bulk lifetime decreases at laser
power levels below those which produce any visible surface damage [361, 365]. It
was concluded that there are two critical laser power thresholds for Q-switched lasers:
one for production of bulk defects and a higher one corresponding to visible changes
in the surface morphology [366].

The role of contaminants in the recrystallised area was also investigated.
These contaminants are more likely to penetrate into the material during the melting
period and are influenced by the process environment and the doping source. High
levels of oxygen in the melt area were measured by some research groups [367-369].
Hoh et al. measured oxygen levels of 10'®-10*' cm™ [368]. Such high concentrations
can create micro-defects and influence the electrical performance of the device [370].
If a spin-on dopant (SOD) is used as the dopant source, its purity level also has an
impact on the device performance [367, 371].

As mentioned above, another source of degradation is thermally-induced
stress. Arora and Dawar concluded that thermally-induced stress and the generation of
long-lived traps are the most probable causes for laser damage in silicon. They
formulated an equation to calculate the surface damage threshold energy and they
found that this energy is influenced mainly by the pulse duration and the number of
laser pulses that are incident on an area [372]. Thermally-induced stress was also
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found to create cracks at the surface [68] and to generate defects in the surrounding
regions [354]. It has also been shown that the presence of a dielectric film on the
surface of silicon solar cells can reduce their V,. and FF [128, 373]. In this case,
thermally-induced stress is enhanced due to the different thermal expansion

coefficients of the film and the silicon.

6.1.5 Conclusions

The basics of laser operation were reviewed. The fast decay time of the Q-
switched pulse was identified as a possible limitation when this laser is employed for
laser doping due to the fast cooling rate of the Si after melting. A laser wavelength of
532 nm was found to be more suitable for laser doping applications than 1064 nm,
due to shallower absorption depth and the avoidance of thermal runaway effect.

Defects in the Si lattice in general and laser-induced defects in particular were
reviewed. Most studies indicate that following the melting, the Si is recrystallised by
epitaxial regrowth without noticeable crystal defects, although some studies indicated
near-surface defects. However, electrical post-treatment degradation was observed by
a large number of researchers. This degradation is explained by contamination -
primarily high oxygen content - and by the formation of electrically-active point
defects. The recrystallisation velocity was recognised to have a significant influence
on these defects. A critical velocity value of 1-1.5 m/s was identified, above which the
formation of point defects is enhanced. Thermal stresses are another source of defects,
especially when the surface is covered with a dielectric film.

In the following section the recrystallisation velocity under typical conditions
is estimated using a heat transfer simulation. A comprehensive study is then presented
regarding laser-induced defects in the presence of a dielectric film.

6.2 Laser System and Front Melt Velocity

As mentioned before the recrystallisation velocity significantly influences the
quality of the regrown Si. After reviewing the laser system which employed for this
study, a heat transfer simulation is performed in order to estimate this velocity.

6.2.1 Laser System

A diode-pumped, Q-switched, frequency-doubled Nd:YVOy, laser (=532 nm)
with a Gaussian beam was used in this work.

Figure 6-9 displays oscilloscope images of a variety of laser pulses produced
by this system. Identical scales were used for both of the images, where the x-axis has
unit of time (ns) and the y-axis has an arbitrary unit of laser power. Image (a) presents
the influence of the laser diode current on the pulse energy (constant Q-switch
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frequency), while image (b) shows the dependence of the laser power on the Q-switch
frequency (constant laser diode current). Increasing laser diode current and decreasing
Q-switch frequency both result in increased pulse power. However, increasing laser
diode current also increases the duration of the pulse, while varying the Q-switch
frequency has no effect on pulse duration. During the pulse, the laser crystal is still
illuminated by the diode, therefore electrons are still excited to higher energy levels.
Hence, variation in the diode current influences not only the energy stored in the laser
crystal prior the pulse, but also the crystal energy during the pulse. Due to the change
in the density of excited electrons during the pulse, the pulse decay time is modified.
In contrast, variation of the Q-switch frequency influences only the initial laser crystal
energy. Since the diode current is constant, the density of excited electrons does not
vary during the pulse.
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Figure 6-9: Oscilloscope images of laser pulses using different diode current at 100 kHz (a) and using
different Q-switch frequency at diode current of 28.0 A (b).

As both have a similar influence, if the scan speed is adjusted to form a similar
overlap between pulses, in this work the Q-switch frequency was set to 100 kHz and
the pulse energy was varied by adjusting the laser diode current. The pulse full width
at half maximum (FWHM) was measured and found to be in the 35-45 ns range (see
Figure 6-9 (a)).

Table 6-3 provides the laser parameters used in this thesis. If not stated
otherwise, the laser diode current is the only parameter to be varied. Note that due to
system limitations the laser diode current - not the pulse energy density - is used to
indicate laser energy (see more in Appendix 8).

Table 6-3: Laser setting used in this thesis.

Parameter Value
Wavelength [nm] 532
Q-switch frequency [kHz] 100
Scanning Speed [mm/s] 10
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6.2.2 Front Melt Speed

The recrystallisation velocity is a critical parameter in the formation of
electrically-active point defects. In order to estimate the front melt speed in this laser
system, a transient 3D simulation of laser-induced melting was performed. This
simulation, which has been developed by Fell, is based on a mathematical model
which solves the heat transfer equation using MATLAB [338, 374-375]. The
simulated parameters are provided in Table A14-1.

Figure 6-10 presents the simulation results. Image (a) shows the spatial
temperature distribution on the (X-Z) plane, while image (b) provides the phase
diagram of the same plane. Both images were taken at time corresponding to
maximum melting penetration. The point x = 100 um represents the centre of the
pulse. A maximum melting depth of 1.2 um and line width of 15 um is predicted by
the simulation under this laser condition. This is in good agreement with SIMS
measurements presented in the following sections. Note the large temperature gradient
on the surface, where the temperature drops from ~1500°C to ~200°C within a
distance of less than 5 um. As mentioned before, such large temperature gradients are
believed likely to generate defects within the Si.

Image (c) displays the melt front position as a function of the time, together
with the normalised laser intensity. The shown “staircase” profile is not physical; it is
due to the spatial discretisation and the special time integration method used in the
simulation. The shape of this graph is similar to those published previously [340-341]
and to the one presented in Figure 6-5.

Using this image, the recrystallisation velocity was calculated and found to be
~2.4 m/s [376]. By changing the pulse power, this value was found to vary in the 2.1-
2.6 m/s range. This range of values is above the limit velocity of 1.5 m/s. Hence, it
can be assumed that point defects are generated during the recrystallisation of the Si.
Image (d) presents the surface temperature in the centre of the pulse as a function of
time. A peak temperature exceeding 3000°C is predicted under this condition. Note
that the maximum melting time is approximately 0.6 ps.
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Figure 6-10: Heat transfer simulation of representative pulse: (a) spatial temperature distribution (at
maximum melting depth), (b) spatial phase diagram, (c) front melt position as a function of the pulse
duration and (d) surface temperature as a function of pulse duration.

Figure 6-11 shows the maximum temperature as a function of time for a full
pulse cycle (10 ps). Although the cooling rate of the sample varies according to the
method by which the wafer is mounted to the stage and to the stage material, it can be
assumed that the wafer surface returns to room temperature before the beginning of
the next pulse.
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Figure 6-11: Surface temperature as a function of time (beginning of the pulse at # = 0 sec).
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6.2.3 Conclusions

Using the heat transfer simulation, it was found that the recrystallisation
velocity is above the limit value of 1.5 m/s. Hence, the formation of point defects is
assumed to occur during the laser doping process. At the end of this chapter, a novel

method is presented to reduce this velocity.

6.3 Laser-Induced Defects

As reviewed in previous sections it was found that laser-induced defects and
contaminations degrade the solar cell electrical parameters. This section investigates
the formation of laser-induced defects and the impact of different dielectric films on
it. A variety of characterisation methods are employed to obtain insights into the
nature of these defects.

6.3.1 Implied V,. and Effective Lifetime

As a starting point, the implied V. values are compared for different dielectric

films, after laser treatment.

Sample preparation

For the first experiment, 18 p-type FZ wafers with resistivity of 1 Q.cm were
used. The thickness of the wafers after saw damage etch was 240-250 pm. After a full
RCA clean and HF dip, a thin dry oxide (~18 nm) was grown in a conventional tube
furnace, followed by 15 min annealing in nitrogen environment at 1000°C. The wafers

were then split into three groups:

1) S10,/SiNy group (SON): an ARC SiN layer (n, = 2.1, thickness (d) = 75 nm)
was deposited onto the front surface immediately after the oxidation (using the
laboratory PECVD system, see Table 5-1 for deposition parameters).

2) SiNy group (SiN): the oxide was removed using an HF dip before depositing a
SiNy layer.

3) Bare wafers: the oxide was removed using an HF dip.

All wafers were oxidised at the same time to eliminate the possibility of
variations in the effective lifetime due to degradation associated with the high
temperature process.

The same laser doping process was applied for all the groups. Phosphorous
SOD (P512 from Filmtronics) was spun onto the front surface, followed by baking in
an oven at 120°C in an air ambient to dry out the solvents and any moisture in the
film. Five different laser powers covering a wide range of melting profiles, from a
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very shallow melt zone to ablation (see Figure 6-12), were used to form the laser-
doped (LD) pattern. The pattern consisted of 28 mm-long LD lines; the spacing
between the lines was chosen to be identical to the width of the LD line. It is
important to note that the width of the LD line is influenced by the laser energy and
by the surface coating. For each wafer, the width of the LD lines was measured using
a microscope and their spacing was determined accordingly. At the end of the process,
the LD area on each wafer was 28 mm x 28 mm, with 50% of the area covered by LD
lines. We chose to separate the lines to avoid any possible influence of one LD line on
the other. After any change in the settings of the laser, the system was allowed to
stabilise for 20 min before processing the wafers. One sample from each wafer group
was processed sequentially at each laser energy.

Laser doped area
Laser doped area

Figure 6-12: SEM images of laser-doped lines from the bare wafer group processed at different laser
diode currents (a) 28.0 A - virtually no melting observed, (b) 28.6 A and (c) 29.4 A — ablation.

At the end of the laser doping process, the dielectric films were removed from
the surfaces using hot phosphoric acid. The wafers were then RCA cleaned and after a
short dip in an HF solution, SiNy was deposited onto both sides of all the wafers. The
SiNy deposition parameters were chosen so as to provide a high surface passivation
quality (GR = 0.77, see Chapter 5). One wafer from each group did not undergo the
laser doping process and was used as a reference. The complete process is outlined in
Figure 6-13.

128



Saw damage etch and
RCA cleaning

.

Dry oxidation and
annealing

SN, , HF dip
deposition HE dip (bare)

SilN,
deposition

e

SOD and laser doping [«

'

SiM, removal, RCA cleaning
and SiMN, deposition

Figure 6-13: Process flowchart diagram.

Results

Photoconductance in the generalised mode using a Sinton Consulting bridge
(model WCT-100) was employed to obtain the effective minority carrier lifetime (z.4)
and the implied V,.. Note that the reported implied V,. values were recorded at an
intensity equivalent to one sun. Both PL imaging and a Semilab system (WD-2000)
were used for effective lifetime mapping. To minimise any possible influences due to
the different optical properties of the surface resulting from different laser energies,
such as the reflection and absorption of incident light on the LD areas, all the
measurements were carried out using rear surface illumination.
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Figure 6-14: One-sun implied V,. as a function of the laser diode current. The average implied V,. of
the reference group is presented (dashed line). The error bars represent the standard deviation of five
samples. Solid lines are given only as guide to the eyes.

Figure 6-14 presents the one-sun implied V,. as a function of the laser diode
current for the three groups of samples and the average value of the reference group.
Significant drops in implied V,. can be observed for all groups, although the groups

that had dielectric layers demonstrate a much more pronounced degradation in
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comparison to the reference samples. Two points are worth noting. First, the implied
Vo of the SON group is higher than those of the SiN group for all laser diode currents.
Second, the implied V. of these two groups remains reasonably constant for the entire
range of diode currents, while it decreases with increasing diode current for the bare
wafers.

The observed difference in behaviour between the groups can clearly be seen
in the effective lifetime mapping. Figure 6-15 shows PL imaging and Semilab
effective lifetime scans of two wafers from the bare and the SON groups, displaying
the effects of the two laser diode current extremes. The acquisition time for PL
imaging was increased to obtain better resolution of the LD zones. For that reason, the
surrounding areas appear saturated. The corresponding Semilab image of each wafer
is presented below the PL image of the same wafer.
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Figure 6-15: PL imaging (a-d) and Semilab effective lifetime scans (e-h) of wafers from the bare

wafers group (left) and from the SON group (right). The lowest laser diode current was used for images
(a, e) and (c, g), while the highest diode current was used in images (b, f) and (d, h).

As mentioned before, the bright areas in the PL images indicate high PL
signal, which corresponds to high excess minority carrier concentration and, thus,
high minority carrier effective lifetime [192]. As evident by the trends in implied V.
in Figure 6-14, Figure 6-15 (a) and (b) visually show significant degradation in the
effective lifetime with increasing laser diode current for the bare wafer group. On the
contrary, virtually no change in the PL signal was observed for the SON group,
indicating no or little change in the effective lifetime of this wafer group as a result of
the LD process. The Semilab images gave similar results leading to the same

conclusion.
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6.3.2 Electron Backscattering Diffraction

Electron backscattering diffraction (EBSD) — also known as electron
backscatter Kikuchi diffraction (BKD) — is used in this section to analyse the crystal
orientation of the recrystallised areas.

The Kikuchi pattern is a characteristic of the local crystal structure and
orientation (on the scale of the electron probe size). When the electron probe scans the
sample, a Kikuchi pattern of each scanned point is formed and indicates the local
orientation of the grown region. In the EBSD system, these Kikuchi patterns are
formed on a phosphor screen mounted in the SEM when a stationary parallel beam of
electrons is focused on the bulk sample whose surface is tilted at about 70° with
respect to the primary electron beam. This results in an enhanced backscattering
signal from a submicron area of the sample [332].

An EBSD system (EDAX-TSLS5.2) installed on a JEOL 7001F SEM was
employed for this study. A 15 keV electron beam was used to scan all the samples at
working distance (WD) of 15 mm.

Sample preparation

A p-type, FZ (100) wafer with resistivity of 1 Q.cm was used for this part of
the study. After a saw damage etch and full RCA clean, a thin (~18 nm) dry oxide was
thermally grown in a conventional open tube furnace, followed by 15 min annealing
at 1000°C in nitrogen. An ARC SiNy (n, = 2.1, d = 75 nm) was then deposited onto
the front surface. After applying SOD onto the SiNy film, laser doping was performed
using seven different laser diode currents. Three closely-spaced LD lines were formed
at each laser condition on the same wafer. Subsequently, the SOD was removed by a
short dip in HF solution prior to a clean in Piranha etch [304]. A rear contact was
formed by evaporating Al on the back surface and sintering it for 30 min at 850°C in
nitrogen. Cross-sections of the LD line received mechanical polishing to obtain the
smooth surface required for EBSD scans. Initially, an EBIC scan was performed for
the cross-sections of each line to determine the junction position since the junction
depth represents the melt depth under this laser processing condition. EBSD
measurements were subsequently taken to resolve the crystal orientations.

Results

Figure 6-16 presents the cross-sectional scans of a representative laser-doped
line produced by a high laser diode current. The intention was to increase the melting
depth so that the recrystallised area became more noticeable. However, such a high
current also resulted in undesirable ablation of the silicon. Figure 6-16 (a) depicts a
secondary electron (SE) micrograph superimposed with an EBIC image. The
prominent white Gaussian-shaped line is the EBIC signal which indicates the location
of the p-n junction. In the later section on EBIC more details are presented. One side
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of the junction, above the EBIC line, is the unmelted p-type silicon substrate; the
other side of the line is the melted and recrystallised area. Diffusion of dopants in the
liquid phase is known to take place during the melting period in which phosphorous
atoms from the SOD diffuse into the molten region, creating n-type silicon [377] (see
next chapter as well). Figure 6-16 (b) displays the SEM image obtained by the EBSD
system. Due to different sample orientation in the different SEM systems, Figure 6-16
(a) and (b) show the same area but at different angles. As a result, comparison
between the images is not always straightforward. The equivalent area in (b) is
approximately indicated by the red rectangular box in (a). Image (c) shows the result
of an EBSD scan, analysed using the zone axis orientation mode, where each colour
represents a different orientation. The green colour represents, in this case, the (011)
plane (see the attached angular scale). A scanning step of 50 nm was used. It is clear
that the melted silicon re-grows epitaxially during cooling according to the orientation
of the substrate. No change of orientation can be detected between the two sides of the
junction. The different colours at the edges of image (c) correspond to the laser
groove and the edge of the wafer. A high level of noise due to shading of the detector
by the topography of the specimen dominates the signal. Figure 6-16 (d) is a
combination of images (b) and (c), while image (e) is the pole diagram of the scanned
area. The perfect orientation of the scanned area can also be seen in this diagram.
Only the six {110} planes can be observed; other planes were not detected. Similar
results were obtained for the other samples.
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Figure 6-16: Cross sectional EBSD scans for diode current of 29.1A. (a) SE superimposed with EBIC
image; (b) SEM image using the EBSD system; (c) EBSD scan; (d) SEM superimposed with EBSD

scan; and (e) poles diagram of the EBSD scan. Note the different angles at which the images were

A um
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taken.

6.3.3 Transmission Electron Microscopy

In this section, TEM analysis of laser-doped samples is presented, which was
undertaken in order to achieve high-resolution examination of defect formation.
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Sample preparation

Certain samples were selected from the SON and bare wafer groups (see
above) for TEM observation. Cross-sectional specimens were fabricated using
focused ion beam (FIB) milling and an ex-situ liftout procedure [378]. In order to
protect the top surface from possible damage during the milling process, all samples
were coated with platinum (Pt) using the gas chemistry system interfaced with the FIB
instrument. Electron diffraction patterns were obtained from an electron beam parallel
to the <110> zone axis (of the cubic silicon crystal), {200} planes and {111} planes
(see Figure 6-17 (a) and (b)). Under each diffraction condition, bright and dark field
images were taken.

Results

Figure 6-17 (b) presents the diffraction pattern of an electron beam parallel to
the {111} planes. This diffraction condition was found to give the best contrast
between the bright and the dark field images, hence the best identification of defects.
In this image the label “BF” indicates the principal beam used for the bright field
image, while “DF” labels the reflection used for the dark field one. Figure 6-17 (c)
and (d) provides the bright and dark field images, taken under this diffraction
condition. Comparison between the images reveals no defects either in the form of
dislocations or stacking faults in most of the molten area, though some defects can be
observed in the vicinity of the surface, up to a depth of ~60 nm. No significant
difference was observed between the samples.

(a) ) R (c) o
Figure 6-17: Electron diffraction of the <110> zone axis (a) and the {111} planes (b). Bright field (c)
and dark field (d) images which were taken under {111} planes diffraction condition.

Figure 6-18 shows a low-magnification bright field image of laser-doped area

taken under {111} planes diffraction condition. Similar to Figure 6-17, it is clear that
most of the recrystallised region is defect-free.
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Figure 6-18: Bright field image taken under {111} planes diffraction condition.

6.3.4 Defect Etch

In this part of the work, a Yang etch was used to delineate the defects. This
etch, which is based on a mixture of CrOs, H,O and HF, can delineate a wide variety
of crystal defects on different surface orientations [333].

Sample preparation

Both planar and textured wafers with different coatings were used. The
influence of the SOD was tested for several cases as well. Table 6-4 summarises the
difference between the samples. Seven different laser diode currents were again used
to form different melt profiles. At each current, three lines were scribed on each
wafer. After removing the coating films using an HF dip, the wafers were cut in half.
One half from each wafer received the Yang etch, while the other half was not etched

for comparison purposes.

Table 6-4: Summary of different samples which were defect etched.

Wafer ID Surface Coating Film Using SOD
BP Planar Bare No
SP Planar Bare Yes
SNP Planar SiNy No
SOP Planar Si0,/SiN, No
BT Textured Bare No
ST Textured Bare Yes
SNT Textured SiN, No
SOT Textured Si10,/SiN, No
SSOT Textured Si10,/SiN, Yes

Results

As seen in Figure 6-19, direct comparison can be made for selected planar
samples with and without Yang etching. The SEM images on the left show the edge
of the lines after laser doping, while those on the right depict the same lines but after
Yang etch. The etch delineated some crystal defects, especially in the interface
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between the melted and unmelted areas. Evidently, crystal defects were exposed in all
planar samples for the entire range of diode currents. Figure 6-19 (a) and (b) shows a
LD line of sample BP formed by the highest diode current. Similar behaviour can be
seen in Figure 6-19 (c) and (d) for the lowest diode current, on the same sample.
While it is hard to even notice the laser melted regions prior to etching in image (c),
they became very clear after etching (image (d)). This change indicates that some
crystal defects were created, even at the lowest diode current. The influence of the
dielectric film on the defect density was found to be critical. Figure 6-19 (e) shows the
case where SiNy was present when the laser process was performed (sample SNP). In
this case defects can be observed even without any etch. The etch exposes defects of
significantly higher density

Laser irradiated region

Figure 6-19: Planar view of laser lines on sample BP (a-d) and sample SNP (e-f). High laser diode
current was used to create the lines of the top and bottom images, while low current was used for the
middle ones.

Figure 6-20 presents SEM images of different textured samples after Yang
etching. The higher laser diode current was used to form the LD lines of these images.
Figure 6-20 (a) shows a bare textured wafer (sample BT) in which no crystal defects
can be seen. Yet when a dielectric layer was deposited on the surface, defects are
obvious as shown in images (b) and (c). The density of these defects seems dependent
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on the type of dielectric film. It is lower for SiO,/SiNy (image (b)) than for SiNy alone
(image (c)).

Laser line Laser induced defects

Laser line

Figure 6-20: Planar view of laser lines on textured samples: (a) BT, (b) SOT and (c) SNT. For all the
images the higher laser diode current was used to create the lines.

Figure 6-21 shows SEM images of the SNT and SNP samples after Yang etch.
Different laser diode currents were employed to from the LD lines. It can be seen that
the laser diode current does not have a significant influence on the defect density.
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Figure 6-21: Planar view of laser-doped line: (a) SNT (29.1 A), (b) SNT (28.3 A), (¢c) SNP (29.1 A)
and (d) SNP (28.3 A).

It was also found that the presence of SOD does not influence defect
formation. Samples with and without SOD have a similar appearance.
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6.3.5 Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry (SIMS) [379] was used to detect the level of
oxygen and nitrogen in the laser-doped areas. A SIMS system with resolution
capability of 10 um was employed to perform the measurements and therefore was

able to detect the atomic concentration in a single LD line.

Sample preparation

Laser-doped samples were prepared in the same manner as previously
described in the EBSD section, excluding the deposition and sintering of the rear
aluminium contact. The SOD was removed by a short dip in HF solution prior to
SIMS measurement.

Results
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Figure 6-22: Oxygen (a) and nitrogen (b) concentration levels in LD lines as detected by SIMS. The
blue line represents the background levels in the wafer while the red line shows significantly higher
oxygen/nitrogen level in the LD lines.

Figure 6-22 shows SIMS measurements for the LD line with medium laser
diode current. The detected oxygen level in the LD line (Figure 6-22 — (a)) is one
order of magnitude higher than the background level. It is assumed that the
concentration level of 2x10'" atoms/cm’ is fairly constant up to the junction location
(~1.25 pm, with good agreement to the heat transfer simulation - Figure 6-10). The
observed decrease in concentration for depths greater than 0.5 um is due to the
Gaussian shape of the laser beam and the resolution limitation of the SIMS
measurement system. At depths greater than 0.5 um below the surface, the width of
the LD lines is smaller than 10 um (see Figure 6-10 (b)); therefore, the SIMS system
begins detecting signal from the adjacent silicon substrate that was not melted,
thereby reducing the average detected concentration.

High nitrogen concentration was detected up to a depth of 0.2 um, with
extremely high levels in the first 0.1 um (Figure 6-22 — (b)). This high surface
concentration is probably due to the very low segregation coefficient of nitrogen in
silicon [342], although it could partly arise from remnants of the SiNy film. Such a
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high concentration of nitrogen has the potential to modify the silicon properties at the
surface, for instance the silicon conductivity. This could degrade subsequent metal
plating onto this region and prevent formation of an ohmic contact.

6.3.6 Depth of the Defected Area

It was found in the past that laser-induced defects can be significantly deeper
than the melting depth. This formation of defects was often explained by thermal
stress [353]. In this section the depth of the laser-degraded region is studied.

=
o
o
o

T T

A After LD
1 Etching 0.5 yum
Etching 1.0 pm
7501 Etching 1.5 pm
* Reference \
500

250 .

A 4«

o

Effective Minority Carrier Lifetime [us]

1E13 1E14 1E15 1E16 1E17
Minority Carrier Density [cm™]

Figure 6-23: Effective lifetime as a function of injection level for a single laser-doped sample after the
laser doping process and after etching 0.5, 1 and 1.5 pum from both surfaces.

In order to investigate the depth of laser-degraded regions, the SiNy was
removed from one sample from the bare wafer group (Section 6.3.1). Approximately
0.5 um of Si was then etched away using NaOH solution (12.5%, 55°C). After a full
RCA clean, both surfaces were re-passivated using Si-rich SiNyx (GR = 0.77). A
separate FZ p-type wafer was used to evaluate the passivation quality. At the end of
the process, the effective lifetime and implied V,. were measured using the QSS-PC
system (generalised analysis). The etching process was repeated twice, each time
removing 0.5 um, so a total of 1.5 pm was removed from both surfaces.

Figure 6-23 presents the effective lifetime as a function of the injection level
after the laser doping process and after etching 0.5, 1 and 1.5 um from each surface.
Also shown is the effective lifetime of the reference sample. It seems that etching 1.5
um from the surface completely removes the defected region, as indicated by the
similarity of the effective lifetime in this case to that of the reference sample. This
depth is similar to the melting depth found by SIMS measurements (see Figure 6-22).

Figure 6-24 provides visual evidence of the findings of Figure 6-23. The figure
presents PL images of the wafer after each etching step. No evidence of the laser
defects can be observed after etching 1.5 um (see Figure 6-24 (d)). It seems that the
laser-induced defects in the case of laser doping are limited to the melting depth.
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Figure 6-24: PL imaging of the same sample after the laser doping process (a) and after etching 0.5, 1
and 1.5 um ((b) to (d)). The same exposure time and scale were used for all images.

6.3.7 Electron Beam Induced Current

Electron beam induced current (EBIC) has been used extensively to
investigate a wide range of semiconductor materials and their properties [380]. The
main advantage of the EBIC method is its high sensitivity in the junction regions,
which makes it a powerful investigation tool for imaging the junction and for
measuring different minority carrier parameters and semiconductor surface properties
[381-382]. In this technique, the material is bombarded with an electron beam. The
beam electrons (“primary” electrons) enter the sample and collide with atoms. Two
types of collisions occur: elastic and inelastic. In elastic collisions, the primary
electrons do not lose energy and are only scattered to different directions. In the
second type of collision, the primary electrons give up some energy which can
generate electron-hole pairs. The volume in which these electron-hole pairs are
generated is often called the interaction volume or generation volume and is a
function of the beam energy. These electron-hole pairs usually diffuse in the sample
to areas of low carrier concentration. However, if an electric field exists in the sample,
such as that of a p-n junction, the minority carriers generated within the junction
region will drift across it and be collected. By connecting this junction to an external
circuit these collected carriers flow as an electrical current which can be measured as
the EBIC signal [383]. More information regarding EBIC can be found in Ref. [334].

In this part of the study, EBIC based on an SEM system was used. A 4 keV
electron beam was employed to scan the cross section of the junction region.

Sample preparation

The preparation of the samples for this part of the work is similar to the
preparation of the EBSD samples as detailed above. The only difference is that no
mechanical polishing was required for the EBIC samples.

Results

The right column of Figure 6-25 demonstrates EBIC scans of the cross-
sections of selected LD lines, superimposed on the corresponding SE images shown
on the left. Regions of strong EBIC signal appear brighter than others, thus providing
a visual method for locating the p-# junction. It is important to emphasise the fact that
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since no conventional diffusion was carried out, any detected junction is one that was
created solely by the laser doping process. Interesting observations were obtained for
the high current LD lines. Despite considerable ablation of the silicon, a continuous
and uniform junction may still form as shown in Figure 6-25 (b). However, it is
obvious from (d) that discontinuities in the junction exist at some locations. It is
possible that micro-cracks, most likely formed during the cooling process, electrically
isolate some of the junction region, making it impossible to collect any EBIC signal
when such regions are exposed to the electron beam. A large number of cross-sections
were investigated and it was found that these discontinuities occur more frequently
with high diode current. Figure 6-25 (f) shows the case of medium diode current and,
similar to image (b), a continuous and uniform junction can be seen. The investigation
of the influence of laser diode current on the junction parameters using EBIC will be
discussed in greater detail in the next chapter.

W\

Discontinuities

10.0um

Figure 6-25: SEM (left) and SE+EBIC (right) images of p-n junction regions created by different laser
diode currents — (a-b) continuous junction at high diode current, (c-d) discontinuous junction at high
diode current and (e-f) continuous junction at medium diode current.
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6.3.8 Discussion of Junction Characteristics

The significant decline in the implied V,. in comparison to the reference
samples for all the tested groups (see Figure 6-14) indicates that additional
recombination sites are created or introduced through the laser doping process,
leading to degradation of the electrical parameters of the material. The combination of
EBSD and EBIC was used for the first time as an investigation tool and proves to be a
very powerful one (Figure 6-16). The scans confirm that melting of silicon followed
by an epitaxial recrystallisation process occurs during the laser doping procedure.
Within the resolution limitation of the scan, no disorientation in the regrown layer was
found; this finding is consistent with reports by others [88, 356]. Transmission
electron microscopy was employed to investigate the material for defects at higher
resolution. No defects in the form of dislocation or stacking faults were found in deep
areas, although some defects were found near the surface (Figure 6-17). These defects
were also delineated by Yang etch. A high concentration of defects near the surface
has been reported in other studies [355]. It is assumed that these defects contribute to
the noticeable decrease in the implied V,. and the effective lifetime. Another source of
recombination sites is likely to be associated with the high concentration of oxygen in
the molten area (Figure 6-22). The high oxygen concentration of more than 1x10"
cm™ is known to reduce the effective lifetime in the material, especially in the
presence of nitrogen [384]. Due to the relatively high recrystallisation velocity, the
existence of electrically-activated point defects is believed to be another cause of this
degradation [358-360].

Figure 6-14 reveals the dependence of laser doping on the surface type and
conditions of the substrate. In particular, it compares bare silicon to a wafer coated
with a dielectric film. Although demonstrating higher implied V,. values, the bare
wafer is not the preferred option due to the lack of a plating mask for the subsequent
metallisation step. It seems that generated defects, especially at the interface between
the melted and unmelted areas, are the source for this dissimilarity. The SEM images
of LD lines after Yang etching show significant variation in defect density between
the groups (Figure 6-19). Only a small number of defects were revealed by the etching
when the laser process was performed on bare wafers. In comparison, a high density
of defects was observed when the laser scans a wafer coated with a SiNy layer.
Importantly, the defect density reduces when a double layer of SiO,/SiN is applied.
According to results reported by others, this double layer eliminates the formation of
any defects [373]. However, it was found in this work that some defects are still
formed, but with a lower density compared to the single SiNy layer. It has been
suggested that induced stress due to thermal expansion mismatch between the
different materials is the source of these defects [373]. The stress induced by the
difference in thermal expansion of the film and of the substrate is given by [385]:
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6-3) o, =Aa,ATE/(1-V)

where o; is the stress, Aa, is the difference in thermal expansion coefficients, AT is the
change of temperature, £ is Young’s modulus of elasticity and v is Poisson’s ratio.
The thermal expansion coefficient of SiO; is one order of magnitude lower than that
of silicon (5x107 K and 2.6-4.6x10° K for SiO, [386] and for silicon [342],
respectively; see also Table 6-1). During heating, this difference in the expansion
coefficient puts the SiO, under a tensile stress and hence the underlying silicon
surface is placed under compression. The thermal expansion coefficient of SiNy
depends on the film’s composition and the deposition method. Jiang et al. measured
values in the range of 4-7x 10° K™ for SisNy4 [346], which places the silicon beneath it
under tensile stress. Silicon is known to be weak and therefore easily defected under
tension, but particularly strong under compression [387], so the presence of a thin
Si0, interface layer is believed to be responsible for reducing the generation of
defects at the surface of the crystalline silicon.

Furthermore, the presence of the oxide beneath the SiNy film is known to
provide a greater relaxation of the SiNj stress, especially by undergoing viscoelastic
deformation [385]. This relaxation ability probably also contributes to the reduction of
laser-induced defects observed for those samples with a thin oxide. It is important to
note that some form of thermal stress exists also in the absence of a dielectric film, as
shown by Amer et al. [388] and by Hayafuji ef al. [354].

Interestingly, no defects were discovered in the interface between the melted
and unmelted areas when the laser doping process was applied to bare textured
surfaces (Figure 6-20 (a)). During the heating and cooling durations this interface is
subjected to extremely large temperature gradients that may generate defects. It is
possible that the (111) plane has higher stress strength compared to the (100) plane.

Another interesting conclusion from Figure 6-14 is that the influence of the
laser diode current on the implied V,. is minimal when a dielectric film is present
during the laser doping process, in contrast to the case without the dielectric film.
Examination of the defect density after Yang etching has not shown a significant
influence of the laser diode current on defect density (Figure 6-21), which can help
explain the independence of the implied V. of the dielectric-coated wafers as the laser
diode current was varied. The amount of oxygen incorporated in the molten region
during the laser doping process rises with increasing laser energy [367]. It was also
found that the formation of point defects in the recrystallised regions is accelerated by
high regrowth velocity [89-90, 98, 363]. As the volume of the regions that were
melted and subsequently recrystallised increases with increasing pulse energy, their
influence on the electrical performance of the device is assumed to increase as well.
The combination of these two effects explains the reduction in the implied V. of the
bare wafer group when the laser power is increased. However, this reasoning does not
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explain the observed behaviour of the implied V. results obtained for the other two
sets of data for the wafers with dielectric layers. One explanation is that defect
formation and density is the dominant degradation mechanism in these samples, while
the negative contribution from other sources - contamination and point defects, for
example - is negligible. However, in the absence of the dielectric film, laser-induced
defects no longer dominate due to their low density. Instead, the increase of the point
defect density and the contamination level reduces the effective lifetime and hence the
implied V..

EBIC was used to image the cross-section of LD lines. It was found that a p-n
junction is formed even when ablation occurs, although discontinuities in the junction
are more frequently observed at the high end of the laser current range. These
discontinuities, which are attributed to micro-cracks, do not seem to have an impact
on the implied V,., but have the potential to induce shunts when metal is plated in
these regions, therefore reducing the device performance. This will be examined in
next chapter.

6.4 The Influence of Spin-on-Dopants

To further investigate the influence of the SOD on the implied V., two groups
of six bare wafers were fabricated using a similar process to that described in Section
6.3.1. Prior to the LD processing, SOD was spun onto the front surface of only one
group. As before, the spacing between the LD lines was adjusted according the width
of the line, so the LD area covers 50% of the total arca. Note that due to reduced
reflection when SOD is applied (see Figure 6-26 (b)), different line widths were
obtained by the two wafer groups. Figure 6-26 (a) presents the one-sun implied V. as
a function of the laser diode current of the two groups. The SOD group demonstrates
higher implied V,. values for the entire diode current range. As mentioned, no
difference in the defect density was observed between samples with and without SOD.
Therefore, it is assumed that the heavily-doped regions created by the laser doping
process isolate the bulk of the wafer from the defected region formed by the laser.
Due to the heavy doping, these defected regions are more than one diffusion length

from the active area of the device, so their influence on the implied V. is reduced.
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Figure 6-26: One-sun implied V. as a function of the laser diode current (a) and the reflectance as a
function of the wavelength (b) for bare Si wafer and for bare Si wafer with SOD. The solid lines are
given as a guide to the eye.

6.5 Solar Cell Fabrication

To investigate the influence of laser-induced defects on solar cell performance,
two batches of five single sided laser-doped (SSLD) solar cells on a large area (154
cm?) p-type CZ substrate (1-3 Q.cm) were fabricated.

Sample preparation

The fabrication process was similar to that developed by Tjahjono et al. [128]
with some modifications. After alkaline texturing and cleaning, a 40 Q/o emitter was
formed in a conventional diffusion tube furnace. Phosphosilicate glass (PSG) removal
and edge isolation increased the emitter sheet resistivity to the value of 80 Q/o. After
a short dry oxidation the wafers were split into two groups:

1) SON group: SiNy was deposited after oxidation.
2) SiN group: SiNx was deposited after the removal of the oxide layer by an HF
dip.

An industrial remote PECVD system from Roth & Rau (SINA) was used for
the SiNy depositions; the film thickness was adjusted to achieve similar reflectance for
the two groups (see Figure 6-27), while the rest of the parameters were kept the same
(Table A13-1). The rear contact was formed by firing screen-printed Al paste prior to
the laser doping process. The optimum laser setting was chosen according to the
EBIC investigation conclusions. Nickel and copper photo-plating [389-390] were
used to form the front grid and contact pads.

Results and discussion

The electrical parameters of the solar cells were measured using a class A
solar simulator according to the international standard IEC 904-9 (QuickSun 120CA
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from Endeas). All the measurements were carried out under standard test conditions
using the AM 1.5G spectrum according to IEC 904-3 edition 2 (100 mW/cm?, 25°C).
Prior to each set of measurement the simulator was calibrated against a reference solar
cell of the same type and spectral response, calibrated by the Fraunhofer Institute for
Solar Energy Systems (ISE). Table 6-5 summarises the average and the standard
deviation values for the electrical parameters of the batches. It is clear from this table
that the main differences are the V,. and the FF, which account for the difference in
cell efficiency between the two groups. From reflectance measurements (see Figure
6-27), it seems that the ARC properties of the two groups are close to being identical

and, indeed, similar J,. values were obtained.

Table 6-5: Average and standard deviation values (STD) of the electrical parameters (AM 1.5G, 100
mW/cm?, 25°C).

SiN Group SON Group
Average STD Average STD
J.. [mA/em’] 37.2 0.2 37.5 0.1
Voo [mV] 618.9 6.6 631.2 2.8
FF [%] 75.7 1.2 76.8 0.6
Pseudo FF[%] 80.9 0.8 82.0 0.8
Efficiency [%] 17.4 0.4 18.2 0.2

The difference of more than 12 mV in V,. was predicted by the implied V,.
values (refer to Figure 6-14). The identical short and long wavelength spectral
response indicates that the V. variation is not due to any significant difference in the
front surface passivation quality, or the minority carrier lifetimes in the bulk. Hence it
is concluded that the difference in V. is due to the different defect densities adjacent
to the LD lines in the vicinity of the p-n junction as observed in previous sections.
Increased junction recombination and possible junction shunting are also responsible
for the lower FF values of the SiN group. To investigate this further, Suns-V,.
measurements were taken [202]. In this technique, the solar cell is put under open
circuit conditions and the V,. is measured under different illumination intensities.
Under these conditions no current flows through the contacts, hence any impact of
series resistance is eliminated. The calculated FF, often called the pseudo FF (p-FF),
is mostly influenced by the shunt resistance and junction recombination. Table 6-5
also includes the average pseudo FF’s. The value for the SiN group is low compared
to that for the other group, indicating that the lower FF is indeed due to either junction
recombination or shunting. To gain further insight, the shunt resistance value (Rj)
was extracted from the /-V curve, while the junction recombination saturation current
(Jo2) was obtained from the fit to the Suns-V,. measurement. Table 6-6 summarises
the average Ry, and Jy, values of the two groups. Both of the parameters explain the
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lower FF of the SiN group, while the higher J, value also explains the accompanying
loss in V.
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Figure 6-27: Reflectance and internal quantum efficiency of the two groups.

Table 6-6: Average R, and Jy, values of the two groups.

Ry, [Q.cm’] Jyz [nA]
Average STD Average STD
SiN Group 938.2 85.2 35.6 7.1
SON Group 1649.2 421.8 18.1 3.9

Figure 6-28 presents the /-V curves of the best solar cells from each group,
clearly illustrating the variation of V,. and FF between the cell types. An efficiency of

18.4% was achieved on the large area commercial grade p-type CZ substrate.
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Figure 6-28: The current-voltage characteristics of the best solar cells from each group (AM 1.5G,
100 mW/cm?, 25°C).

Conclusions
SSLD solar cells with SiO,/SiNy and with SiNy were compared. The cells with
the stack layer demonstrate higher V,. and higher FF, similar to the findings of
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Tjahjono et al. [128]. It was shown by a spectral response measurement that the
observed change of the V. is not due to differences in the front surface passivation,
but is more likely due to formation of defects adjacent to the LD lines. Suns-V,,
measurements confirmed that the reduced FF' is due to junction recombination and
shunt and not series resistance. An efficiency of 18.4% on commercial grade CZ
substrates demonstrates that high efficiencies are achievable despite the laser-induced
defects, if the dielectric layer and laser power are optimised.

6.6 Pulse Shaping System

It has been shown in previous sections that laser-induced defects degrade solar
cell performance. The majority of these defects are generated in areas adjacent to the
laser-doped regions. The large mechanical stress that results from the significant
temperature gradient established during laser exposure creates fractures or plastic
deformations in the Si lattice. This stress is further enhanced if a dielectric film covers
the Si surface, due the difference in the thermal expansion coefficients. As can be
concluded from Eq. (6-3), decreasing the temperature gradient leads to reduction in
the thermal stress. This can be achieved by modifying the Q-switched pulse shape
such that reduction in the recrystallisation velocity is obtained. This section presents a
new approach to controlling the pulse shape in order to reduce laser-induced defect

formation.

6.6.1 Motivation

As reviewed at the beginning of this chapter, a laser operating in Q-switched
mode releases very short and powerful light pulses. Measurements of the laser system
used here revealed pulses with FWHM of 40 ns and total width of 120-130 ns (see
Figure 6-9). Despite the short duration, this energy pulse is still capable of raising the
surface temperature to above 3000°C and melting the Si up to a depth of 1.2 um (see
Figure 6-10). However, the rapid change in temperature, as indicated by the high front
melt velocity, generates defects within the solidified Si. Additionally, the fast heating
process combined with the limited thermal conductivity of Si creates a spatial
temperature gradient, especially at the surface but also in deeper regions. This
temperature gradient enhances the formation of mechanical stress in the Si.

The short pulse duration results in a very short melting duration of only 0.6 ps,
as indicated by the heat transfer simulation. This short melting duration imposes
additional degradation effects apart from defect formation. The short melting time
limits the depth of the formed junction to a very shallow one. Although the diffusion
coefficient of dopants in liquid phase Si is quite high, their diffusion speed is still

slow compared to the front melt velocity, as will be discussed in detail in the next
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chapter. Hence, most of the melted regions will not be doped. Furthermore, this short
time is not sufficient to allow proper mixing of the diffused dopants. Sugianto
indicated that due to the short melting duration, non-uniform dopant distribution
following the recrystallisation process occurs [391]. This process forms isolated n-
and p-type areas and results in increasing sheet resistivity.

As has been shown before, the dependence of the FWHM on the laser diode
current or the Q-switch frequency is very weak. One way to increase the melting
duration, in order to deepen the formed junction and improve the dopant mixing, is to
melt each spot a number of times. This can be done by adjusting the scanning speed
or/and the Q-switch frequency. However, due to the low excited electron density in
the higher energy level of the laser at the end of each pulse (much below the threshold
level — see Figure 6-3), the successive pulse is only generated after the Si has already
recrystallised. This implies that defects are generated with each pulse; thus re-melting
each point a number of times may cause an unacceptable accumulation of defects.

Therefore, a method has been developed which increases the melting time
without increasing the number of melting-resolidification cycles. This method is
described in the next section.

6.6.2 Pulse Shaping Principles

Increasing the melting duration without vaporising a significant amount of Si
requires improved control of the laser power. Efficient melting requires a range of
laser powers: at the beginning of the process, high power is needed in order to heat the
Si to the melting point and to supply the required latent heat of fusion in order to
allow the phase change to take place. However, after achieving melting, lower laser
power is needed to sustain the molten state without inducing vaporisation.

Typical laser systems are not designed with the option to modify the pulse
shape. In most laser systems, the Q-switch is controlled by a square (i.e., binary)
trigger signal, whereby one logic level reduces the cavity Q-factor, while the other
increases it. Usually, only the frequency of this signal is variable. The duty cycle (the
ratio between the high level duration and the total pulse duration) is typically fixed.

One approach to increase the melting duration is by incorporating a
programmable control signal into the system. The duty cycle of each signal and the
spacing between following signals would then be adjustable according to the user’s
requirements. In this approach, when a Q-switched pulse is generated, the cavity
losses are removed by increasing the Q-factor (using the control signal). Under these
conditions, stimulated emission is allowed and a laser pulse is generated. As the pulse
rises, the cavity losses are re-applied quickly enough before the excited electron
density drops below the threshold level. This preserves a relatively large number of
excited electrons, allowing for the generation of a successive pulse almost
immediately. In this way, a series of shorter and smaller pulses over a long period of
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time can be generated, instead of one long pulse. Providing that the spacing between
the pulses is sufficiently short so that no Si solidification occurs, this pulse sequence
is proposed as a way to increase the melting period and reduce the cooling rate of the
Si significantly. Although the total output energy of the series of pulses and the high-
power pulse is similar, a longer melting time is achieved with the series of pulses due
to its better power distribution. This reduces the density of generated defects and
decreases the required number of melting cycles. Note that due to the negligible level
of excited electrons at the end of the high energy pulse, this approach cannot be
applied to a conventional laser system. Figure 6-29 presents the control signal, the
density of electrons in excited states and the laser emission as a function of time. In
this diagram, the high logic level of the control signal lowers the cavity losses (high
Q-factor) and allows stimulated emission to occur.

High

Low + o p—

Control Signal

k

Inversion

Photon Flux

Time

Figure 6-29: Control signal, population inversion and photon flux as a function of time for a laser
system with a programmable Q-switch control signal.

For better control, a feed-back mechanism can be integrated into the system.
In this case a photosensitive device, such as a photodiode, can be employed to
measure the photon flux. When the photon flux reaches a programmed level, a trigger
signal is used to increase the cavity losses, hence eliminating further stimulated
emission [392].

A system based on similar principles was developed by Windsor, however the
focus of his work was scribing and diffusing BC solar cell grooves simultaneously,
not reducing the density of laser-induced defects [393]. Most other pulse-shaping
systems found in the literature are based on a modification of a Gaussian laser beam
into a “Top Hat” profile using a splitting element such as a mirror [394] or diffractive
optical device [395].
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6.6.3 Mathematical Model of Q-Switched Laser

In order to evaluate the feasibility of the proposed approach, a mathematical
model was employed. The differential equations describing the operation of the Q-
switched laser were first derived almost four decades ago [396-397]. A full
description of the theory behind these equations can be found in Ref. [335]. It has
been shown that two coupled differential equations for the photon density (®) and the
excited electron density (n) can be employed to solve the Q-switched laser problem
[335, 398]:

ddo o, IC C 1 n
6-4 L Can™ - = | In(—) + £ () |0+ —
) - " 21*(n(R) & ( )) .
dn
6-5) E = L(t) - (}/O'emC)nCD

where C is the speed of light, L(#) describes the optical pumping and {(7) represents
the cavity loss introduced by the Q-switch. The remaining symbols are summarised in
Table 6-7. Note that due to the short pulse duration, the terms for spontaneous
emission and for optical pumping are usually neglected [335]. However, in this study
only the optical pumping term was ignored.

A MATLAB code was written to solve the equations. The modelled values are
summarised in Table 6-7 (“Model” column). Note that the output mirror reflectivity
and the length of the laser rod and laser resonator were not provided by the laser
supplier due to confidentiality. Direct measurement cannot be done as the laser head
is sealed. These values were estimated by comparison to a similar laser system.

Table 6-7: Eq. (6-4) and (6-5) list of parameters, their meaning and their values (for Nd:YVO, laser).

Parameter Meaning Value Ref. Model
. . . ) 1.2x10"™  [399] s
Cem Stimulated emission cross section [cm”] 18 1.5x10
1.6x10 [400]
; e e T 091 o] 1
— . o Goa
Ty Spontaneous emission decay time constant [ps] 84
100 [335]
R Output mirror reflectivity [%]
/ Length of the laser rod [cm]
2 Length of the laserresomator fom] o0

Figure 6-30 presents the solution of the laser equations. The shape of this
graph is similar to the pulse shape obtained by the oscilloscope (see Figure 6-9). Note
that presenting photon density is equivalent to presentation of laser power P(f), due to
the linear relationship between the two parameters [398]:
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where A4 is the resonator cross sectional area and /v is the photon energy (3.73x10™"° J
for 532 nm laser emission).
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Figure 6-30: Solution for the laser equations for the parameters given in Table 6-7.

Three regions can be distinguished in Figure 6-30. The first region is the slow
rise at the beginning of the pulse. This region is dominated by spontaneous emission
only (the third term in the right side of Eq. (6-4)); in this period of time the stimulated
emission has not begun. Figure 6-31 (a) demonstrates the influence of the spontaneous
emission decay constant on the rise time of the pulse. A longer decay time slows the
rise of the laser pulse due to the longer time needed to reach an adequate photon
density in the resonator to trigger stimulated emission. The second region in Figure
6-30 is the rapid rise of the pulse, in which the stimulated emission rate increases
through the feedback mechanism. Due to the fast emission, the density of excited
electrons decreases until it reaches the threshold level, corresponding to the pulse
peak. The height of the peak is proportional to the initial population inversion density
and to the ratio /I, Figure 6-31 (b) and (c) show the influence of these two
parameters (/ and /') on the peak value. The third region in Figure 6-30 is the decay of
the pulse. In this region the stimulated emission ceases and the photon flux decays
exponentially with a time constant that is related to the reflectivity of the output
mirror and the length of the resonator — 2//(CxIn(1/R)). Figure 6-31 (c) and (d)
present the influence of both the resonator length and the output mirror reflectivity on
the decay time of the pulse.
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Figure 6-31: The influence of different parameters on the Q-switched pulse shape: spontaneous
emission decay constant (a), length of the laser rod (b), length of the laser resonator (c¢) and the
reflectivity of the output mirror (d).

A similar code was employed to model the proposed pulse shaping approach.
Figure 6-32 compares the conventional pulse to the shaped pulse, demonstrating the
shift of energy from the first pulse to create a successive one. Note that in contrast to
the conventional operation, a closely-spaced second pulse can be generated using the
new approach (10 ns in this case). The redistribution of the laser power can be seen
clearly; the power was shifted from the initial part of the pulse (the peak of the first
pulse) to its tail, in order to reduce the cooling rate. Although Figure 6-32 presents
only two successive pulses, a larger number of pulses can be generated using the same

approach.
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Figure 6-32: Comparison between conventional pulse (solid line) and shaped pulse (filled symbols).

152



By adjusting the laser diode current, it is possible to achieve a shape with a
similar peak pulse power but with a modified tail. Figure 6-33 compares two pulses
with similar peak power; however, one was created by the conventional Q-switched
operation while the second was created by the new approach. The benefit of the

shaped pulse in regard of the laser power distribution is obvious.
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Figure 6-33: Comparison between conventional pulse (solid line) and shaped pulse (filled symbols)
showing similar peak power. Different laser diode currents were used to model the two pulses.

Choosing the right point to reapply the cavity losses during the rise of the first
pulse is crucial. Figure 6-34 demonstrates this by presenting two shaped pulses
generated using identical parameters except for the point when the cavity losses were
reapplied to the system. In the first case (filled squares), the cavity losses were
reapplied too late, so that an insufficient amount of excited electrons were preserved
for the second pulse. This situation is very similar to the conventional operation of a
Q-switched laser, where a successive pulse can be generated only after a relatively
long time. In the second case (filled triangles), the cavity losses were reapplied too
early; in this case the first pulse does not have sufficient energy to melt the Si, so no
significant benefit was obtained from the modification. However, there is a large time
window in which the losses can be reapplied, allowing the user to modify the pulse

shape according to specific requirements.
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Figure 6-34: Shaped pulses generated by reapplying the cavity losses at two different points in the
rising of the first pulse.

6.6.4 System Design

This section presents a preliminary design of the pulse shaping system. The
system design is based on a programmable-voltage digital waveform generator from
National Instruments (NI 6552). This high-speed device (100 MHz) is capable of
defining digital waveforms with a resolution of 10 ns. The generated waveform is
connected to the Q-switch driver and is used as a control signal.

A photo-detector and a beam splitter are employed to obtain a real-time
measurement of the photon flux. The photo-detector signal is employed as a feedback
signal to the waveform generator. When a pre-programmed photon flux value is
reached, a control signal is sent to the Q-switch driver, commanding it to increase the
cavity losses in the laser resonator. As a result, the stimulated emission of the laser is
halted. After a set period of time, the optical losses are removed, allowing a new pulse

to be generated. Figure 6-35 presents a schematic of this system.
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Figure 6-35: Pulse shaping system schematic.
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6.6.5 Conclusions

In this section, a new method to increase the melting duration and decrease the
recrystallisation velocity was presented. The method is based on redistribution of the
Q-switched pulse power, using an improved Q-switch control.

By introducing cavity losses during the rise time of a laser pulse, before the
excited electron density drops below the threshold level, energy is reserved for a
closely-separated second pulse. A mathematical model of the Q-switched pulse
validates the feasibility of this approach. The resulting shaped pulse has a longer tail,
so a longer melting time can be obtained. An increased melting duration can improve
several aspects of the laser doping process. First, it decreases the laser-induced defect
density by reducing thermal stress and by slowing the front melt velocity. Second, it
allows more thorough dopant mixing to occur.

A preliminary design for the pulse shaping system was introduced. However,
the available laser system was limited by the slow response of the Q-switch driver. It
was not possible to properly evaluate and optimise the proposed design. The
originality and importance of the proposed approach however has been captured with
a patent application filed by UNSW, with the author of this thesis an inventor along
with an undergraduate thesis student working on the project under his supervision (see
Appendix 1).

6.7 Chapter Summary

Laser-induced defects were investigated using a wide variety of methods. As a
starting point the implied V,. of different samples was measured before and after the
laser doping process. A significant degradation was observed after laser treatment.
This degradation is more pronounced when a dielectric layer is present during the
laser process, possibly due to the thermal expansion mismatch between the silicon and
the overlying dielectric layer. Observations from a combination of EBIC and EBSD
microscopy show that no crystalline disorientation resulted from the epitaxial
regrowth process. It appears that laser-induced defects near the surface and a high
level of oxygen in the molten area are the source of the electrical parameter
degradation. Although not directly observed, a high point defect density may
contribute to this degradation, which is in agreement with conclusions of other
research groups.

Near-surface defects caused by the laser doping process were observed both in
TEM images and after Yang etching. A higher density of defects was revealed by the
etch when a dielectric film was deposited on the surface. It was found that the
Si0,/SiNy stack is able to reduce the defect density. It seems that the well-known

ability of the oxide to relieve stress in the SiNy together with its low thermal
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expansion coefficient are the reasons for the reduced defect density. The influence of
the laser power density was investigated by varying the laser diode current for
samples with a bare surface and a dielectric coated surface. It appears that the
dominant mechanism for the observed electrical performance degradation is the
formation of defects when a dielectric layer is used, whereas contaminations and point
defects are the predominant defects in the case of bare wafers. Interestingly, no
defects were observed on bare textured wafers when applying the same diode current
that is shown to cause defects on a bare planar surface. It is possible that the (111)
plane has higher stress strength compared to (100) plane.

A cross-sectional EBIC investigation of LD lines was performed. It was found
that a continuous and uniform p-» junction is formed even when ablation occurs,
although discontinuities in the junction are more frequently observed in extreme
conditions.

SSLD solar cells with SiO,/SiNy and with SiN, were compared. The cells with
the stack layer demonstrated higher V,. and higher FF. It was shown by a spectral
response measurement that the observed change of the V. is not due to differences in
the front surface passivation, but is more likely due to formation of defects adjacent to
the LD lines. Efficiency of 18.4% on commercial grade CZ substrates demonstrates
that high efficiencies are achievable despite the laser-induced defects, if an optimum
dielectric layer and laser power are chosen.

At the end of the chapter, a new laser pulse shaping method to increase the
melting duration and to slow the recrystallisation velocity was proposed and a patent
application filed. It is believed that by using this approach a reduction of the laser-
induced defect density and improvement of dopant mixing can be achieved. However,
further work is needed to evaluate this method.

In the next chapter the influence of the laser diode system on the SSLD solar
cells will be investigated and analysed based on the conclusions obtained from the
study presented in this chapter.
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Chapter 7 : Influence of Laser Power

In the previous chapter the influence of laser power on laser-induced defects
was studied. This chapter investigates the influence of laser power on solar cell
electrical parameters.

The chapter begins with a short literature review regarding doping profile.
Following this presentation of the basic theory, the main discussion is divided into
three major parts. The first part investigates the influence of laser power on the
electrical parameters of the laser-doped junction. Heat transfer simulations are
employed to calculate the influence of laser power on the melting depth and duration.
The four-point probe method is used to study the dependence of the sheet resistivity
on the laser power, scanning speed and surface topology. Variation in the surface
concentration and the junction depth is measured by SIMS. Finally, an EBIC system
is used to study a wide variety of melting profiles.

Concerns have been raised regarding the adhesion of the metal to the shallow
laser-doped areas [66]. This problem may be alleviated by increasing the roughness of
the surface or even more so by creating holes or grooves in the laser-doped areas. One
way of achieving this is by carrying out the laser doping at higher laser powers to
deliberately induce some ablation. The second part of this chapter examines these
issues by studying the influence of the laser power on the electrical parameters of the
completed solar cell. In this way the relationship and the tradeoff between surface
roughness and electrical performance are ascertained. SSLD solar cells were
fabricated using a range of laser powers. Different methods such as PL imaging, lock-
in thermography (LIT) and EBIC were employed to obtain a better understanding of
the influence of laser parameters.

The third part of this chapter investigates the influence of laser power and
plating techniques on shunt resistance, using techniques such as Suns-V,. and LIT.
The formation of resistance-limited enhanced recombination regions is investigated

using the local ideality factor.

7.1 Review — Doping Profile

Different parameters influence the doping profile of laser-doped junctions.
Some of these parameters, such as melting duration and melting depth, depend on the
laser system and the operating condition. Others relate to the behaviour of the dopant
atoms in the Si melt. These parameters, especially the diffusion and segregation
coefficients and the solubility of dopants in Si, are summarised in this section.
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As reviewed in the previous chapter, when the laser scans the surface its
energy is absorbed by the Si, leading to melting of the Si if the power is sufficiently
high. In the presence of a dopant source, diffusion in liquid phase occurs. This
diffusion is characterised by a large diffusion coefficient in the order of 1x10™* cm?/s
(see Table 7-1), which is independent of the melt temperature [375]. Due to the large
difference between the diffusion coefficients in liquid and solid phases
(~1x10" cm?/s in solid Si) and the very short time involved, diffusion in the solid
phase can be neglected [340]. Although the diffusion velocity of the dopants is very
high in the liquid phase, in most cases the melt front progresses more quickly into the
bulk. Figure 7-1 (a) compares the maximum melt penetration and the junction depth
as a function of excimer laser energy. At low laser energy the melt front velocity is
low; hence the melt front is at approximately the same depth as the junction.
However, at higher laser energies the melt front penetrates faster than the dopants
diffuse. Under this condition the junction depth is determined by the position of the
dopants when the melt front sweeps back. Figure 7-1 (b) illustrates this process for an
excimer laser.

During epitaxial growth, the dopants and the Si atoms are rearranged in the
lattice to create doped Si. Importantly, it was found that during recrystallisation the
dopant atoms substitute the host atoms at the lattice [90, 101]. Therefore, complete
electrical activation of the dopants is achieved [95].
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Figure 7-1: Calculated maximum melt and junction depth as a function of the laser energy (a) and
calculated dopant profile at various of times [403].

The dopant concentration is determined by the solubility of the dopant atoms
in Si. If the dopant concentration in the solid is higher than the effective solubility
limit, the dopants will not be incorporated substitutionally in the Si lattice [377].
Table 7-1 includes the maximum solubility of phosphorus and boron in Si under
equilibrium conditions. However, it was found that the maximum solubility after laser
treatment is well above the equilibrium limit [90, 404]. This enhanced solubility limit,
which was found to be nearly independent of the laser power, is explained by the fast
movement of the melt front towards the surface. Due to the fast re-solidification, there
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is not sufficient time for the excess dopants to diffuse into the liquid in order to
establish the equilibrium concentration in the solid, so their concentration in the solid
increases [404].

Table 7-1: Diffusion coefficient (in Si melt), maximum solubility and segregation coefficient of
phosphorus and boron in Si.

Diffusion Max. Solubility * Segregation
. 2 ef. 3 Ref. . .a Ref
Coefficient [cm’/s] [em™] Coefficient
5.1£1.7)x10™* 405
Phosphorus ( ) u [405] 1.3x10% [342] 0.35 [405]
(2.3£1.3)x10 [406]
(2.4£0.7)x10*  [405] "
Boron u 6x10 [342] 0.8 [405]
(1.2+0.4)x10 [406]

* Equilibrium conditions.

Another parameter which influences the doping profile is the segregation
coefficient, which is defined as the ratio between solubilities in the solid and liquid
(melt) phases. Similar to the solubility limit, the value of this coefficient is higher
after laser irradiation than at equilibrium, due to the fast cooling rate. It was shown
that, for both phosphorus and boron, the segregation coefficient during laser-induced
diffusion approaches unity [407-408]. The influence of the segregation coefficient on
the doping profile is shown in Figure 7-2. When the segregation coefficient is below
one, the dopants are segregated from the resolidified regions towards the melt. When
the melt approaches the surface, the effective segregation coefficient rises to the
limiting value of unity in order to satisfy the requirement that all dopant atoms are
confined to the sample and do not “escape” [377]. This constraint results in an
accumulation of dopant atoms at the surface of the sample. Conversely, if the
segregation coefficient is unity, a uniform profile is obtained (see Figure 7-2 (a)).
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Figure 7-2: Schematic representation of dopants distribution for (a) segregation coefficient = 1 and for
(b) segregation coefficient < 1 [377].
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The large diffusion coefficient together with the enhanced solubility values
and the segregation coefficients explain the relatively deep and uniform doping
profiles produced by the laser dopmg process (for example, see Figure 7-3).
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Figure 7-3: SIMS profile for boron diffused Si before and after laser treatment [88].
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The depth of the junction depends on the laser wavelength and power, but also
on the number of melting cycles. If the melt depth is deeper than the junction depth,
increasing the number of melting cycles allows the dopant to diffuse deeper. As
reviewed in the previous chapter, an increased number of melting cycles also
improves the dopant redistribution [391]. Note the melt depth itself is not influenced
by the number of melting cycles, because prior to each subsequent pulse the surface
temperature returns to room temperature (see Figure 6-11). Full dopant activation,
together with the increased segregation value, was employed by several research
groups to redistribute and to activate dopants after a conventional furnace diffusion
[88] or after implantation [69] (see Figure 7-3). In some applications it is used to form
a selective emitter [110].

7.2 Visual Inspection

This section includes a visual inspection of the influence of laser power on the
laser-doped regions.

Figure 7-4 presents series of planar views of LD lines fabricated using
different laser powers on a bare textured surface. Increasing laser power improves the
uniformity of the melting. At low laser power, un-melted regions can be observed
(image (a)), while a very uniform melting is achieved when higher power is employed
(image (c)). Note that due to the Gaussian shape of the laser beam, the width of the
line increases with increasing laser power.
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Figure 7-4: SEM planar view of LD lines fabricated using different laser powers on bare textured
surface. Laser power is increasing from (a)-(d).

Figure 7-5 shows images of LD lines produced on a bare planar surface. At
low laser intensity the LD region is barely noticeable using an optical microscope or
SEM (image (a)). However, surface roughness appears after the laser treatment, as
indicated by the atomic force microscopy (AFM) scan shown in image (b). Occasional
holes that appear at higher laser powers are probably caused by fluctuation in the laser
power (image (c)). It was found that the transition from melting to
evaporation/ablation is faster on planar surfaces.

x 5.0 uwm/div
1.0 um/div

Figure 7-5: Planar view of LD line fabricated using different laser powers on bare planar surface (a, ¢
and d) and AFM scan (b) of the laser-doped line created under similar laser conditions to that shown in

(a).
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Cross-sectional images of the textured lines (Figure 7-4) are presented in
Figure 7-6. An FIB system was employed to create the cross sections, while an SEM
was used for imaging. It is interesting to track the development of the LD line
morphology as the power increases, especially the deformation of the surface
pyramids. As can be seen in image (a), the use of low laser power only rounds the
pyramids, while their general shape is still noticeable. Increased laser power enhances
the melting process, as shown in later images and hence modifies the textured surface.
The localised nature of the laser process is very clear, as can be seen by the perfect
pyramids adjacent to the melted regions, in all images, irrespective of the laser power
used.

Figure 7-6: Cross-sectional SEM images of LD lines fabricated using different laser powers, with laser
power increasing from (a)-(f).

162



7.3 Influence of Laser Power on Junction Parameters

In this section the influence of laser power on the laser-doped junction is
studied. A heat transfer simulation is used to calculate the melting depth and duration.
The dependence of the sheet resistivity on the laser power, scanning speed, sample
surface and the presence of a PSG layer is studied using the four-point probe method,
while the surface concentration and the junction depth are investigated using SIMS.
At the end of the section, EBIC is employed to inspect the formed junctions.

7.3.1 Heat Transfer Simulation
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Figure 7-7: Heat transfer simulation results: spatial temperature distribution at maximum melting
depth (left) and spatial phase diagram (right). Laser power: 400 mW (a, b), 500 mW (c, d) and 600 mW
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The influence of laser power on the melting depth and duration was
investigated using the heat transfer simulation, developed by Fell [338]. The
simulated parameters are summarised in Table A14-1. Figure 7-7 presents the results
of these simulations. The left column shows the spatial temperature distribution at the

maximum melting depth, while the spatial phase diagram is given in the right column.

As expected the melting depth increases with increasing laser power. Table
7-2 summarises the maximum depth, melting duration and maximum temperature as a
function of the laser power as calculated by the simulation. Increased melting time
and depth are obtained by larger laser power. Similar trends were found in the
literature (for example see Ref. [341]).

Table 7-2: Maximum melt depth, maximum melting duration and maximum temperature as calculated
by the heat transfer simulation for different laser powers.

Power Max Depth Melting Max Temp.

[mW] [nm] Duration [ps] [°C]
400 0.83 0.4 2500
500 1.19 0.6 3130
600 1.49 0.8 3770

7.3.2 Sheet Resistivity and Dopant Concentration

In this section the influence of the laser power, scanning speed and sample
surface on the sheet resistivity (SHR) is investigated using the four-point probe
method, while the surface concentration and the junction depth are studied using
SIMS.

Sample preparation

Both planar and textured p-type wafers were used. After a saw damage etch
(or alkaline texturing) and full RCA clean, a thin (~18 nm) dry oxide was thermally
grown in a conventional open tube furnace, followed by 15 min annealing at 1000°C
in nitrogen. An ARC SiNy (n, = 2.1, d = 75 nm) was then deposited onto the front
surface using the laboratory PECVD system (see Table 5-1 for deposition
parameters). After applying SOD onto the SiNy film, laser doping was performed
using different laser diode currents and different laser scanning speeds. In each laser
condition three lines and one measurement pad (15 mm x 2 mm) were created. The
measurement pad consisted of closely spaced lines. The interval between the lines was
adjusted according to the LD line width in order to maintain a similar overlap between
adjacent lines. The four-point probe method [409] was employed for the sheet

resistivity measurements using an appropriate correction factor [410].
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SIMS [379] was used to detect the level of phosphorus in the laser-doped
lines. A SIMS system with a resolution capability of 10 um was used to detect the
atomic concentration in a single LD line. The SOD was removed by a short dip in HF
solution prior to the measurement.

Results and discussion

Figure 7-8 (a) shows the SHR as a function of the diode current for three
different laser scanning speeds (textured surface). Regardless of the speed, the SHR
decreases for increasing diode current until a threshold current is reached. Above this
threshold current, which increases for increasing scanning speed, the SHR saturates
for scanning speeds of 10 and 50 mm/s and increases for 100 mm/s. As shown by the
heat transfer simulation, increasing the diode current increases the melting time and
the melting depth, so that more dopants diffuse into the melt to reduce the SHR.
Decreasing the scanning speed increases the number of melting cycles of each sub-
area, hence increasing the total melting time and therefore decreasing the SHR.
Saturation occurs when the process becomes source limited: under these conditions
the number of dopant atoms and not the melting time limits the diffusion process.
Increased SHR for increasing diode current (above some threshold current) was
observed by others [103] and could be explained by evaporation of silicon with
dopants during ablation or a decrease of doping homogeneity.
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Figure 7-8: SHR as a function of the laser diode current for: (a) different laser scanning speeds on
textured surfaces and (b) planar and textured surfaces. The solid and the dashed lines are given as
guides to the eyes. The error bars represent the standard deviation of ten measurements.

Figure 7-8 (b) presents the SHR as a function of the diode current for planar
and textured surfaces at two different scanning speeds. A similar trend as that seen in
Figure 7-8 (a) can be observed for both the textured and planar samples, although
planar samples demonstrate higher SHR at low diode currents. Higher reflectance at
the laser wavelength (5% and 10% for textured and planar surfaces, respectively — see
Figure 6-6) 1s assumed to be the reason for the higher SHR of the planar surfaces at
low diode currents. However, when the diffusion process is changed to source limited,
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the reflectance difference no longer influences the SHR. Thus similar values of SHR
are obtained for both surfaces.
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Figure 7-9: SIMS measurements of LD lines created by three different laser diode currents. The
dashed line represents the boron level in the substrate.

Figure 7-9 shows the results of the SIMS measurements for three different
laser diode currents; the background boron concentration is presented as a dashed line.
Similar to previously reported results [67, 105], and agreeing with the findings of the
heat transfer simulation, it was found that the junction depth increases when
increasing the diode current. Comparable concentrations were detected near the
surface for all the currents, which is in good agreement with recent results [411].
These high concentrations - above 1x10" atoms/cm’ - ensure ohmic contact between
the silicon and the plated metal [230, 412]. It is assumed that the concentration level
of ~7x10" atoms/cm’ is fairly constant up to the junction location. The observed
decrease in concentration for depths greater than 0.5 um is due to the Gaussian shape
of the laser beam and the resolution limitation of the SIMS measurement system. At
depths greater than 0.5 pm, the width of the LD lines are smaller than 10 pm,
therefore the SIMS system begins detecting signal from the adjacent silicon substrate
that has not been melted reducing the average detected concentration.

Although SIMS detects the total phosphorus concentration, in the case of laser
doping this concentration is similar to the active dopant concentration [69, 88, 95].
This conclusion is also supported by the very low obtained SHR values of less than 5
Q/o (see Figure 7-8).

Comparison between the results of the SIMS measurement and heat transfer
simulation provides insight into the influence of the number of melting cycles on the
junction depth. The heat transfer simulation predicts a melting depth of 1.5 um (for
600 mW laser power), comparable to the junction depth measured by SIMS.
However, the junction depth cannot be explained by the very short melting duration
(0.8 ps for the same laser power) predicted by the simulation, as in this period of time
the dopants diffuse only 0.1-0.2 um (using diffusion coefficient values from Table
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7-1). The deeper junction is explained by the large number of melting cycles. At each
cycle the dopants diffuse deeper into the melt region until they reach the melt front.
The number of melting cycles can be estimated using the following expression:

(Q—switch  frequency)x (LD line width)

7-1) Melting Cycles = -
Scanning  speed

Inserting the typical parameters of the laser system (see Table 6-3),
estimations for 50-100 melting cycles were calculated. This relatively large number of
cycles allows the dopants to diffuse up to 2.5 um (if the melt depth permits that),
hence under this condition melting and junction depths are similar.

Using PC1D modelling and the results of the SIMS measurement, the sheet
resistivity can be calculated. Sheet resistivities in the range 7-10 /o0 were obtained,
which are in good agreement with measured values (see Figure 7-8).

7.3.3 Influence of PSG Removal

In the previous section the phosphosilicate glass (PSG) layer was not removed
from the sample surfaces prior to the laser doping process. This layer is formed on the
wafer surface during phosphorus diffusion. It mainly consists of SiO,:P,Os with a
ratio that depends on the process duration, process temperature, gas composition and
gas flow in the furnace [413]. This layer can be used as a dopant source. In this
section the influence of the PSG layer on the achieved SHR is evaluated.

Sample preparation

Six CZ p-type wafers with resistivity of 5 Q.cm were textured using an
anisotropic alkaline solution prior to a full RCA clean. The wafers were diffused in an
open tube furnace using solid sources. The PSG was removed from three of the wafers
using an HF dip. All six wafers were then dry oxidised and annealed at 1000°C for 15
min. An ARC SiNy was deposited onto the front surface using the laboratory PECVD
system. Prior to the laser doping process, phosphorus SOD was applied to two
samples from each group while the third was left as a reference. Five different laser
diode currents were used to create measurement pads with dimensions of 15 x 2 mm?.
The sheet resistivity was measured using the four-point probe technique with an
appropriate correction factor.

Results

Figure 7-10 presents the average sheet resistivity as a function of the laser
diode current for the two groups. The emitter sheet resistivity was measured prior to
the laser doping process and found to be 90 Q/o and 240 /o for the samples with
and without PSG, respectively. Figure 7-10 (a) shows the sheet resistivity of the
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samples which were processed without SOD. The sheet resistivity of the sample with
PSG is in the range 45-55 /o - roughly half the background emitter resistivity - with
a minimum at a medium laser diode current (28.2 A). Evaporation of dopants is
assumed to occur above this current level. This assumption is supported by the sheet
resistivity of the sample without PSG. At low laser diode current, the sheet resistivity
is quite steady and similar to the emitter sheet resistivity. However, at higher diode
current the resistivity increases significantly due to the evaporation of doped Si. Note
that the same diode current leads to an increase in the sheet resistivity in both cases.
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Figure 7-10: Sheet resistivity as a function of laser diode current for samples with and without PSG:
without SOD (a) and with SOD (b). The solid lines are given as a guide for the eye, while the error bars
represent the STD of 10 measurements ((b) only).

Figure 7-10 (b) presents the sheet resistivity as a function of the laser diode
current for the samples, which were processed with SOD. It can be seen that the sheet
resistivity values of the PSG group are roughly half of those without PSG. These
results agree with results published by Morilla et al. [414], but they conflict with
those obtained by Carlsson et al. which found only negligible difference between the
SHR of samples with and without PSG [109].

Conclusions

It was shown that the PSG layer can be used as a phosphorus source, which
significantly reduces the obtained SHR. However retaining the PSG layer is not
suitable for some fabrication sequences that employ wet rear etching prior to the laser

doping process.

7.3.4 Electron Beam Induced Current

In this part of the work EBIC based on an SEM system was used to examine
the laser-doped junctions. The interaction volume, formed by a 4 keV electron beam,
was found to be ~220 nm deep using CASINO simulation [415] - see Figure 7-11.
This beam was employed to scan the cross section as well as the planar view of the

junction region.
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Figure 7-11: CASINO simulation result presents the interaction volume of a 4 keV electron beam in
Si. The solid lines indicate the percentages of the initial beam energy.

Sample preparation

P-type wafers with resistivity of 1-3 Q.cm were used. The laser doping was
performed using seven different laser diode currents. Three closely-spaced LD lines
were formed at each laser condition on the same wafer. Subsequently, the SOD was
removed by a short dip in HF solution prior to a clean in Piranha etch. The rear
contact was formed by evaporating Al on the back surface and sintering it for 30 min
at 850°C. Finally an EBIC scan was performed for the cross and the planar sections of
each line to determine the junction location and associated parameters.

Results and discussion

Figure 7-12 presents a series of superimposed SE and EBIC images that
demonstrate the formation of LD lines on a p-type planar substrate using phosphorus
SOD. The prominent white line is the EBIC signal, which indicates the location of the
p-n junction. One side of the junction, below the EBIC line, is the unmelted p-type
silicon substrate, on the other side of the line is the melted and recrystallised area.
Note that no thermal diffusion was done; all the junctions were created by the laser
doping process. Image (a) shows a cross sectional scan of the LD line formed with a
low diode current. Under this laser condition a shallow, 22-24 pm-wide junction was
created. Image (b) presents a planar scan of the same line. The bright EBIC signal
indicates that the junction is at a shallower depth than the interaction volume;
therefore, the junction is less than 220 nm deep. Image (e) shows a cross sectional
scan of the LD line formed with higher diode current. Under this condition the
Gaussian shape of the laser beam became apparent. The junction shape, which follows
the shape of the laser beam, is deep (~0.8 um) in the centre and shallow at the edges
(see Figure 7-7). The variation in the junction depth is more pronounced in image (),
which presents a planar view of the same line. The central area of the scanned line is
dark, indicating that only a weak EBIC signal was measured from this region. Hence
the depth of the junction in this region is greater than the depth of the interaction
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volume. A shallow junction is observed at the edges of the line, which can be
attributed to the Gaussian shape of the laser beam.
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Figure 7-12: EBIC scan of cross-sectional (left) and planar (right) views of LD lines formed by
different laser diode currents: 26.4 A (a, b), 26.9 A (c, d), 27.4 A (e, f) and 28.6 A (g, h).

Image (g) shows a junction that was formed using a diode current sufficient to
cause laser-induced ablation. Despite the ablation a p-# junction was formed, although
discontinuities in the junction exist at some locations. As concluded in the previous
chapter, it is possible that micro-cracks, which were most likely formed during the
cooling process, electrically isolate some of the junction region, making it impossible
to collect any EBIC signal when such regions are exposed to the electron beam. A
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planar view of the same line is given in image (h). A shallow junction can be observed
at the edges and at the centre of the LD line and are evidence of the Gaussian shaped
laser beam and the ablation, respectively. A large number of cross-sections were
investigated and it was found that these discontinuities occur more frequently with

high diode current, although they do not commonly appear.

Figure 7-13 shows the width of the LD line as a function of the laser diode
current for a p-type, planar substrate doped with phosphorus SOD as measured by the
EBIC images. Due to the Gaussian shape of the laser beam, the width of the line

increases with increasing diode current.
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Figure 7-13: Laser-doped line width as a function of the laser diode current (p-type, planar substrate
with phosphorus SOD).

Figure 7-14 shows the results of the laser doping process when performed on a
textured surface. Image (a) presents an SEM image of the LD line created with low
diode current. Although very limited melting occurred as indicated by the existence of
the pyramids after the laser doping process, the junction was formed as demonstrated
by image (b). Creation of a junction without significant damage to the texturing is
desirable when using laser doping to form large area p-» junctions as indicated also by
others [125]. Image (f) presents the case where medium diode current was used. As
noted previously, the effect of the Gaussian shape of the laser beam is more visible in
this image, where a ~1.65 pm-deep junction can be observed in the centre of the line.
Image (h) demonstrates near-perfect junction formation despite strong ablation.
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5.0um

Figure 7-14: SEM (left) and SE+EBIC (right) of LD line formed with different laser diode current on
p-type, textured substrate with phosphorus SOD: 25.9 A (a, b), 27.4 A (c, d), 27.9 A (e, f) and 28.4 A

(g, h).

A wide range of laser diode currents have been shown to create a p-» junction.
As demonstrated by the EBIC images, junctions can be formed by a diode current that
is too weak to completely melt the pyramids on the top surface as well as one that is
sufficiently high to create ablation. From the perspective of plating to the exposed
laser-doped silicon surface, metal adhesion is significantly increased for the groove
geometry achieved by ablation (for example Figure 7-12 (g)), compared to the
relatively flat surfaces (Figure 7-12 (a) or (c)).

Although some discontinuities were observed when using the highest laser
powers, it seems there is scope to still achieve some ablation that can be used to
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improve the adhesion between the silicon and the metal without significantly
degrading the cell performance.

7.3.5 Contact Resistance

In order to investigate the influence of the laser diode currents on the specific
contact resistance (p.), the transmission line model (TLM) method [416-417] was

used.

Sample preparation

Five CZ p-type textured wafers with resistivity of 1-3 Q.cm were RCA
cleaned prior to emitter diffusion (120 €/0) in a tube furnace and short dry oxidation
(18 nm). An ARC SiNy was then deposited onto the front surface using the laboratory
PECVD system, followed by laser doping at five different laser diode currents. The
laser pattern on each wafer consisted of five parallel LD lines and one measurement
pad (15 mm x 2 mm). The interval between the lines was varied in the range of 22-
105 mm, while the length of the lines was set to 20 mm (see Figure 7-15). Electroless
plating was employed to form the metal contacts; see Table 7-6 for details regarding
the plating. At the completion of the metallisation process, the TLM pattern was
separated from the host wafer by laser cleaving from the rear (according to the dashed
lines in Figure 7-15).

Figure 7-15: Planar view of the TLM wafer. The drawing is not to scale.

The resistance between each pair of neighbouring LD lines was extracted from
a dark /-7 measurement. Plotting the resistance as a function of the spacing between
the lines can be used to extract the specific contact resistance (from the y-intercept)
and the effective emitter (from the slope) [416]. Figure 7-16 presents the resistance-
spacing graph for the highest and lowest laser diode current.
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Figure 7-16: Resistance as a function of the spacing between the LD lines.

Table 7-3 provides the SHR (extracted using the measurement pad), as well as
the extracted specific contact resistance and the effective emitter resistivity. For all the
investigated laser diode currents a negative value of p. was obtained, indicating that
the real contact resistance was too small to be measured [418]. Note that the effective
emitter resistivity agrees well with the measured SHR.

Table 7-3: Measured SHR, extracted specific contact resistance and effective emitter resistivity.

Diode current Measured SHR Specific contact Effective emitter
[A] [Q/o] resistance [Q/cm’] SHR [Q/O]
28.4 18.7 <0 14.8
28.6 14.6 <0 14.2
28.8 9.5 <0 14.0
29.0 6.7 <0 13.0
29.2 5.0 <0 12.9

A very low specific contact resistance was measured for a wide range of laser
diode currents. This is in good agreement with the measured SHR (Figure 7-8) and the
SIMS measurement (Figure 7-9).

7.4 Improved Metal Adhesion through Laser Power
Control

The adhesion between the metal and the shallow LD areas could be a possible
drawback to laser-doped solar cells [66]. However, this problem can be avoided by
increasing the roughness or creating holes in the laser-doped areas to at least 5 pm

depth to act as anchor points [419]. This section examines the influence of the laser
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power on the solar cell electrical parameters to ascertain the tradeoff between surface
roughness and electrical performance.

7.4.1 Sample preparation

To investigate the influence of laser diode current on solar cell performance,
four groups of five SSLD solar cells on a large area (154 cm?), commercial grade p-
type CZ substrate (1-3 Q.cm) were fabricated. After alkaline texturing and cleaning, a
40 Q/o emitter was formed in a conventional diffusion tube furnace. PSG removal
and edge isolation increased the emitter sheet resistivity to a value of 80 /o. After a
short dry oxidation, an ARC SiNy was deposited using an industrial remote PECVD
system from Roth & Rau (see Table A13-1 for deposition parameters). The rear
contact was formed by firing screen-printed Al paste prior to the laser doping process.
The optimum laser diode current (29.5 A), ablation current (30.2 A) and two other
currents were used to create a wide range of melting profiles, as shown in Figure 7-17.
Finally, nickel and copper photo-plating were used to form the front grid and contact
pads. The nickel sintering was performed using a belt furnace at a peak temperature of
400°C and a belt speed of 6000 mm/min (~55 sec at peak temperature).

Figure 7-17: SEM (a-c) and SE+EBIC (d-f) images of LD lines formed by different laser diode
currents: 28.2 A (a, d), 29.5 A (b, ) and 30.2 A (c, f).

7.4.2 Results

Table 7-4 summarises the average values of the electrical parameters of the
different groups. The measurements were done using the QuickSun solar simulator,
according to the procedure described in Section 6.5. The low values of the V,. and the
FF significantly reduce the efficiency of the group created by the highest diode
current (the “ablation group”) by 4% absolute. Interestingly similar electrical
parameters were obtained by the other three groups, although they were fabricated
using different laser conditions. The reduction of the J,. with increasing diode current
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can be explained by the increased shading due to the variation of the LD line width
(see Figure 7-13).

To further investigate the influence of the diode current on the FF, Suns-V,,
measurements [202] were done before and after the metallisation process. Table 7-4
includes the average p-FF of the different groups. Comparison between the FF and
the p-FF before and after the metallisation process highlights the fact that the FF' of
the ablation group is limited by shunt resistance induced by the metal.

Table 7-4 : Summary of the average electrical parameters of the different groups (AM 1.5G, 100
mW/cm?, 25°C).

Diode Joe p-FF [%] p-FF [%]

current [A] Voc ImV] [mA/cm?] Before metal  After metal FE1%I EfL. [%]
28.2 629.8 36.6 86.0 80.8 74.3 17.2
29.2 627.7 36.1 86.4 81.4 75.2 17.1
29.5 628.5 36.1 86.8 81.8 75.5 17.2
30.2 600.0 35.1 84.6 70.9 62.4 13.2

Lock-in thermography (LIT) images give visual evidence for the variation in
the shunt resistance due to the laser diode current. In this method, the surface
temperature is sensed by infra-red camera and enables the detection of shunted
regions in the cells due to their local heating [420]. Figure 7-18 presents LIT images
of representative cells from selected groups. All the images were taken under the
same conditions and are presented in the same scale. Warm colours indicate higher
temperatures and therefore shunted regions. The worst shunts can be observed in the
cells fabricated with the highest diode current. This is especially true in the busbars,
where the impact of defects is magnified by the closeness of the lines although the
same laser conditions as for the fingers were used. It is possible that despite the
continuous junction observed in Figure 7-17 (c), discontinuities exist in other

locations along the LD lines which lead to shunting when metallised.
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Figure 7-18: Lock-in thermography of representative cells: 28.2 A (a), 29.5 A (b) and 30.2 A (¢). All

images were taken under the same conditions and presented in the same scale. The scale indicates the

fc) 1§ 1

variation in temperature.
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The lower average V. value of the group made with the highest diode current,
is probably due to several contributing factors including: increased shunting, the
presence of defects, loss of heavily doped material isolating the junction region from
the Si-metal interface and the large Si-metal interface created by the ablation. The
significant degradation of the solar cell performance, as indicated by the electrical
parameters (Table 7-4) and the current-voltage characteristics (see Figure 7-19) limits
the extent to which ablation can be used to improve adhesion between the silicon and
the metal. However, the satisfactory and consistent electrical parameter values for the
wide range of laser diode currents indicate that intermediate amounts of ablation or
semi-ablation can be used without significantly degrading cell performance. More
severe ablation might be used to produce individual holes and therefore anchor points
for the metallisation while simultaneously minimising the electrical performance
degradation.
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Figure 7-19: The current — voltage characteristics of representative cells from each group (AM 1.5G,

100 mW/cm?, 25°C).

To further investigate the influence of the diode current on solar cell
performance, a second batch was prepared. A similar laser system was used, with
repetition rate of 200 kHz and scanning speed of 300 mm/s. This system extends the
diode current range that allows laser doping to occur. Hence, laser diode conditions
for creating intermediate amounts of ablation were found. Apart from the different
laser conditions, the fabrication process was similar to that used for the first
experiment, with some minor modifications. The thickness of the ARC was optimised
to increase the cell’s current density and the spacing between the laser lines was
reduced to minimise the emitter resistive losses and therefore improve the FF. Five
groups of five SSLD solar cells were fabricated, using optimum current (16.8 A),
semi-ablation current (19.5 A) and three other currents. Figure 7-20 presents the SEM
and the SE+EBIC images of selected lines.
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Figure 7-20: SEM (a-c) and SE+EBIC (d-f) images of LD lines formed by different laser diode
currents: 14.1 A (a, d), 16.8 A (b, e) and 19.5 A (c, ).

Table 7-5 summarises the average values of the electrical parameters of the
different groups in this batch. In contrast to the first batch, similar J;. and FF values
were obtained for all groups, including the group fabricated with the highest current.
Note that both parameters were improved compared to the previous batch. The main
difference between the groups is the V,., which reduces as expected, when increasing
the diode current. This drop in the V. results in a reduction of the overall solar cell
efficiency. Although the efficiency is reduced with increasing diode current, an
efficiency above 18.1% was achieved even for the highest diode current.

Table 7-5: Summary of the average electrical parameters of the different groups (AM 1.5G, 100
mW/cm?, 25°C).

cu:::::e[A] Voe ImV] [m:/s;mz] :ftff II[I(:‘;:II FF1%] Eff. [%]
14.10 627.6 379 83.1 78.0 18.6
15.45 625.7 37.9 83.1 76.8 18.2
16.80 629.4 38.0 83.3 77.7 18.6
18.15 622.8 38.0 83.3 77.4 18.3
19.50 616.5 37.9 81.8 777 18.1

The data in Table 7-5 is plotted below in Figure 7-21. From the four presented
graphs it is clear that the decrease in efficiency is due to a reduction in the V,.. The
steady value of the FF, even when semi-ablation occurred, was surprising. To provide
more information regarding the FF, Table 7-5 and Figure 7-21 include the p-FF
values as well. The lower p-FF value of the group fabricated with the highest diode
current indicates that the average shunt resistance of this group is lower. Despite this,
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a p-FF value of almost 82% indicates that not even this group suffers from a severe
shunt problem.
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Figure 7-21: The average clectrical parameters as a function of the laser diode current: (a) J;., (b) V.,
(¢) FF + p-FF and (d) Efficiency. The solid lines are given as guides to the eyes. The error bars
represent the standard deviation of five solar cells.

To demonstrate visually the influence of the diode current on the shunt
resistance, both PL imaging and LIT were employed. Figure 7-22 presents PL and
LIT images of representative cells from different groups. The two dark strips in the
PL images are the front busbars. Also visible are the ten rear silver soldering pads. A
uniform V,,., except for at the busbars and the contact pads, can be observed in all the
images. Image (c) shows the PL image of one of the cells fabricated with the highest
diode current. This image is slightly darker than the other PL images (images (a) and
(b)), as predicted by the V,. values. Images (d)-(f) present the LIT images of selected
cells. All the images were taken under the same conditions and are presented using the
same scale. In contrast to the first batch, no significant difference can be observed
between the images. These images support the conclusion that for intermediate levels
of ablation, the SSLD solar cells are not limited by the shunt resistance.
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Figure 7-22: PL imaging (a-c) and lock-in thermography (d-f) of representative cells: 14.1A (a, d),
16.8 A (b, ¢) and 19.1 A (c, f). All the images were taken under the same conditions and are presented
in the same scale.

Figure 7-23 shows the current-voltage characteristics and the spectral response
of representative cells from each group. The spectral response measurements were
performed using a calibrated Optronic Laboratories spectrophotometer. No significant
difference between the different groups can be observed.
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Figure 7-23: The current-voltage characteristics (a) and the reflectance and internal quantum efficiency
(b) of representative cells from each group.

Figure 7-24 presents the current-voltage characteristics of the best solar cells
fabricated in this experiment. An efficiency of 18.7% was achieved on a large area
commercial grade p-type CZ substrate. This is believed to be the highest efficiency
ever reported for a laser-doped solar cell using commercial grade wafers.
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Figure 7-24: The current-voltage characteristics of the best solar cells fabricated during this work

(AM 1.5G, 100 mW/cm?, 25°C).

7.4.3 Discussion

It seems that the main influence of the laser diode current is on the V,. of the
solar cells. The FF and the p-FF values indicate that intermediate levels of silicon
ablation do not create significant shunting, with the conclusion that the lower V.
values are not shunt-limited. In the previous chapter it was shown that the laser diode
current has limited influence on the formation of laser-induced defects in the laser-
doped area when a stack layer of Si0,/SiNy is used. It was also found that the implied
Voe of these areas is not influenced by the diode current when it is passivated with
SiNy. Hence it is possible that the large Si-metal interface and loss of heavily-doped
silicon, which isolates this interface from the junction, are the limiting factors of the
V,. for intermediate levels of silicon ablation. The interface area when ablation or
semi-ablation occurs is significantly larger than the relatively smooth lines that are
produced in the absence of ablation. The large standard deviation of the electrical
parameters of the ablation group (see Figure 7-21 (b)) supports this conclusion as
well. Control of the ablation process under the experimental conditions of this study
was limited. Therefore variation in the groove depth and in the Si-metal interface was
high, leading to a large variation of the V. within the group. When increased ablation
occurs, extended shunts — presumably created from metal penetration into regions
near the junction — acts to further increase the loss in V,. caused by the large metal
interface area.

It was demonstrated by different methods that the laser diode current
surprisingly, has minimal influence on the FF and the shunt resistance of the cells up
to intermediate levels of ablation. It will be shown in the next section that this unique
behaviour is due to the photo-plating process. Different behaviours were observed
when using other plating techniques.

By performing an adhesion test, Wenham et al. showed that intermediate
amounts of ablation greatly improve the adhesion strength of the plated metal [419].

181



This is true for ablation that forms holes or grooves at least 5 pm deep, similar to that
demonstrated in this work (see Figure 7-20 (c)). It is therefore concluded that
intermediate levels of ablation can be used as a possible solution for poor adhesion
between the metal and the silicon without significant loss of efficiency.

Efficiencies above 18.1% for large area commercial grade p-type, CZ wafers
were demonstrated, despite the presence of intermediate levels of silicon ablation.
Note that this solution can be applied only to cell structures like the SSLD. For cell
structures with higher V., such as double-sided laser-doped solar cells, where the V.
is higher than 665 mV (see next chapter or Ref. [421]), the dark saturation current (/)
associated with the observed voltage drop will reduce the V,. of the cell to the 630
mV range, significantly degrading the cell efficiency.

7.5 The Influence of Metallisation Methods

To benefit fully from the self-aligned pattern, electroless [422] or photo-
plating [389-390, 423] can be used. While electroless plating has long been used in
diverse solar cell structures such as the BC cell [424], photoplating has been only
recently employed. In this technique, which is also known as light induced plating
(LIP), the plating process is driven by the internal voltage of the solar cells. Under
illumination, carriers are generated and drift across the junction, creating an internal
current. This current is used to induce plating, similar to the principle of the
conventional electroplating method [425]. Note that in the photoplating technique
plating occurs only on the n-type surfaces which can be beneficial in certain
applications.

One of the major challenges in both the electroless and photo-plating
techniques is the nickel (Ni) sintering step. The chemical composition, and therefore
the resistivity, of the Ni silicide formed in this step is influenced by the sintering
temperature [426-427]. The Ni silicide has three main purposes: to reduce the contact
resistance at the Si-metal interface; to improve adhesion of the subsequent thick
copper (Cu) layer and; to prevent diffusion of Cu into the junction region. Due to its
high diffusion coefficient in silicon, Cu can easily penetrate into the junction region to
create a shunt even at low temperatures. The Ni silicide provides a barrier to Cu
diffusion and prevents its penetration. It was found that Ni sintering in the 350-400°C
range provides thermally stable silicide with low contact resistance [424]. However,
the sintering process often degrades the electrical performance of the device due to Ni
being driven into defected regions in the vicinity of the junction.

This section investigates the influence of the plating techniques on the shunt
resistance using the Suns-V,. and LIT methods. The formation of resistance-limited

enhanced recombination regions is investigated using the local ideality factor.
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7.5.1 Sample Preparation

Five groups each consisting of five SSLD solar cells were fabricated on large
area (154 cm?) commercial grade p-type CZ substrate (1-3 Q.cm). The fabrication
process was identical to the one described in the previous section. A diode-pumped,
Q-switched, frequency-doubled Nd:YV Oy laser with a repetition rate of 200 kHz and
scanning speed of 300 mm/s was employed to create the LD areas. Five different laser
diode currents were used to create a wide range of melting profiles. One wafer from
each group was cleaved into six similar samples (16 cm?). Three samples from each
wafer were electrolessly plated with Ni and Cu, while photoplating was performed on
the other three with the aim of evaluating the potential benefits of the selectivity
offered by photoplating. The Ni sintering was carried out in a conventional tube
furnace at 350°C in a nitrogen environment for all samples. Details regarding the
metallisation processes are given in Table 7-6.

The rest of the wafers, four from each group, were photoplated in similar
conditions, but the Ni sintering was carried out in an open air belt furnace with set
peak temperature of 400°C and a belt speed of ~6000 mm/min (~55 sec at peak
temperature). Such belt furnaces offer better temperature control than tube furnaces in
terms of ramping up and down, minimising the possible negative impact of laser-
induced damage on device performance. Due to equipment limitations it was not
possible to sinter electroless plated samples in the belt furnace. Therefore, only
samples that were sintered in the tube furnace can be directly compared. However,
results of the wafers sintered in the belt furnace are given to demonstrate the full
potential of the photoplating technique. The complete fabrication sequence is
presented in Figure 7-25.

Alkaline texturing and
RCA cleaning

v

Emitter diffusion and
rear etching

Oxidation and ARC SiN,
deposition

!

Screen print rear
contact + firing

E

Front side laser doping

¥ ¥ ¥
Photoplating Photoplating Electroless
(belt furnace) (tube furnace) {tube furnace)

Figure 7-25: Device fabrication sequence.
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Table 7-6: Details of the meta

llisation process.

Electroless plating solutions

Photoplating solutions

Nickel plating Ammonia based solution Watts nickel electroplating
(from Transene). solution [428].
Copper plating  Acid copper sulphate solution  Acid copper sulphate
(from Enthone). solution.
Electroless plating Photoplating
Temperature Duration Temperature  Duration
[°C] [min] [°C] [min]
Nickel Plating 85 5 30 3
Nickel Sintering 350 3 350 3
Copper Plating 48 120 30 8

7.5.2 Results

Suns-V,. measurements were carried out after the metallisation process. Figure
7-26 presents the p-FF as a function of the laser diode current for electroless and
photo-plated cells. The photoplated cells demonstrate higher p-FF for the entire laser
diode range. The superiority of the photoplated cells is even more prevalent at higher
diode current. It is interesting to note that the p-FF of the photoplated cells sintered in
the belt furnace is almost constant over the entire diode current range, indicating
minimal impact on device performances from variations in laser-induced damage. The
high p-FF value, of more than 81%, indicates these cells do not suffer from

significant performance loss due to either shunt resistance, or junction recombination.
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Figure 7-26: Pseudo FF as a function of the laser diode current of solar cells plated with electroless
and photoplating methods. The solid lines are given as a guide to the eyes.

Figure 7-27 gives a visual presentation of the shunts using LIT. The same

scale was used for all images. The two narrow black lines observed in some of the
images, are the two probes which feed the current into the cell. Due to the lateral
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resistance of the metal fingers, the regions near the probes are heated more. Figure
7-27 (a) and (b) are images of photoplated cells (sintered in the tube furnace),
fabricated using a diode current of 14.1 A and 16.8 A, respectively. No significant
difference between the images can be observed, which indicates similar shunt
resistances. Similar behaviour can be seen in the case of photoplated cells sintered in a
belt furnace, shown in images (c) and (d). Images (e) and (f) are of electroless plated
cells, using the same laser diode currents and sintered in the tube furnace. Significant
variation in the measured temperature, especially in and around the busbar, indicates
areas of increased shunting. These images are in good agreement with the results
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Figure 7-27: Lock-in Thermography of cells plated with the photoplating method + tube furnace (a, b),

photoplating method + belt furnace (c, d) and electroless plating + tube furnace (e, f) at different laser
diode currents: 14.1 A (a, ¢ and ¢) and 16.8 A (b, d and f). The scale indicates the variation in

temperature.

Another method to investigate the influence of the metallisation on the FF is
by extracting the local ideality factor from the dark /- curve. The shape of this graph
has been found to be a very useful characterisation tool, especially in the
identification of different performance-limiting mechanisms in solar cells [429].
Figure 7-28 (a) shows the dark /-V curves of solar cells fabricated using the same laser
diode current (16.8 A) but plated by different methods, whereas Figure 7-28 (b)
presents the extracted local ideality factor as a function of the voltage. The humps,
clearly observed in these graphs, were identified by Hernando et al. to be due to
breakage of the texturisation pyramids [430], while Mclntosh attributed it to
resistance—limited regions of high recombination [429]. It was found that a high
ideality factor value at the MPP indicates reduced FF [431]. Figure 7-28 (b) also
shows the MPPs of these cells, although an ideality factor above unity was calculated
for all cases, a significant variation was noted between electroless and photo-plated
cells.
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Figure 7-28: Dark /-V curves (a) and local ideality factor as a function of the voltage (b) of solar cells
plated with electroless and photoplating methods, using laser diode current of 16.8 A. The MPP of each
cell is marked on its corresponding curve.

7.5.3 Discussion

At a low laser diode current of 14.1 A, the p-FF values of electroless and
photo-plated cells are similar, however for higher diode currents the p-FF of the
photoplated cells i1s higher. Hence, the solar cell parameters are influenced differently
by the laser diode current when different plating methods are used.

In a previous section (7.3.4), junction discontinuities were observed especially
when high laser diode current was used (Figure 7-12). Due to the damage in these
regions and possible exposure of p-type material via micro-cracks, these regions are
more likely to induce shunts after plating.

The plating rate of the photoplating method is highly dependent on the internal
voltage: it is lower in regions with low voltages (such as around micro-cracks),
resulting in little or no metal plated in these areas. Furthermore, the selective plating
only to n-type surfaces reduces the probability of shunt formation. In contrast to the
photoplating technique, the cell parameters have limited influence on the plating rate
in the electroless method; the metal is plated onto any exposed silicon regardless of
the local voltage and whether it is n- or p-type. Therefore metal is plated in the micro-
cracks when this method is employed, hence a direct path between the n- and p-type
regions is created to form a shunt. Reduction of p-FF of electroless plated solar cells
at increasing laser power was also reported by Kray et al. when comparing electroless
Ni plating to evaporated metal contacts [121].

It can be seen in Figure 7-28 (b) that the local ideality factor between
electroless and photo-plated cells differed significantly. Although breakage of
pyramids occurred during the laser doping process (see Figure 7-6), this possibility is
discarded as the main reason for the variation since identical laser conditions were
used for all the samples. It was pointed out that a Schottky contact resulting from
metal contacting the exposed p-type silicon increases recombination [432]. These
Schottky contacts were identified as a possible cause for humps in the local ideality
factor curves for BC solar cells [429]. In the previous chapter, laser-induced defects
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especially at the interface between the molten and un-molten regions were observed.
These defects, which may expose p-type areas, are plated when electroless plating is
employed but not when photoplating is used. It is believed that increased saturation
current from these resistance-limited enhanced recombination regions is the main
reason for the high ideality factor of the electroplated cells. A high local ideality
factor at the maximum power point leads to a reduction in the FF.

It is interesting to compare the effects of Ni sintering on the photoplated cells,
in spite of their different sizes and possible variation in the plating process. The high
and steady p-FF of the samples sintered in the belt furnace is most likely due to better
Ni sintering conditions. It is possible that the significantly longer ramp up and ramp
down conditions during sintering in the tube furnace, despite the lower set
temperature, drives the Ni deeper than in the belt furnace. Up to laser diode current of
16.8 A, a range where junction discontinuities and ablation of material rarely occur,
the depth of Ni silicide has only limited influence on the p-FF. The observed
difference in the p-FF in this current range is attributed to increased junction
recombination. At higher laser diode currents, the increased density of junction
discontinuities and ablated areas tends to create a shallower local junction. The
thickness of the Ni silicide under these conditions is more significant, as the Ni can be
localised in the vicinity of the junction or can even penetrate through it, both of which
further decrease the p-FF by junction recombination and shunting, respectively.

These results emphasise the advantage of the photoplating technique
especially when combined with laser doping where occasional problematic regions
are created by the laser. Such regions will not be plated, thereby avoiding the
formation of shunts and/or high recombination Schottky contacts. To emphasise the
advantage of the photoplating even more, Figure 7-29 presents the /-} curve of one of
the large area photoplated cells, which was sintered in the belt furnace. Although the
highest laser diode current (19.5 A) was employed to fabricate this cell, an efficiency
of 18.2% is demonstrated.
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Figure 7-29: The current-voltage characteristic of one of the cells fabricated using laser diode of
19.5 A (AM 1.5G, 100 mW/cm?, 25°C).

187



7.6 Chapter Summary

It has been shown that a wide range of laser diode currents can be used to
create a p-m junction by laser doping. As demonstrated by EBIC imaging, the
junctions can be formed by using a diode current that is too weak to completely melt
the pyramids on the top surface as well as one that is sufficiently high to ablate the
silicon. Although some discontinuities were observed in the latter case, it appears that
grooves formed through intermediate levels of ablation can be used to improve the
adhesion between the silicon and the metal without significantly degrading the cell
performance.

It was found that the sheet resistivity is reduced with increasing laser diode
current up to a threshold current level, above which it assumes a steady value when
low scanning speeds are used. It was concluded that above the threshold current, a
source-limited diffusion process occurs: the finite availability of dopants, not the
melting time, is the limiting factor. High surface dopant concentration was found for a
wide range of diode currents. This concentration, higher than 1x10" c¢m™, ensures
ohmic contact between the silicon and the plated metal for the entire range, including
when ablation occurs.

It was shown that similar V., J;. and FF values are obtained for a wide range
of laser diode currents. At intermediate levels of silicon ablation, the V. is the first
cell parameter to be reduced, due primarily to the large Si-metal interface. This
reduction decreases the efficiency, although efficiencies above 18.1% are still
achievable. At higher levels of ablation, shunts reduce the FF and the V,. as
confirmed by Suns-V,. measurements and LIT images. Under these conditions,
significant efficiency degradation was observed. However, it was concluded that there
are intermediate levels of ablation for which improved Si-metal adhesion can be
achieved without significant damage to solar cell performance. An efficiency of
18.7% was achieved on a large area commercial grade p-type CZ industrial size
substrate.

The influence of different plating methods on shunt and enhanced
recombination regions was investigated. Higher pseudo-FFs were achieved for
photoplated laser-doped solar cells, compared to those that were electroless plated.

If the photoplating technique is combined with well-optimised Ni sintering,
the p-FF is almost independent of the laser diode current. High p-FF values above
81% indicate that cells fabricated under this condition are not limited by shunts. It was
concluded that the superior performance of the photoplated cells is the result of the
plating rate being dependent on the local voltage and the fact that only n-type surfaces
are plated. Both of these phenomena reduce the potential of shunts and resistance-
limited enhanced recombination regions. These advantages of the photoplating
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method explain the achievement of efficiencies above 18.1% for a large range of laser
diode currents.
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Chapter 8 : Double Sided Laser-Doped
Solar Cell

This chapter investigates the loss mechanisms of the single sided laser-doped
(SSLD) solar cell presented in the previous chapter; methods to reduce these losses
are proposed and evaluated with the aim of further improving the achieved efficiency
of 18.7%. The main part of this chapter presents a novel solar cell structure: the
double sided laser-doped (DSLD) solar cell. This structure is based on SiNy
passivation of the rear surface and the formation of a selective emitter and local BSF
by laser doping. The fabrication sequence of this new structure is outlined and
preliminary results are presented. Some problems, especially in the metallisation
process, are identified and possible solutions are given.

8.1 Losses in SSLD

In order to gain insight into the loss mechanisms in SSLD solar cells, a PC1D
model was developed to simulate the performance of these devices. In addition, test
samples were fabricated to evaluate the voltage and the J after different processing
steps.

8.1.1 Front Surface
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Figure 8-1: Measured IQE and reflectance curves of 18.7% efficient SSLD. The solid line is the PC1D
fit (for modelling parameters, see Table A11-3).
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Figure 8-1 presents the IQE of the 18.7% efficient SSLD solar cell, together
with the modelled data derived from its PC1D fit. The fit parameters are given in
Table A11-3. As can be seen in Figure 8-1, the cell’s response to short wavelengths
(< 550 nm) is lower than unity and indicates losses in both the Ji. and V,. of the
device. The relatively low emitter sheet resistivity and the high front SRV both
contribute to this loss. However, increasing the emitter sheet resistivity reduces the
FF and thus reduces the cell efficiency.

In order to identify the optimum emitter sheet resistivity, the SSLD PCID
modelling was employed, varying only the emitter resistivity and the front SRV to
obtain the modified J,. and V,.. The variation in the FF' was estimated using the

expression for the normalised power loss P,,, due to emitter resistivity given by [135]:

P :&ﬁsﬂ
R ) Vi

8-1)
where J,,, and V,,, are the current and the voltage at the maximum power point
(MPP), p, 1s the emitter sheet resistivity and S is the spacing between the metal
fingers. Figure 8-2 shows the solar cell efficiency as a function of the emitter sheet
resistivity. The curve illustrates the trade-off between the improvement in J,. and V.
and the degradation of the FF" when increasing the resistivity. A maximum efficiency
is achieved for cells with a 120-140 /o emitter.
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Figure 8-2: Modelled efficiency as a function of the emitter sheet resistivity. The solid line is given as

a guide for the eye.

Figure 8-3 compares the IQE of a 70 /o and 120 Q/o SSLD solar cell
emitter, as obtained from the PC1D simulation. The superiority of the 120 /o emitter
cell is demonstrated by the unity spectral response at short wavelengths.
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Figure 8-3: IQE of 70 and 120 /o SSLD solar cells as obtained from PC1D simulation.

Table 8-1 compares the electrical parameters of the solar cell, its fitted values
and the predicted parameters of a 120 Q/a emitter cell. For the 120 /o cell, a front
SRV of 200 cm/s was assumed; this value is based on a measurement that will be
presented in Section 8.3.2 below. A 0.3% absolute increase in the solar cell efficiency
is predicted for a modified emitter, mainly due to enhancement of the V., but also by
increasing the J,.. It was found that reducing the front SRV without increasing the
emitter resistivity has a limited impact.

Table 8-1: Electrical parameters of the 18.7% SSLD solar cell, together with the parameters obtained
from the PC1D fit. The predicted parameters of a SSLD solar cell with lighter emitter (120 Q/0) are

given as well.

Measured PCID-70Q/c PCI1D-120 Q/o
Ji. [mA/cm?] 38.0 37.9 38.3
V,. [mV] 632.0 630.8 640.7
FF [%] 78.0 78.0 77.6
Efficiency [%] 18.7 18.6 19.0

It seems that some manufacturers who fabricate selective-emitter solar cells,
prefer slightly heavier-doped emitters (< 90 €¥/o), under the assumption that
absorption in the EVA (ethylene vinyl acetate - used for encapsulation of cells in
standard modules) negates any improvement in device spectral response at short
wavelengths [433]. Details relating to the absorption of light by EVA can be found for
example, in Ref. [434]. Under these conditions low emitter sheet resistivity seems
beneficial due to reduced resistive loss. However, the PC1D simulation predicts only
a small degradation of the FF (-0.5%), smaller than the enhancement of the V.
(+1.6%). Hence increasing the emitter resistivity to the range of 120 €)/o enhances the
solar cell efficiency, even without improvement of the current. Development of a new
EVA with lower absorption will improve solar cell efficiency even further.
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Note that the minimum of the reflectance curve reveals the shading loss due to
the front contacts can be estimated as ~3.2%.

8.1.2 J, Contribution

To gain better insight into the recombination losses, the contribution of each

fabrication step to the total dark saturation current was investigated.

Sample Preparation

Commercial grade CZ p-type wafers with resistivity of 2 Q.cm were used in
this experiment. In order to estimate the wafer quality, one of the wafers was saw
damage etched and RCA cleaned before SiNy deposition onto both surfaces. A Si-rich
SiNy film was chosen due to its high quality of passivation. An upper-bound SRV of
~10 cm/s was measured on FZ wafers, which were fabricated in conjunction with the
CZ substrate. The effective lifetime and the implied V,. were measured using the
QSS-PC system (generalised analysis). The dark saturation current density (Jy)
associated with the implied V,. was calculated using:

J
8-2) Jy=——

exp( e
P kT/q

A second sample was used to calculate the Jj associated with the front surface
after an emitter diffusion and subsequent processing. After alkaline texturing and full
RCA cleaning, a 40 /o emitter was diffused using a conventional tube furnace. PSG
removal and edge isolation increased the emitter sheet resistivity to 70-75 /o. After
a short dry oxidation an ARC SiN was deposited onto the front surface using the
industrial remote PECVD system, while a Si-rich SiNy film (identical to that used
previously) was deposited onto the rear surface as a passivation layer using the
laboratory PECVD system. After implied V,. measurements, the total J, was
calculated using Eq. (8-2), while the J, associated with the front surface was found as
the difference between the total Jj values (total Jy after this stage and Jj of the well
passivated un-diffused wafer — see Table 8-2). The contribution of the emitter and the
texturing to the total Jy and to the reduction in the implied V,. was calculated using
PCID.

A third experiment was carried out to determine the contribution of the rear Si-
Al interface to Jy. To do this, the Si-rich film was removed from the rear surface and
was replaced by screen printed Al. The V,. of the device was then measured using a
multimeter under one-sun conditions after firing the Al. It was then remeasured after
the formation of a selective emitter by laser doping. Finally, Ni and Cu photo-plating
were used to form the front grid and contact pads. The Ni sintering was performed at
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400°C using an open air belt furnace. The V. of the finished solar cells was measured
under one-sun illumination. Table 8-2 summarises the V,. and J, values after each
fabrication step and the contribution of each step to the total J). Note that the
calculation is carried out under the assumption that Jy,; (ideality factor of unity) is the
dominant recombination process. This assumption is reasonably accurate due the
small percentage of LD regions, which contribute also to Jy,. It can be seen that the
rear surface contributes more than 50% of the total dark saturation current of the
finished solar cell. A similar rear side contribution was calculated for the BC solar cell
fabricated on a similar 1 Q.cm CZ p-type substrate by Wenham [44]. The post-
metallisation improvement is explained by an improved front surface and bulk
passivation due to hydrogenation. As shown in the previous chapter, the degradation
typically associated with metallisation is minimised by the use of photoplating.
Furthermore, the heavy doping beneath the metal isolates this high recombination
interface from the active area of the cell, thus minimising its influence. These results
emphasise the importance of high quality rear passivation in order to boost the
electrical performance of these cells.

Table 8-2: Calculated J of different fabrication steps

p V,./ Implied V. Total J, Jy of the process % of total
rocess

[mV] [A/em’] [A/em’] Jy
Wafer 688.4° 4.2x10™ 4.2x10™ 8
Texturing and emitter 666.3° 1.0x10™" 5.9x10™ 11
Si0,/SiN, passivation 653.7° 1.7x107" 6.6x107" 13
Rear contact 628.6 4.6x10" 2.9x107" 56
Front laser doping 624.6 5.4x10" 7.9x10™ -
Metallisation 625.5 5.2x1071 -1.9x107 12°

* Implied V,..
® PCID calculation.
¢ For both laser doping and metallisation.

8.1.3 Summary

Two main loss mechanisms were identified in the 18.7% efficient SSLD solar
cell. The first one is the relatively heavily-diffused emitter and the corresponding poor
front surface passivation. Both were found to degrade the efficiency by 0.3-0.4%
absolute. The second is attributed to the rear surface design, as indicated by its
contribution to the total dark saturation current. Reducing the rear surface
recombiantion was shown to enhance the efficiency to above 20% (see Chapter 5).
The following sections present preliminary work performed to achieve this goal.
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8.2 Local BSF Formation

Local BSF (LBSF) beneath metal contacts improves solar cell performance by
isolating the high recombination Si-metal interface from the active regions of the cell
and by reducing the contact resistance between the Si and the metal. Furthermore,
when SiNy is used for rear surface passivation, the LBSF plays a critical role in
reducing possible shunts. It was found that the J;. of SiNy passivated solar cells is
lower than that obtained for SiO, passivated cells [299]. Initially this phenomenon
was attributed to the injection level dependence of the SRV obtained by SiNy
passivation [299] or to reduced internal reflectivity [298]. However, it was soon
realised that shunting between the n-type inversion layer beneath the SiNy and the rear
contact is the source of this reduction [435-436]. It was shown that this shunting can
be eliminated by a potential barrier such as that created by an LBSF [303, 436]. This
section investigates a new method to form an LBSF using laser doping.

8.2.1 Sheet Resistivity and Dopant Concentration

Obtaining high doping concentration using boron SOD is challenging, mainly
due to the relatively low boron concentration in these solutions (4-10% compared to
> 30% in the phosphorus SODs [437]). In this section four commercially available
boron SODs are compared and evaluated.

Sample preparation

Textured p-type wafers were used to evaluate the sheet resistivity. After an
alkaline texturing and full RCA clean, an ARC SiNy (n. = 2.1, d = 75 nm) was
deposited onto the front surface using the industrial PECVD system. After applying
different boron SODs onto the SiNy film, laser doping was performed using three
different laser diode currents. In each laser condition three lines and one measurement
pad (15 mm x 2 mm) were created. The four-point probe method was employed for
the sheet resistivity measurements using an appropriate correction factor.

Results and discussion

Figure 8-4 presents the sheet resistivity as a function of the laser diode current
for the four tested boron SODs. A significant difference between the solutions is
apparent. However, SHR below 20 /o was obtained by two solutions, which is
adequate for LBSF formation. It is interesting that the lowest sheet resistivity was
obtained by the B155 solution, which contained the lowest boron concentration (4%,
compared to 8% and 10% in B200 and B219, respectively [437]). It was found that
special additives in this solution allow more boron to be driven into the silicon [438].
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Figure 8-4: Sheet resistivity as a function of the laser diode currents for the four boron SODs. The
solid lines are given as a guide for the eye.

In order to detect the surface concentration and the junction depth, SIMS
measurements were taken using two CZ p-type wafers. After saw damage etch and
full RCA clean, ARC SiNy was deposited onto one surface as described previously.
Two different SODs (B150 and B155) were spun onto the surface prior to the laser
doping process. Due to the limited resolution of the SIMS system used, the
measurement was carried out on a 15 mm x 2 mm measurement pad. Figure 8-5
shows the results of this measurement: a surface concentration exceeding 1x10'° cm™
was achieved with both SODs, which is sufficient for an ohmic contact between the Si
and the plated metal [230, 412] and to eliminate the shunt between the n-type
inversion layer and the metal contact. The SHR was calculated using the SIMS data
and PC1D modelling and found to be in good agreement with the measurements
presented in Figure 8-4. Due to the lower SHR achieved with the B155, it was used in
this thesis as a boron SOD.
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Figure 8-5: SIMS measurements of two different boron SODs. The solid line represents the boron
level in the substrate.
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The influence of the laser power on the surface concentration and the junction
depth was studied using planar n-type (2.1 Q.cm) samples prepared with the
phosphorus samples presented in Section 7.3.2.

Sample preparation

After a saw damage etch and full RCA clean, a thin (~18 nm) dry oxide was
thermally grown in a conventional open tube furnace, followed by 15 min annealing
at 1000°C in nitrogen. An ARC SiNy (n, = 2.1, d = 75 nm) was then deposited onto
the front surface using the laboratory PECVD system (see Table 5-1 for deposition
parameters). After applying boron SOD onto the SiN film (B155), laser doping was
performed using different laser diode currents. In each laser condition three lines and
one measurement pad were created. A SIMS system with a resolution capability of
10 um was employed and therefore was able to detect the atomic concentration in a
single LD line. The SOD was removed by a short dip in HF solution prior to the
measurement.

Results and discussion

The measurement results are given in Figure 8-6. Similar to the results
obtained with phosphorus SOD (see Figure 7-9), increased laser power increases the
junction depth, with almost no variation of the surface concentration. The deeper
junction achieved by the phosphorus dopants is attributed to the larger diffusion
coefficient of phosphorus in molten Si (see Table 7-1). Note the contrast between the
shapes of the graphs presented in Figure 8-6 and in Figure 8-5. The observed decrease
in concentration for depths greater than 0.5 pm (in Figure 8-6) may be attributed to
the Gaussian shape of the laser beam and the resolution limitation of the SIMS
measurement system. As explained previously, at depths greater than 0.5 pm below
the surface the SIMS system begins detecting signal from the adjacent silicon
substrate that has not been melted, reducing the average detected concentration. This
effect does not arise when a wide measurement pad is used (Figure 8-5). However,
forming a measurement pad requires overlap between the LD lines, which may
modify the atoms concentration and reduce the sheet resistivity.

198



=
m
N
[y

1E204%;

1E194---

1E184

1EL7 T

1E164-cccooooo o Loiioo- e
B155 (Filmtronics) O‘MDD . E

0.5 1.0 15 ' 2.0
Estimated Depth [um]

Boron Concentration [atoms/cm?]

=
m
o

©

o

Figure 8-6: SIMS measurements of LD lines created by three different laser diode currents. The solid
line represents the phosphorus level in the substrate.

8.2.2 Electron Beam Induced Current

An EBIC system was employed to image the junction formed by the boron
SOD.

Sample preparation

A textured CZ n-type wafer with resistivity of 6 Q.cm was used in this part of
the study. The laser doping was performed using boron SOD (B155) with seven
different laser diode currents. Three closely-spaced LD lines were formed at each
laser condition on the same wafer. Subsequently, the SOD was removed by a short dip
in HF solution prior to a Piranha etch cleaning. The rear contact was formed by
evaporating Al on the back surface and sintering it for 30 min at 850°C. Finally, an
EBIC scan employing a 4 keV electron beam was performed for the cross section and
planar section of each line to determine the junction location and associated
parameters.

Results

Figure 8-7 presents superimposed SE+EBIC images of representative LD
lines. It is clear that p-n junctions were formed for the entire range of diode currents.
Image (a) shows an SE+EBIC image of LD lines created with low diode current. The
EBIC signal is strong in the entire doped area, indicating a shallow junction (< 220
nm). Image (c) presents the LD lines formed with higher diode current. The dark area
in the middle of the line indicates a deeper junction in this region. Image (d)
demonstrates near-perfect junction formation despite strong ablation.
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Figure 8-7: SE+EBIC images of LD lines formed with different laser diode currents on n-type,
textured substrate with boron SOD: 25.9 A (a), 26.9 A (b), 27.4 A (c) and 28.6 A (d).

8.2.3 Summary

It was shown that LBSF can be formed by laser doping. High surface
concentrations - above 1x10" ¢m™ - were detected at different laser diode currents,
ensuring the formation of ohmic contacts with very low contact resistance [439]. Note
that these concentrations are higher than those reported by others [66] and are
assumed to prevent formation of shunts between the inversion layer beneath the SiNy
layer and the rear metal contacts. EBIC images demonstrate the formation of uniform
laser-doped junctions at a wide range of laser diode currents, even when ablation
occurs.

8.3 The Double Sided Laser-Doped Solar Cell

It was shown in the previous section that the rear surface contributes more
than 50% of the total dark saturation current of the SSLD. It was shown that
improving the rear surface passivation can enhance the cell efficiency to above 20%.
This section presents preliminary work to develop a novel SiNy-passivated DSLD
solar cell structure. Due to equipment limitations it was not possible to perform the
metallisation of the developed structure until a later phase of the project. Therefore
the fabrication process was optimised up to the metallisation. It is assumed that due to
the heavy diffusion beneath the contacts the device performance will be independent
of the SRV at the Si-metal interface and therefore, the metallisation process will not
significantly affect the total device dark saturation current or degrade the device
performance.
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8.3.1 Fabrication Sequence

The fabrication sequence of the novel DSLD solar cell has been developed
based on conclusions drawn from experiments presented in previous chapters and

sections.

Figure 8-8 presents a schematic of the DSLD solar cell structure. The main
features of this structure are the well-passivated rear surface, the laser-doped selective
emitter and the LBSF beneath the rear metal contact, also created by laser doping.

Textured front with SiNx passivation

Lightly doped emitter (n+)

Heavily laser-doped Cu metal finger
region (n++)

p-type
substrate

Laser-doped LBSF
Cu metal finger p*+)

SiNx passivation layer

Figure 8-8: The DSLD solar cell structure schematic.

The wafers were alkaline textured prior a full RCA clean and ~120 Q/o
emitter diffusion. After a short dry oxidation and annealing at 1000°C for 15 min, an
ARC SiNy was deposited onto the front surface. NaOH (12.5%, 55°C, 10 min) was
used to etch the lightly doped n-type layer from the edges and the rear. Note that the
S10,/SiNy stack layer serves as a mask for this process; hence the emitter profile is not
influenced by it. Following an RCA clean, a SiNy layer was deposited onto the rear
surface as a passivation layer, as it was shown previously to provide superior
passivation quality for the low resistivity p-type substrate. Front and rear laser doping
were carried out to create the selective emitter and LBSF, respectively. Finally, Ni
and Cu were electrolessly plated to form the front and rear metal contact
simultaneously. It was not possible to apply photoplating to the DSLD structure due
to the selective plating on n-type surfaces only. Note that the relatively short high-
temperature processes make this cell structure very suitable for commercial
application and for mc-Si substrates.

In industrial applications, there are some benefits to performing the edge
isolation prior to the oxidation, mainly due to commonly-available wet rear isolation
systems. Figure 8-9 provides the fabrication sequence both in laboratory and

commercial environments, while Table A15-1 summarises the process parameters.
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Figure 8-9: Industrial (left) and laboratory (right) DSLD fabrication sequences.

8.3.2 Front Surface Passivation

The front passivation of the SSLD solar cells presented in previous chapters is
based on SiO,/SiNy stack layer. It was shown in Chapter 6 that this stack layer
reduces the formation of laser-induced defects. Furthermore, it was shown that this
layer minimises over-plating of metal during electroless plating [391]. Comparisons
between SiNy and the SiO,/SiNy stack as passivation layers for n' emitters can be
found in the literature; however, contrary results were reported for emitters with
resistivities in the vicinity of 100 Q/o [271, 288-289]. In order to verify the published
results and to assess the passivation quality, this section compares the passivation
quality of SiNy and the SiO,/SiNy stack layer for a 120 Q/o emitter. The calculated
SRV is then used in PC1D modelling of DSLD and SSLD solar cells. Note that due
its poor ARC properties and incompatibility with industrial environments, SiO; as a

single layer was not included in this comparison.

Sample Preparation

Ten CZ p-type wafers with resistivity of 1 Q.cm were used to evaluate the
passivation quality. After saw damage etch and full RCA clean, both of the surfaces
were diffused to create a similar ~120 €/o layer using an open tube furnace and solid
phosphorus sources. A short dry oxidation followed by 15 min annealing in N,
ambient was used to grow a thin oxide (~18 nm) and to drive in the dopants. The

wafers were then split into two groups:
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1. SON group: ARC SiNy (n, ~ 2.1, d = 75 nm) was deposited onto both surfaces
using the laboratory PECVD system (see Table 5-1 for deposition parameters).
2. SIN group: the SiO; layer was removed using an HF dip prior to ARC SiNy

deposition.

The effective lifetime and the implied V,. were measured before and after
annealing at 680°C in an open air belt furnace. Table A12-1 summarises the zone

settings.

Results

Table 8-3 summarises the average one-sun implied V,. of both of the groups,
before and after the annealing process. The SON group demonstrates a slightly higher
implied V,. in both cases (6-8 mV). Superiority of the stack layer as an n' emitter
passivation layer was found in the literature [270]. However, it was shown that both
layers provide similar passivation for emitters with resistivities below 100 Q/o [271,
288-289].

Table 8-3: Average one-sun implied V. of both groups, before and after annealing.

SON Group SiN Group
As-deposited [mV] 654.5 648.4
Post annealing [mV] 674.1 666.3

Figure 8-10 presents the effective lifetime as a function of the injection level

of representative samples from both groups after annealing.
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Figure 8-10: Effective lifetime as a function of injection level of representative samples from the SiN
and the SON groups (post-anneal).

In order to estimate the SRV of the SiO,/SiNy stack layer on textured n
emitters, four FZ p-type wafers with resistivity of 1 Q.cm were used. The wafers were
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textured using an anisotropic alkaline etch solution, which formed 1-2 pm-high
pyramids and resulted in a wafer thickness in the 200-210 um range. The rest of the
process was similar to that described above.

Figure 8-11 shows a sheet resistivity mapping of representative sample as
obtained using a Semilab WD-2000, while Table 8-4 summarises the average one-sun
implied V., effective lifetime (at one-sun) and the maximum SRV (at injection level
of 1x10"° cm™) values before and after annealing.

e e e
Figure 8-11: Semilab sheet resistivity mapping of a representative sample.

Table 8-4: Average one-sun implied V., effective lifetime and SRV values, before and after annealing.
STD values are given in brackets.

One-sun implied V. Effective lifetime Max SRV at 1x10"°

[mV] [pm] em™ [em/s]
As-deposited [mV] 671.0 (2.6) 95.7 (9.1) 121
Post annealing [mV] 684.2 (4.0) 149.0 (19.0) 59

Summary

It was shown that the SiO,/SiNy stack layer provides better passivation than an
ARC SiN, film for an »' emitter. Better passivation together with reduced laser-
induced defects and over-plating makes the stack layer the preferred option for front
surface passivation films for LD solar cells.

8.3.3 Initial Batch

A first batch of DSLD solar cells was fabricated on CZ p-type 2 Q.cm
substrates following the fabrication sequence described above (Figure 8-9). Table 8-5
provides the average one-sun implied V,. after rear SiNy deposition and front-side
laser doping. The significant drop in the implied V,. was unexpected, as the typical
voltage drop for SSLD cells was only ~5 mV. Though a high defect density within the
LD lines might explain this decrease, investigation of the lines using an optical
microscope, as shown in Figure 8-12 (a), did not reveal an unusual defect density.
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Degradation of the rear surface passivation during the baking of the phosphorus SOD
(P512) might instead explain this behaviour.

After spinning the SOD on the front surface, the wafer was placed in the oven
on a sheet of Al foil and baked at 120°C in air ambient to dry out the solvents and any
moisture in the SOD. It is known that phosphoric acid at high temperature etches SiNy
[331]; however, according to the data sheet, P512 does not contain phosphoric acid
[437]. Furthermore, no change of the ARC SiNy was observed previously, when the
P512 was employed as a SOD for SSLD. It was suspected that during the spinning
some of the P512 wrapped some region of the rear surface as well. Due to the high
temperature between the wafer and the Al sheet, which is higher than the ambient
temperature, the etch rate of the SiNy by the high concentration phosphorus solution is
enhanced significantly. To confirm this suspicion, P512 was spun onto the rear
surface of two wafers. The wafers were then baked at 120°C for 30 min with the rear
surface facing downward. Figure 8-12 (b) presents a digital image of the wafers after
this process. The SiNy was etched away from most of the surface, indicating that
during standard SOD baking, the rear passivation may be degraded. As a result,
wafers were placed on small pins during subsequent baking to ensure that some gap
exists between them and the Al sheet. Note that the film etch rate by phosphoric acid
at room temperature is negligible and is therefore suitable for use as a SOD provided
the wafers are not heated up and the equipment allows that.

Table 8-5: Average one-sun implied V,,, after rear deposition and front LD.

Implied V,. [mV]

After rear deposition 657.7
After front laser doping 646.6
Change compared to previous -11.1

Figure 8-12: Micrograph image of LD line on front surface (a) and digital image of the rear side of
SiN, passivated samples after baking with P512.

The chemical compositions of commercial SOD solutions are often unknown
due to confidentiality. Therefore, in addition to the SHR and dopant concentration, a
test needs to be performed to determine the effects of the SOD on the surface coating,
if any.
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8.3.4 Influence of SiN, film Parameters

In Chapter 5, it was found, using a test structure, that Si-rich SiNy films
provide better passivation than N-rich films. This section verifies the results using the
DSLD solar cell structure. The influence of the rear SiNy film parameters on the laser

process is studied as well.

Sample preparation

Four groups of four 16 cm” wafers were fabricated according to the standard
sequence (Figure 8-9). The only difference between the groups was the rear surface
SiNy film: four gas ratios were used to deposit SiNy with refractive indices between
2.12 and 2.6, as measured by dual mode ellipsometer at 632.8 nm. The thickness of all
the films was in the 74-76 nm range. Prior to the rear laser doping process, the
dependence of the obtained SHR on the refractive index was tested using two laser
diode currents. The measurement was taken using the four-point probe technique with

the appropriate correction factor for a 15 mm x 2 mm measurement pad.

Results

100 T —TT LI —

Sheet Resistivity [Q/0]

. —
2.1 2.2 2.3 2.4 25 2.6
Refractive Index

Figure 8-13: Sheet resistivity as a function of the refractive index of the SiNy for two laser diode
currents. The lines are given as a guide for the eye.

Figure 8-13 presents the results of these measurements, while Table 8-6
includes the reflectance of each film, coated with SOD, at 532 nm. At low laser diode
current, a clear correlation between the reflectance and the SHR can be seen. High
reflectance reduces the laser energy absorbed by the substrate, decreasing the melting
time and the amount of dopants that are able to diffuse into the molten region.
Furthermore, when a Si-rich film is employed, some laser energy is absorbed in the
film in addition to the reflectance loss. At high diode current, the SHR is quite steady
across all the indices. It is assumed that at this diode current, the process becomes

source limited, so the available laser energy no longer influences the obtained SHR.
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Table 8-6: Reflectance at 532 nm for different refractive index SiN, films (with SOD).

SiN, index Reflectance [%o]
2.21 5.4
2.29 8.7
242 22.7
2.61 27.1

Figure 8-14 shows micrographs of representative LD lines on the front (a) and
the rear (b) surfaces, while image (c) provides a three dimensional (3D) image of the
LD line presented in (a). As can be seen a uniform and continuous melting was
obtained on both surfaces.

Figure 8-14: Micrographs of laser-doped lines: front surface (a) and rear surface (b). Image (c) is the
3D image of the LD line presented in (a).

Table 8-7 summarises the average one-sun implied V,. after different
fabrication steps of the four groups. Similar to the results presented in Chapter 5, it
seems that Si-rich films provide better as-deposited passivation. The contributions of
the front and rear laser doping processes to the total dark saturation current is similar
across all the groups, thus is not influenced by the SiNy parameters. The final average
one-sun implied V. follows the trend of the as-deposited values; that is, Si-rich SiNj-
passivated solar cells demonstrate higher implied V,.. Note that one-sun implied V. in
the range of 660 mV after the LD processes was obtained for two groups.
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Table 8-7: Average one-sun implied V., after different fabrication steps, for four different rear

passivation SiNy films.

GR=114 GR=107 GR=088 GR=0.77

[mV] [mV] [mV] [mV]

After rear deposition 640.9 642.6 663.6 660.8
After front laser doping 635.1 639.2 657.6 658.1
Change compared to previous -5.8 -3.4 -6.0 -2.7
After rear laser doping 628.8 633.2 647.7 650.3
Change compared to previous -6.3 -6.0 -9.9 -7.8
After SiN, annealing 636.1 638.3 660.3 660.3

Change compared to previous +7.3 +5.1 +12.6 +10.0

Figure 8-15 presents the effective lifetime as a function of the injection level
of representative sample from the GR = 0.77 group. The annealing process enhances
the effective lifetime to a value similar to the un-processed wafer. Figure 8-16
demonstrates the same by providing the PL images of the same wafer at different
points in the fabrication process. All the images were taken under the same conditions

and are presented in the same scale.
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Figure 8-15: Effective lifetime as a function of the injection level after different fabrication steps.

Figure 8-16: PL images after rear SiN, deposition (a), after front and rear laser doping (b) and after
annealing at 680°C (c).
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A similar experiment was performed to investigate the influence of the rear
SiNy thickness on the solar cell parameters. The fabrication sequence is similar to
previous one. The only modification is the rear SiNy deposition: in this experiment the
GR was kept constant at 0.88 (n, ~ 2.4), while the deposition time was varied in the
range of 60-105 sec. Table 8-8 summarises the average one-sun implied V. after
different fabrication steps. Similar to results presented in Chapter 5, the as-deposited
implied V,. values are similar, but the post-annealing results indicate that it may be
beneficial to employ a thicker film.

Table 8-8: Average one-sun implied V. after different fabrication steps for three different thicknesses
of rear passivation SiNj film.

60 sec [mV] 82 sec [mV] 105 sec [mV]

After rear deposition 654.5 654.8 654.0
After front laser doping 651.8 652.6 648.2
Change compared to previous -2.7 -2.2 -5.8
After rear laser doping 644.0 646.0 641.2
Change compared to previous -7.8 -6.5 -7.0
After SiN, annealing 656.2 661.8 663.5
Change compared to previous +12.2 +15.8 +22.3
Summary

The first batches of DSLD demonstrated implied V,. values above 660 mV
before metallisation, which is an improvement of 25-30 mV over SSLD cells at the
same stage. The implied V,. after annealing was found to be similar to the initial
value, hence to balance the losses due to front and rear laser doping processes. Similar
to the finding in Chapter 5, it was found that devices passivated with Si-rich SiNy and
with thicker films demonstrate higher one-sun implied V..

8.3.5 Optimised Cells

Two batches of DSLD solar cells (16 cm?) were fabricated according to the
standard sequence outlined before. In accordance with conclusions from previous
experiments, a thick Si-rich SiNy film (GR = 0.77, 105 sec) was used as rear surface
passivation. Note that both of the batches were fabricated according to the same

sequence.

Results

An electrochemical capacitor-voltage (ECV) profiler (Dage CVP21) was
employed to profile the emitter [440]. The result of this measurement together with its
PCI1D fit is presented in Figure 8-17. The difference between the measurement and
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the fit is assumed to arise from the so-called emitter-push effect, where stress induced
by high phosphorus concentration enhances the diffusion velocity above that expected
from isoconcentration studies [441-443]. Good agreement was found between the
profile and the 120 /o value obtained by the four-point probe measurement.
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Figure 8-17: Emitter profile — atomic concentration as a function of estimated depth, as obtained by
electrochemical CV profiler. The solid line represents the substrate doping level.

The laser conditions were chosen to provide uniform and continuous melting
as shown in Figure 8-18 micrographs. The sheet resistivity was measured using the
measurement pads and was estimated to be 9 /o and 22 /o for the front and the
rear LD lines, respectively.

(B)

Figure 8-18: Micrographs of laser-doped lines: front surface (a) and rear surface (b).

{a)

Table 8-9 summarises the average one-sun implied V. of the two batches after
different fabrication steps. The variation of the as-deposited implied V,. is due to
process variation (probably PECVD). Although the drops in the implied V. after the
front and the rear laser doping seem similar, they represent different contributions to
the total Jy, due to the different implied V,.. Table 8-9 also includes the contribution
of each fabrication step to the total Jy;. It is assumed that Jy; is the main contributor
for the total dark saturation current, due to the large distance between the rear LD
regions and the junction and the small percentage of LD areas on the front surface.
Note that the calculated value after the front laser doping provides the upper
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boundary, due to addition contribution from the Jj, component. The significant post-
annealing enhancement demonstrates the ability of this process to improve solar cell
performance, even in cases where the as-deposited passivation quality is relatively
low (for example batch B). The high implied V,. at the end of the fabrication process
(prior to the metallisation) demonstrates the capability of the DSLD structure to
achieve high efficiencies exceeding 20%. Due to heavy doping beneath the metal
contacts, it is assumed that the metallisation process does not significantly degrade the
performance of the device. This assumption is also supported by the conclusions of

the previous chapter.

Table 8-9: Average one-sun implied V,,. and Jy; after different fabrication steps for two batches with
the same process sequence.

Batch A Batch B
Implied V,, Jor Implied V. Jor
[mV] [Alem?] [mV] [A/em?]

After rear deposition 671.7 8.2x10™ 648.7 2.0x107"
After front laser doping 664.9 1.1x10" 640.9 2.8x107"

Change compared to previous -6.8 +2.5x107" -7.8 +7.5%x10"
After rear laser doping 657.4 1.4x10" 633.7 3.7x107"

Change compared to previous -7.5 +3.7x107" -7.2 +9.3x107"
After SiN, annealing 671.4 8.2x10™ 682.0 5.4x10™

Change compared to previous +14.0 +48.3

Figure 8-19 presents the effective lifetime as a function of the injection level
of representative samples from each batch. The impressive post annealing

enhancement is clearly shown, especially in image (b).
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Figure 8-19: Effective lifetime of representative samples as a function of the injection level after
different fabrication steps: batch A (a) and batch B (b).

Figure 8-20 shows PL images of a representative cell from batch B after
different fabrication steps. All the images were taken under similar conditions and are
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presented in the same scale. Note the clear degradation after the rear laser doping
process and the significant improvement due to the annealing.

Figure 8-20: PL images of rear SiN, deposition (a), after front laser doping (b), after rear laser doping
(c) and after annealing at 680°C (d).

Summary

The initial results of the new DSLD structure yield an implied V,. exceeding
680 mV before the metallisation, demonstrating the potential of this cell design to
achieve efficiencies above 20%. Low SHR both for selective emitter and LBSF were
demonstrated. These low values ensure low contact resistance and isolation of the
bulk from the high recombination Si-metal interface.

It was noted that the degradation after the rear laser doping is greater than that
seen after front-side doping; the next section investigates the source of this difference.

8.3.6 Degradation of the Passivation

Though laser-induced defects were investigated in Chapter 6, the influence of
laser doping on the passivation layer has not been discussed. Furthermore, an implied
V,c drop above 7 mV was measured after rear laser doping (see Table 8-9), which is
above the expected value from PC1D simulation. This section therefore investigates
the influence of the laser doping process on the adjacent passivation layer.

A PC1D simulation was used to estimate the maximum drop of the implied V.
after the rear laser doping process. As a starting point, a device with 120 /0 emitter
and an SRV of 100 cm/s for both surfaces was simulated. The bulk lifetime was
chosen so as to match the implied V,. measured after the front laser doping process
(according to Table 8-9). These parameters are summarised in Table 8-10 in the
“Region 1 — Before” column. The post-rear-LD case was simulated by adding a
second region to the model (“Region 2”). In order to estimate the worst case scenario
the effective lifetime of this region was chosen to be 1 ps and the rear SRV to 1x10’
cm/s. The predicted drop in the V,. was calculated under the assumption that the laser
doping area covers 3% of the total device area. A drop of ~3 mV was predicted, less
than the measured one.
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Interestingly rear laser doping had a greater negative impact on the implied V.
than front-side doping, although the latter may increase the Jy, due to the short
distance to the p-» junction.

Table 8-10: PC1D simulation parameters.

Region 1 Region 1 Region 2
Before After

Thickness [um] 180 178.5 1.5
Resistivity [Q.cm] 2 2 20
Emitter sheet resistivity [€/0] 120 120 -—--
Effective lifetime [ps] 209 209 1
SRV front [cm/s] 100 100 0
SRV rear [cm/s] 100 0 1x107

PL imaging system with a magnification lens was used to investigate the
influence of the laser doping on the passivation layer. The resolution of the obtained
image was found to be 30 um/pixel. Localised degradation of surface passivation
influences the voltage (and thus the PL signal) not only in the degraded region, but
also in surrounding areas, due to carrier diffusion. In order to minimise the latter
effect, a very low-quality boron-doped (N, = ~1x10"® cm™) p-type wafer was used.
After a full RCA clean, SiNy was deposited (GR = 1.14, 105 sec) onto the front
surface using the laboratory PECVD system. The effective lifetime was too low to be
measured and is assumed to be less than 1 ps; therefore, the diffusion length in this
type of wafer is estimated to be below 40 um. A single laser line was defined in the
middle of the wafer without applying any SOD. Figure 8-21 presents a micrograph of
the 28 um-wide laser line.

r,.

Lasger
Line

(b)

Figure 8-21: Micrograph (a) and PL image (b) of the laser line.

The PL image was then analysed using MATLAB code, which sums and
normalises the PL counts in each column (y-axis - see Figure 8-21 (b)). Figure 8-22
presents the normalised PL counts as a function of the distance from the centre of the
laser line (x = 0). It is clear that the degraded region (150 um) is much wider than the
laser line width (28 pm). Furthermore, the region width is also larger than the
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calculated diffusion length. This indicates that the laser process influences the

passivation quality in an area much wider than the melting zone.
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Figure 8-22: Normalised PL counts as a function of the distance from the centre of the laser line.

In order to compare between different passivation methods the same procedure
was repeated, this time with commercial grade p-type CZ wafers (2 Q.cm). SiNy and a
Si04/SiN, stack layer on p-type and on # -diffused surfaces were both investigated
after annealing. Wafers with similar effective lifetime and thus similar minority
carrier diffusion length were chosen to be compared. The results of these
measurements are presented in Figure 8-23. The most striking result is the wide
degraded region, more than four millimetres from each side of the laser line. This
large distance is mainly due to the large diffusion length. No significant difference
was observed between the two passivation methods on either the p-type or ' -diffused
surfaces. Due to a difference in the effective lifetime values, direct comparison
between the p-type and n'-surface is not possible.
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Figure 8-23: Normalised PL counts as a function of the distance from the laser line: on p-type surface
(a) and on " diffused surface (b).

Summary

Due to the laser doping process the passivation quality is degraded in a wide
region adjacent to the molten areas. It is possible that the high temperature, even in
the un-melted regions, damages the passivation. One possible degradation mechanism
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could be the diffusion of hydrogen out of the passivation film, leaving un-passivated
dangling bonds. According to this assumption, passivation methods based on
hydrogen passivation, such as SiNy, are more sensitive to the laser process. This can
explain the bigger implied V,. drop after the rear laser doping process. However, a
higher density of laser-induced defects (due to the absence of a SiO; layer) or the fact
that the rear is an un-diffused surface could also contribute to this behaviour. Further
investigation is necessary.

8.3.7 Optical Loss

A possible limitation of the DSLD structure is the reduction in device current
due to the absence of Al, which is often used as a rear reflector in solar cells [32].
This section employs a PC1D model to estimate the possible current loss arising from
replacing the Al with SiNy.

Figure 8-24 presents the transmission (7) and reflectance (R) as a function of
the wavelength of representative DSLD solar cell, as measured using a Cary 500
spectrophotometer.

100----------

@
o
1

2]
o
1

v Transmission
¢ Reflectance
4 Absorption

IN
o
1

/

N
o
1

Tran., Ref. and Absorption [%]

400 600 860 1000 1200
Wavelength [nm]

Figure 8-24: Transmission, reflectance and absorption as a function of the wavelength.

Also presented is the absorption (4), which was calculated using the following

expression:
8-3) A=1-(T+R)

The calculated absorption below 550 nm includes absorption within the ARC
SiNy, though for wavelengths longer than 450 nm this absorption is relatively small
(see Figure 5-38). Above 1000 nm the calculated absorption decreases rapidly, due to
significant increase in both reflectance and transmission. It is assumed that only ~5%
of the incident light is reflected directly from the front surface, while the rest is
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reflected after a number of bounces in the cell [444]. Note that at 1200 nm 40% of the
light is transmitted and more than 50% is reflected.

In order to estimate the reduction in the current, the reflectance measurement
was fitted with a PC1D model; the reflectance of a representative SSLD solar cell was
also simulated for comparison. Figure 8-25 shows the measured reflectance, together
with the PCI1D fits, as a function of the wavelength. Good agreement was achieved
between the SSLD measurement and the PC1D fit; however, it was challenging to fit
the DSLD measurement for the entire wavelength range. Therefore, Figure 8-25
includes two fit curves, which provide a lower (fit (a)) and upper (fit (b)) boundary for
this measurement. Table 8-11 presents the fit parameters of the three curves. Despite
the fact that both structures have a similar front surface, it was found that different
parameters need to be used to fit the measurements. For the SSLD measurement, a
good fit was obtained using the value that characterises a Lambertian surface. It was
shown by Yablonovitch and Cody that 1/(n,)* of the light striking this type of surface
will be coupled out [31, 445]; for Si at 1200 nm, this amounts to ~8% (n, = 3.52).
However, this value was found to be too low to fit the DSLD measurement. The
reflectance from the DSLD rear surface was chosen to fit the transmission
measurement (see Figure 8-24). Due to the fact that no absorption occurs within the
SiNy at these wavelengths, light that is not transmitted is reflected by the surface
(~60%).
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Figure 8-25: Comparison between the reflectance of DSLD and SSLD as a function of the wavelength.
The solid and dotted lines are PC1D fits to the measurements.

The difference in the front surface parameters is assumed to arise from the
diverse optical paths taken by light rays in different structures. Although a comparable
amount of light reflects from the rear surface of both of the structures, less light
escapes from the front surface in the case of the Al rear surface since it reflects light
in a diffuse fashion [444]. According to the fit and the reflectance measurements more
light is reflected from the front surface of the DSLD structure, although less light is
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reflected from the Si-SiNy interface. Thus the percentage of light escaping from the
front surface in the Si-SiNy case is significantly higher.

Table 8-11: PC1D parameters used to fit the reflectance measurements.

Rear — Al Rear — SiN; Rear — SiN,

Fit (a) Fit (b)
Front surface (diffuse):  First bounce [%] 92 89 90
Subsequent bounces [%] 92 77 30
Rear surface (diffuse):  First bounce [%] 69 56 55
Subsequent bounces [%] 69 90 92

The PC1D model of the SSLD solar cell (see Table A11-3) was employed to
estimate the variation in Js. The internal reflectance parameters in the model were
modified according to Table 8-11. For the DSLD solar cell, rear SRV of 100 cm/s was
simulated. As can be seen in Table 8-12, a drop of 0.2-0.4 mA/cm” is predicted by the
model when SiNy replaces the Al at the rear surface.

Table 8-12: Comparison between the J;. of DSLD and SSLD solar cells.

J. [mA/em?]

SSLD (Al rear) 38.1
DSLD (SiNy rear, SRV rear = 100 cm/s) — (a) 37.9
DSLD (SiNy rear, SRV rear = 100 cm/s) — (b) 37.7

The WVASE software package was used to gain a better understanding of the
internal reflectance properties of Al and SiNy. The internal reflectance was modelled
for both Si-Al and Si-SiNy (Si-rich) interfaces. The optical properties of Al were taken
from a data file included in the software package, while the model developed in
Chapter 5 was used for the SiNy film. Figure 8-26 presents the internal reflectance as
a function of the wavelength for light beams of varying incident angle. Note that a
beam of light entering the cell at normal incidence to the plane strikes the rear surface
at ~41°, after being diverted by the textured front surface (see Figure 8-26 (¢)). It can
be seen that SiNy is a perfect reflector for light beams which are incident on the rear
surface at an angle greater than 40°. In comparison, Al reflects only 80-90% of the
light at this angle (for relevant wavelengths, longer than 950 nm). Hence, SiNy can be
employed as a suitable rear reflector.

The difference between the measurement presented in Figure 8-24 and the
model is assumed to be due to the high level of roughness at the cell’s rear surface
(see Figure 8-27). Due to this roughness, some of the light strikes the rear surface at
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angles smaller than 40°, so a high portion of it is transmitted. The 40% transmitted
light, as indicated in Figure 8-24, is therefore a mixture of perfect and relatively poor
(~8%) internal reflectance. However, even in the case of perfect internal reflectance,
focus needs to be given to the device optical design in order to minimise the amount
of light escaping from the front surface.
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Figure 8-26: Internal reflectance of Al (a) and SiNy (b) as a function of the wavelength for different
incidence angles (with respect to the rear surface normal) and ray tracing (c) (not to scale).

Figure 8-27: Micrograph of the rear surface of the DSLD used for transmission measurement.

Summary

Transmission and reflectance measurements together with PC1D modelling
were used to estimate the current lost due to the replacement of the rear Al by SiNy. A
reduction of up to 0.4 mA/cm” was found for the DSLD structure, mainly due to light
escaping via the front surface. Part of this loss can be regained if the cell is placed on
a reflective material such as white polymer during encapsulation into a module [31],
or if light is allowed to enter the cell from the rear.

WVASE was employed to compare Al and SiNy as rear reflectors; it was
shown that SiNy is a perfect reflector for light beams striking the rear surface at angles
greater than 40° but is quite poor for smaller angles. Optimisation of the optical
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design of the DSLD structure will allow for the full utilisation of this internal
reflectance capability.

8.3.8 Summary

Preliminary results for the new DSLD solar cell demonstrated the potential of
this structure to obtain efficiencies exceeding 20% due to the high V,.. One-sun
implied V,. above 680 mV was achieved using commercial grade CZ p-type wafers
when measured after laser doping and prior to the metallisation. This is
~50 mV higher than the V,. obtained for the SSLD at the same stage. It was shown
that the laser doping process degrades the passivation quality in a wide region,
significantly wider than the molten area. It is assumed that this degradation is result of
the high temperature, which leads to out-diffusion of hydrogen from the SiNj to the
ambient.

A PCID simulation was carried out to assess the current loss due to the
absence of Al at the rear. It was found that up to 0.4 mA/cm” can be lost, though
different methods can be employed to minimise this reduction.

8.4 Problems with the Metallisation of DSLD

As mentioned previously the metallisation process was done only at the end of
the research, due to equipment limitations. This section presents initial results and
identified problems. Possible solutions are suggested in order to solve the problems.

8.4.1 Metallisation Process

The metallisation process employed during this study was based on the
electroless plating process developed for BC solar cells [424]. Besides offering low
contact resistance and high conductivity, the electroless method provides selective
plating, which maximises the benefits of the laser doping process. In this method
metal does not plate on the dielectric layers, such as SiO; and SiNy, but only on the
contact areas. Note that at this stage photoplating is not possible as it selectively plates
n-type regions.

The standard metallisation process begins with deglazing, which etches any
type of oxide layer (such as PSG) formed during the laser doping process and
prepares the surface for the subsequent plating. While buffered HF can be used in the
case of conventional BC, in the case of double sided BC (DSBC) solar cells a
modified solution needs to be used in order to etch both the PSG and the borosilicate
glass (BSG) simultaneously [418]. Next, Ni is plated into the exposed contact regions.
The Ni deposition process favours deposition on 7' Si, so the nucleation of the initial
Ni layer is relatively easy and reliable for n-type contacts [418]. However, the plating
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of p-type contacts is more challenging. Following the plating, the Ni is sintered to
form Ni-silicide in tube furnace filled with N,. The composition of the formed silicide
is influenced by the sintering temperature. Ni,Si is formed at a low temperature range
(200-350°C), while NiSi and NiSi, are formed at elevated temperatures, NiSi at 350-
750°C and NiSi, above 750°C [446]. Although it has been shown that the contact
resistance is almost independent of the sintering temperature in the range 240-400°C
[447], it was shown in the previous chapter that the sintering conditions (duration,
ramping up/down, etc) have a significant influence on the formation of shunts and
junction recombination. If done correctly, the formed silicide reduces the contact
resistance, improves adhesion of the subsequent thick Cu layer and prevents diffusion
of Cu into the junction region. Finally, Cu is plated from an aqueous solution into the
Ni/Ni-silicide regions, forming the metal contacts. The last step relies heavily on a
fully nucleated Ni/Ni-silicide layer to ensure uniform and stable Cu plating [418].
Table 8-13 summarises the metallisation process.

Table 8-13: Summary of the electroless plating process.

Duration Temperature
Deglazing 30 sec Room Temp.
Ni plating 5 min 85°C
Ni sintering 2.5 min 350°C
Ni flash 1.5 min 85°C
Cu plating 60 min 45°C

The standard process is relatively straightforward, due to the fact that only
phosphorus-doped regions need to be plated. However, as highlighted by Guo [418],
simultaneous plating of both polarities is challenging as electrons are rare in heavily-
doped p-type regions.

8.4.2 Palladium Activation

Four DSLD solar cells, fabricated according to the sequence described in
Figure 8-9 (N-rich SiNj film as rear passivation, GR= 1.14) were used to evaluate the
challenges in the metallisation process. The standard metallisation process (see Table
8-13) was employed. Optical microscope examinations were performed after the Ni
and the Cu plating to assess the plating. It was seen that Ni plated into both surfaces,
although some isolated un-plated regions were observed. However, only a small
amount of Cu was plated, as indicated by micrographs in Figure 8-28.
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Figure 8-28: Micrographs of LD lines after Ni plating (a) and after Cu plating - front surface (b) and
rear surface (c).

Due to the fact that plated Ni was observed, it was first suspected that in-
activation of the Cu plating solution is the source of the poor plating. The Cu plating
solution is self-catalytic and can be activated by generation of hydrogen by initial
plating into metal, such as Al. However, repeating the experiment with wafers with a
screen-printed Al rear contact and with Al wires did not seem to improve the reaction,
although plating was observed on the Al wires and partly on the screen-printed solar
cells.

Formation of Ni-oxide can prevent Cu plating. However, the sintering was
carried out in an N; environment and the samples were stored in an elephant tube
filled with N, during cooling to prevent Ni oxidation. Furthermore, Ni-flash step was
performed prior to the Cu plating to form a thin, fresh Ni layer on which the Cu may
plate easily.

Palladium (Pd) activation prior to Ni plating was proven to facilitate
nucleation during the Ni plating process and improve Ni coverage and adhesion to the
Si [446, 448]. It was also integrated into the advanced metallisation sequence
developed by Guo for the DSBC solar cell [418]. Recently, Fisher reported improved
uniformity of Ni plated on a p-type surface after Pd-activation [449]. In this reaction
the Pd displaces a single atomic layer of Si, forming an ideal nucleation layer for the
subsequent Ni plating [418, 448]. Although it seems that Ni plated onto both surfaces,
it was decided to investigate if Pd activation can improve the poor Cu plating.

A second batch of DSLD devices was fabricated in a similar fashion to that
described previously (GR= 1.14). The metallisation process was similar to the one
presented in Table 8-13, with one modification: Pd activation was carried out between
the deglazing and the Ni plating. The Pd solution was based on PdCl, and ammonia as
proposed by Karmalkar and Banerjee [448] and the activation was done at room
temperature for six minutes. Figure 8-29 presents micrographs of LD lines after Cu
plating. A significant improvement can be observed for both surfaces. However, the
plated Cu lines were still very thin (< 3 um) and rough. Furthermore, it seems that
occasionally the Pd activates parts of the dielectric layer, which causes a severe over-
plating problem: see image (c). Figure 8-30 shows an extreme case where the entire
surface was activated, resulting in almost complete coverage of the surface by Ni.
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Figure 8-29: Micrographs of LD lines after Cu plating using Pd activation: front surface (a) and rear
surface (b-c).

Figure 8-30: Digital image of DSLD after Pd activation and Ni plating.

8.4.3 Degradation of the Rear Passivation

Another problem which was identified is degradation of the rear passivation
during the metallisation, even in cases where metal was not plated. This phenomenon
is clearly demonstrated in Figure 8-31, where PL images of the same DSLD solar cell
are presented before and after the metallisation process. The cell was fabricated
according to the process given in Figure 8-9 and Table A15-1. Si-rich SiNy film was
employed as rear passivation layer.

The post-metallisation degradation is easily observed. Note that the exposure
time of image (b) was double that of image (a). This degradation occurred despite the
fact that the metallisation process was not successful, as no metal was plated into
either of the surfaces as shown in image (c). Similar degradation was observed for a
number of batches. It was also noticed that the colour of the rear SiNy changed during
the process. For example, the initial colour of the SiNy shown in image (c) was silvery
prior to the metallisation (not shown) and changed to blue, as can be seen in the
digital image.
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Figure 8-31: PL images of the same DSLD solar cell: before metallisation (a) and after metallisation

(b). A digital image of the rear surface after the metallisation is given as well (c).

In order to investigate the source of the degradation a test structure was
employed. Six p-type 1 Q.cm CZ wafers were saw damage etched to a thickness of
220 pum prior to a full RCA cleaning. The wafers were then split into two groups of
three wafers each. Si-rich SiNy (GR = 0.77, n, ~ 2.6) was deposited onto both surfaces
of one group, while N-rich SiNy (GR = 1.07, n, ~ 2.2) was deposited onto the second
group. No laser doping process was carried out before the metallisation. The effective
lifetime and the implied V,. were measured after each step using the QSS-PC system.
Table 8-14 summarises the average one-sun implied V. after each metallisation step.
Although reductions were observed after the Ni and the Cu plating steps, the final
implied V. is higher than the initial value. Hence, the source of the degradation is still
unknown.

Note that no metal was plated during this experiment due to lack of exposed Si
(no LD lines). It is possible that the degradation process is initiated by plating.

Table 8-14: Average one-sun implied V. after different metallisation steps.

GR=0.77 [mV] GR =1.07 [mV]

After deglazing 642.6 642.4
After Ni plating 632.4 638.4
Change compared to previous -10.2 -4.0
After Ni sintering 646.4 657.0
Change compared to previous +14.0 +18.6
After Cu plating 648.6 648.1
Change compared to previous +2.3 -8.9
Total change +6.0 +5.7

Further experiments indicated that N-rich SiNy films are more stable than Si-
rich films during the metallisation. It is possible that some of the plating solutions
contain NaOH, which was found in Chapter 5 to etch Si-rich SiNy film very quickly.
However, this remains to be investigated.
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8.4.4 Summary

Preliminary experiments were carried out to evaluate the electroless plating
process for DSLD solar cells. Two main problems were identified. The first was
insufficient Cu plating on both surfaces. It was shown that Pd activation improved the
plating process; however, it was found occasionally to activate large surface regions,
which resulted in over-plating.

A second problem is degradation of the rear passivation during the process. It
seems that the degradation is smaller for N-rich than for Si-rich SiNy layers.
Therefore, one possible solution to the degradation problem can be employing N-rich
film as rear passivation, although Si-rich films provide better passivation. A second
solution could be evaporation of Al onto the rear surface. In this case only the front

surface needs to be plated, which can be done using the photoplating method.

8.5 Chapter Summary

Two main loss mechanisms in the SSLD solar cell were identified; the first is
the relatively heavy emitter and the corresponding poor front surface passivation.
Both were found to degrade the efficiency by 0.3-0.4% absolute. The second loss
mechanism is the rear surface design as indicated by its contribution to the total dark
saturation current.

An optimum emitter resistivity was identified in the range 120-140 Q/o. It was
shown that the Si0,/SiNy stack layer provides better passivation than SiNy film for
this range of emitters, although they are comparable. However, the stack layer is the
preferred option due to reduced laser-induced defects and over-plating.

The formation of LBSF plays a critical role in the SiNy passivated DSLD solar
cell. It was shown that LBSF can be formed by the laser doping method. High surface
concentrations, above 1x10" cm™ were detected at different laser diode currents,
which ensure the formation of an ohmic contact with very low contact resistance.
These concentrations are higher than those reported previously and are assumed to
prevent formation of shunt between the inversion layer beneath the SiNy layer and the
rear metal contacts.

Preliminary results of the new DSLD solar cell structure were presented. One-
sun implied V,. above 680 mV was achieved using commercial grade CZ p-type
wafers, at the end of the laser doping process, prior to the metallisation. This is ~50
mV higher than the V,. obtained by the SSLD at the same stage. This high V.
demonstrates the potential of this structure to achieve efficiencies exceeding 20%.
However, complete device fabrication was challenging due to problems in the
metallisation process.

Two main problems were identified during initial metallisation processes. The

first was insufficient Cu plating on both surfaces. It was shown that Pd activation can
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improve the plating process; however it was found occasionally to activate large
surface regions, which resulted with over plating. A second problem is degradation of
the rear passivation quality during the process. Possible solutions for these problems

were presented, however more work needs to be done to fully solve them.
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Chapter 9 : Conclusions

The primary aim of this thesis was to improve the efficiency of the SSLD solar
cell, focusing on two important aspects of device design. The first was modification of
the rear surface, which was achieved mainly by replacing the standard Al contact with
localised contacts and high-quality SiNy passivation. The second was optimisation of

the laser doping process and the laser operation condition.

In the first part of this thesis, several passivation methods were compared. As
SiNy was found to provide the best passivation for un-diffused low resistivity p-type
substrate, the impact of the film parameters and annealing conditions on the obtained
passivation was investigated. The main conclusions from this component of the thesis

arc:

1. Si-rich layers provide lower S, values than N-rich films before and after
annealing. No influence of the film thickness on the as-deposited one-sun
implied V,. was observed, but a strong post-annealing correlation was found,
where a thicker film provides better passivation.

2. Annealing in the 600-820°C range significantly improves the passivation of
different SiNy films on different surfaces. An optimal annealing temperature
was identified in the 680-700°C range. An Sy value in the range of 2-7 cm/s

was calculated for 1 Q.cm p-type substrate at an injection level of 1x10"° cm™.

3. Annealing produces significant enhancement of the bulk lifetime in SiNy
passivated CZ wafers. Using an optimal annealing condition, the implied V.
of CZ substrates increased to a value comparable to that of FZ wafers: almost
720 mV.

4. It was shown that the injection level dependence of the S, can reduce the
theoretical F'F' by up to 3%, similar to the value calculated for PERL solar
cells. Despite this dependence, very low S5 values were calculated under both
one-sun and MPP operating conditions.

5. SiNy passivation is highly suitable for laser-doped solar cell fabrication

sequences. In addition to having good passivation properties, SiNy films also
demonstrated excellent tolerance to all processing conditions. Good thermal
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stability was shown under Ni sintering conditions. No influence of annealing
on the optical parameters of the ARC layer was observed. Slow etch rates in
aqueous HF solutions ensure no degradation during the deglazing process,
prior to metallisation. However, care needs to be taken when a NaOH-based
solution is used as it was found to etch the film and degrade its passivation

quality.

Laser doping is a promising method for creating selective emitters. Its main
advantage is the localised nature of the laser beam, which allows melting of the
surface area without heating the bulk. However, laser-induced defects, contaminations
and discontinuities in the laser-doped junctions degrade the solar cell performance. In
Chapter 6, laser-induced defects were investigated using a wide range of
characterisation techniques. The main focus was given to studying the impacts of
dielectric film on defect formation. The main conclusions from this chapter are:

1. Laser doping degrades the electrical performance of the device. This
degradation is more pronounced when a dielectric layer is present on the
surface of the silicon during the laser process, possibly due to the thermal
expansion mismatch between the silicon and the overlying dielectric layer.

2. No crystalline disorientation resulting from the epitaxial regrowth process was
observed using a combination of EBIC and EBSD microscopy. Near-surface
defects caused by laser doping were observed both in TEM images and after
Yang etching. A higher density of defects was revealed by the etch when a

dielectric film was present on the surface prior to laser doping.

3. It was concluded that near-surface laser-induced defects and a high level of
oxygen in the molten area are the source of the electrical performance
degradation. Although not directly observed, a high point defect density may
also contribute to this degradation. The high concentrations of nitrogen
detected near the surface can possibly degrade the subsequent metallisation
process.

4. It appears that the dominant mechanism for the observed electrical
performance degradation is the formation of defects when a dielectric layer is
used, whereas contaminations and point defects are the predominant defects in
the case of bare wafers.

5. Using cross-sectional EBIC analysis of laser-doped lines it was found that a

continuous and uniform p-n junction is formed even when ablation occurs,
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although discontinuities in the junction are more frequently observed for high

laser powers.

6. It was shown that Si0,/SiNy stack is able to reduce the defect density. It seems
that the well-known ability of the oxide to relieve stress in the SiNy together
with its low thermal expansion coefficient are the reasons for the reduced
defect density.

7. SSLD solar cells with SiO,/SiNy stack layer demonstrate higher V,. and FF
than those with SiNy only. It was shown by a spectral response measurement
that the observed change in the V. is not due to differences in the front surface
passivation, but is more likely due to formation of defects adjacent to the
laser-doped lines. An efficiency of 18.4% on commercial grade CZ substrates
demonstrates that high efficiencies are achievable despite the laser-induced
defects if an optimum dielectric layer and laser power are chosen.

Chapter 7 investigates the influence of laser parameters on the electrical
performance of laser-doped solar cells. The main conclusions from this chapter are:

1. A wide range of laser diode currents can be used to create a p-n junction by
laser doping. Laser-doped junctions can be formed by using a diode current
that is too weak to completely melt the pyramids on the top surface as well as
one that is sufficiently high to ablate the silicon.

2. Grooves formed through intermediate levels of ablation can be used to
improve the adhesion between the silicon and the metal without significantly
degrading the cell performance. It was shown that similar V,., J, and FF
values are obtained for a wide range of laser diode currents. At intermediate
levels of silicon ablation, the V,. is the first cell parameter to be reduced,
primarily due to the large Si-metal interface. This reduction decreases the
efficiency, although efficiencies above 18.1% are still achievable. At higher
levels of ablation, shunts reduce the FF and the V,.. Under these conditions
significant efficiency degradation was observed.

3. An efficiency of 18.7% was achieved on a large area commercial grade p-type
CZ industrial size substrate. This demonstrates the potential of the laser
doping method to fabricate high-efficiency solar cells on a relatively low
quality of substrate using commercial equipment and processes.
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4. Electroless and photo-plating were compared; higher pseudo-FFs were
achieved for photoplated laser-doped solar cells. If the photoplating technique
is combined with well-optimised Ni sintering, the pseudo-FF is almost
independent of the laser diode current. The superior performance of the
photoplated cells results from the dependence of the plating rate on the local
voltage and the fact that only n-type surfaces are plated. Both of these
phenomena reduce the prominence of shunts and resistance-limited enhanced
recombination regions.

The starting point of Chapter 8 is an investigation of loss mechanisms in the
SSLD solar cell. As a conclusion from this investigation a new structure — the DSLD
solar cell — was developed and preliminary results were presented. The main

conclusions from this chapter are:

1. Two main loss mechanisms limit the performance of the SSLD solar cell. The
first is the relatively heavy emitter and the corresponding poor front surface
passivation. It was shown that by increasing the emitter sheet resistivity to the
120-140 /o range, the efficiency can be increased by 0.3-0.4% absolute. The
second loss mechanism is the rear surface design as indicated by its
contribution to the total dark saturation current.

2. A local back surface field can be formed by the laser doping method. Surface
concentrations above 1x10" cm™ were detected at different laser diode
currents, ensuring the formation of an ohmic contact with very low contact
resistance. These concentrations are higher than previously reported and are
assumed to prevent formation of shunts between the rear metal contacts and

the inversion layer that lies beneath the SiN layer.

3. One-sun implied V,. above 680 mV was achieved using the DSLD structure
on commercial grade CZ p-type wafers, at the end of the laser doping process
and prior the metallisation. This is ~50 mV higher than the V. obtained for the
SSLD at the same stage. This high V,. demonstrates the potential of this
structure to achieve efficiencies exceeding 20%.

4. Two main problems were identified during initial metallisation processes. The
first was insufficient Cu plating on both surfaces. It was shown that Pd
activation can improve the plating process; however, it was found to
occasionally activate large surface regions, which resulted in over-plating. A
second problem is degradation of the rear passivation during metallisation.
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9.1

Possible solutions for these problems were presented, however more work
needs to be done to fully solve them.

Original Contributions

The following are the original contributions made by the author .in this thesis:

A comprehensive study regarding the influence of the annealing temperature
on the obtained passivation was carried out. This study completes an existing
gap in the published literature.

It was demonstrated that when CZ substrates are annealed, significant bulk
lifetime enhancement occurs. Using an optimal annealing condition the
implied V,. of CZ substrate increased to a value comparable to that of FZ
wafers.

Laser-induced defects were comprehensively studied. Special attention was
given to the influence of a dielectric film on the generation of defects. This
study completes an existing gap in the published literature.

A new laser pulse shaping method to increase the melting duration and to slow
the recrystallisation velocity was developed. A reduction of the laser-induced
defect density and improvement of dopant mixing can be achieved using this
approach. A patent application has been filed by the university to protect this
novel method.

The influence of laser power on the laser-doped solar cell performance was
investigated. It was demonstrated that grooves formed through intermediate
levels of ablation can be used to improve the adhesion between the silicon and

the metal without significantly degrading the cell performance.

Electroless and photo-plating were compared for the first time, regarding the
formation of shunts and enhanced recombination regions in laser-doped solar
cells. The superiority of the photoplating method was demonstrated by higher
pseudo-FF values.

A new DSLD solar cell structure has been developed. One-sun implied V.

above 680 mV was achieved using commercial grade CZ p-type wafers when
measured after laser doping, prior to metallisation. This is ~50 mV higher than
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9.2

the V,. obtained by the SSLD at the same stage. This high V,. demonstrates
the potential of this structure to achieve efficiencies exceeding 20%.

Future Work

During this thesis a number of topics were identified for further work:

A comprehensive study should be performed regarding the source of the post-
annealing enhancement. Focus needs to be given to the variation in the charge,

the surface state density and the capture cross section after annealing.

The influence of the laser process on the surrounding passivation was only
briefly investigated during this thesis. Further work is needed to evaluate the
impact of this degradation mechanism on the solar cell performance. This
degradation process may limit the benefits of SiNy passivation of the rear
surface. Furthermore, it is suspected that use of a CW laser enhances this
degradation effect, due to the longer heating duration. This can limit the use of

this type of laser for rear laser doping.

Development of rear surface passivation based on negative fixed charge for
the DSLD on a p-type substrate can be very beneficial due to reduced
dependence of the passivation on the injection level and on hydrogen
passivation of dangling bonds. While Al,O3 appears promising, investigation
is needed to assess its suitability for the laser-doped solar cell fabrication

sequence and for the industrial environment.

While equipment limitations prevented its practical realisation, a new pulse
shaping system was designed and a theoretical study was carried out to
investigate its potential. The proposed pulse shaping method seems to provide
many advantages when employed during the laser doping process, including
the reduction of the defect density and improvement of the dopant mixture.

Two main problems were identified regarding the metallisation of DSLD solar
cells. Much more work is needed to optimise this process. As a first step it is
recommended to use SiN, with a lower refractive index as rear surface
passivation. It seems that the etching rate of this film by the metallisation
solutions is relatively slow. Modification of the solution baths in order to
accommodate Si-rich SiN is also recommended as this film demonstrated a
higher passivation quality. Al evaporation onto the rear SiNy can be used as
another possible solution. In this case photoplating can be employed as the

metallisation method. However, care needs to be given to evaporation and
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annealing processes in order to minimise any possible degradation effects of it
on the passivation quality.

It was shown that when photoplating and optimised Ni sintering conditions are
used, the pseudo-FF is independent of the laser diode current. It was also
shown that photoplated solar cells demonstrated higher pseudo-FF than
electroless plated cells. A plating method which selectively plates not only the
n-type regions of the front, but also the p-type regions of the rear should be
developed. This can be carried out by applying voltage during the plating or
by using selective solutions.
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Appendix 2: Abbreviations List

3D Three Dimensional

AC Alternating Current

AFM Atomic Force Microscopy

APCVD Atmospheric Pressure Chemical Vapour Deposition
ARC Anti Reflection Coating

a.u Arbitrary Unit

BC Buried Contact

BHF Buffered Hydrofluoric acid

BKD Backscatter Kikuchi Diffraction
BOE Buffered Oxide Etch

BSF Back Surface Field

BSG Boronsilicate Glass

CCD Charge-Coupled Device

Cv Capacitor-Voltage

CVvD Chemical Vapour Deposition

Cw Continuous Wave

Ccz Czochralski

DC Direct Current

DCD Double Crystal X-ray Diffractometry
DI H,O Distilled water

DLTS Deep Level Transient Spectroscopy
DRM Depletion-Region Modulation
DSBC Double Sided Buried Contact
DSLD Double Sided Laser Doped

EBIC Electron Beam Induced Current
EBSD Electron Backscattering Diffraction
ECN Energy Centre of the Netherlands
ECV Electrochemical Capacitor-Voltage
ech Electron-electron-hole

EFG Edge-defined Film-fed Grown

ehh Electron-hole-hole

EVA Ethylene Vinyl Acetate

EWT Emitter Wrap-Through

FGA Forming Gas Anneal

FIB Focused Ion Beam
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FWHM
FZ
GILD
GR

HIT
HMI
IBBC
IQE

ISE
ISFH
Laser
LBSF
LCE
LCP

LD
LED
LFC
LIMPID
LIP

LIT
LPCVD
MIS/IL
MOSFET
MPP
MWT
N/A

NI
PA-ALD
PCD
PECVD
PERC
PERL
PL

PSG

PV

QSS
OSS-PC
OSS-PL
RF
RISE

Full Width at Half Maximum

Float Zone

Gas Immersion Laser Doping

Gas Ratio

Heterojunction with Intrinsic Thin film

Hahn Meitner Institut (Berlin)

Interdigitated Buried Backside Contact

Internal Quantum Efficiency

Instituts fiir Solare Energiesysteme in Fraunhofer
Institut fiir Solarenergieforschung in Hameln/Emmerthal
Light Amplification by Stimulated Emission of Radiation
Local Back Surface Field

Laser Chemical Etching

Laser Chemical Processing

Laser Doped

Light Emitting Diode

Laser Fired Contact

Laser Induced Melting of Pre-deposited Impurities Doping
Light Induced Plating

Lock-in Thermography

Low Pressure Chemical Vapour Deposition
Metal-Insulator-Semiconductor Inversion Layer
Metal-Oxide-Semiconductor Field-Effect Transistor
Maximum Power Point

Metal Wrap-Through

Not Applicable

National Instruments

Plasma-Assisted Atomic Layer Deposition
Photoconductance Decay

Plasma Enhanced Chemical Vapour Deposition
Passivated Emitter and Rear Contacts

Passivated Emitter Rear Locally diffused
Photoluminescence

Phosphosilicate Glass

Photovoltaic

Quasi Stead-State

Quasi Stead-State Photoconductance

Quasi Stead-State Photoluminescence

Radio Frequency

Rear Interdigitated Single Evaporation
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RT
RTO
SCF
SE
SHR
SIMS
SOD
SRH
SRV
SSLD
STD
TCA
TEM
TLM
UNSW
uv
WD

Room Temperature

Rapid Thermal Oxide
Semiconductor Finger

Secondary Electron

Sheet Resistivity

Secondary lon Mass Spectrometry
Spin on Dopant
Shockley-Read-Hall recombination
Surface Recombination Velocity
Single Sided Laser Doped
Standard Deviation
Trichloroethane

Transmission Electron Microscopy
Transmission Line Model
University of New South Wales
Ultraviolet

Working Distance
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Appendix 3: Symbols List

Symbol  Description Unit
A Resonator cross section cm”
A Absorption -—-
A; Scaling factor -—-
B Radiative recombination coefficient cm’/s
C Speed of light cm/s
Cn Auger coefficient cm®/s
Cp Auger coefficient cm®/s
D Minority carrier diffusion constant cm?’/s
Diy(E) Interface state at given energy cm>-eV!
d Dielectric film thickness nm
E Young’s modulus of elasticity Pa
E./E, Energy of conduction / valance bands eV
E. Electron kinetic energy eV
E, Energy level of recombination centre eV
FF Fill factor %
Sabs Optical constant -
fs Scaling factor -
G Generation rate cm>-s™!
Gy Measured illumination sun
ho Photon energy J
Iy Dark saturation current A
Ipr rel Relative PL signal -—
Jo Dark saturation current density Alcm?
Joi Bulk and surface dark saturation current density Alem’
Joz Junction dark saturation current density Alem’
Joe Emitter saturation current density mA/cm®
Jmp Maximum power point current density mA/cm’
Jrec Recombination current density mA/cm?
Jse Short circuit current density mA/cm?
k Boltzmann constant J/K
k Extinction coefficient -
L(t) Optical pumping cm>-s™!
Loy Effective diffusion length cm
/ Length of the laser rod cm
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Nap
N./ N,

Nsl

.<

Ang
AT
Aa,

Length of the laser resonator

Acceptor / donor concentration in the substrate
Effective densities of states in conduction / valance bands
Surface states density

Surface state density

Defect concentration

Electron / hole concentration

Electron / hole thermal equilibrium concentration
Electron / hole SRH densities

Intrinsic carrier concentration.

Refractive index

Electron / hole concentrations at the surface
Power

Normalised power loss due to emitter resistivity
Pseudo fill factor

Density of fixed charges

Charge density in interface states

Density of mobile charge

Elementary charge of electron

Reflectance

Shunt resistance

Spacing between metal fingers

Effective surface recombination velocity

Surface recombination velocity parameters (SRV parameters)

Temperature

Transmission

Time

Net recombination rate

Net recombination rate at the surface
Voltage

Voltage at MPP

Open circuit voltage

Wafer thickness

Absorption coefficient

Inversion reduction factor

Excess minority carrier concentration

Excess minority carrier concentration at the surface
Change of temperature,

Difference in thermal expansion coefficients
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¢

Hasp

Pe
Ps

O'em
On/p

Oy

Thulk
Teff

Tno / Tp0
7:5

Tsp

Ush

Separation of the quasi Fermi level
Losses in laser cavity

Wavelength

Mobility of electron / hole

Poisson’s ratio

Specific contact resistance

Emitter sheet resistivity

Conductivity

Stimulated emission cross section
Capture cross section of electron / hole
Stress

Carrier lifetime

Bulk lifetime

Effective minority carrier lifetime
Capture time constant of electron / hole
Carrier lifetime at the surface
Spontaneous emission decay time constant
Thermal velocity of carriers

Photon density

eV

cm or nm
cm?/V-s
Q/em?
Q

S/cm
cm’
cm’

Pa

us

us

us

us

us

us

cm/s

cm’
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Symbol Description

Ag Silver

Al Aluminium

Ar Argon

B Boron

Cu Copper

H, Hydrogen gas

Na Nitrogen gas

Ni Nickel

(0)3 Oxygen gas

Oi Interstitial oxygen

P Phosphorus

Pd Palladium

Pt Platinum

Si Silicon

a-Si Hydrogenated amorphous Si
mc-Si Multi-crystalline Si
Al,O4 Aluminium oxide
CO; Carbon dioxide
CrO; Chromium trioxide
HF Hydrofluoric acid
KOH Potassium hydroxide
NaOH Sodium hydroxide

Nd:YVOq4 Neodymium doped Yttrium Vanadate
NH; Ammonia

NH4F Ammonium Fluoride

PH; Phosphine

P,0s Phosphorus pentoxide

PClL, Phosphorus trichloride

PdCl, Palladium chloride

SiH4 Silane

SiNy Amorphous hydrogenated silicon nitride
SisNy Stoichiometric silicon nitride

SiO, Silicon dioxide

TiO, Titanium dioxide
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Appendix 4: System of Units

Quantity Unit Symbol
Conductance Siemens S
Current' Ampere A
Electric charge Coulomb C
Elementary charge q
Energy Joule J
Electron-volt eV
Flow rate Standard cubic centimetres per minute  sccm
Frequency2 Hertz Hz
Revolutions per minute RPM
Length’ Meter m
Mass Gram g
Power® Watt AV
Pressure Bar (milli) mbar
Pascal Pa
Torr (milli) mTorr
Resistivity Ohm Q
Temperature Kelvin K
Degree Celsius °C
Time’ Second S Or sec
Voltage® Volt \Y

' Milliampere (10 A) is often used in this thesis for current.

? In this thesis kHz (10° Hz) and MHz (10° Hz) are often used.

? In semiconductors it is more common to use centimetre (10~ m), micrometer (10 m) and
nanometre (10 m) for length.

* Milliwatt (10~ W) is often used in this thesis for power.

3 Microsecond (107 s) is often used in this thesis for time.

¢ Millivolt (107 V) is often used in this thesis for voltage.
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Appendix 5: More about SiN,

This appendix adds more information regarding SiNy, which was not included
in the main review. The first part reviews the influence of the deposition parameters
on the obtained passivation, while the second part reviews SiNy passivation of both

n'- and p'-type emitters and n-type substrates.

AS.1 Optimisation of the Deposition Parameters

The deposition parameters determine the properties of the Si-SiNy interface;
therefore, they strongly influence the overall quality of the resulting passivation, as
discussed in Section 4.2. This section briefly summarises the influence of these

parameters on the obtained passivation.

AS5.1.1 Deposition Temperature

Deposition temperature has a significant influence on the effective lifetime
obtained after the deposition. Higher deposition temperature was found to provide
better effective lifetime for both remote and direct PECVD methods [136, 245, 271],
although it seems that the optimum temperature differs according to the reactant gases
used. Kerr found that effective lifetime increased with temperature [136], while
Lauinger et al. found an optimum temperature in the range of 350-400°C on a similar
system [244]. Kerr suggested that changing the reactant gas from pure silane to dilute
silane shifts the optimum temperature to higher values [136]. Better performance at a
deposition temperature around 350°C was also reported by Schimdt ef al. and by
Moschner et al. using an inline remote PECVD system [237, 250].

AS.1.2 Plasma Pressure and Plasma Power

The relationship between plasma pressure and effective lifetime is unclear and
disparate results have been reported. While Lauinger et al. reported an optimum
pressure (in terms of effective lifetime) around 400 mTorr in their remote system
[238], Moschner ef al. found that deposition pressure had no influence on the effective
lifetime in their remote industrial system [250]. Schmidt ef al. found increased
effective lifetime for decreased pressure in their direct (high frequency) system [159,
271]. In the last case it was emphasised that there is a lower limit to the pressure
beyond which plasmas cannot be sustained [136].

Different trends were also found in the influence of the plasma power. While
Lauinger et al. [238] and Moschner et al. [250] found improvement of the effective
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lifetime for increased plasma powers, Schmidt ez al. [159, 271] and Kerr [136] found
the impact to be relatively weak.

AS5.1.3 Gas Flow Rate and Gas Ratio

The gas flow rate was found to have a mild impact on the effective lifetime in
several reviewed studies [136, 238, 250, 271]. However, it has been argued that the
ratio between the reactant gases, and not the flow rate, is the important parameter
[159, 271].

Lauinger et al. found that effective lifetime increases with the SiN4/NH; ratio
[238]. Mackel and Ludemann reported a similar behaviour for their SiH4/N,/H,
mixture [251]. Furthermore, Lauinger et al. pointed out that the impact of all the
deposition parameters on the refractive index n, - which is directly related to the gas
ratio - is similar to their impact on the effective lifetime [238]. It was found that the
effective lifetime increases with increasing refractive index up to n, = 2.4, above
which the effective lifetime saturates [238]. Hence, Si-rich films (high »,) give better
passivation quality. The superiority of Si-rich films was also reported by other
research groups, for both SiN4/NH3 and SiH4/N»/H, mixtures [237, 253, 267, 273].
However, Schmidt et al. [159, 271] and Kerr [136] found a different behaviour when
dilute silane is used: a clear peak in the effective lifetime was observed for n, = 1.9.
De Wolf et al. found that while planar surfaces are passivated better by Si-rich films,
lower refractive index films are preferable for textured wafers [261].

AS.2 Passivation of Emitters and n-Type Substrates

Up to this point, the discussion has been limited to the passivation of p-type
substrates as the main focus of this thesis is the rear surface passivation of p-type solar
cells. However, investigations were carried out to evaluate the passivation capability
of SiN, for n-type substrates and #" and p" emitters. This section briefly reviews the

main conclusions of these investigations.

AS5.2.1 Passivation of n* Emitter

The first investigations of SiNy-passivated n'-type emitters were carried out as
recently as the mid-1990s. Ruby et al. and Chen et al. measured Jy. of 80 and 200
fA/cm?® on 100 /o emitters, respectively [450-451]. Lenkeit ef al. compared different
PECVD systems and found that remote and high-frequency direct PECVD systems
are superior to low-frequency ones for emitter passivation [452]. As is the case for p-
type substrates, it was concluded that Si-rich films provide better passivation, hence
lower Jyp. [258, 267, 452]. The high passivation quality of these emitters before
annealing was found to be stable and even improved after thermal treatment [258,
267, 452]. In his extensive work, Kerr measured Jy, of 20 and 120 fA/cm?® on 400 and
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30 Q/o emitters, respectively, for his optimised passivation film [136]. Although a
thin SiO, provides better passivation than SiNy of any thickness, it was shown that
similar values of Jj, are obtained for emitters with sheet resistivity lower than 150
/o [288]. The Jy. value of textured surfaces was found to increase by a factor of 1.5-
3 [136, 237, 453]. This increase is attributed to an increase in the surface area of the
emitter and possible higher recombination on the (111) plane. Figure AS5-1
summarises the key results achieved by different research groups. The effect of the
sheet resistivity on Jy, is similar to that reported for SiO, passivated emitters [454].
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Figure A5-1: J,, as a function of the emitter sheet resistivity as reported by different research groups.
The fit is to Kerr’s result [136]. References: Ruby [450], Chen [451], Lenkeit [452], Moschner [453],
Mackel [267] and Schmidt [237]. The values serve as rough guide, as they were extracted from graphs.

AS.2.2 Passivation of n-Type Substrates

Experimental data for SiNy passivated n-type substrates are less available.
Schmidt et al. measured S, below 20 cm/s on an 11 Q.cm n-type wafer [227], while
Kunst et al. measured similar value on an 18 Q.cm substrate [455]. Kerr et al.
extended the available data to the range of 0.6-90 Q.cm (see Table A5-1) [248, 296].
The influence of An on S,4 at low injection levels was found to be limited. S,;(An) has
a constant value under these conditions; this behaviour is different from that observed
with p-type substrates [248, 296]. Chen ef al. obtained extremely low values of 7 and
2 cm/s for 1 Q.cm n-type wafer (planar surfaces), using near-stoichiometric and Si-
rich films, respectively [456]. However, the surface passivation of as-deposited SiNy
on textured surfaces was found to be quite poor, with some improvement after
annealing [456].

247



Table AS-1: Summary of S, values achieved on n-type substrate by different research groups.

Substrate Sesr Ref. Substrate Sesr Ref.
Resistivity [Q.cm] [em/s] Resistivity [Q2.cm] [em/s]

90 14 [248] 1.5 5.5 [248]

20 2.7 [248] 1.0 <7 [305]

18 <20 [455] 1.0 <2 [305]

11 <20 [227] 0.6 9.8 [248]

A5.2.3 Passivation of p* Emitter

It appears that Kerr was the first to investigate SiN,-passivated p’ emitters
[136]. Emitters in the range of 40-500 /o on high-resistivity n-type wafers were
studied. Kerr’s results (see Figure A5-2) suggest that PECVD SiNy film does not
provide the high-quality passivation seen when using SiO,. Similar results were
reported by Petres et al. when passivating ~90 /o emitter on a 2.8 Q.cm n-type
substrate [457]. While the implied V,. of the cell with a SiN-passivated emitter (at
one-sun) was only 596 mV, up to 650 mV was achieved by SiO; passivation. It was
also shown that this passivation is not thermally stable: a drop of 20 mV was observed
after a firing process. The poor passivation capability of the SiNy was explained by
the high fixed positive charge within this film, which creates a depletion layer at the
Si-SiNy interface [136]. Recently, however, post-annealing implied V. values above
650 mV were achieved for a wide range of emitter resistivities on 1 Q.cm n-type
substrates [305]. Similar results were also reported by Mihailetchi ez al.: 670 mV were
obtained on a 50-65 Q/o emitter [458]. Figure A5-2 summarises the key results for p*
emitters passivated by SiNy.
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Figure AS-2: One-sun implied V,. of SiNy passivated emitters as reported by Kerr [136], Chen [305],
Mihailetchi [458] and Petres [457].
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Appendix 6: Other Passivation Methods

This appendix briefly reviews a variety of surface passivation techniques,
which although were not used in this study, can be employed as rear surface

passivation.

A6.1 ALLO;

In recent years attention has been given to the use of Al,O; as a passivation
layer in solar cell applications. Hoex et al. used Plasma-Assisted Atomic Layer
Deposition (PA-ALD) of Al,O; to obtained extremely low S, of 2 cm/s and 13 cm/s
on n- and p-type substrates, respectively [459]. Due to the high negative fixed charge
density within this layer, 1.2-1.4x10" cm™ [460], ALOs; is capable of providing a
high quality passivation even for the relativly challenging p* emitter surface. A low
Jo. value of 10 fA/cm® was measured on an emitter with resistivity > 100 /o, while
30 fA/cm” was measured on a 54 /0 emitter. These values are lower than those
obtained by SiO; or by SiNy [461]. Another advantage of Al,O3 passivation is the
weak dependence of S, on the injection level, even at low levels [459]. Interestingly,
the high passivation quality is only obtained after annealing, typically at 450°C for 30
min. The as-deposited passivation is quite poor; for example, effective lifetime in the
range of only 2-8 us was measured for a 2 Q.cm FZ p-type substrate [459]. However,
after annealing the effective lifetime of the same sample improved up to 1.2 ms! The
significant post-annealed improvement has been attributed to an increase of the
negative charge density (from 3-20x10'"" ecm? to 5-8x10'* cm™) and to a reduced
surface state density [460]. Similar to SiNy, ~2 nm layer of SiOx was found at the Si-
ALOj; interface, it was shown that this layer has a significant role in the demonstrated
passivation quality of the Al,O; layer [460].

A6.2 Hydrogenated Amorphous Si

The interest in hydrogenated amorphous-Si (a-Si) increased rapidly from the
beginning of 1990s, when Sanyo introduced the Heterojunction with Intrinsic Thin
film (HIT) solar cell [462]. This film — typically deposited by PECVD system at 200-
250°C — has been proven to provide excellent passivation for both substrate polarities.
Dauwe et al. reported S, values of 7 cm/s and 3 cm/s on n- and p-type wafers,
respectively, which is better than what has been demonstrated with SiO, or SiNy
[463]. This superior passivation quality enables the HIT structure to achieve an
impressive efficiency of 21.8%, with a V,. of 718 mV on a CZ n-type substrate [464].

However a-Si has some drawbacks, one of them is thermal instability [465]. Severe
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passivation degradation was reported after a short anneal at 350°C, although better
stability was observed at 250°C [463]. The second drawback is the high absorption of
the film, which limits its use as front surface passivation.
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Appendix 7: High Intensity QSS-PL

This appendix presents the high intensity QSS-PL system developed in this
thesis.

As mentioned in Chapter 3, the original setting of the QSS-PL system is
limited to one-sun intensity [192]. In order to extend the system capacity, an 815 nm
diode laser was employed to replace the LED-array package as the illumination
source. This modification is able to increase the intensity up to 10 suns. Figure A7-1
presents the schematic of the new system set-up.

The main limitation of this set-up in its present form is the relatively complex
method used to determine the scaling factors. As previously explained in Section
3.2.3, QSS-PL measurement involves two scaling factors. The first (f;) relates to the
system optics while the second (4;) relates to the sample. In the traditional QSS-PL
set-up, f; is determined separately (by an additional calibrated detector) and only once
for a system, whereas the self-consistent method is employed to determine the value
of A;. However, in the high intensity set-up both factors are unknown. In order to
determine their values, the first measurement is performed using the traditional set-up.
The value of 4; found in the low intensity measurement is then used in the high
intensity measurement. This allows the value of £ to be determined using the self-
consistent method. The value of this factor was found to be in the range of 1.8-
2.2x10'™ and varied with to the sample position. A new system, based on a high
intensity LED array is presently being built. In this new system f; will need to be

determined only once for the system.
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Figure A7-1: Schematic of the high intensity QSS-PL system.
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Appendix 8: UNSW Q-switched Laser

This appendix presents the limitations of the diode-pumped, Q-switched,
frequency-doubled Nd:YVOy laser system employed in this thesis. While the laser
head was manufactured by Advanced-Optowave Corporation, all the other system
components were manufactured and assembled by Yuemao. As this system does not
contain an integrated power/energy meter, the relationship between the laser diode
current and the average laser output power were established using an optical power
meter located on the X-Y stage. Despite using identical laser settings (laser diode
current and Q-switch frequency), the laser output was found to vary as shown in
Figure AS8-1.

w
3]

Average Laser Output Power [W]

28'29'30'31'32
Laser Diode Current [A]

Figure A8-1: The average laser output power as a function of the laser diode current as measured on
two different days. The solid lines are given as a guide to the eyes.

It is assumed that temperature fluctuation in the laser head is the cause for
variation in the laser output power. In the present set-up, the laser head is air-cooled
using fans without any active cooling element. Additionally the temperature of the
laboratory is affected by changes in outdoor temperature and in equipment usage. This
lack of control of the laser temperature causes the temperature of the laser head to
vary, and hence also the power output as demonstrated in Figure A8-2. Therefore, the
optimum laser diode current for laser doping had to be determined before each
processing session, and effort was made to complete the processing within a short
period of time. Note that this needs to be considered when comparing results from
different processing days. In order to improve the temperature control, a water cooling
system is recommended.
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Figure A8-2: Oscilloscope images of laser pulses at different ambient temperatures (identical laser
diode current and Q-switch frequency).

Another limitation of the employed laser system is variation of the laser power
during operation. It seems the first sequence of pulses (> 500 pulses) is more
powerful, although the laser system contains a first-pulse suppression mechanism.
This power variation seems to be independence of the laser head temperature. Figure
A8-3 demonstrates this problem by presenting two micrographs of LD lines. Image
(a) was taken near the start of the outermost lines, while image (b) was taken 0.5 mm
from this point. While ablation occurred near the starting point, a near-perfect melting
was observed soon after. Similar behaviour was observed for all the lines created in
this thesis. In order to minimise the influence of the first high-power pulses, all the
LD lines were started outside the active area of the solar cells.

Figure A8-3: Micrographs of LD lines: near the starting point of the outermost lines (a) and 0.5 mm
from this point (b)
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Appendix 9: Effects of Spinning and Baking
Conditions on the SHR

This appendix investigates the influence of the spinning and baking conditions
on the obtained sheet resistivity.

In this part of the study, CZ p-type wafers with resistivity of 2 Q.cm were
employed. After an anisotropic alkaline texturing and RCA clean, SiNx was deposited
onto the front surface using industrial remote PECVD system. The refractive index
and the thickness of the SiNy film were found to be 2.05 and 75 nm, respectively (at
632.8 nm). Phosphorus SOD (P512) was used as a dopants source for all the wafers,
while the spinning and baking conditions were varied. Only one parameter was varied
each time, while the rest were set according to Table A9-2. On each sample,
measurement pads were formed using 1-2 laser diode currents. The sheet resistivity
was measured using the four-point probe method with an appropriate correction
factor. Figure A9-1 presents the sheet resistivity as a function of the spinning
conditions, while Figure A9-2 demonstrates the influence of the baking conditions.

As predicted, increasing the spinning speed decreases the SOD film thickness
(see Figure A9-1 and Table A9-1). A thinner film contains fewer dopants [411],
therefore the obtained SHR is increased. However, film uniformity improved with
increasing rotation frequency. Therefore, in this study, it was found that rotation
frequency of 3000 RPM provides a uniform film with relative low SHR. No influence
of the spinning duration on the obtained SHR was observed as indicated by Figure
A9-1 (b).
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Figure A9-1: The sheet resistivity as a function of the rotation frequency (a) and spinning duration (b).
The solid lines are given as a guide to the eyes.
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Table A9-1: SOD film thickness for different rotation frequencies as measured by Dektak surface
profiler.

RPM Thickness [nm]
2000 ~450
3000 ~350
6000 ~250

Figure A9-2 presents increasing SHR values when the baking duration and/or
baking temperature are increased. It is assumed that both make the SOD film brittle
and hence easy to be removed during laser irradiation [66].
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Figure A9-2: The sheet resistivity as a function of the baking duration (a) and baking temperature (b).
The solid lines are given as a guide to the eyes.

Table A9-2 summarises the spinning and baking conditions, which were used

in this thesis, as concluded from the investigation presented in this appendix.

Table A9-2: Spinning and baking conditions which were used in this thesis.

Rotation frequency 3000 RPM
Spinning duration 20 sec
Baking temperature 120°C
Baking duration 10 min
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Appendix 10: Capture Cross Section

The following tables summarise the influence of variation in the capture cross
sections on the minority carrier effective lifetime. Both low and high injection levels
were considered, for different o,/0, ratios.

For a p-type substrate, o, mainly influences the effective lifetime at high
injection level, while o, impacts the effective lifetime at low injection level. The ratio
o./0, determines the transition point between the two cases. For n-type, due to the
positive fixed charge within the SiN,, the effective lifetime is influenced mainly by o,
in both low and high injection levels.

For p-type substrate:

op 1 opl on? Onl
Low injection Decrease Increase Decrease Increase
0',,/0'1, B High injection Decrease Increase Decrease Increase
Low injection Decrease D/1 Decrease D/
0',,/0'1, f High injection Decrease Increase = =
Low injection D/1 Increase D/1 Increase
ol | High injection Decrease Increase = =
For n-type substrate:
op 1 op | ot Oyl
Low injection Decrease Increase = =
onlop 1 High injection Decrease Increase = =
Low injection Decrease Increase = =
onlop | High injection Decrease Increase = =

| = decrease, 1 = increase.
D/I: decrease or increase according to the specific parameters.
=: No change is predicated.
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Appendix 11: PC1D Modelling Parameters

Table A11-1: Summary of the PC1D simulated parameters (Figure 5-2).

Parameter Value
Thickness [um] 170
Resistivity [Q.cm] 1.0
Emitter sheet resistivity [€/0] 150
Bulk effective lifetime [ps] 100
Fill Factor [%] 79
Reflectance Measured reflectance

Table A11-2: Summary of the PC1D simulated parameters (Figure 5-13).

Parameter Value
Thickness [um] 160
Resistivity [Q.cm] 2.5
Emitter sheet resistivity [€/0] 1000
Bulk effective lifetime [us] 160
Reflectance [%] 10
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Table A11-3: Summary of the PC1D simulated parameters (Chapter 8).

Parameter

Value

Thickness [pum]

170

Resistivity [Q.cm] 2.0

Reflectance Measured reflectance
Front surface textured depth [um] 1
Internal optical reflectance [%]
Front: First bounce 92
Subsequent bounce 92
Rear : First bounce 75
Subsequent bounce 75
Emitter contact [Q] 0.55
Internal conductor [S] 2.2x107
Internal diode [A] 1x107
Ideality factor 2
Emitter sheet resistivity [€/O] 70
Emitter depth [pm] 0.4
Rear diffusion [cm™] 5x10'
Depth [um] 5
Profile Uniform
Bulk effective lifetime [us] 60
Front SRV [cm/s] 2.5%10*
Rear SRV [cm/s] 1x107
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Appendix 12: The Belt Furnace

Table A12-1: Summary of the belt furnace temperature setting.

Zone Set temperature [°C]

HTO Zone 1 300
Zone 2 350

Zone 3 400

Zone 4 400

Heating Zone 1 400
Zone 2 500

Zone 3 550

Zone 4 650

Zone 5 680

Zone 6 687

Table A12-2: Summary of the belt furnace temperature setting (Sections 5.5.1, 5.5.2).

Zone Set temperature [°C]
HTO Zone 1 300
Zone 2 350
Zone 3 400
Zone 4 400
Heating Zone 1 400
Zone 2 500
Zone 3 550
600 if zone 5 < 700°C
Zone 4 .
650 if zone 5 > 700°C
Zone 5 Vary
Zone 6 Vary
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Figure A12-1: Diagram of the belt furnace.
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Appendix 13: Industrial Remote PECVD
System

Heater
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Figure A13-1: Diagram of the industrial remote PECVD system deposition chamber diagram
(Roth & Rau — SINA).

Table A13-1: Deposition parameters of the industrial remote PECVD system.

Parameter Value
Deposition temperature [°C] 350
Ammonia flow rate [sccm] 1600
Silane flow rate [sccm] 420
Total pressure [mbar] 0.17
Microwave power [W] 1300
RF power [W] 2000
Deposition speed [mm/min] 76
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Appendix 14: Heat Transfer Simulation

Parameters

Table A14-1: Summary of the heat transfer simulation parameters (Sections 6.2.2 and 7.3.1).

Parameter Value
Wavelength [nm] 532
Average Power [mW] 500
Pulse Duration (FWHM) [ns] 40
Spatial Beam Profile Gaussian
Gaussian Width [pm] 5
Temporal Pulse Shape Typical Smooth Pulse
Reflectance at 532 nm [%] 10
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Appendix 15: Fabrication Process

Parameters

Table A15-1: Fabrication Process Parameters.

Process Duration Temperature
Emitter diffusion (120 Q/o) 12 min 850°C
Dry oxidation (18 nm) 5 min 1060°C
Annealing 15 min 1000°C
ARC SiN; deposition GR=1.14 105 sec
Rear isolation NaOH (12.5%) 10 min 55°C
Rear SiN, deposition GR=0.77 105 sec
Front side laser doping:
Spinning condition 3000 RPM 20 sec
Baking condition 10 min 120°C
Laser condition Vary
Rear side laser doping:
Spinning condition 3000 RPM 20 sec
Baking condition 10 min 120°C
Laser condition Vary
SiN, annealing 4600 mm/s 680°C
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