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Abstract

This thesis focuses on the development and characterization of printed metallisation of phosphorus doped
silicon surfaces for solar cell applications. Metallisation of phosphorus doped surfaces using screen-printed
silver pastes is a well-established process. The contacts to phosphorus doped surfaces (‘'emitters') are made
by firing screen-printed thick film silver pastes through the passivating silicon nitride film. However, its
performance is limited by several fundamental factors. Its inability to reliably print fine metal lines on the
front surface results in significant shading losses. And the requirement for a heavily doped phosphorus
surface to ensure a low-resistance ohmic contact results in increased Auger recombination losses in the

phosphorus doped emitter surface layer.

Reducing the screen-printed metal line width helps in reducing the shading losses, but it also increases the
line resistance due to the non-uniformity of the printed metal line profile. Of the various available printed
metallisation methods, stencil printing promises to be the potential alternative to replace screen printing for
fine-line metallisation. The well-defined line openings in stencils help in printing fine lines with uniform
finger profile. This work compares two high-throughput printing technologies, namely printing by screens
vs. stencils. The main focus of this work is to report on the effects of the topography of the printed silver
metal lines on their conductance and also its impact on the current-voltage characteristics of the fabricated
solar cells. Uniform print line definition and optimised silver paste utilisation makes stencil printing the

appropriate choice for fine line metallisation.

In Si wafer solar cells, forming good contact between the phosphorus emitter and the screen-printed Ag
paste is essential to achieve high photovoltaic (PV) efficiency. The emitter diffusion profile can greatly
influence the solar cell characteristics such as junction shunting, contact resistance, open-circuit voltage

and short-wavelength response. Theoretically, emitters with lower surface doping concentration are



preferable due to reduced emitter saturation current density, which results in higher open-circuit voltage
and short-circuit current density. However these benefits can only be reaped if the metal paste is able to
contact the more lightly doped phosphorus surface. This work analyses the contact formation process of
two commercially available silver pastes on phosphorus emitters with varying doping profiles. The
influence of surface concentration of the phosphorus emitters on both the electrical properties and the
contact formation process are investigated. Microstructural analysis of the contact formation process reveal
that a high density of silver crystallites with a very thin interfacial glass layer is required for contacting

phosphorus emitters with low surface doping concentration.

Metal contacts introduce significant recombination via the high interface defect density and the emitter
damage caused by the high-temperature firing step. Both the metal contact recombination as well as the
electrical resistance of the contacts are important factors in the optimization problem of the phosphorus
diffused emitter profile. Aside from the issue of contact quality, shallow emitters are more prone to junction
shunting and increased recombination losses introduced by the metallisation process than emitters with
deeper junction. Hence the optimal diffused emitter for an industrial silicon wafer solar cell has a
significantly heavier diffusion and lower sheet resistance than one which minimizes the emitter saturation
current density (Joe), although the recent vast improvements in silver paste technology are enabling a trend

towards higher emitter sheet resistance.

A photoluminescence imaging based method is used in this work for the extraction of recombination
parameters at the metal-silicon interface. Newly developed test structures and measurement methods are
presented to accurately determine the metal contact recombination parameters. This requires measurements
on both a finished solar cell and on a wafer printed with the special test pattern. The added advantage related
to analysis by photoluminescence imaging is that it is a contactless technique, so that automation of the test

routine can be accomplished without having to design a dedicated jig with alignment probes.



The various losses associated with the screen-printed front side metallisation of phosphorus emitter surfaces
(such as optical losses due to shading, electrical losses due to series and shunt resistance, and metallisation
induced recombination losses) are discussed in this work. Methods to overcome these losses and new
methods to characterize these losses are proposed in this thesis. In conclusion, this thesis presents significant
progress in the development and characterization of front-side silver contacts to the phosphorus diffused
emitters of silicon wafer solar cells, using industrial processing conditions. The price of silver is expected
to remain high and hence it is important to lower the silver consumption per cell as a means of achieving

further cost reductions of PV electricity.
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Chapter 1: Introduction

11 Need for renewable energies

Energy is vital for human development. Energy demand is expected to increase considerably in the coming
years as the result of population growth and economic development. World population is projected to grow
by 0.9% per year on average, from an estimated 7.0 billion in 2012 to 9.0 billion in 2042 [1] [2]. The
inevitable increase in world population and the economic development that must necessarily occur in many
countries have serious implications for the environment, because the current energy generation processes
based on fossil fuels are polluting and harmful to the environment [3]. More than 80% of the current global
energy needs are met by fossil fuel-based energy sources (oil, coal and natural gas) [4] [5]. Burning fossil
fuels creates carbon dioxide, the number one greenhouse gas contributing to global warming. The over-
whelming consensus of researchers is that global warming is real and is caused by human activity, primarily
by the burning of fossil fuels that pump carbon dioxide, methane and other greenhouse gases into the
atmosphere. Fossil fuel combustion accounts for about 90% of the total global carbon dioxide emissions
[6]. The effects of global warming are more evident than ever, with reports suggesting increase in average

temperatures, extreme weather events, melting of glaciers and rise in sea levels [7].

The urgent need to cut carbon emissions makes the development of renewable energy technologies
essential. The potential of renewable energy sources is enormous and they can in principle meet many times
mankind's energy demand. Renewable energy sources such as solar, biomass, wind, hydropower and
geothermal power can provide sustainable energy services, based on the use of routinely available,
indigenous resources [8]. It is becoming clear that future growth in the energy sector is primarily in the new
regime of renewables, and not in conventional oil and coal sources. Renewable energy will not only play a
key role in restoring balance to the natural environment, but will also provide better energy security to many

countries.



1.2 Motivation for photovoltaics

Among various renewable energy sources, solar energy has several intrinsic advantages. It is a widely
accessible and environmentally friendly source which has the potential to meet mankind’s global energy
requirements. As illustrated in Figure 1-1 solar energy is by far the largest source of inexhaustible power
available to us. The annual energy received from the sun exceeds the total estimation of fossil resources.
The solar energy that hits the earth’s surface in one hour is equivalent to mankind’s total annual energy
consumption [9]. One possible way to use solar energy is the direct conversion of incident solar energy to
electricity by photovoltaic (PV) technology using semiconductor devices called solar cells. Almost all solar
cells on the market today use semiconductor materials to harness solar energy using the PV effect, whereby
silicon wafer based technologies dominate today’s market [10]. Some of the reasons are that silicon is a
cheap, abundant material and that the bandgap of crystalline silicon (c-Si) is well suited for PV applications.
In addition, its success can be attributed to the fact that it is a proven technology, benefitting from material

and process research from the microelectronics industry which is largely based on silicon.

Annual global energy consumption by humans
-

Wind
I

Hydro

Photosynthesis
Figure 1-1: Total energy resources available to mankind [9].
The ¢-Si PV market has gone through tremendous price reductions over the past decades. Figure 1-2 shows

the learning curve of c-Si PV, which shows the average selling price of a c-Si module per watt-peak

(US$/W,) as a function of the cumulative module shipments from 1976 to 2014 in megawatt-peak [11]. A



learning rate (LR) plot of 21.5% is superimposed on the data, which implies that for every doubling of the
cumulative shipments, there is about 21.5% reduction in the price of the modules. This learning rate is the
highest in the energy world. The learning rates of 1% for hydro-electric power, 5% for geothermal power
and 7-9% for wind power fade in comparison [9]. Two major deviations noticed in Figure 1-2 can be
attributed to a temporary shortage of silicon feedstock around 2004-2007 and an overcapacity around 2012-
2014 [12]. Despite these, the PV market is expected to continue at its average historical LR in the fore-
seeable future. The 100 GW, cumulative PV module power shipment landmark was exceeded in 2012 and

the current shipped module power is estimated to be approximately 184 GW,.
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Figure 1-2: PV learning curve. The average crystalline silicon module price as a function of the cumulative
crystalline silicon module shipments [11].

Despite the advantages of utilizing a virtually unlimited energy source, the penetration of PV power in the
global energy supply is essentially dictated by economics. Today, PV contributes only ~0.1% of the global

energy mix [13]. Hence the main focus of PV technology research is towards cost reduction, in order to
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achieve an energy cost that is comparable, or even lower, than the conventional fossil fuel based energy
sources. For a crystalline silicon wafer solar cell manufacturer there can be two main strategies for cost
reduction: (1) advanced or cost-effective manufacturing technologies which improve the solar cells’ energy
conversion efficiency and (2) the reduction of materials costs associated with the solar cell fabrication (this
is achieved by reducing the usage of expensive materials for solar cell processing or through the use of

thinner Si wafers).

The PV community is in a constant push to reduce manufacturing costs. Cost analysis reports have shown
metallisation pastes to be the second most expensive material (first being the silicon wafer) in the process
of making silicon wafer solar cells. Metallisation technologies and processes have a significant impact on
both the cell efficiency and materials cost (due to the use of expensive metals like silver). Therefore this
thesis focuses on the development and characterization of front-side silver contacts to phosphorus doped

emitters, using industrial processing conditions.

1.3 Front side metallisation by screen printed Ag paste

Metallisation of phosphorus doped surfaces using screen printed Ag paste is a well-established process and
also a key process in the production of silicon wafer solar cells. Screen printing is expected to remain the
dominant metallisation method for c-Si solar cells until 2025 [11]. It is widely used by the PV industry due
to its robust, simple and highly automated process, and also due to the rapid developments in the
metallisation pastes. Metallisation pastes using Ag are the most process-critical and most expensive non-
silicon material used in the current solar cell fabrication process. The paste consumption per cell therefore
needs to be reduced. The PV market has been a strong market for Ag consumption. In 2013, 88 Moz
(millions of ounces) of Ag were estimated to be consumed by the PV industry, and in the long run [14] the
Ag price might increase to levels that cannot sustain the current low costs of screen printed cells, as the PV

industry scales up and drives up demand. Even in the short term, the Ag price is prone to wild fluctuations



which presents unfavourable conditions for the PV industry. The volatility of the Ag price in 2011-2012
was as high as 60% [15]. Because the price of silver is expected to remain high, it is extremely important

to continue efforts to lower the silver consumption per cell as a means of achieving further cost reductions.

Strategies to replace or reduce Ag include the use of copper (Cu) or various alloys. Cu has a marginally
lower conductivity than Ag, but it is more than 100 times cheaper than Ag [16]. Cu applied with plating
technologies is the envisioned substitute for screen printed Ag contacts in the PV industry [17]. However,
the major disadvantage of Cu is its high diffusion coefficient in Si even at room temperature [18]. Technical
issues related to the reliability and adhesion of plated Cu contacts have to be resolved before alternative
metallisation methods can be introduced. Front side metallisation by screen printed Ag paste is therefore

expected to remain the most widely used process for standard c-Si wafer solar cells in the foreseeable future.

1.4  Thesis motivation

In Si wafer solar cells, forming good contact between the phosphorus emitter and the screen-printed (Ag)
metal paste is essential to achieve high PV efficiency. The contacts to the phosphorus emitters are made by
firing Ag containing pastes through passivating silicon nitride antireflection coatings, and it remains the
dominant metallisation method. However, its dominant position is constantly challenged by pressures
within the PV industry to reduce costs by cutting down on Ag metal consumption. The front side Ag
consumption for a 156 mm x 156 mm c-Si wafer was around 100-130 mg/cell in 2014. Reducing the screen
printed line width helps in reducing the shading losses and helps in reducing the Ag metal consumption,
but also increases the line resistance due to the non-uniformity of the printed metal line profile. The contact
resistivity values obtained by firing thick-film Ag metal pastes through the passivating silicon nitride
coating to contact the phosphorus doped surface are orders of magnitude higher than the theoretically
expected n-type Si emitter/Ag contact resistivity values. Screen printed Ag metal contacts also introduce

significant recombination via the high interface defect density and the emitter damage caused by the high-



temperature firing step. Both the metal contact recombination as well as the electrical resistance of the

contacts are important factors in the optimization problem of the phosphorus diffused emitter profile.

The motivation of this thesis is on the application and characterization of advanced printed metallisation
methods which are potentially suitable for cost-effective high-efficiency Si wafer solar cells. The topics
discussed in this PhD thesis work such as fine-line Ag printing using stencils, understanding the contact
formation to lightly doped phosphorus emitters, and the development of a new method to characterize the
metal contact recombination parameters will be helpful to enable the transition towards Ag reduction in the
front-side metallisation of silicon wafer solar cells. This in turn would strengthen the dominance of the

screen and stencil printing metallisation methods and reduce the manufacturing cost of Si wafer solar cells.

1.5 Outline of this thesis

This thesis is divided into seven chapters, as follows:

Chapter 1 highlights the need and urgency to look into renewable resources for energy generation and in
particular photovoltaics as the most promising alternative. This is followed by a description of the cost and
challenges associated with c-Si solar cell technology, with special emphasis to front-side metallisation of

phosphorus doped surfaces by screen printed Ag contacts. Finally the motivation of this thesis is presented.

Chapter 2 briefly presents the basic principles of silicon wafer solar cells. It also describes the fabrication
process and the characterization methods used in this work. The Schottky model of metal-semiconductor
contact theory is discussed. Various printed metallisation methods for the front-side metallisation of
phosphorus doped surfaces such as screen printing, stencil printing, inkjet printing, aerosol jet printing,

laser transfer printing, flexographic printing, pad printing, are reviewed.



Of the various available metallisation methods for printing front metal grids on to solar cells, stencil printing

is the potential alternative to replace the traditional screen printing method for fine line metallisation.

In Chapter 3 two high-throughput printing technologies, namely printing by screens vs. stencils are
compared. A statistical method is introduced in this work to evaluate the quality of the printed front metal
grid based on distributions of printed metal line profiles, line segment conductance, overall electro-
luminescence pattern, and solar cell light current-voltage characteristics. The effect of topography of the
printed Ag metal lines on its conductance and also its impact on the electrical characteristics of the
fabricated solar cells are studied. Uniform print line definition and optimised Ag paste utilisation makes

stencil printing the appropriate choice for fine line metallisation.

In Chapter 4 the electrical and micro-structural properties of screen-printed contacts formed with two
different Ag screen printing pastes (Sol 9411 and Sol 9600) on phosphorus diffused silicon emitters with
different surface doping concentrations and emitter depths are investigated. Theoretically, emitters with
lower surface doping concentration are preferable due to reduced emitter saturation current density, which
results in higher open-circuit voltage V. and short-circuit current Jsc (and thus PV efficiency). However,
these benefits can only be reaped experimentally with screen-printed contacts if the pastes are able to
contact the more lightly doped n* surface. Microstructural analysis of the contact formation process reveals
that a high density of Ag crystallites with a very thin interfacial glass layer is required for contacting

phosphorus emitters with low surface doping concentrations.

The metal-silicon interface in a solar cell is a highly recombination active region that impacts the device
voltage. A new method is developed for the accurate determination of the metal recombination parameters
at the metal-silicon interface. This developed method is explained in Chapter 5. By analysing test patterns

and finished solar cells using intensity-dependant photoluminescence imaging, the metal recombination



parameters are extracted. Three different kinds of boundaries for the mini-cells are also experimented in

this chapter and the results are presented.

Phosphorus emitter diffusion profile can greatly influence the solar cell characteristics. The degree of metal
recombination in Si solar cells depends on the emitter profile itself. In Chapter 6, the new method
developed in this work for the extraction of metal contact recombination parameters is applied on
phosphorus emitters with varying junction depths and surface doping concentrations. All solar cells
fabricated in this chapter, uses the same screen printed Ag paste. As the phosphorus emitter profile becomes
shallower, the metallisation induced recombination losses increases. The clear trend obtained on the
variation of the metal contact recombination values with respect to phosphorus emitter doping profiles are

strengthened by analysing various test structures which are explained in details in this chapter.

Chapter 7 presents a summary of this PhD research work and highlights the author’s original contributions.

The chapter ends with a brief discussion of the future research motivated by this thesis.



Chapter 2: Background and literature review

2.1 Basic principles of solar cells

Semiconductor solar cells generate electric power under illumination due to PV effect. The PV energy
conversion in solar cells consists of two essential steps. 1) Absorption of light generates electron-hole pairs.
2) The generated electron-hole pairs are then separated by the p-n junction in the solar cell (electrons to the

negative terminal and holes to the positive terminal — thus generating electric power).

Screen-printed Ag contacts

Q) AR coating
1 n+ emitter

ptype Cz-Si

Al-alloyed p+ Si
Screen-printed Al
Screen-printed
Ag/Al bus bar

Figure 2-1: Schematic of a standard Al-BSF silicon wafer solar cell.

Industrial silicon wafer solar cells are basically large-area diodes consisting of a relatively thick p-type base
(160 - 180 um) and a shallow n-type emitter (phosphorus doped emitters with a thickness of less than 0.5
pm). On the front side of the solar cell, there is an antireflection coating and silver metal contacts (to contact
the phosphorus doped surface) and on the rear side, there are aluminium metal contacts, and silver/
aluminium busbar metal contact as shown in Figure 2-1. Crystalline Si has an indirect bandgap of 1.12 eV
(~1108 nm) at 300 K [19] and photons with energy higher than the bandgap are absorbed and lead to
electron-hole pair generation. After carrier generation, the generated minority carriers will recombine
unless they are efficiently separated from the majority carriers by the p-n junction. After efficient carrier
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separation, the electrons are collected by the front n* side while the holes are collected by the rear p* side.

And now the photon generated current flow can be extracted via an external load.

2.2 Current-voltage characteristics

One of the most important measures for describing the performance of a solar cell is its current-voltage
(I-V) characteristics. It is common to normalize the current to the area of the solar cell (J = I/A). A typical
I-V curve of a solar cell under dark and illumination is shown in Figure 2-2. A Si wafer solar cell in dark
conditions has the rectifying I-V characteristics of a diode. And when illuminated with light, the photo-
generated current shifts the forward-bias I-V curve of a solar cell to the fourth quadrant, as shown in Figure
2-2. The negative current means that the photo-generated current flows in the opposite direction of the

forward biased current of the diode.
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Figure 2-2: llluminated and dark I-V curve and the power density vs. voltage of a solar cell, illustrating the key
parameters.

The current generated by a solar cell can be approximated by the two-diode model [20].
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with g being the elementary charge, k the Boltzmann constant, T the temperature, Jo; is the saturation current
density in the emitter and the base, Jo2 is the saturation current density in the space charge region. The
factors n; and n; are the ideality factors of the two diodes in the 2-diode model. R, is the shunt resistance

and R is the series resistance. The corresponding equivalent circuit diagram is shown in Figure 2-3.
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Figure 2-3: Equivalent circuit diagram (two diode model) of a solar cell [21]

From the illuminated I-V curve, basically four important parameters of the solar cells can be extracted. The
short-circuit current density (Jsc) is the maximum possible current density of the solar cell (extracted when
the voltage is zero in the illuminated I-V curve), the maximum possible voltage is the open-circuit voltage
(Voc, extracted when the current is zero in the illuminated I-V curve). The operating point corresponding to
the maxima of the power-voltage curve is called the maximum power point (mpp) and the corresponding
current density, voltage and power are labelled Jmpp, Vinpp, @nd Pmpp respectively. The other main parameter
to describe the quality of the solar cell is the efficiency (7),which is defined as the ratio of the power at the
maximum power point (Pmpp ) to the power of the incident light (Pin). The efficiency is obtained from an
I-V measurement, while the solar cell is illuminated and kept at constant conditions with a temperature of

259C, light intensity of 1000 W/m?, and using the AM 1.5G spectrum [22] .
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The ratio of maximum power point (Pmpp) and the product of (Jsc Vic) is called the fill factor FF. The FF
can be regarded as the ratio of two squares [23], the largest square fitting under the 1-V curve and the square

defined by Vocand Js.

_ Vmpp Jmpp
FF= Voc Isc (23)

The FF is an important factor and it should be as large as possible. The metallisation process has a
significant influence on the solar cell’s fill factor. The quality of the formed metal-semiconductor junction
influences the shape of the I-V curve and therefore the value of the fill factor. Typical values for FF of c-Si

solar cells are 76-80% [24] and the theoretical maximum value that can be attained is 89.3% [25].

2.3 Efficiency limitations for silicon solar cells

The theoretical maximum conversion efficiency of a Si wafer solar cell with a bandgap of 1.12 eV is limited
to approximately 30% [25, 26]. This physical limitation for the efficiency mainly originates from the
bandgap of Si and the main reasons are listed below.
e Photons with energy smaller than the bandgap of Si cannot generate an electron-hole pair (This
corresponds to photons with wavelength greater than 1100 nm)
e Only one electron-hole pair can be generated by a photon of sufficient energy. Photon energy

exceeding 1.12 eV is transferred to heat.
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Figure 2-4: Schematic drawing of spectral radiance of the AM 1.5g spectrum plotted versus the wavelength. The
part of the spectrum utilised by a silicon solar cell is illustrated by the red-shaded area, redrawn from [21].

e The maximum achievable open-circuit voltage is far below 1.12 V. It is the separation of the quasi
Fermi levels, and not the bandgap, that defines the open-circuit voltage of the solar cell.

e As the current depends exponentially on the voltage, the maximum power of the solar cell is not
equal to the product of the open-circuit voltage and the short-circuit current density. Due to non-

rectangular I-V characteristics, the fill factor of the solar cell is limited to about 85% [21].

In addition to the above-mentioned loss mechanisms, optical losses due to surface reflection and metal
shading, electrical losses due to series and shunt resistances, further reduce the conversion efficiency of
silicon wafer solar cells. The highest conversion efficiency ever reported for a Si solar cell measured under
standard testing conditions is 25.6% [27]. Typical industrially processed solar cells now achieve efficiencies
of about 17-18% for multicrystalline and 18-19% for monocrystalline silicon wafers [28]. The main reason
for this difference is that monocrystalline silicon wafers have a higher minority carrier diffusion length and
better surface texturing properties than multicrystalline silicon wafers, and hence have a higher conversion

efficiency [29].
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2.4 Fabrication of c-Si wafer solar cells

A schematic representation of the conventional aluminium back surface field (Al-BSF) silicon wafer solar
cell is shown in Figure 2-1. More than 80% of the silicon solar cells commercially produced in 2014 had
this architecture, because of its relatively simple and well-known production sequence with high throughput
rates. The fabrication of these standard Al-BSF solar cells is briefly discussed in this section. And the
schematic of the major steps in the fabrication process is shown in Figure 2-5.

a) b)

Saw damage etching

p-type c-Si :
and Texturing

Phosphorus diffusion

Edge isolation

SINx Antireflection
coating

Screen printed
Metallisation and Firing

Figure 2-5: Fabrication process of Al-BSF silicon solar cells.

In this thesis, for the fabrication of standard AI-BSF silicon wafer solar cells, boron doped (typically 10%°
— 10 cm3) multicrystalline silicon (multi-Si) or Cz-grown monocrystalline silicon (mono-Si) wafers with
dimensions of 156 mm x 156 mm and an area of 239 - 243 cm?and a thickness of 150 - 200 um are used.
To increase the absorption of light, the Si wafers are wet-chemically textured (using an acid solution in the
case of multi-Si wafers and an alkaline solution in the case of mono-Si wafers. On mono-Si wafers with
<100> orientation, a standard random pyramid surface texture is created by alkaline etching composed of
potassium hydroxide (KOH) mixed with isopropyl alcohol (IPA), which simultaneously removes the saw
damage on the Si surface (arising from the wire sawing of the Cz-Si ingots) and results in pyramids on the
surfaces. KOH etches Si crystallographic planes with a <100> orientation faster than planes with a <111>
orientation [30] [31]. This anisotropic etching creates pyramidal surfaces on the wafer surface with square
bases (<100>) and intersecting <111> oriented crystallographic planes as the pyramidal walls. The heights
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of the pyramids across a textured surface are randomly distributed, and hence this texture is often referred
to as a random-pyramid surface texture. These pyramids are effective in coupling the incident light into the
cell, and reduces the weighted average reflectance over the solar spectrum to about 10%, whereas the bare

Si wafer prior to texturing has a weighted reflectance of about 30%.

On the other hand multi-Si wafers exhibit a wide range of crystal orientations and hence non-selective
etching solutions are commonly used. An acidic etching solution comprising of hydrofluoric acid (HF) and
nitric acid (HNO3) based solution is used to simultaneously remove the saw damage and create random
hemispherical structures irrespective of the Si grain orientation [32, 33]. And this isotropic etching process
improves the light absorption by reducing the reflection from the multi-Si wafer surface. For further

reduction of reflection, the so called honeycomb texturing process is an alternative for multi-Si wafers.

The textured wafers are then wet-chemically cleaned by a standard cleaning sequence, Radio Corporation
of America (RCA) clean 1 and 2, an HF dip, and a deionised (DI) water rinse [34]. RCA 1 uses a solution
of ammonium hydroxide (NHsOH) and hydrogen peroxide (H.O) to remove organic impurities and RCA 2

uses a solution of hydrogen chloride (HCI) and H,O; to remove metallic impurities.

As the substrate is p-type, a thin layer of n-type Si - the emitter - is created by phosphorus diffusion to form
a p-n junction, which separates the light-generated e-h pairs. Emitter formation is one of the most critical
and crucial process steps in the fabrication of standard Si wafer solar cells. The emitter diffusion process
can be performed using either a tube furnace or an inline belt furnace, and both these methods are used in
this work. Emitter diffusion generally involves two steps. First, a phosphorus glass (P20s) layer is grown on
the Si surface, then a high-temperature step follows, by which phosphorus atoms diffuse into the silicon,
thereby forming an n-type emitter layer. The phosphorus glass (PSG) layer acts as an infinite phosphorus

source during the diffusion process. The maximum amount of phosphorus atoms that can be incorporated
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in the Si crystal lattice is determined by the diffusion/annealing temperatures, which typically are in the

range of 750 to 950° C in the PV industry [35].

An important parameter for contact formation, and thus this work, is the sheet resistance of the emitter,
including emitter profile and surface doping concentration. The emitter diffusion profile can greatly
influence the solar cell characteristics such as junction shunting, contact resistance, open-circuit voltage,
and short-wavelength response of the solar cells [36]. Figure 2-6 shows the profiles of some emitters that
were frequently used in this work, as measured by Electrochemical Capacitance-Voltage measurements
(ECV) [37]. The impact of these emitter profiles on the contact formation and metal recombination will be

investigated in detail in Chapters 4 and 6, respectively.
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Figure 2-6: ECV doping profiles of the different phosphorus emitters used in this thesis.

After the diffusion process, the PSG layer is removed by a HF dip. As all wafer surfaces are diffused (front,
rear, side edges) during this step, a shunt path is formed between the wafer’s front and rear surfaces, which
needs to be disconnected. The edge isolation process to disconnect this shunt path can be done wet
chemically using strongly oxidising acids like nitric acid (HNO3) and sulphuric acid (H.SQ.) followed by

HF etching [38]. Alternatively the wafers can be edge isolated using a laser to isolate the parasitic junction
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at the edges, as shown in the Figure 2-5. The laser isolation step may be done as the last step in the

fabrication process of the solar cell.

An amorphous silicon nitride (SiNy) is then deposited by plasma-enhanced chemical vapour deposition
(PECVD) onto the front surface, in order to increase light absorption and to passivate defects at the Si
surface to reduce surface recombination. Textured mono-Si wafers with an antireflection coating of SiNy
(approximately 70 nm) can achieve a solar weighted average reflectance of ~2% in the 300 - 1000 nm range
and multi-Si wafers can achieve a reflectance of ~7% in the 300 - 2000 nm range [39]. The SiNy layer also

provides excellent surface passivation of the emitter front surface [40].

In order to collect the photo-generated carriers, metal contacts are required on both sides of the wafer.
Screen printing metal pastes on the solar cell front and rear with subsequent drying of the metal pastes
followed by co-firing of the metal pastes is the most widespread metallisation process in the PV industry.
A typical solar cell requires three types of screen printed metal contacts: 1) Aluminium paste is used to
metallise the full area of the rear side, 2) Ag/Al paste is used as pads on the rear side to enable inter-
connection of solar cells in the solar module (Ag/Al pads are required, in addition to Al paste, because Al
paste cannot be soldered), and 3) The front side of the solar cell is metallised using Ag paste. The Ag front
grid metallisation of a solar cell covers about 6-10% of the total area using an H-pattern with three busbars
and perpendicular fingers. Both front and rear contacts are simultaneously co-fired in an IR heated belt
furnace to form the electrical contacts to the Si [41]. A typical firing temperature profile used in this thesis
is shown in Figure 2-7. The profile was recorded during the firing process using a thermocouple soldered

on to a metal plate.
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Figure 2-7: Firing temperature profile for an Al-BSF solar cell used in this work. The profile was recorded during
the firing process using a thermocouple soldered onto a metal plate.

During this co-firing process, the glass frit in the front Ag paste melts and etches the front SiNy layer to
make a contact with the underlying n* Si surface [42]. And on the rear surface, the Al paste alloys with the
Si wafer to create an Al doped p* Si region. The formed high-low junction at the rear due to Al paste
alloying with Si, known as the back surface field (BSF), creates an electric field which repels minority
carrier electrons from the highly recombination active metal/Si contact. The firing profile affects the
uniformity and the thickness of the formed BSF [43]. The firing process for Ag contacts has huge impacts
on the final solar cell performance, for several reasons. Insufficient firing leads to poor metal/Si adhesion
and increases the resistive losses, due to poor contact resistance at the metal/Si interface. In the other
extreme, over-firing drives the metal deep in the junction, causing junction shunting. Both these effects

reduce the cell’s fill factor and consequently its efficiency.
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Figure 2-8: Optimisation of the firing process requires a complex balance between the front side Ag contact resistance
and the BSF quality on the rear. a) SEM image of the Si-Ag interface and b) SEM image of the Al-BSF formed after
the co-firing process.

Hence optimisation of the firing process requires a complex balance between front contact resistance and
the BSF quality on the rear, which in turn affects the fill factor and the open-circuit voltage of the solar
cells [44, 45]. In this thesis, silver pastes of different generations and manufacturers are applied. Screen

printed metallisation of phosphorus doped surfaces with different Ag pastes is investigated in Chapter 4.

2.5 Characterisation techniques

This section provides a brief overview of the different characterisation techniques used in this thesis, to
characterise the phosphorus diffused emitter surfaces, printed metal contacts and the fabricated silicon

wafer solar cells.

2.5.1 Characterisation of phosphorus diffused emitter surfaces

2.5.1.1 Sheet resistance measurements

The emitter sheet resistance is a widely used figure of merit of diffused phosphorus emitters in Si solar cell

processing. The sheet resistance is a characteristic property of the emitters and is commonly expressed in
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terms of “Ohms per square”. The industry standard for the measurement of the sheet resistance of the
emitters is the four point probe method. Passing a current through the two outer probes, and measuring the
voltage through the two inner probes, allows the measurement of the sheet resistance of the thin doped
emitter layer. A four point probe mapping tester (Napson) was used to study the sheet resistance uniformity
of the phosphorus diffused emitters in this work. The emitter sheet resistances of the silicon solar cells

fabricated in this work lie in the range of 50-130 Ohm/square.

2.5.1.2 Electrochemical capacitance-voltage profiling

The doping profile of phosphorus diffused emitters has a strong influence on the metal-semiconductor
contact formation. Hence it is important to measure the doping profiles. In this thesis, electrochemical
capacitance-voltage (ECV) profiling was used to determine the doping profiles of phosphorus emitters [37].
ECV measures the electrically active doping profile. The measurements were carried out on a WEP control
CVP-21 profiler and the commonly used emitter profiles in this thesis are shown in the Figure 2-6. The
impact of these profiles on the metal-semiconductor contact formation and the metallisation induced

recombination losses are discussed in this work.

2.5.1.3 Emitter saturation current density

In c-Si solar cells, surface passivation studies of heavily doped emitter regions are very important. They are
usually characterised by the emitter saturation current density Jee. This saturation current density is an
important parameter which limits the open-circuit voltage and hence the efficiency of the solar cell. Kane
and Swanson introduced a method for the extraction of Jo. from photoconductance measurements at high
injection levels from specially prepared symmetrical lifetime samples [46]. In this thesis, the effective
lifetime and the saturation current density of the samples were measured using the photoconductance tool

WTC-120 from Sinton Consulting Inc.
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2.5.2 Characterisation of printed front grid metal contacts

2.5.2.1 Optical surface profiler

The shapes of the printed metal fingers plays a major role in the line resistance. In this work, the printed
metal fingers were characterised optically and electrically. 3D optical profiles of the printed line segments
were captured using the Zeta optical profiler system [47]. The optical profiler yields the 3D height
information of the printed fingers with high resolution. 3D profiles of metal fingers printed using screens

and stencils having 60 pum opening, is shown in Figure 2-9 [48]. Optical analysis of fine-lines printed with

8 jum

screens and stencils are reported in Chapter 3.
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Figure 2-9: Optical and 3D profile of a screen and stencil printed metal line measured using an optical surface
profiler.

2.5.2.2 Contact resistance measurements

The contact resistance refers to the resistance associated with the metal-semiconductor contact barrier and
this can be measured by the transfer length method (TLM) [49]. The magnitude of this contact resistance
depends strongly on the doping concentration of the emitter. Low values of contact resistance are associated
with heavy surface doping concentration, and vice versa. Dedicated test structures (Circular TLM patterns)
or isolated strips cut from metallised solar cells are required for TLM measurement [50] [51]. Since the test

structure/isolated strip contact area is not the same as cell contact area, it is meaningful to use an area
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weighted parameter called specific contact resistance as a figure of merit for evaluating the contact quality
of the solar cell samples. The impact of the phosphorus emitter doping profile on the specific contact

resistance values for printed Ag pastes are studied in Chapter 4.

2.5.2.3 Scanning Electron Microscopy

The Scanning Electron Microscopy (SEM) investigations of this thesis were performed with the Carl Zeiss
Auriga model at SERIS. In SEM, a focused beam of high-energy electrons (typically 1-15 keV) is scanned
over the surface of a material. The electron beam interacts with the material, causing a variety of signals
such as secondary electrons, back-scattered electrons, X-rays, etc [52]. Each of these can be used to
characterise a material with respect to specific properties. Secondary electrons are valence electrons of
atoms in the sample ejected due to inelastic collisions with other high-energy electrons. SEMs rely primarily
on the secondary electron detectors to form images of the investigated surface. Secondary electrons are a
tool for topographical analysis of the specimen surface, since changes in the surface topography of the
sample, influences the number of secondary electrons that escapes from the surface [53]. In this work, SEM
measurements were used to obtain cross-sectional images as well as top-view images of the printed Ag

metal at the metal-Si interface, as shown in Figure 2-10.

Figure 2-10: SEM image of the Si-Ag interface.
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2.5.2.4 Contact etching process

Screen printed Ag contacts are characterised by complex interfacial regions comprising of a resistive glass
layer, Ag crystallites, nanocolloids of Ag particles, and voids. The high series resistance is often a problem
with the printed contacts, mainly due to the glass frits (in the Ag paste) that flow preferentially towards the
Ag-Si interface during the high temperature firing step. This creates an interfacial glass layer between the
Ag contact and the Si, and this in turn increases the contact resistance between the Ag and the Si [54, 55].
In order to explore the different front components by SEM, selective etching techniques are applied [56,
57], as shown in Figure 2-11 and Table 2-1. The impact of these different front components (interfacial

glass layer, Ag crystallite density) on the contact formation process are investigated in Chapter 4.

Table 2-1: Sequential etching used to selectively etch the Ag bulk, interfacial glass layer and the Ag crystallites using

nitric acid and HF solutions.

Step Chemical Used Duration (s) Purpose
1 68% HNO;3 acid at 60 °C 120 Removal of bulk Ag
DI water rinse 60 Cleaning off HNO3
5 5% HF dip at room 30 Removal of interfacial glass
temperature layer
DI water rinse 60 Cleaning off HF
Removal of Ag crystallites to
3 68% HNO; acid at 60 °C 120 reveal imprints left on silicon
surface
DI water rinse 60 Cleaning off HNOs
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Step 1

Figure 2-11: SEM micrographs of the interfacial glass layer (after removal of bulk Ag), Ag crystallites (after removal
of the interfacial glass layer) and the Ag crystallite imprints (after removal of the Ag crystallites) at the Ag-Si interface
obtained after selective etching.

2.5.3 Characterisation of silicon wafer solar cells

2.5.3.1 Current-voltage measurement

I-V measurement is the most important characterisation technique for a solar cell. Solar cell 1-V curves
under illuminated or dark conditions provide valuable information. Efficiency, fill factor, short-circuit
current density, open-circuit voltage, series resistance and shunt resistance are some of the valuable
information of the solar cells that can be extracted from the illuminated and dark I-V measurements [58].
At SERIS, one-Sun I-V curves were measured using a tester with steady state illumination (Aescusoft,
SolSim 210) or discrete flashes (Sinton Instruments, FCT-350). Dark I-V curves were also measured using

the SolSim 210 |-V tester.

2.5.3.2 Spectral response measurements

The spectral response (SR) of a solar cell is the ratio of current generated by a solar cell to the power of the
incident illumination, measured over a range of wavelengths (typically 300 to 1200 nm for c¢-Si cells). SR
is conceptually similar to the quantum efficiency (QE). QE is the ratio of the number of electron-hole pairs
separated by a solar cell to the number of incident photons. The relation between the solar cell’s external

guantum efficiency (EQE) and the SR is shown below. The internal quantum efficiency (IQE) of a solar
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cell follows from the EQE and the solar cell’s spectrally resolved reflectance (R). A widely used method to
calculate the 1QE is to divide the EQE by (1-R) for each wavelength. Front and rear surface recombination
velocity, diffusion length at the emitter and at the base, width of the depletion region, length of the emitter,
light trapping properties are some of the important material properties that can be extracted from the SR
and QE of the solar cell [59, 60]. An Enlitech SR-156 large-area spectral response analyser was used at

SERIS for spectral response measurements.

SR =2 EQE (2.4)
_ 5os
IQE =% (2.5)

2.5.3.3 Suns-Voc measurement

The Suns-Voc measurement gives a Jsc-Voc curve by obtaining the Vo for different Suns or illumination
intensity using a quasi-steady-state light pulse from a flash lamp. The solar cell is illuminated by a flash
lamp and the rate of decay of illumination is kept low enough for the cell’s Vo to be assumed in a quasi-
steady-state with illumination intensity over the range of illumination decay [61]. The Suns-V,. measure-
ment gives the base saturation current density (Jo1), the junction leakage current (Jo2), and a pseudo-FF
without the series resistance effect (Rs). A pseudo-efficiency without the effect of R can also be obtained
by this technique, to assess the impact of Rs. The difference between the illuminated I-V curve and the
Suns-Vec I-V curve is a good measure of the effect of series resistance on the cell. In this thesis work, Suns-

Voc CUrves were measured using a Sinton Instruments Suns-Voc tester.
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2.5.3.4 Luminescence imaging

Luminescence is the emission of light that is observed upon an external excitation of specific materials such
as semiconductors. In Si, band-to-band luminescence is emitted when electrons from the conduction band
recombine with holes in the valence band. And the imaging system is designed to detect band-to-band
luminescence only. Photoluminescence (PL) or electroluminescence (EL) refer to photon emission by a
semiconductor when excited by incident photons or an external bias, respectively. In both the cases, the
emitted photons are a result of charge carrier excitation and subsequent radiative recombination. Lumines-
cence imaging is now widely used for Si wafer solar cell characterisation, with applications including
spatially resolved mapping of diffusion length [62], Si wafer defects, minority carrier lifetime [63], diode-

model parameters [64], electrical cell parameters [65, 66], etc.

In this thesis, PL imaging is used for the determination of metal contact recombination parameters. The
advantage with regards to PL measurements is that it is a contactless technique and this provides the
flexibility to characterise the Si wafer after every fabrication process. PL and EL were done at SERIS using

a luminescence imaging tool from BT Imaging.

2.6 Loss mechanisms associated with front grid metallisation process

The main focus of this thesis is on the analysis of printed Ag metal grids to contact phosphorus doped
surfaces on the front side of the conventional silicon wafer solar cells. The front metal contact grid design

is an important area in the design of silicon wafer solar cells.
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busbars

Figure 2-12: Scan of the fabricated solar cell a) front side of a mono-Si wafer solar cell, b) front side of a multi-Si
wafer solar cell. The front grid metallisation of the solar cell covers approximately 6-10% of the total area in an
H-pattern with three busbars and perpendicular fingers.

The current on the rear side is collected by the full-area metallised Al layer and on the front side by the fine
metal Ag fingers and busbars. There are several power loss mechanisms associated with the front grid of

the solar cell, and a reduction of all these losses is needed to optimise the solar cell performance.

2.6.1 Optical losses

Optical losses are caused by the presence of the metal on the top surface of the solar cell which prevents
light from entering into the solar cell. Around 6-10% of the front surface is covered by the Ag metal grid,
and hence shading losses plays a major role for the performance of industrial silicon wafer solar cells. The

impact of printed Ag finger profile on the shading losses are discussed in detail in Chapter 3 of this thesis.

2.6.2 Electrical resistance losses

The series resistance and shunt resistance primarily affect the fill factor of the solar cell. Shunt resistance
losses due to front side metallisation process occurs due to metal spiking the p-n junction and creating an

ohmic path for the current to flow. The various components of the series resistance losses associated with
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the front grid metallisation process are Rfinger, Rbusbar, Reontact @Nd Remitter, 85 Shown in Figure 2-13. Rfinger and
Ruusbar arise due to the ohmic resistance in the printed metal fingers [21]. Reducing the printed finger width
increases the line resistance due to finger breaks and un-uniformity of the printed finger profile (peaks and
valleys arising from the screen printing process) [48]. The impact of the finger profiles and ways to over-

come this limitation of the screen printing metallisation process are discussed in this thesis.

Direction of electron transport

Figure 2-13: a) The different series resistance contributors for a standard Al-BSF Si wafer solar cell, b) Computed
series resistance components of a fabricated screen-printed Al-BSF mono-Si solar cell (area of 239 cm?). The different
series resistance components are calculated analytically [23].

Reontact IS the series resistance losses associated with the metal semiconductor contact. The contact resistivity
values of Ag paste varies with respect to emitter doping profile and the firing process. Minimising the
contact resistance losses is essential for highly efficient silicon solar cells. Another important factor in front
grid design is that of the resistive losses in the emitter layer Remiter. The resistive loss due to the lateral flow
of current in the emitter layer depends on the sheet resistance of the emitter, and is reduced by minimising
the distance between the fingers. Closely spaced, wide fingers will reduce the series resistance losses but
conversely increase the shading losses. Hence optimisation of the front contact grid requires a trade-off

between the electrical and optical losses due to the front metal grids.
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2.6.3 Metallisation induced recombination losses

The metal-silicon interface of a phosphorus doped emitter provides a highly recombination active surface
for minority charge carriers. The phosphorus emitter diffusion profile can greatly influence the solar cell
characteristics. Emitters with lower surface doping concentration are preferable (due to better blue
response). But with the printed metallisation method, metal contacts introduce significant damage to the
emitter due to the high-temperature firing step. As the phosphorus emitter profile becomes shallower and
more lightly doped, the metallisation induced recombination losses increase. A new method to determine
this metallisation induced recombination loss is developed in this work [67]. The metal contact
recombination and the electrical resistance of the contacts are important factors in the optimization problem

of the phosphorus diffused emitter profile.

2.7 Metal-semiconductor contact theoretical models

Metal contact formation is a complex and critical process in the fabrication of c-Si wafer solar cells. The
metal-semiconductor contacts can be either ohmic (allowing the current to flow from the metal to the
semiconductor or vice versa) or a rectifier type (allowing the current to flow only in one direction) [68].
The ideal metal contact for solar cells should be an ohmic contact (linear I-V characteristics) with negligible
contact resistance [69]. However, the first metal-semiconductor contacts had a rectifying behaviour, as
explained long ago by Schottky [70] and Mott [71]. In order to understand the conditions under which a
metal-semiconductor contact shows ohmic characteristics, it is necessary to review the theoretical models

of such contacts.

Figure 2-14 illustrates the energy band diagram of a metal-semiconductor contact, according to the Schottky

model. If a metal and semiconductor are in direct contact, then the Fermi energy levels of the metal and
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the semiconductor need to align due to electron movement (from the material with higher Fermi energy
level to the material with lower Fermi energy level), when both the materials are joined. The difference
between the work function of metal and the semiconductor will lead to band bending at the semiconductor
surface. The work function of the metal is defined as the energy difference between the vacuum and the
Fermi level. The formed Schottky barrier, due to band bending determines the properties of the metal-

semiconductor contact.
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Figure 2-14: Energy band diagram of a metal and n-type semiconductor, (a) is before the contact is made and b)
represents the band diagram after an intimate contact is made [16].

There are three possible band structures of metal and n-type semiconductor, as shown in Figure 2-15 [49].
(2) If the work function of the metal (@n) is smaller than the semiconductor (@), then the electron transfers
from the metal to the semiconductor until its Fermi levels are equalised. This results in an accumulation
contact or ohmic contact. (2) If the work functions are equal (&m = @), then the Fermi levels are aligned
even before the contact formation. Hence after the contact formation, there is no band bending. (3) If the
metal work function is larger than the work function of the semiconductor (®@n > @s), then a rectifying

contact is formed. In this case, due to band bending a potential Schottky barrier height (®sn) is formed.
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Figure 2-15: Band structure of a metal and n-type semiconductor contact depending on the work function of the metal
and the semiconductor. a) Ohmic contact is formed when the metal work function is smaller than the semiconductor
work function, b) similar work functions between the metal and semiconductor, ¢) rectifying contact is formed when
metal work function is larger than the semiconductor work function [49].

In short, according to this model a potential barrier between metal contact and Si exists, depending on the
difference between the metal work function and the silicon electron affinity. The most favourable condition
for ohmic contact formation is the accumulation contact, in which the majority carriers can flow freely
across the junction. Ideally it is possible to achieve an accumulation contact by choosing a metal of lower
work function than the corresponding n-type semiconductor or a metal of higher work function than the

corresponding p-type semiconductor.

The Schottky contact corresponds to an ideal aligning between the metal and the semiconductor. However,
for a real contact the direct proportionality between metal work function and the potential barrier could
never be measured [72]. Deviations from the Schottky models are commonly attributed to the presence of
interface states with energy levels within the semiconductor’s bandgap and also due to the effect of image
force barrier lowering. The interface states “pin” the Fermi level and make the Schottky barrier relatively
insensitive to the metal work function. The interface states may be due to dangling bonds at the surface,
impurities or other defects. Image force lowering corresponds to the image force induced lowering of the
potential barrier for charge carrier emission, in the presence of an electric field [73]. The potential barrier
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lowering due to image force effect, depends on the maximum field intensity, the width of the space charge
region in the semiconductor and is hence indirectly dependent on the doping concentration and the

externally applied voltage.

Based on the doping concentration of the semiconductor (Np), three mechanisms are responsible for the
transport of majority carriers (electrons for n-type) in a metal-semiconductor junction: 1) transport of
electrons over a potential barrier by thermal excitation according to the model of thermionic emission (TE),
2) tunnelling of electrons through a thin potential barrier by field emission (FE), 3) a combination of TE
and FE defined a thermionic field emission (TFE). In this, the electrons are thermally excited to an energy

less than the barrier height to allow for consecutive electron tunnelling.
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Figure 2-16: Current transport mechanisms in a metal-semiconductor contact. a) Thermionic emission over the
potential barrier, b) thermionic field emission and c) field emissions through the potential barrier [21].

For low semiconductor doping concentration (Np < 1 x 10" cm™®), the current is transported via TE over
the potential barrier [74]. For Np > 1 x 10™® cm®, the current is transported via FE through the potential
barrier. For 1 x 101" cm™ < Np < 1 x 10'° cm3, the current is transported via TFE, which is a combination
of FE and TE [21, 75]. For standard screen printed Si solar cells, the phosphorus emitter surface doping
concentration is Np > 1 x 10 cm. This makes FE to be the most dominant conduction mechanism.
However, Ag crystallites penetrate into Si during contact formation process, and hence contacts the lower

doped phosphorus emitter regions [76]. The functional dependence of contact resistivity on the doping
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concentration for TE, FE and TFE in a n-type semiconductor is explained in detail by Yu and Padavoni
[77] [78]. The impact of phosphorus emitter doping profile, primarily its surface doping concentration on

the contact resistivity values and its effect on the solar cell performance are studied in Chapter 4.

2.8 Metallisation methods for silicon wafer solar cells

Various metallisation technologies are available for defining metallic contacts to silicon wafer solar cells.
Metallisation technologies involving vacuum processes like evaporation, and sputtering requires the use of
photolithography or a shadow mask for contact pattern (H-pattern on the front side of the wafer) definition.
These limitations makes this method not only time-consuming but also a complex process and hence is not
used for commercial silicon wafer solar cells. However, with these methods well defined contacts of very
fine dimensions can be produced, and thus they are often used for the front-side metallisation of high-
efficiency solar cells in the labs [79]. Electrochemical metallisation methods, or metal plating, involve
deposition of metal ions from an electrolyte to the silicon wafer. Plating has its own limitations regarding
metal adhesion and reliability [80], which prevents it from becoming the mainstream metallisation method
for silicon wafer solar cells. Printing of metal pastes or inks to define metallic contacts has been the industry
dominant metallisation method for Si wafer solar cells [81]. In this subsection, different printing methods

available for the metallisation of Si wafer solar cells will be briefly discussed.

2.8.1 Screen printing

Screen printing is the most widely used metallisation method for defining metal contacts in the Si PV sector,
due to its high throughput, reliability, high repeatability, good yield and lower cost when compared to other
metallisation processes. This process was first introduced to PV in the 1970s [82] [83] and since then has
remained the mainstream metallisation method, owing to constant development in the screens and metal

pastes. The operating principle of screen printing process is represented in Figure 2-17. Screen printing
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involves printing a metal paste onto the Si substrate through a wire-mesh screen by the action of a squeegee.
The squeegee moves across the screen and presses the metal paste through it. The screen consists of an
aluminium frame, a mesh of wires (stainless steel or polyester mesh of wires) being clamped on to the frame
and an emulsion layer, which is photolithographically structured with the desired printing image. Figure

2-18shows a microscopic image of a screen used in this work.
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Figure 2-18: Optical microscopic image of a screen with stainless steel mesh used in this work.

2.8.2 Stencil printing

Stencil printing is a promising alternative to replace screen printing for front-side metallisation of silicon
wafer solar cells [84]. Stencil printing is widely used in the printed circuit board (PCB) and semiconductor
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industry. Unlike screens with a wire mesh, a stencil features 100% open area in the aperture. This leads to
excellent paste transfer and print line uniformity when compared to a mesh screen with an open area of
around 60%. Stencils can be fabricated by different methods such as electroformed nickel, pulse laser
processing and chemical etching [85, 86]. In this work electroformed nickel stencils are used and Figure
2-19 shows a microscopic image of a stencil used. Stencil printing uses the same base equipment and pastes
(with slightly higher viscosity) that are used for screen printing applications, and this makes it readily

adoptable by solar cell manufacturers.
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Figure 2-19: Optical microscopic image of a stencil used in this work.

2.8.3 Inkjet printing

Inkjet printing is a direct-write non-contact deposition technology with high print line resolution [87]. In
1987, first attempts were undertaken to use inkjet printing for the front side metallisation of silicon wafer
solar cells [88]. It is a contactless technique which makes this metallisation method ideal for thin wafers
(< 100 pum). In general the inkjet printing technology can be broadly classified as continuous inkjet printing
(CIJ) and the drop on demand inkjet printing (DOD) [89]. A schematic of a widely used DOD printer is
shown in Figure 2-20. The pulse voltage applied to the piezoelectric transducer controls the opening and
closing of the nozzle for ink deposition. This digital patterning feature of the inkjet printing technique omits

the need for screen fabrication and facilitates flexible and fast prototyping of desired metallisation patterns.
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The metallisation process with inkjet printers can be divided into two categories: 1) seed and plate approach
[90] (where a seed layer is printed using inkjet followed by electroplating), 2) full height inkjet printing
[91] (where the metal finger is printed only using inkjet). Selective doping, patterning, masking, printing
etching barriers are other applications wherein inkjet printers have been used [87]. The requirement of a
special nano-particle based metal ink to prevent clogging of the inkjet printing nozzle and the lack of many

ink suppliers prevents this method from becoming the dominant metallisation process for silicon wafer
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Figure 2-20: Operating principle of a drop on demand inkjet printing process [92].

2.8.4 Aerosol jet printing

The metal aerosol jet printer is a Maskless Mesoscale Material Deposition (M3D) technique from Optomec
INC., USA [93]. This is a non-contact technique and hence has the same advantages as an inkjet printer.
This technology became available in 2004, and is very different to the inkjet printing technology. It relies
on the aerodynamic focusing of an aerosol consisting of ink droplets entrained in a carrier gas to form
depositions. This method was developed to create fine lines on the front side of the cell which function as
a seed layer for later electroplating. Specially designed metal inks [94] and nozzle clogging are some of the

common drawbacks with this metallisation method. Using the aerosol jet printer, printed metal lines with a
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width of 30-40 um and thickness of 1-5 um were achieved. Figure 2-21 shows the schematic drawing of an

aerosol jet printer.
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Figure 2-21: Schematic of an aerosol printing process [69].

2.8.5 Flexographic printing

Flexographic printing, also referred to as flexography, is a high-speed rotational printing method which is
widely used in graphic arts and package printing on roll-to-roll materials like cardboard, paper or foil. The
schematic of a flexographic printing platform for the metallisation of silicon wafer solar cells is shown in
Figure 2-22. The printing plate is mounted on a printing cylinder using an adequate substructure with
defined height and compressibility. A steel cylinder referred to as “Anirox roll”, transfers a specific amount
of ink from the ink reservoir on to the elevated areas of the printing plate [95]. Due to the compressibility
of the printing plate, this method is well-suited for the transfer of fine-line structures onto rough substrates.
The first successful feasibility study of this printing method for metallisation of solar cells was demon-

strated in 2011 [96]. Using this approach, several studies demonstrated flexographic printed seed layers
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down to 25 um line width. Similar to inkjet and aerosol jet printing, flexographic printing method also

requires specially designed metal ink.

Metering Roll

“Anirox Roll”
Printing cylinder
with flexible print
relief plate

Silicon wafer

L

Ink reservoir

Figure 2-22: Schematic of a flexographic printing process [95].

2.8.6 Pad printing

Pad printing is a kind of gravure offset printing technique that offers the possibility of a simple, economic
and high-throughput production of fine lines up to 30 um even on uneven surfaces [97]. A transfer pad
printing machine consists of a silicone rubber transfer pad, an engraved cliche and an ink tray with spatula
or doctor blade or ink cup. The printer motion is reciprocating, whereby the cliche is inked with a spatula
and then cleaned by a doctoral blade while simultaneously the image of the previous working cycle is
transferred from the cliche to the solar cell via the pad. The wafer can be printed once or in repeating mode,
depending on the desired printed ink volume. This technology was investigated intensively at
Fraunhofer ISE [21]. Although it was possible to print very narrow contact lines, the height of the printed
contacts is reduced simultaneously and this results in decreased line conductivity. However in combination

with a subsequent plating process, pad printing was considered an ideal method to from the seed layer.
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Figure 2-23: Schematic of a pad printing process

2.8.7 Laser transfer printing

The laser transfer printing system is a non-contact metallisation method jointly developed by Schmid and
BASF in 2009 [98]. The schematic of the laser transfer printing method is shown in Figure 2-24. A trans-
parent endless belt is coated with metal paste and a laser beam deposits the metal paste from the belt onto

the silicon wafer. It is a contact-free digital process, designed for handling thin wafers.
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Figure 2-24: Schematic of a laser transfer printing process [98].

2.8.8 Pattern transfer printing

Pattern Transfer Printing (PTP) is a patented novel non-contact printing technology developed and commer-
cialised by Utilight for advanced front side metallisation of silicon solar cells [99]. This is based on laser
induced deposition from a polymer substrate and hence the geometry of the printed features is not restricted
by the characteristics of the printing screen, and in turn allows much finer, higher and uniform fingers. The
schematic drawing of the working principle of the PTP is shown in the Figure 2-25. This printing technology
is based on two stages: 1) the filling of a transparent polymer substrate with pre-embossed trenches with

paste and 2) the transfer of the paste pattern to the wafer surface using laser irradiation.
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Figure 2-25: Working principle of the pattern transfer printing process [99].

Of the various available printed metallisation techniques, the primary focus in this thesis will be on screen
printing. Primary challenges of fine-line printing associated with this metallisation method will be discussed
and stencil printing is used as an alternative to overcome the fine-line printing limitations. This will be
discussed in detail in Chapter 3. The other printed metallisation methods like inkjet, aerosol, flexographic,

and pad printing methods are more suitable for printing metal seed layers (and not for full-height metal

contacts).
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Chapter 3: Experimental and simulation analysis of fine line screen and stencil

printed metal contacts for silicon wafer solar cells!

3.1 Introduction

Screen printing technology is widely used by the PV industry due to its robust, simple and highly automated
process. It remains the dominant production method thanks to rapid developments in metallisation pastes
regarding line and contact resistance improvements. However its dominant position is constantly challenged
by pressures within the PV industry to reduce costs by cutting down on silver (Ag) metal consumption. The
ITRPV (International Technology Roadmap for PV) roadmap of 2014 shows that the current Ag paste
consumption for a standard 156 mm x 156 mm c-Si wafer is around 100 mg/cell. This amount of Ag costs
about 7 cents (US)/cell, making metallisation pastes the second most expensive material in the standard
solar cell fabrication process after the silicon wafer [2]. The fundamental limitation of the screen printing
process is its inability to print very fine lines with high aspect ratios and uniformity [100]. The screen
consists of an aluminium frame, a mesh of stainless steel wires being clamped to the frame and an emulsion
layer, which is photolithographically structured with the desired printing image. New developments in
screen manufacturing have enabled finger widths of around 60 - 80 um as a standard in production. For
even finer lines with a width of less than 60 um, a mesh with finer wires (more than 350 meshes per inch)
and with high mesh separation distance is desired. However, the danger of screen breakage and screen
clogging due to the paste particles increases strongly with reduced finger openings. Another problem with
fine line screen printing is the transfer of the screen mesh pattern onto the printed lines, potentially resulting

in undesirable striations [101]. This non-uniformity increases the resistance of the printed lines. The Ag

! Published as Vinodh Shanmugam et alia, “Analysis of fine-line screen and stencil printed metal contacts for silicon
wafer solar cells”, IEEE Journal of Photovoltaics, volume 5, Issue 2, Mar 2015.
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price is expected to remain high (> 15 USD per ounce) and hence it is of utmost importance to reduce the
Ag consumption even further. As a result, metallisation using alternative methods like inkjet and plating
are key areas of research[102]. Screen printer manufacturers are also responding to the price pressure by
implementing changes to the traditional technology. One approach that is gaining popularity in the PV
industry to reduce Ag usage is the dual print process[103]. Dual printing is a 2-print process where in the
front busbars (BB) are printed first (using a separate screen and using a paste that is less aggressive on the
SiNy layer) followed by the second print where only fingers are printed using the conventional fire-through
Ag paste to etch the SiNy antireflection coating. The main advantage of this technique is that it helps in
increasing the efficiency of the solar cells (by using BB pastes that are less aggressive and results in reduced
metal recombination due to less damage to the passivation layer) and at the same time reduces the Ag
consumption (the thickness of the BB can be reduced, as it is not required for the BB to be of the same

thickness as that of the fingers) [104].

Stencil printing has emerged as a very promising candidate for the dual printing process [105]. Unlike
screens with wire mesh, a stencil features 100% open area in the aperture (finger openings), which leads to
an excellent paste transfer and printed line height uniformity when compared to a mesh screen open area of
around 60% [103]. Typical stencil printed lines also have high aspect ratios independent of line width.
Therefore stencil printing is very compatible with fine line printing down to line widths below 50 um [106].
At the same time, stencil printing technology is only incrementally different from screen printing. It uses
the same base equipment and pastes that are used for screen-printing applications, making it readily

adoptable by cell manufacturers.

In this work, | used screens and stencils with different finger openings of 30, 45 and 60 pum to print on
identically processed 156 mm x 156 mm p-type mono-Si wafers. The stencils used in this work were

fabricated using the electroforming process [107]. The electroforming technology results in stencils with
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smooth, trapezoidal sidewalls which maximises paste release and enables fine line printing with uniform
finger profile. Effect of the topography of printed Ag metal lines on its conductance and also its impact on
the one-sun light I-V characteristics of the fabricated solar cells is reported. Using the 3D profile of the
printed fingers along with line segment resistance measurements data, it will be shown that it is possible to

develop a statistical model to predict the solar cell performance with different finger openings.

3.2  Experimental details

3.2.1 Sample preparation

All solar cells used in this study were made on large-area 239-cm? (156 mm x 156 mm) p-type pseudo-
square mono-Si wafers with 1-3 Qcm bulk resistivity. The wafers were saw damage etched and textured to
generate a random pyramid surface texture on both sides. Phosphorus emitter diffusion was carried out
using an industrial tube diffusion furnace, which resulted in a sheet resistance of about 80 €/sq. Following
the diffusion process, a standard wet-chemical rear junction isolation and phosphosilicate glass (PSG)
removal was performed. An amorphous silicon nitride (SiNy) antireflection coating (ARC) was then
deposited by plasma-enhanced chemical vapour deposition onto the front surface as an antireflection
coating and passivation layer. The wafers were then metallised with a rear Ag busbar and rear Al. The front
metallisation had an experimental split as shown in Figure 3-1. The front busbars were printed using
commercially available Namics 331 paste, which does not fire through the ARC, using the same screen for
all wafers whereas the front grids were printed using both stencils and conventional screens using DuPont
PV17F Ag paste. The front grid design for different openings were optimised to ensure minimum power
loss using GridSim [108]. A design with 30 um openings has 108 fingers in total, for 45 um openings the
number of fingers is 95 and for 60 pum openings it is 85 fingers. These values were chosen using GridSim
simulation to determine the optimal spacing between fingers such that the optical shading losses and
electrical losses are minimised. Finally, all cells were fired at the same optimised firing profile. The printed

metal lines in this work were characterized optically and electrically. 3D optical profiles of printed line
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segments were captured using the Zeta optical profiler system [47]. The optical profiler yields the 3D height
information and the profile of the printed fingers with high resolution. The line conductance of the printed
metal lines were measured from the fabricated solar cells. The measurements were done using four-wire
method, on laser-cut pieces of the cell that do not include busbars (BB). The emitter conductance path
between fingers on each piece was interrupted by means of scribing by a carbide tip. Transfer length method
(TLM) was used to measure the specific contact resistance of the Ag paste to the emitter layer. One-sun

current-voltage measurements of the finished solar cells were measured using a flash tester.

[ Print Ready Wafers ]

[ Rear Ag BB Print ]

[ Rear Al print ]

Front Ag BB Print
(non-aggressive)

Screen print Stencil print
30, 45, and 60 ym 30, 45, and 60 um
finger openings finger openings

Figure 3-1: Cell metallisation experimental split. The drying step after each print process and the contact firing are
not indicated in the process flow.

Table 3-1 indicates the geometrical properties of the screens that were used in this study. Stencils with

different finger openings had the same number of fingers as their screen counterparts.
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Table 3-1: Properties of the screens that were used in this study. The stencils with different finger openings had the
same number of fingers as their screen counterparts.

Finger width Number of Wire count Wire diameter  Mesh thickness Emulsion
(pm) fingers (mesh per inch) (um) (um) thickness (um)
30 108 380 14 26 14

45 95 350 16 23 22

60 85 325 24 35 25

Figure 3-2: Optical microscopic images of the screen (top) and stencil (bottom) for different finger openings (30, 45
and 60 pum respectively).

Figure 3-2 shows the openings of screens and stencils for different line widths measured using an optical
microscope. The line openings are well defined for stencils and are interfered by the mesh for the screens.
This interference of the screen mesh will lead to a greater number of striations and finger breaks in the fine

line screen-printed finger profile, as will be seen below.

3.3  Results and Discussion
3.3.1 Comparison of paste usage and cell performance

Table 3-2 shows the paste consumption for cells with the screen and stencil splits according to Figure 3-1.

As expected, the Ag consumption lowers with decreasing the printed finger width.
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Table 3-2: Ag paste consumption measured on the silicon wafers after printing

Printing method Finger opening / Number of fingers
30 pm/108 45 pum/95 60 pm/85
Screen printed
paste laydown 63 mg 106 mg 125 mg
(mg)
Stencil printed
paste laydown 78 mg 117 mg 137 mg
(mg)

Figure 3-3 shows the results of the one-sun light I-V measurements on these solar cells measured using a
flash tester. From the I-V parameters, it is noticeable that solar cells with stencil printed lines have a higher
fill factor (FF) and conversion efficiency when compared to their screen printed counterparts. The highest
short-circuit current density (Jsc) of 37.7 mA/cm? was achieved for solar cells with stencils-printed front
metal lines. The highest batch solar cell efficiency of 18.8% was achieved for the solar cells that were
stencil-printed with a 30 um finger opening. Their screen printed counterparts had a significantly lower
efficiency of 16.7% which was mainly due to a relatively poor FF of 71% which was limited by a very high
series resistance. To rule out the possibility that the difference in series resistance is from different levels
of contact resistance, the specific contact resistivity of the Ag paste to the emitter layer was measured using
the transfer length method (TLM), and all cells regardless of their printing method yielded values around
3-6 mQ cm?, which is not significant enough to impact the FF by more than 2%. Hence the low FF for
cells printed with 30 um screen opening points strongly to the increase in the printed line resistance (arising
due to non-continuous lines and due to the striations in the line profile). I-V results clearly indicates that the
silver paste utilization in terms of line conductance is higher in the case of stencils when compared to the

screens.
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Figure 3-3: (a) Short-circuit current density, (b) Open-circuit voltage, (c) Fill Factor, and (d) Efficiency of solar cells
printed with screens and stencils having different finger openings.

3.3.2 Line shape and resistance

The shapes of the printed metal fingers play a major role in the line resistance. Jiang et alia described the
line uniformity by the so-called finger roughness [109], which assumed that the wire mesh of a screen
creates a regular modulation in the metal line profile. In this work, no assumptions were made about the
line shape, but instead attempted to infer statistical distributions to describe the line segment conductance
in the cells. Inorder to do this, | rely on four types of data related to the finger shapes: 1) 3D optical profiles
of short (250 um) segments; 2) line conductance of longer (1.5 cm) segments; 3) electroluminescence (EL)
images of the cells, which gives a qualitative indication of the number of line breaks; 4) I-V parameters of
the solar cell. A statistical distribution of line segment conductance that adequately describes the real

situation must be consistent with all four data sets for each cell.
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The shape of the printed metal lines were measured using Zeta optical profiler. As shown in Figure 3-4, the
screen printed fingers have regular striations due to the screen mesh, leading to distinct peaks and valleys.
On the other hand, the stencil printed fingers result in uniform distribution of the paste throughout the
finger. For each cell, I measured close to 60 line segments (250 um in length). The finite element analysis
program Griddler [110] was used to simulate the conductivity of the printed line segments using the measure

3D profile data, assuming the silver paste bulk resistivity to be 2.6 x 10° Qcm.
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Figure 3-4. 3D profile and optical microscope image of the screen and stencil printed lines for different finger
openings.

The printed metal lines were characterized by introducing a dimensionless factor known as the ‘print quality
factor’. The print quality factor is defined as the ratio of the conductivity of the actual printed line versus
the conductivity if the Ag paste were distributed uniformly throughout the line. It is a calculated property
derived from simulations of line conductance based on the line shape as given by the 3D profiles. The
screen printed lines with narrowest finger openings of 30 um have the lowest print quality factor of 69%,
as shown in Figure 3-5. For the other openings and for stencils, the values are close to 100%. However, in
the next section, it will be clear that even for lines with such high average print quality factor, the line

segment conductance may follow a rather broad distribution that leads to finite probability of low
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conductance segments, which become ‘bottlenecks’ to current flow, thus noticeably impacting the cell fill
factor. The print quality factor also does not reflect on the line width and aspect ratio, which are another

two important parameters that play a role in shading loss and FF.
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Figure 3-5: Average print quality factor for the screen and stencil printed lines.

The second set of data related to finger line shape are 1.5 cm segment line conductance measurements.
Both the first data set (3D profiles and simulated short segment conductance) and second data set (actual
measured conductance on longer segments) generate a wealth of statistics that will be the basis of building

up a model distribution. The average and the standard deviation of the simulated line conductance values

are shown in Table 3-3.
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Table 3-3: Average and standard deviation of the conductance values of simulated short line segments and measured
long line segments.

Finger opening Conductivity (S cm)
Screen-printed lines Stencil-printed lines
250 pm line 1.5cm line 250 pm line 1.5cm line
segment segment segment segment
(simulated) (measured) (simulated) (measured)
Average 0.76 0.6 1.19 1.22
30 um  Standard 0.19 0.27 0.32 0.16
deviation
Average 2.24 2.15 2.73 2.67
45 um  Standard 0.27 0.08 0.19 0.06
deviation
Average 251 2.70 3.73 3.93
60 um  Standard 0.28 0.08 0.19 0.08
deviation

The measured conductivity of long segments can be fit using the conductivity of short segments. As every
1.5 cm line segment consists of 60 x 250 um short segments, its line conductivity Giong (€xpressed in Qcm)

can be written in terms of those of the constituting short segments Gshort,y With i = 1 - 60:

1 1

1
= 23, 3.1)

Olong Oshort,i

Thus once the probability distribution P(csnorti) of Gsnort1 IS given, through equation 3.1, it is straightforward
to simulate the distribution P(ciong) by Monte Carlo methods [111]. As the sampling number for ciong and
oshort,s are low (about 70-80 measured data points), fitting of P(ciong) and P(oshort,i) t0 the data histogram is
not reliable because the histograms are inevitably coarse. A clearer representation of the data in a statisti-
cally meaningful way is to plot the sampled data in order of increasing value, as in Figure 3-6 for the case
of the screen printed cell with 30um screen finger opening. These plots are then fitted by the cumulative
distribution functions of P(cing) and P(csnorti) Which are drawn as solid lines in the Figure 3-6. Figure 3-6
makes a good example to compare the fitting of two model distributions, one being the conventional

Gaussian, and another being the Pareto distribution [112]as given by
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Where osport io IS the mean and a is a power law scaling factor. Note that negative values of Gsnort, are
admissible but are interpreted as zero. The smaller the scaling factor, the larger is the spread in the data.
The Gaussian and the Pareto distributions are distinctly different in that the former has an exponentially
decaying tail, and the latter has a ‘heavy’ power law tail. As can be seen in Figure 3-6, the Gaussian of best
fit generates P(oshor,i) that is significantly broader than the data, but underestimates the probability of near-
Zero Giong compared to data. In contrast, the Pareto distribution is able to fit both oshori and oiong Well,
including the peculiar jump in the Giong data which reflects a bimodal distribution. As seen in the next
section, it is also able to predict the number of line breaks and the impact on the cell FF reasonably well.
Therefore, the Pareto distribution to each cell fitting is applied, and the statistical parameters of best fit are

listed in Table 3-4.

Table 3-4: Mean conductivity and scaling factor a of Pareto distribution model for different finger opening screen
and stencil printed lines.

Finger opening Pareto distribution model
Screen printed lines  Stencil printed lines

Mean xo (Scm) 0.83 1.26

30 pm Scaling factor 6 9
Mean xo(Scm) 2.27 2.67

45um Scaling factor a 10 18
Mean xo(Scm) 2.72 3.92

60pm Scaling factor « 16 26
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Figure 3-6: Cumulative distribution of conductivity of short and long line segments and their corresponding fit using
a) Pareto distribution and b) Gaussian distribution. The x-axis represents the number of line segment measurement
points.

3.3.3 Measured and simulated EL images

The Pareto statistical model of line conductance, and the parameters of Table 3-4 were used to simulate a
realistic solar cell. This was done in the Griddler software [110], which constructs and solves the full two
dimensional distributed network representation of the metallised solar cell using FEM (Finite Element
Method). In Griddler, it is possible to define a realistic front grid pattern whose finger segment conductance

is modulated in a pseudo-random manner according to the fitted Pareto distribution, and then simulate the
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voltage and current distributions along the cell plane at any illumination and bias conditions. By means of
this simulation, Griddler is able to predict the J-V characteristics as well as the electroluminescence (EL)
patterns of the realistic cells. Both the simulated EL images and J-V parameters match well with

measurements (Figure 3-7 and Table 3-5).

Revisiting the Pareto distribution described in equation 3.2, the frequency of broken fingers can be found
by evaluating the area under the curve where X is less than zero. The lower the scaling factor, the higher is
this area and hence the occurrence of broken fingers. According to the best fit to 3D profile line shapes and
line segment conductance measurements of Figure 3-4, the screen printed cells with 30 um opening have
the lowest scaling factor of 6. The corresponding Griddler simulation of the EL image shows numerous
finger line breaks, which is in good qualitative agreement with the actual EL image when laid side by side.
In contrast, the fitting to line shape and segment conductance for the stencil printed cells with 30 um
opening, has a higher scaling factor of 9. The resultant EL pattern has therefore a far more tolerable number

of finger breaks.
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Figure 3-7: Simulated and measured EL images for screen and stencil printed cells with different finger openings.
The scale bar represents the EL count.

The simulated and measured one-Sun -V parameter for screen and stencil printed fingers are in good

agreement as shown in Table 3-5. Note that all cells are assumed to be consisting of a network of diodes,
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whose characteristics is described by a two diode model with Jo; = 730 fA/cm? and Jo2 = 30 nA/cm?. Al
cells front grids are assumed to have the same specific contact resistance of 3 mQcm?. The only difference
in the Griddler model of the different cells are in the mean value and statistical variation in the finger
segment conductance, as described by the Pareto distribution with the parameters of Table 3-4. Therefore,
the degree of agreement between the observed and simulated variations in FF, attests to the accuracy of the

model distribution.

Table 3-5: Comparison of the simulated one-Sun I-V parameters based on the optical profile of the printed fingers
with the average measured one-Sun |-V parameters.

Finger Opening/ | Simulated |-V parameters Measured average |-V
Number of fingers parameters
Jsc Voo FF n Jsc Voo FF
(mAlc  (mV) (%) (%) (mAlc  (mV) (%) (%)
m?) m?)

Screen-30 um /108 | 37.3 630 73 17.1 37.3 629 711 16.7
Stencil-30 um /108 | 37.8 631 78.3 18.7 37.7 632 78.8 18.8
Screen-45 pm /95 37.3 631 79 18.6 37.3 632 79.0 18.6
Stencil -45 um /95 | 37.4 631 79.2 18.7 37.4 631 79.3 18.7
Screen -60 pm /85 | 37.3 631 789 18.6 37.3 632 79.1 186
Stencil -60 um /85 | 37.3 631 79.2 186 37.3 631 79.3 18.6

3.3.4 Effective finger width of screen and stencil printed fingers on the cell and module
levels

Grid shading optical losses at a cell level is roughly equal to the front grid metal coverage area fraction
[113]. However, when the solar cell is enclosed in a module, light reflected from the printed metal fingers
undergoes internal reflection at the glass-air interface [114, 115]. Light which is reflected at greater than
the critical angle of approx. 42°, is totally internally reflected and impinges another time on the cell surface.
As the metal finger cross sectional profile determines the angular distribution of scattering, the profile can
be used to estimate the fraction of light that is reflected at the glass-air interface and redirected towards the
cell. Therefore, based on the optical profile of the printed finger measurement both the shading on the cell

level and the effective shading when encapsulated (module level) can be determined. For the module level
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shading, a simple simulation that traces the light incident on the metal finger, which is then scattered in a
specular manner towards the glass-air interface was used. The internal reflectance of the each ray at this
glass-air interface is then calculated using Fresnel equations, and the internally reflected component of light
is assumed to be entirely absorbed by the cell. This way of simulation slightly underestimates the shading,
because it neglects rays which hit the finger a second time after reflecting off the glass-air interface as well

as rays that are absorbed by the metal fingers.

Figure 3-8 summarizes the ‘effective width’ of the fingers for the screen and stencil printed cells, after
encapsulation into the module. Figure 3-9 estimates the shading on the cell and module levels (assuming
that only fingers have an altered optical width in the module and not the wider busbars). Firstly, on the cell
level, the shading losses estimated by Figure 3-9 agree quite well with the Jsc values in Figure 3-3. In the

absence of shading, the cells should generate about 40.2 mA/cm?,
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Figure 3-8: Printed line width and the effective width of the screen and stencil printed lines printed with different
finger openings.
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Figure 3-9: Measured cell level and simulated module level shading of the screen and stencil printed solar cells.

Based on the simulation and the measurements, it is evident that at 45 um and 60 pm openings, stencil
printed lines have less optical width reduction than the screen printed lines. This is because the wide stencil
printed lines have a very rectangular profile (see Figure 3-4) when compared to the screen printed lines.
Rectangular profiles tend to scatter light at near normal incidence to the glass-air interface, reducing the
fraction of light which is internally reflected. On the contrary, at 30 um opening, the trend is reversed and
stencil printed lines have greater optical width reduction. This makes sense from the observation that as the
finger width narrows, the stencil printed lines take on a round shape with high aspect ratio, while the screen
printed lines become much flatter and low profile. Overall, stencil printed fingers also incur lower shading

loss, on both cell and module levels, as the finger opening decreases to less than 45 um.

3.4  Chapter summary

From both the perspectives of electrical (fill factor) and optical (shading and finger width narrowing)
characteristics, it is obvious that stencil printed fingers are more suitable than screen printed fingers for fine

line printing. At the lowest tested stencil finger opening of 30um, the stencil printed lines are narrow
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(47 um) and have the ideal shape to benefit from significant optical width narrowing (to 22 um) in a module.
Meanwhile, the fingers have good aspect ratio and are very uniform, having a conductance of 98%
compared to a perfectly uniform line. Cells printed using 30 um stencil finger openings noticeably have
higher short circuit current Jsc compared to rest of group, and is able to retain high fill factors. Moreover,
the highest batch average efficiency of 18.8% were achieved on cells printed with stencils having 30 um
line openings, using only 78 mg of silver paste. Due to the good optical narrowing, the Jsc gain is expected
to be even higher on a module level. In contrast, screen printed fingers at a screen opening of 30 um, have

unacceptable levels of finger breaks and low fill factor.

With the help of detailed survey of optical profile data, and line segment conductance measurements, | was
able to construct a realistic distribution model of line segment conductance suitable for describing both the
screen and stencil printed cells. Using the parameters of best fit, EL patterns and J-V parameters that closely
resemble observed data were simulated. The optical profile data also derives finger widths that are
consistent with the variation in Jsc observed between the groups of cells. The simulation gives confidence
that the variations in cell level parameters observed, are indeed arising as a result of the different printing

techniques and screen openings used in the study.
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Chapter 4. Experimental analysis of contact formation to lightly doped

phosphorus silicon surfaces by screen printing?

4.1 Introduction

Screen printing technology is the dominant metallisation process for industrial silicon wafer solar cells and
is a well-established process for contacting phosphorus diffused (n*) emitters on p-type Si wafers. Screen
printed Ag pastes typically require a high phosphorus surface doping concentration to ensure a low-
resistance ohmic contact. Industrial silicon wafer solar cells generally use phosphorus emitters with surface
doping concentration above 5x10% atoms/cm?® to enable screen printed Ag metallisation contacts with low
specific contact resistance. However, recombination losses in the emitter region increase with increasing
phosphorus surface concentration [116]. A high phosphorus surface concentration results in a poor response
to short wavelengths (“blue response”) due to an increased Auger recombination in the emitter [117], [118].
Innovative Ag pastes have been developed to enable contacting phosphorus emitters with a lower surface
doping concentration. This improves both the voltage (due to reduced heavy doping effects) and the current

(due to improved blue response) of the solar cells.

In Si wafer solar cells, forming good contact between the emitter and the screen-printed Ag paste is essential
to achieve high PV efficiency [119]. The Ag paste consists of Ag powder, glass frits and organic materials
[120]. To establish a good contact with the diffused emitter, the screen printed Ag paste must etch through
the insulating antireflection coating (ARC), typically silicon nitride (SiNy), with minimum damage to the
p-n junction [42]. The glass frits in the Ag paste melt during the firing process and then etch through the

SiNy layer to facilitate the formation of the electrical contact [121]. The organic materials in the paste act

2 Published as Vinodh Shanmugam et alia, “Electrical and Microstructural analysis of the contact formation on lightly
doped phosphorus emitters using thick film Ag screen printing pastes”, IEEE Journal of Photovoltaics, Volume 4,
Issue 1, Jan 2014.
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as a carrier of the Ag powder and are responsible for the adhesion of the paste to the Si wafer during printing

[42], [122].

Current transport through the screen-printed Ag/Si structure is relatively complex and several models have
been proposed regarding its mechanism [57, 123]. The main reason for the complexity regarding the current
transport mechanisms of the screen-printed contacts is the lateral non-uniformity of the contact, which is
characterized by complex interfacial regions consisting of a resistive glassy layer, crystallites, colloids and
pinholes. High series resistance is often a problem with screen-printed contacts on solar cells, which is
mainly due to melted glass frits that flow preferentially towards the Ag-Si interface during the high-
temperature (> 800 °C) firing process. This creates an interfacial glass layer between the Ag contact and
the Si which increases the contact resistance between the Ag and the Si, resulting in an increased series
resistance of the solar cell. This interfacial glass layer is highly resistive (in the order of 10° Qcm), and it
prevents any electrical conduction through the glass to take place [123]. To date, two main conduction
mechanisms have been proposed for screen-printed Ag contacts on Si. One model proposes that the current
transport from the n+ silicon to the silver is not spatially uniform and occurs via a few isolated Ag
crystallites that are directly connected, or in close proximity to, the Ag forming the bulk metal component
of the contact [123]. The other model proposes electron tunnelling via nano-Ag colloids in the glass layer
as the dominant current transport mechanism between the emitter and the Ag electrode [124]. The contact’s
microstructure changes with respect to the composition of the Ag paste. Recent studies show that the
presence of direct contact between the silver electrode and the Ag crystallites grown into the silicon emitter
reduces the contact resistivity by two orders of magnitude when compared to tunnelling via nano-Ag
colloids present in the glass layer [57]. Though it is difficult to quantitatively determine the contribution
from the different current transport mechanisms present in screen-printed Ag contacts on Si, qualitative
measurements are possible [57]. The emitter diffusion profile can greatly influence the solar cell charac-
teristics such as junction shunting, contact resistance, open-circuit voltage and short-wavelength response.
Decreasing the phosphorus surface doping concentration leads to a higher specific contact resistance [125].
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In this work, we analysed the contact formation process of two commercially available Ag pastes on
phosphorus-doped emitters with active phosphorus concentrations ranging from 4.0x10%° to 1.7x10%°
atoms/cm?. The influence of the active phosphorus surface concentration on both the electrical properties
and the contact formation process were investigated. Microstructural analysis of the contact formation
process revealed that a high density of Ag crystallites with a very thin interfacial glass layer is required for
contacting phosphorus emitters with low surface doping concentration. By tuning the emitter doping
profiles and optimising the contact formation, PV efficiencies of up to 18.6 % were achieved on 156 mm x

156 mm p-type pseudo-square mono-Si solar cells.

4.2  Experimental details
4.2.1 Sample preparation

In this work, large-area 239-cm? (156 mm x 156 mm) p-type pseudo-square Cz mono-Si wafers with 1-3
Qcm bulk resistivity were used. The wafers were saw damage etched and textured in KOH/IPA/potassium
silicate solution at 80°C [126] to generate a random pyramid surface texture on both sides. The emitter
diffusion was carried out using an industrial inline diffusion furnace (Despatch, DCF-3615), which has a
doper section that feeds the wafers directly to a belt furnace for diffusion. After an atmospheric plasma pre-
treatment step at the entry to the doper (to form a hydrophilic Si surface), a spray-on dopant source (a
solution consisting of phosphoric acid and ethyl alcohol) was applied uniformly to both sides of the wafer,
at a rate of 30 cm®minute. Following the diffusion process, a standard wet-chemical rear junction isolation
and PSG removal step was performed in an industrial inline wet-chemical process tool (RENA, InPilot).
Next, an emitter etch back process was applied using the so-called ‘SERIS etch’ [127] for different
durations (120, 150 or 180 s) to achieve emitters with different surface doping concentration (4.0x10%,
2.8x10% and 1.7x10%° atoms/cm?, respectively). An amorphous silicon nitride film was then deposited by

PECVD (SiNA-XS, Roth & Rau) onto the front surface as an antireflection coating and passivation layer.
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The cells were then metallized by screen printing using Al paste on the rear (MonoCrystal, PASE 12D) and
Ag paste on the front (Sol 9411 or Sol 9600 obtained from HERAEUS materials). The cells did not receive
rear Ag busbars. Finally, the front and rear contacts were co-fired in an industrial fast firing furnace
(DESPATCH, Ultraflex). The inline-diffused emitters were characterized by 4 point probe (Napson) for
sheet resistance measurements, electrochemical capacitance-voltage (WEP CVP 21) for dopant profile
measurements, and implied V. and emitter saturation current density (Joc) measurements. The implied Voc
was determined using the Suns-V,. method [128], while the Joe was determined using the Kane-Swanson
method [129]. The specific contact resistance between the Ag pastes and the n* emitters was determined by
the transfer length method. One-sun I-V measurements of the finished solar cells were measured using flash

tester (Sinton FCT 350).

4.3 Results and Discussion

4.3.1 Emitter characterisation

The as-diffused emitter has a high active phosphorus surface concentration of 5x10%° atoms/cm®. The
heavily doped phosphorus layer at the surface results in increased carrier recombination losses, which
reduces both the Vo and the Jsc of the solar cell. However, after the emitter etch-back process the thickness
of the heavily doped layer is significantly reduced (see Figure 4-1). The associated reduction in p-n junction
depth, derived from the ECV profiles, is clearly evident for the three emitters (see Table 4-1). Furthermore,
the implied V. and emitter saturation current density Joe, also shown in Table 4-1, demonstrate a clear trend
of a reduction in recombination (i.e. lower Jo. and higher implied V) for the lower surface concentration

emitters.
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Figure 4-1: Active dopant profiles of inline-diffused emitters after etch back using the SERIS etch solution for different
durations (120, 150 and 180 s), resulting in Emitter 1, Emitter 2 and Emitter 3, respectively.

Table 4-1: Characteristics of inline-diffused emitters after etch back using the SERIS etch solution for different
durations (120, 150 and 180 s), resulting in Emitter 1, Emitter 2 and Emitter 3, respectively.

As diffused |Emitter 1 Emitter 2 |Emitter 3
Active phosphorus =1 5. 520 4x10% 2.8x10% | 1.7x10%
density (atoms/cm?)
Junction depth (um) 0.31 0.29 0.27 0.21
Ave. sheet resistance
Q0) 40 65 85 120
Sheet resistance
uniformity (standard 15 292 3.15 12.7
deviation) (€/O)
Implied Vo at one-Sun 615 635 645 650
(mV)
Emitter saturation
current density Joe 240 156 142 120
(FA/cm?)

4.3.2 Analysis of the contact formation

In order to study the contact formation mechanism of the two pastes (Sol 9411 and Sol 9600) to diffused
emitters with different surface doping concentration, a microscopic analysis using scanning electron
microscopy and focused ion beam imaging (FIB) was performed (Carl Zeiss, Auriga). For this analysis the

contacts were etched sequentially using HNOs/buffered HF/HNOs solutions [57]. Figure 4-2 presents FIB
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images of the Si-Ag interface of Emitter 1 for both of the pastes, fired at their respective optimized peak

firing temperature as shown in Figure 4-3.

The SEM image (obtained after FIB milling) in Figure 4-2(a) clearly shows that a very thick and laterally
continuous glass layer is formed when the Sol 9411 paste is used. As can be seen in Figure 4-2(b), only a
very thin interfacial glass layer is formed when the Sol 9600 paste is used, resulting in more direct contact
between the silver finger and the Ag crystallites grown in to the Si emitter, giving excellent cell fill factors

(FF) of over 80 % (see Figure 4-3).

il silicon
Interfacial Interfacial
Glasslayer Glass layer

200 nm
H

Figure 4-2: (a) SEM image of the Si-Ag interface (Sol 9411 paste, E1 emitter). A thick interfacial glass layer
(maximum thickness of around 500 nm) exists between the bulk Ag and the underlying Si. (b) SEM image of the Si-Ag
interface (Sol 9600 paste, E1 emitter). The presence of a thin (maximum thickness of around 150 nm) and a
discontinuous interfacial glass layer results in more direct contact between the Ag crystallites grown into the Si emitter
and the bulk silver finger, resulting in high fill factors of over 80%.

Figure 4-3 presents the fill factor (FF) of the Emitter E1 samples obtained as a function of the peak firing
temperature. The peak firing temperatures were recorded using a DataPaq data logger with a K-type
thermocouple soldered onto a metal plate. It can be seen that the Sol 9411 paste has a narrower firing
window than the Sol 9600 paste. The optimum firing temperature was defined as the temperature at which
both the lowest specific contact resistances and highest fill factors were achieved. It was found that the Sol
9600 performs best at temperatures between 800 °C to 850 °C (and all cells metallised with Sol 9600 were
fired at a peak temperature of 850 °C) whereas Sol 9411 paste performs best for a peak firing temperature

of 795 °C. At temperatures below and above this value of 795 °C, the cells metallised with Sol 9411 paste
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were series resistance limited. This is due to the impact of the firing temperature on the glass layer thickness
[130] and the growth of Ag crystallites [131]. It was found that the growth rate of the glass layer is enhanced

at higher firing temperatures [130], leading to higher contact resistance values.
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Figure 4-3: Fill factor as a function of the peak firing temperature.

The transfer length method (TLM) with a circular pattern [132] was used to determine the specific contact
resistance between the Ag pastes and the n* emitter. The TLM samples were printed on ‘print-ready’ wafers
(textured, diffused emitter and silicon nitride coated) and fired at the optimised firing profile. The contact
resistivity results of Figure 4-4 indicate that the Sol 9600 paste is capable of contacting each of the three
investigated emitters. However, the Sol 9411 paste did not create good ohmic contacts for the lower surface
doping concentrations, and was only able to form an ohmic contact to the highly doped emitter (4x10%
phosphorus atoms/cm? at the surface), with a reasonable contact resistivity of about 5 mQcm?. Notably, the
Sol 9600 paste was able to contact the lower surface concentration emitter (surface concentration of

1.7x10% atoms/cm?®) while maintaining a reasonable contact resistivity of about 5 mQcm?.
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Figure 4-4: Contact resistivity (determined by TLM) as a function of phosphorus surface concentration of the n*
emitter. The Sol 9411 paste was unable to form an ohmic contact to the lower surface concentration emitters and
hence no specific contact resistance values could be measured.

Representative samples from the Emitter E1 and E3 sub-groups (i.e. highest and lowest surface concen-
trations) were selected for SEM investigation of the growth of the Ag crystallites. Prior to the SEM analysis,
the contacts were wet-chemically etched off by immersing the samples into HNOs, then buffered HF, and
then again HNOs. Figure 4-5a) and Figure 4-5(b) show the crystallite imprints of the Sol 9411 paste on
sample E1 (surface concentration 4.0x10% atoms/cm?, junction depth 0.29 um) and sample E3 (surface
concentration 1.7x10%° atoms/cm?, junction depth 0.21 um), respectively. Ag crystallite imprints were seen
at the tips of the pyramids for Emitter E1 samples and the amount of Ag crystallites decreased with respect
to the emitter surface doping concentration. Based on the SEM image, the non-ohmic contact of the Sol
9411 paste on the lower surface concentration emitter (Emitter E3) can be explained by the lack of Ag

crystallite imprints.
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Figure 4-5. SEM micrographs of (a) Ag crystallite imprints of paste 9411 on Emitter E1 (surface concentration
4.0x10% atoms/cm®, junction depth 0.29 um). (b) Ag crystallite imprints of paste 9411 on Emitter E3 (surface
concentration 1.7x10%° atoms/cm?, junction depth 0.21 pum). (c) Ag crystallite imprints of paste 9600 on Emitter E1
(surface concentration 4.0x10%° atoms/cm?®, junction depth 0.29 um). (d) Ag crystallite imprints of paste 9600 on
Emitter E3 (surface concentration 1.7x10?° atoms/cm?, junction depth 0.21 pm).

Figure 4-5(c) and Figure 4-5(d) show the crystallite imprints of Sol 9600 paste on Emitter E1 and Emitter
E3, respectively. The depth and size of the crystallites formed with the Sol 9600 paste are much bigger than
for the Sol 9411 paste, indicating a higher level of direct contact between the Ag paste and the emitter. The
growth of the Ag crystallites still depends on the surface concentration of the diffused emitter, with a lower

crystallite density observed for the emitter with lower surface concentration.

4.3.3 One-sun current-voltage measurements

To complete the solar cell fabrication process, the rear contact was formed using a standard Al paste
(MonoCrystal, PASE 12D). Ag paste Sol 9411 was used as the front contact for one batch of cells and Ag
paste Sol 9600 was used for the remaining ells. The cells were then fired at the optimized firing profile
(obtained for E1 emitter, as shown in Figure 4-3). Figure 4-6(a) presents the average Js; as a function of the

emitter surface concentration. It can be seen that reducing the surface concentration tends to increase the
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Jsc for cells metallized with the Sol 9600 paste but the Jsc for cells metallized with the Sol 9411 paste drops
due to high specific contact resistance of this Ag paste to emitters with lower surface concentration. Figure
4-6(b) presents the average Vo as a function of the emitter surface concentration. The V. tends to increase
with reduction in the emitter surface concentration. However the drop in Vo of cells for the E3 emitter
group (surface concentration 1.7x10% atoms/cm?, junction depth 0.21 um) is attributed to the drop in the
cells’ shunt resistance. The drop in the cells’ shunt resistance for the E3 emitter solar cell group could be
due to the fact that the firing profile used was not optimal for shallower p-n junctions. The highest average
efficiency of 18.5% was achieved with the E2 emitter group (surface concentration 2.8x10% atoms/cm3,
junction depth 0.27 pum) when metallized with the Sol 9600 paste. The highest cell efficiency achieved in

this study was 18.6% (also the E2 emitter group), see Figure 4-7.
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Figure 4-6: Measured emitter surface doping concentration dependence of (a) average short-circuit current density,
(b) average open-circuit voltage, (c) average FF and (d) average efficiency.
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Figure 4-7: One-sun I-V curve of the best cell (E2 emitter group metallized with the Sol 9600 paste).

4.3.4 Fill Factor loss analysis

The average Vo of cells metallised with Sol 9600 Ag paste is consistently 3 mV lower than cells metallised
with Sol 9411 Ag paste for all the three emitters studied (as shown in Figure 4-6 b). To investigate this
further we performed a detailed FF loss analysis to quantify the influence of resistive (series and shunt) and
recombination losses on the FF. As the cells were processed identically with the only difference being the
front metallisation paste, the results of the FF loss analysis can be used to infer the influence of the paste.
The key difference between the pastes in our investigations is the crystallite depth. Sol 9600 results in
bigger and deeper Ag crystallite imprints when compared to Sol 9411(as shown in Figure 4-5). This is
likely to provide lower resistance contacts but the deeper contacts may increase space charge region
recombination. A recent study has shown that metallisation pastes can have a significant influence on space
charge region recombination [133]. Representative samples from Emitter 1 (surface concentration 4.0x10%°
atoms/cmd, junction depth 0.29 um) metallised with Sol 9411 and Sol 9600 are taken for detailed FF loss
analysis to quantify and compare resistive (series and shunt) and recombination losses for the two pastes.
The parameters used for computing FF losses are summarised in Table 4-2. The I-V parameters were

measured using a one-Sun flash tester (Sinton FCT 350 flash tester). Additionally the flash tester also

69



determines the pseudo I-V curve (from Suns Vo [61]) and the series resistance at the maximum power point
(mpp) is calculated by the shift between the one-sun 1-V and the Suns V. curve at mpp [61]. Rsnis calculated

by fitting the pseudo I-V curve in the range 0-400 mV.

The method described in [134] based on the two-diode model of solar cells (symbols used in subsequent
text: diodes with saturation current densities Jo1, Joz, Series resistance Rs, shunt resistance Rsn) is used to
guantify the FF losses attributed to Rs, Rsh and Joo. FFyo1 is the upper limit of FF assuming the absence of
Rs, Rsh and Joz recombination [135]. The symbols in the FF loss analysis section of Table 4-2 AFFgs, AFFgsh

and AFF g, refer to the loss in FF due to Rs, Rsh and Jo respectively.

Table 4-2: One-sun J-V data and fill factor loss analysis results for cells metallised with Sol 9411 and Sol 9600.

Cell parameters FF loss analysis results
Metal Voo  Juc FE Eff. Vg Jow F,\eﬂssltp Ren FF, AFFrs AFFrn  AFFin
paste  (mV) (mAcm®) (%) (%) (MV)  (mA/cm?) (@em?) @cm?) | (%) (% absolute)

Sol 632 36.7 78.7 183 530 344

9411 0.82 3.8K 835 4.2 0.4 0.2

Sol

9600 628 36.6 79.9 184 532 346 0.53 3.9K 834 238 0.3 0.4

Based on the results of the FF loss analysis (as shown in Table 4-2), it is clear that Sol 9600 achieves higher
FF than Sol 9411 because of significantly lower AFFgs (2.8% absolute for 9600 compared to 4.2% absolute
for 9411). This is consistent with the much lower contact resistance measured with 9600 (as shown in
Figure 4-4) and the deeper and bigger crystallite imprints (as shown in Figure 4-5). On interpreting the
difference in AFFj0, loss terms with regards to the paste it follows that Sol 9600 leads to slightly increased
Joo recombination over Sol 9411 (AFF. of 0.4% absolute instead of 0.2% absolute). This may be due to
deeper crystallites formed as a result of higher peak firing temperature used for Sol 9600. However the
crystallite depth is not severe enough to cause ohmic shunting as is clear from the comparable shunt
resistance losses for cells metallised with both pastes. Increased Jo recombination also has a small influence

on V. [134], this is again consistent with a Vo drop of 3 mV for Sol 9600.
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Interestingly, the marginal increase in recombination losses (evident form a comparison of delta FFj, and
Vo) for cells metallised with paste Sol 9600 are strongly compensated by a significant decrease in series
resistive losses for paste Sol 9600, leading to higher efficiency solar cells than the cells metallised with

paste Sol 9411.

4.4 Conclusion

In this chapter, the electrical and micro-structural properties of screen-printed contacts formed with two
different Ag screen printing pastes (Sol 9411 and Sol 9600) on phosphorus diffused silicon emitters with
different surface doping concentrations and emitter depths were investigated. Theoretically, emitters with
lower surface doping concentration are preferable due to reduced emitter saturation current density, which
results in higher Vo and Jsc (and thus PV efficiency). However, these benefits can only be reaped
experimentally with screen-printed contacts if the pastes are able to contact the more lightly doped n*
surface. The experiments showed that, compared to the Sol 9411 paste, the Sol 9600 paste produces bigger
and deeper Ag crystallites with a thin and discontinuous glass layer. This results in more direct contact
between the Ag crystallites grown in the Si emitter and the silver electrode and thus results in a better
specific contact resistance. A low-resistance ohmic contact was demonstrated for phosphorus emitters with
a surface doping concentration as low as 1.7x10%° atoms/cm?®. The best PV efficiency (18.6 %) was obtained

for an intermediate surface dopant concentration of 2.8x10%° atoms/cm?.
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Chapter 5: Characterization of recombination at the metal silicon interface

using photoluminescence imaging?

5.1 Introduction

Metallisation of phosphorus diffused emitters using screen printing Ag pastes is a well-established process
for industrial silicon wafer solar cells [136]. Front-side Ag contact to the phosphorus diffused emitters is a
key area of research, as it has a large impact on the cell efficiency and incurs significant production cost
[2]. Metal contacts introduce significant recombination via the high interface defect density and the emitter
damage caused by the high-temperature firing step. Both this metal contact recombination, as well as the
electrical resistance of the contacts, are important factors in the optimization problem of the phosphorus
diffused emitter profile [36]. Aside from the issue of contact quality, shallow emitters are more prone to
junction shunting and increased recombination losses introduced by the metallisation process than emitters
with deeper junction. Hence the optimal diffused emitter for an industrial silicon wafer solar cell has a
significantly heavier diffusion and lower sheet resistance than one which minimizes the emitter saturation
current density (Joe), although the recent vast improvements in silver paste technology are enabling a trend

towards higher emitter sheet resistance [36, 137].

There are several notable studies in recent years reporting on the recombination losses associated with
metallisation based on specially designed experiments [138-140], [141]. Fellmeth et al. prepared samples
each consisting of eight 2 cm x 2 ¢cm solar cells of varying metal contact fractions Fm (Fwm is the ratio of
area of metallised regions to the total area of solar cell) on the same wafer [138]. By measuring the one-sun

Vo Of each cell and extracting the dark saturation current density Jo: via the one-diode model, plots of Jo

3 Published as Vinodh Shanmugam et alia, “Determination of metal contact recombination parameters for silicon
wafer solar cells by photoluminescence imaging”, Solar Energy Journal, Volume 118, pp 20-27, May 2015.
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versus Fm were constructed from which the slope from linear fits yielded the metal contact contribution
Joe-metat. HOENIQ et al. printed full metal grid patterns on 156 mm x 156 mm wafers, with additional inter-
rupted contact fingers between the fingers of the base grid [139]. They observed a clear rise in FFo - pFF,
the difference between the ideal fill factor FFo and the pseudo fill factor pFF (pFF is only influenced by
recombination and shunting effects and it is an useful parameter to evaluate the non-series resistance related
limitation of a solar cells fill factor), as the coverage of the interrupted contact fingers increased. Edler et
al. studied both metal recombination at the phosphorus and boron diffused layers in bifacial solar cells
[140]. In this case, the difference between the finished cell Vo and the implied Vo determined from lifetime
measurements on the samples prior to metallization was tracked as a function of the metal contact fractions
on the emitter (boron) and back-surface-field (phosphorus) sides of the cell. It is interesting to note that
while references [138] and [140] observe near-unity ideality factor and good conformity to the one-diode
model for their samples, with V.. being the parameter that clearly changed with increasing metal contact
fraction, reference [139] focuses on FF - pFF, which seems to imply that it is the ideality factor rather than
Voc that changes most obviously with metal contact fraction in their samples. It is not clear whether this
difference in observation arises from the different metal test structure patterns used by the different groups,

or from a difference in the metal paste tested.

In this work, the use of PL imaging on simple-to-prepare screen printed silicon cells with special test
patterns, which defines different regions-of-interest on a wafer with varying metal contact fractions is
investigated. Like reference [138], only one screen is needed to print all eight different regions of interest.
The added advantage related to analysis by PL imaging is that it is a contactless technique, so that
automation of the test routine can be simply accomplished without having to design a dedicated test jig with
precision alignment probes. Additionally, with the help of detailed finite element method (FEM) based
simulation, which accounts for lateral balancing currents along the wafer that has a non-uniform voltage
distribution, the possibility of forgoing any efforts to isolate the regions of interest from one another, thus
saving many processing steps and making the test pattern cells as easy to prepare as a standard solar cell is
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also investigated. The simplicity of the experiment makes it conceivable to be implemented in a production
environment, where a small fraction (e.g. one per 30 minutes, which is less than < 0.1%) of the processed
wafers can be diverted to an offline printer to produce the test structures, so that the metal recombination

parameters can be tracked over time to aid process control and design of experiments.

5.2 Methodology

The PL based method described in this work, for the extraction of recombination parameters at the metal-
silicon interface, requires measurements on both a finished solar cell (wafer with an H-pattern front grid)
and a wafer printed with the special test pattern as shown in Figure 5-1. Both patterns are printed on large-
area (239 cm?) 156 mm x 156 mm p-type pseudo-square Cz silicon wafers having the standard Al-BSF
solar cell architecture. As shown in Figure 5-1 (a), the test pattern defines 8 mini cells (regions of interest)
with metal fraction varying from 0 to 27%, by virtue of different nominal metal line widths ranging from 0
to 280 um. The H-pattern in Figure 5-1(b) defines a standard 3-busbar solar cell with about 7% metal

contact fraction. Both the test pattern and the H pattern have the same finger pitch of 1.8 mm.

Figure 5-2 shows the process flow and experimental split. Silicon wafers with 1-3 Qcm bulk resistivity
were saw damage etched and textured to generate a random-pyramid surface on both sides. Phosphorus
emitter diffusion was carried out using an industrial tube diffusion furnace, which resulted in a sheet
resistance of 80 €/square on both wafer surfaces. Following the diffusion process, phosphorus silicate glass
(PSG) removal was performed. SiNy antireflection coating was then deposited by PECVD onto the front
surface as an antireflection coating and passivation layer. All wafers were then metallized with full-area Al
on the rear (Monocrystal, PASE 12D) and Ag paste (DuPont, PV 18) on the front for the test pattern or H
pattern. Finally, all cells were fired at the optimized firing profile, and then edge isolated using a laser with

nanosecond pulses.
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As the mini-cells' regions of interest in the test pattern are small and not cut out of the wafer, their
boundaries play a significant role in both the local open-circuit voltage Vo and the ideality factor m. If the
boundary of each region contains a physical disruption, such as an emitter laser isolation, then the boundary
may introduce a large and varying edge recombination component that tends to lower the V. and raise the
ideality factor of each region. On the other hand, if the boundary contains no disruption such that it is only
an imaginary demarcation line, then lateral balancing current may flow in and out of each cell, which tends
to raise the Vo and lower the ideality factor. In either case the boundary may introduce significant bias to
the result. Three kinds of boundaries were experimented with for the mini-cells: 1) passivated iso-lines
(where the laser lines isolating the mini-cells are treated to minimize recombination), 2) unpassivated iso-
lines, 3) no iso-line (imaginary demarcation lines). Of the three types of boundary treatments, it was found
that the no iso-line approach was the most reproducible and amenable to analysis, given that the analysis
method can adequately account for the lateral balancing currents across the boundaries. Obviously, the no
iso-line samples are also by far the simplest to fabricate. For these reasons, in the next sections the focus
will solely be on this type of sample. In contrast, to create passivated iso-lines, the print ready wafers were
first laser edge isolated at the intended boundaries of the mini-cells. Then the wafers were dipped in KOH
at 80°C for 2 minutes to remove the laser damage at the scribes. The masking silicon nitride layer was then
removed, and the entire wafer was then re-passivated with a new silicon nitride film. For test structures
with unpassivated iso-lines, the wafers were simply subjected to laser isolation around the edges of mini-
cells after printing but, as will be seen, the laser damage is so great that the data is obscured by the

recombination it introduces.
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Figure 5-1: (a) Scan of the test pattern used in this work. The red boxes indicate the different regions of interest (ROI).
The test pattern has 8 ROIs with metal fraction varying from 0% (ROI 1) to 27% (ROI 8). The varying metal fractions
were obtained by printing metal with different finger widths ranging from 0 to 280 um. (b) Scan of the H pattern solar
cell with different ROIs. The ROIs of the test pattern and H-pattern solar cell were analysed individually from PL
images obtained at different illumination intensity. The same finger spacing of 1.8 mm was used for both the test
pattern and the solar cell.
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Figure 5-2: Metallisation experimental split for the different test pattern and finished solar cell.

A commercial PL imaging system was used in this study (BT Imaging, Australia). The system is based on
a 915 nm wavelength laser as the excitation source and the illumination intensity can be varied in the range
of 0.01-3.5 Suns. Both the test pattern and H-pattern cells are imaged under the full range of illumination,
and the H-pattern cells are additionally probed at each busbar to monitor their open-circuit voltage (via
Suns-V,c measurements). A variety of different methods for quantitatively imaging the local solar cell
parameters have been presented in recent years [142] [64, 143, 144]. All these methods rely on calibrating
the local luminescence intensity to the local junction voltage. Trupke et al. introduced the method in 2007
to calibrate the luminescence images to the local junction voltage [142]. This method was later extended

by Glatthaar et al. in 2010 [64]. The emitted PL signal I is related to V. by

_ Voc 51
Ipl —Cexp 71_» +BIL ( . )

where V; is the thermal voltage (25.68 mV at 298 K), B is the local luminescence intensity of an image

taken under short-circuit conditions, I; is the illumination intensity, and C is the calibration constant.
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Equation 5.1 relates the spatial signal Ip to the spatial distribution in Vo along the wafer plane. In order to
have a correct calibration of the internal voltage from the PL images, it is necessary to accurately determine
the constants B and C. Including B in the equation is necessary to reduce the effect of diffusion limited
charge carriers occurring during PL imaging and is determined by taking one image at short circuit and at
known illumination intensity. The constant C depends on the PL setup and the sample investigated. It is
generally determined at open-circuit conditions and at sufficiently low illumination intensities where lateral
voltage gradients are negligible in the H pattern cell. In particular C is determined by inserting the probed
Vo of the H pattern cell into equation 1 at 0.03-0.05 suns illumination. Both the test pattern and the H
pattern cells are assumed to have a common set of B and C since their optical structures and base diffusion

lengths are similar.

Equation 5.1 yields the V. at each pixel for both the test pattern and H pattern cells at every illumination
intensity. Instead of performing a pixel-by-pixel parameter extraction [64, 143, 145], a region-of-interest
approach of condensing the data by spatial average according to the regions defined in Figure 5-1 for the
test pattern and the H pattern was adopted. The results are calibrated Suns-PL plots of the regions of interest,
in addition to the probed Suns-V curves. Two analysis methods are used. The first is a simple four
parameter graphical fitting to the Suns-PL plots of the regions of interest for the test pattern cells only. The
graphical fitting involves drawing simple Suns-PL plots by regions-of-interest, followed by two diode
fitting and linear regression of the saturation current densities versus metal contact fraction. Here, each

region of interest is approximated as a closed boundary system whose V. obeys

]L,i (1 - fmetal,i)

= (Jo1(1 = fmetari) + Joimetatfmetati) (exp (ﬁ) - 1)

+ oz (1= Fnetars) + Jozmetat fmetas) (€30 (552) = 1) (5.2)

78



where Ji is the light induced current density in the non-shaded parts of the i* region of interest, consistent
with the overall short-circuit current density Jsc of the H pattern cell. The reason that J.; is different for
different regions of interest is that the illumination laser is not laterally uniform. Therefore, the laser
intensity at different areas needed to be measured using a small-area solar cell and accounted for. fietali IS
the aerial fraction of metal contact area for the i region of interest. The four adjustable parameters for
fitting are Jo1, Joz, Jo1,metat, Joz,metal, representing the first and second diode saturation current densities of the
passivated emitter and the additional contributions at the metallized emitter. Plots of Suns-PL by region on
the test pattern cell, obtained from the experiment and simulation, are compared, and the root-mean-square
deviation in the recombination current between experiment and simulation is used as a measure of goodness

of the fit.

The second method involves high-fidelity constructions of the test pattern and H pattern cells using an in-
house finite-element method (FEM) based simulator called Griddler [110], which breaks down the wafer
plane and the metallization pattern into roughly 80,000 nodes and 160,000 triangular elements, then solves
the voltage distribution among the nodes, and then converts it into a PL distribution via equation 5.1. Each
node is treated as a solar cell consisting of a current source and two diodes of ideality factor m=1and m =
2, respectively. Neighbouring nodes are connected by resistors with a suitable value consistent with the
emitter sheet resistance (80 /sq), for nodes in the emitter plane, and the metal sheet resistance (3 m€2/sq)
for nodes in the metallization plane. Coinciding nodes in the emitter and metal planes are connected via
resistors according to the contact resistance (3 mQcm?). There are three types of nodes which differ by the
value of saturation current densities assigned to them: 1) passivated emitter nodes, assigned with Jo; and
Joz for the two diodes; 2) metallized emitter nodes, assigned with Joimetar and Jozmetal, @and 3) wafer edge
nodes, assigned with an additional Joiedge ON top of Joz and Joo. The light-induced current density J. is
distributed in a way that is consistent with metal shading (with triangular elements representing metallized
regions receiving no light), illumination laser non-uniformity (which is separately measured), and the cell
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short-circuit density. Overall, there are five adjustable simulation parameters Joz, Jo2, Jo1,metal, Jo2,metal, Jo1,edge,
which Griddler manipulates to simulate high-fidelity PL images for the test pattern and H pattern solar cells.
Plots of Suns-PL by region and Suns-V.c by busbars obtained from the experiment and simulation are
compared, and the root-mean-square deviation in Vo between experiment and simulation is used as a

measure of goodness of the fit.

5.3 Results and Discussion

The degree of metal recombination in Si solar cells depends greatly on the emitter profile. The emitter in
this work was characterized by four point probe for sheet resistance measurements, electrochemical
capacitance-voltage for active dopant profile measuremnts, and implied Vo and emitter saturation current
density measurements. The 80-€/sq phosphorus diffused emitter has a peak surface doping concentration
of 3.9 x 10%° atoms/cm® and a junction depth of 0.32 um, as shown in Figure 5-3. This profile is

representative of the typical phosphorus emitter found in today’s industrial Si wafer solar cells.
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Figure 5-3: Active dopant profile of the phosphorus diffused emitter used in this study. The 80-Q/sq phosphorus
diffused emitter has a junction depth of 0.32 um and active surface doping concentration of 3.9 x 102° atoms/cm?.

PL images of the test pattern cells were taken at different illumination intensities ranging from 0.03 to 3.6

Suns. Figure 5-4 shows the PL images of the different test patterns used in this study when taken at about
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1 Sun (top) and about 0.1 Suns (bottom). The test structure with unpassivated iso-lines shows dark
boundaries which reflects the much higher recombination induced by the laser scribe damage. The impact
of the boundary recombination on the overall voltages of the region of interests is especially severe at 0.1
suns (because the lateral balancing current is lower). The test pattern with passivated iso-lines has visibly
much lower boundary recombination because the laser damage has been reduced by chemical etching and
re-passivation. However, the SiNx masking during the chemical etching was not perfectly selective, and
thus the emitter sheet resistance has risen significantly above the original 80 €2/sq, indicating that even the
masked regions of the wafer were likely etched to some degree. Moreover it was generally difficult to obtain
perfectly passivated boundaries of the mini-cells after laser isolation. Both the undesirable emitter etching
and the imperfectly passivated boundaries introduce bias and additional uncertainty to the experiment.
Interestingly, the no iso-line samples - which are simplest to process - were also the easiest to model of all
investigated samples, as long as the model of analysis manages to account for the balancing currents flowing
through the open boundary of each region of interest. Therefore, in the following the focus will be on the

no-iso line samples for determining the metal recombination values.

Low PL
count

Figure 5-4: Measured PL images of the test patterns with passivated iso-lines, unpassivated iso-lines and no iso-lines,
respectively, at 1 sun (top row) and 0.1 sun (lower row) illumination intensity. The impact of laser lines are clearly
visible at lower suns (bottom). Test patterns with no iso-lines were used in this work for extracting metal
recombination values, since it eliminates the impact of irregular boundaries on the extraction of saturation current
densities. All images were scaled using the same calibration constants.
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The results from the more rigorous Griddler FEM analysis will be presented first. Figure 5-5 compares the
Griddler simulations to the experimental PL images of the test pattern and H pattern cells at 1 Sun and 0.1
Suns. The simulated images are generated using the best fit values of Jo1, Jo2, Jo1,metal, Joz2,metal, Jo1edge, 8S
given in Table 5-1. A good qualitative agreement can be seen, in particular for the relative PL intensities in
the 8 regions of interest in the test pattern cell, and also in the gradient of the PL intensity towards the wafer
edges. Simultaneous Griddler fitting to both the test pattern and H pattern is very advantageous for the
unambiguous determination of the five recombination parameters.

Table 5-1: Extracted saturation current density values by two different methods using PL images obtained at different

illumination intensities. Joi,edge CaNNot be determined using graphical fitting method. The high value of Jo1 eqge Obtained
using FEM simulation is due to the non-optimised laser edge isolation process.

Extraction method  Jn Jo2 Jo1,metal Jo2,metal Jot,edge
(FA/cm?) (nAlcm?)  (fAlcm?) (nA/cm?) (FA/ecm?)
Graphical fitting to 408 + 100 82 888 = 100 36£10 0

Suns-PL curves

Finite element 423+ 100 5+2 810 + 100 124 + 40 11000 + 1000
method simulation

Figure 5-6 shows the Suns-PL curves of the regions of interest in the test pattern and H pattern cells, as
well as the probed Suns-V of the H pattern cell busbars. There is a striking difference between the Suns-PL
behaviours in the two different metal patterns, in particular the slope in the semi-log plot suggesting that
the H pattern cell has a higher ideality factor at low illumination intensity. It is also interesting to see that
the Suns-PL curves of the different regions of interest in the H pattern cell converge towards low
illumination, but those for the test pattern cell diverge. Remarkably, the Griddler FEM simulation is able
to replicate these vastly different features using a common set of recombination parameters. The
simultaneous fitting lends credibility that the underlying values of Joi, Joz, Jo1metal, Joz,metal, Jo1,edge USEd IN

the simulations are accurate.
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PL Image Simulation PL Image Simulation

Figure 5-5: The simulated PL images (obtained from the saturation current density values determined using FEM
method) match well with the measured PL images at 1 Sun and 0.1 Sun illumination intensity.

Table 5-1 also shows the parameters of best fit according to the four parameter graphical fitting to the
Suns-PL curves of the test pattern cell. As Jo1 edge IS NOt considered here it is listed as zero. While this method
yields Joi, Jo1metar Values to within 25% agreement with those obtained from the Griddler FEM fitting, the
Joz and Joz,metal Values are much different. The better agreement in first diode parameters and poor agreement
in second diode parameters suggest that the graphical fitting method is more accurate for analysing PL
images at high illumination. At low illumination, the approximation of closed boundaries of the 8 regions
of interest tends to break down, as the effects of lateral balancing currents become increasingly severe. For
example, at 0.1 Suns, the Griddler FEM simulation predicts that the current flowing into region of interest
number 8 is about half of the light-induced current in this region. Because the graphical fitting method
ignores this lateral current flow, it grossly miscalculates the recombination parameters from the low light

intensity images.

Figure 5-7 shows the fits to the Suns-PL curves for the test pattern cell and Suns-Vq. curves of the H pattern
cell, based on the parameters of best fit by the graphical fitting method. It is important to note that while in

Figure 5-6 the fitted curves are culled from full-area FEM simulations, in Figure 5-7 the fit lines are simply
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calculated from equation 2. In stark contrast to Figure 5-6, Figure 5-7 shows that it is impossible for the
graphical fitting method to yield simultaneous fits to both the test pattern and the H pattern cells. Without
taking account of the lateral balancing currents, the test pattern and H pattern cells appear as though they
have completely different underlying recombination parameters, which was demonstrated by the Griddler

fits in Figure 5-6 not to be the case.
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Figure 5-6: (a) Suns-PL curve of the different ROIs in the test pattern obtained experimentally from PL images.
(b) Suns-PL curve of the H-pattern solar cell from PL images as well as probed Suns-V of the H pattern cell busbars.
Using a common set of recombination parameters, the Griddler FEM simulation method is able to accurately fit both
the Suns-PL curve of the test pattern and the H-pattern solar cell. Though the term implied voltage is used in the x-
axis, it actually means the junction voltage as all PL images are calibrated.
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Figure 5-7: (a) Suns-PL curves for the test pattern cell and (b) Suns-V,. curves of the H pattern cell, based on the
parameters of best fit by the graphical fitting method. It is not possible to obtain simultaneous fits to both the test
patterns and H-pattern solar cell using the graphical fitting method.

It is worth to place the fitted parameters in Table 5-1linto perspective, by using the Griddler FEM simulation
to predict the Suns-V, curves if there were no metal induced recombination, i.e. when Joimetal = Jozmetal =
0. In this case, Griddler predicts that the cell Voc will rise by 3.3 mV at 1 Sun and 5.2 mV at 0.1 Sun.
Assuming the cell Js is 36.8 mA/cm?, these increments translate into a gain in pseudo efficiency of 0.19%
absolute and pseudo fill factor of 0.4% absolute. It is apparent from this assessment that the impact of metal

recombination on the cell performance is quite mild.
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5.4 Conclusion

The metal-silicon interface in a solar cell is a highly recombination active region that impacts the device
voltage. The goal of this work was the accurate determination of the metal recombination parameters at the
metal-emitter interface. By analysing test patterns (having mini-cells with varying metal fractions) and
finished solar cells using intensity-dependent photoluminescence imaging, the metal recombination
parameters were extracted. Three different kinds of boundaries for the mini-cells in the test pattern were
experimented: 1) passivated iso-lines (where the laser lines isolating the mini-cells were treated chemically
to minimize recombination), 2) unpassivated iso-lines, and 3) no iso-lines. Of the three different test
patterns the one with no-iso lines was used in this work for extracting recombination values, since it

eliminates the impact of irregular boundaries on the extraction of saturation current densities.

The PL images of the test pattern with no iso-lines and the finished solar cell with H-pattern were analysed
in two different ways, one using a simple four parameter graphical fitting to the Suns-PL plots of regions
of interest and the other being a detailed finite element method based simulation and numerical fitting. The
graphical fitting method was more accurate for analysing PL images at high illumination. However, at low
illumination intensity the approximation of closed boundaries of the mini-cells in the test pattern tended to
break down, as the effect of lateral balancing currents became severe. As the graphical fitting method
ignores this lateral current flow, it grossly miscalculates the recombination parameters from the low-
intensity images. The latter method using FEM simulation and numerical fitting takes into account this
lateral current flow and hence was able to replicate simultaneously the Suns-PL characteristics of both test
pattern and H pattern cells using a common set of recombination parameters. The simultaneous fitting of
the test pattern and H pattern cells increases the sensitivity of the developed method, as it was able to

effectively extract Jor-metat aNd Jo2-metal €VEN fOr cases with moderate metal recombination.
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Chapter 6: Impact of phosphorus emitter doping profile on the metal contact

recombination for silicon wafer solar cells*

6.1 Introduction

Screen-printed Al-BSF Si wafer solar cells with phosphorus emitter on the front surface are the workhorse
of the PV industry, due to its simple and high throughput nature of the fabrication process [11]. Phosphorus
emitter formation and metallisation of these emitters play an important role in the fabrication of Si wafer
solar cells. Increasing the conversion efficiency of the Si wafer solar cells without significantly increasing
the production cost is a key area of research in the PV community. The emitter formation process followed
by screen-printed Ag metallisation of the emitter surfaces are two main areas in the fabrication process,
where significant efficiency gains and cost reductions are possible. Previously screen-printed Ag pastes
required heavily doped phosphorus emitters, to achieve a good ohmic contact, and this in turn directly
limited the conversion efficiency of the Si wafer solar cells. Highly doped phosphorus emitter surface on
the front results in a poor response to short wavelengths (blue response) due to increased Auger
recombination in the emitter [117] [118]. Recent results have shown the progress of the screen-printed Ag
pastes in contacting lightly doped phosphorus emitters [36, 137]. This in turn improves both the voltage

and the current of the solar cells.

The screen-printed Ag paste fires through the passivating silicon nitride (SiNy) antireflection coating film
to contact the phosphorus emitter surface. The glass frits present in the Ag paste melts during the firing
process and then etches through the SiNy coating layer to facilitate the formation of the electric contact to

the underlying n* Si [42]. The metal-Si interface formed after the firing process, is often characterised by

4 Published as Vinodh Shanmugam et alia, “Impact of the phosphorus emitter doping profile on metal contact
recombination parameters for silicon wafer solar cells”, Solar Energy Materials and Solar Cells Journal, volume 147,
pages 171-176, April 2016.
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complex interfacial regions comprising of a few Ag crystallites grown into Si, a resistive glass layer,
nanocolloids of Ag particles and voids [44]. Printed Ag metal contacts introduce significant recombination
via the high interface defect density and the emitter damage caused by the high temperature firing step.
This makes lightly doped shallow emitters more susceptible to junction shunting and increased recom-
bination losses from the printed metallisation process than emitters with deeper junction. Typical Ag front
grid metallisation of a solar cell covers about 6-10% of the total area using an H-pattern with busbars and
perpendicular fingers. One approach to reduce the metallisation induced recombination losses is to use a
dual print approach for the front side metallisation, wherein the busbars are printed using a less aggressive
paste (which causes minimum damage to the SiNy coating) and also by printing finer fingers using stencils

[48] or using advanced printing methods.

There are several studies in the recent years to accurately determine the metal contact recombination
parameters using specially designed test structures [67, 133, 138, 146]. The metal contact recombination
parameters depends on the phosphorus emitter profile itself. In this work, we analyse the intensity-
dependent PL images on front metallization test patterns consisting of regions of different metal contact
fractions [67], solar cells with no front metallisation, and solar cells with H-pattern front metallization, to
accurately extract the metal contact recombination parameters. For each of these cells, a detailed finite
element model (FEM) of the cell front plane with the exact dimensions of the metallization pattern is
constructed using Griddler [67]. Griddler solves the voltage distribution in the cell plane and converts it
into the PL intensity spatial distribution, via a calibration factor determined from the H-pattern solar cell
probed voltage at low illumination intensity [67]. Simulation of the PL spatial distribution and comparing
them to actual images then allows the metal induced recombination saturation current densities to be
extracted when a best fit is achieved. The FEM approach fully accounts for lateral balancing currents along
the wafer that has a non-uniform voltage distribution, thus eliminating the need to electrically isolate the

different regions on the test structure and simplifying the fabrication process. The key contribution of this
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work is the application of the analysis routine of reference [67] to industrial multi-Si solar cells with

different lightly doped phosphorus emitters.

6.2  Experimental details

6.2.1 Fabrication of different emitters

In this study, large-area 243 cm? (156 mm x 156 mm) p-type multi-Si wafers, with a thickness of approxi-
mately 160-180 pm were used. Wafers from the same ingot with a narrow base resistivity range (1.1-1.2
Qcm) were selected to minimise the impact of variation in the bulk lifetime of the multi-Si wafers on the
determination of the metal contact recombination parameters. The wafers underwent standard wet-chemical
acidic texturing in an industrial wet-chemical process tool (RENA, InPilot). The texturing process involved
three major steps: (1) isotropic texturing in a solution of hydrofluoric acid (HF) and nitric acid (HNO3)
solution, (2) followed by removal of the porous Si formed due to isotropic texturing in a solution of
potassium hydroxide (KOH), and (3) finally cleaning in a solution of hydrochloric acid (HCI) and HF to
remove the metallic impurities. The textured wafers were then diffused in a Tempress tube diffusion furnace
at a peak diffusion temperature of 870°C using phosphorus oxychloride (POCIs) as the dopant source. This
resulted in a sheet resistance of 50 €/sq. The diffused wafers were then split into four groups. Group 1 is
the as diffused wafer with a sheet resistance of 50 /sq. An emitter etch back process was applied using
the ‘SERIS etch’ [67] on the remaining as-diffused wafers for different durations (80, 150, and 200 s) to
achieve emitters with different surface doping concentration and junction depths. Varying the duration of
the etch back process resulted in sheet resistances of 70 Q/sq, 90 Q/sq and 130 Q/sq (Group 2, Group 3 and

Group 4 respectively).

6.2.2 Fabrication of lifetime samples

Symmetrical lifetime test structures were fabricated for the analysis of the different emitter groups.

Textured and diffused wafers from the different emitter groups, underwent phosphosilicate glass removal.
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On the front and rear surfaces of these wafers a 70 nm thick amorphous SiNy layer (refractive index of 2.05
at 633 nm) was deposited by inline PECVD using an industrial machine from Roth & Rau. Finally the
lifetime samples were fired in an industrial belt firing furnace (DESPATCH, CDF furnace) at a peak

temperature of 850°C.

6.2.3 Fabrication of solar cells

The acid textured wafers were initially phosphorus diffused on both sides of the wafer using a Tempress
tube diffusion furnace to result in a sheet resistance of 50 Q/sq. These wafers then underwent simultaneous
wet-chemical rear junction isolation and PSG removal steps by an inline wet chemical process tool (RENA,
InPilot). It uses a mixture of HF, HNOs3, sulphuric acid (H.SO.), and DI water at a temperature of 7-8°C.
The wafers were then split into 4 different groups. Group 1 is the as-diffused wafers with a sheet resistance
of 50 Q/sq. The ‘SERIS etch’ emitter etch back was then performed on the remaining wafers for different
durations (80, 150, and 200 s) to result in Group 2, Group 3 and Group 4 batches with phosphorus sheet
resistance of 70 Q/sq, 90 Q/sq and 130 €/sq respectively. A SiNx film was then deposited by PECVD onto
the front surface of the wafers as an antireflection coating and passivation layer. The cells were then
metallised by screen printing using Al paste on the rear (Monocrystal, PASE 12D), without any rear Ag
busbar prints, and Ag paste on the front (DuPont PV 18F). Finally the front and rear contacts were co-fired
in an industrial fast firing furnace at a peak temperature of 850°C. Figure 6-1 shows the fabrication
sequence used in this work for the fabrication of solar cells. As discussed in the introduction, for each
emitter group there is a categorization of three solar cell test sample types: 1) ones metallised with the
H-pattern front grid (3 busbars and 82 fingers with finger widths of ~55 um), 2) ones that did not have front
metallisation, 3) one metallised with the front test pattern as shown in the Figure 6-2 (a), which consisted
of 8 different regions of interest (ROI). The ROIs in this test pattern had metal fractions varying from 0%
(ROI 1) to 27% (ROI 8). The varying metal fractions were obtained by printing metal with different finger

widths ranging from 0 to 280 um. The same test pattern was used in reference [67].
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Figure 6-1: Fabrication process flow for the solar cells used in this work. Solar cells with different phosphorus doping
concentration were achieved using the patented ‘SERIS Etch solution.

b). C) “II

Figure 6-2: Solar cell sample types used for the determination of the metal contact recombination parameters. (a) test
pattern with regions of varying metal contact fractions. The red boxes indicates the different regions of interest (ROI).
It has 8 ROI with metal fraction ranging from 0% (ROI 1) to 27% (ROI 8). The varying metal fractions were obtained
by printing metal with different finger widths ranging from 0 to 280 um. (b) cells with no front metal grid. (c) cells
with H-pattern front metal grid. The same finger spacing of 1.8 mm was used for the test pattern (a) and the solar
cell.
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6.3  Characterisation methods

The phosphorus-diffused emitters used in this study were characterised by 4 point probe (Napson) for sheet
resistance measurements, electrochemical capacitance-voltage profiling (WEP CVP 21) for active dopant
profile measurements. The implied Vo and the emitter saturation current density Jo. for different emitter
groups were determined from their respective lifetime samples using quasi-steady-state photoconductance
(QSSPC, Sinton Instruments). The implied Vo was determined using the Suns-Vq. [61] method and the Jee
was determined using the Kane-Swanson method [129]. One-sun current-voltage measurements of the
finished solar cells were measured using a steady state 1-V tester under standard testing conditions (1000
W/m?, AM1.5G spectrum, 25°C cell temperature). An Enlitech SR-156 large-beam scanner was used to
measure the spectral response of the solar cells over the 300-1200 nm wavelength range. A commercial PL

imaging system (BT Imaging, Australia) was used in this study for intensity-dependent PL imaging.

6.4 Results and Discussion

6.4.1 Emitter Characterisation

The as-diffused phosphorus emitter (Group 1) has a high active phosphorus surface doping concentration
of 2.5 x 10%° atoms/cm?. The heavily doped phosphorus layer at the surface results in increased carrier
recombination losses, which reduces both the V. and the Jsc of the fabricated solar cells. After the etch back
process, the thickness of the heavily doped layer for other groups (Group 2, 3 and 4 respectively) is
significantly reduced (see Figure 6-3). Furthermore the implied Vocand the emitter saturation current density
Joe @S shown in Table 6-1, shows a clear trend of reduction in recombination for the lightly doped etched-
back emitters. The effective minority carrier lifetime (zer) is reported at an excess carrier concentration 10%°
cm3, while emitter saturation current density (Joe) is extracted at excess carrier concentration of 10 cm
using the Kane-Swanson method [129]. A steady increase in the implied Vo values from 638 mV to 664
mV (Group 1 to Group 4 respectively) and lifetime from 36 ps to 138 us (Group 1 to Group 4 respectively),
and a drop in Joe values from 200 fA/cm? to 65 fA/cm? (for Group 1 to Group 4 respectively) indicates

clearly the benefits of lightly doped phosphorus emitters.
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—=— 50 Q/sq as-diffused emitter
—e— 70 Q/sq emitter (etch-back from 50 Q/sq emitter)
—a— 90 Q/sq emitter (etch-back from 50 Q/sq emitter)

w 130 Q/sq emitter (etch-back from 50 Q/sq emitter)

_3]
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active dopant concentration [cm
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Figure 6-3: Active dopant profiles of the different phosphorus emitters used in this study. As diffused 50 Q/sq
phosphorus emitter was etched using the SERIS Etch solution for different time durations (80, 150 and 200 s), to result
in Group 2, Group 3 and Group 4 emitters respectively.

Table 6-1: Characteristics of the different phosphorus emitters used in this study.

Group 1l | Group2 | Group 3 Group 4
Average Sheet resistance 50 70 90 130
(Q/sq)
Effective lifetime (us) 36 60 83 138
Implied Vqcat one-Sun 638 652 660 664
(mV)
Emitter saturation current 200 102 84 65
density Joe (FA/cm?)

6.4.2 Solar cell results

Table 6-2 below shows the electrical characteristics (5 solar cells in every group) of the solar cells
fabricated. There is a clear increase in the Jsc of the fabricated solar cells, as the emitters become lightly
doped. Group 1 with an emitter sheet resistance of 50 Q/sq resulted in an average Jsc of 35.6 mA/cm? and
the other etch back emitter groups resulted in steady increase in the Jsc values with Group 4 (130 Q/sq

emitter batch) having the highest average value of 36.3 mA/cm?. The variation of the internal quantum
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efficiency (IQE) of the representative cells from different groups is shown in Figure 6-5. Improvements in
the short-wavelength IQE of the etch back emitter cells contribute to the enhancement in the Jsc values when
compared to solar cells from Group 1 with high surface doping concentration. Fill Factor (FF) values of
approximately 78% and above for all the groups indicates the contacting capability of the Ag paste (DuPont
PV 18) used in this work. Vo values of the solar cells fabricated shows the similar trend of implied V. and
minority carrier lifetime values as shown in Table 6-1. However the variation in Vo is not as strong as the
variation in implied V.. The specific contact resistivity of the Ag paste to the emitter layer was measured
using the transfer length method (TLM) [16], by cutting small strips (parallel to the busbars) from finished
solar cells. All groups yielded values around 3-10 mQ cm?. The Vo values increases as the emitter becomes
lightly doped. However for the Group 4 emitters there is no significant increase in Vo values and also a
slight drop in the values are noticed. The reason for this drop is investigated in the next section. The highest
average efficiency of 18.0% was achieved with the Group 3 emitters (sheet resistance of 90 Q/sq). The

highest solar cell efficiency achieved in this study was 18.1% (also from Group 3, see Figure 6-4).

Table 6-2: Statistics of the electrical parameters of the solar cells from different emitter groups. Group 1 is 50 Q/sgq,
Group 2 is 70 Q/sq, Group 3 is 90 Q/sq and Group 4 is 130 /sq.

_ Emitter Statistics
Electrical parameters groups — -
Average Minimum  Maximum
Group 1 35.6 35.5 35.8
Jsc (MA/Cm?) Group 2 36.2 36.1 36.2
Group 3 36.2 36.1 36.3
Group 4 36.3 36.1 36.4
Group 1 626.0 625.0 627.0
Voo (MV) Group 2 630.0 629.0 631.0
Group 3 632.0 629.0 634.0
Group 4 631.0 628.0 634.0
Group 1 78.8 79.4 77
FF (%) Group 2 78.8 78.9 78.6
Group 3 78.6 78.4 78.8
Group 4 77.8 77.3 78.1
Group 1 17.6 174 17.7
Group 2 17.9 17.8 18.0
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Efficiency (%)  Group 3 18.0 17.8 18.1
Group 4 17.8 17.7 17.9

36.0 4
30.0 > 8
& Jgc  :36.3 mA/cm ]
€ 240 | Voe :634mv 1
< FF :78.8%

£ 180F | Eff :18.1% i
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Figure 6-4: One-Sun I-V curve of the best cell (Group 3, with phosphorus emitter sheet resistance of 90 Q/sq, surface
doping concentration of 1.7 x 10% atoms/cm?® and junction depth of 0.30 um).
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—4a— 70 Q/sq emitter (Group -2)
—e— 90 Q/sq emitter (Group -3)
—v— 130 Q/sq emitter (Group -4)
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Figure 6-5: Internal quantum efficiency of all the four groups of solar cells fabricated. Group 2, Group 3 and Group
4 cells have better blue response (low wavelength response) when compared to as-diffused Group 1 emitter cells. This
is the reason for the etched back cells to have better Js values than the as-diffused cells.

6.4.3 Metallisation-induced recombination

In this section, in order to understand the reasons for the drop in V. of the Group 4 cells after metallisation,
we analyse the test structures and finished solar cell by intensity dependent PL imaging (for all the four
groups). The PL imaging system used in this work, is based on a 915 nm wavelength laser as the excitation
source and the illumination intensity can be varied in the range of 0.03-3.5 Suns. The test pattern and the
H-pattern solar cells from the different emitter groups are imaged under the full range of steady-state
illumination, and the H-pattern solar cells are additionally probed at each busbar to monitor their Vq.. The
local luminescence intensity can be calibrated to the junction voltage and in this work calibration of the PL
intensity to junction voltage was done at roughly 0.03 Suns illumination level, where the voltage across the
cell plane could be approximated as being spatially uniform. The method demonstrated in this work
involves high-fidelity constructions of the test pattern and H pattern cells using Griddler. This simulator

breaks down the wafer plane and the metallisation pattern into roughly 80,000 nodes and 160,000 triangular
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elements. Each node is treated as a solar cell consisting of a current source and two diodes of ideality factors
n=1and n =2 respectively. The nodes are interconnected by resistors with values consistent with the emitter
sheet resistances (based on the different emitter groups), and the metal sheet resistance (3 m€2/sq) for nodes
in the metallisation plane. Coinciding nodes in the emitter and metal planes are connected via resistors
according to their respective contact resistance values. There are three types of nodes which differs by the
value of saturation current densities assigned to them: (1) passivated emitter nodes, assigned with Jo; and
Joz for the two diodes; (2) metallised emitter nodes, assigned with Joi-metat and Joz-metat, COrresponding to
about 6-10% of the regions in the cell with front metal contact; (3) for nodes within 2 mm distance from
the edge of the wafer, the wafer edge nodes are assigned with an additional Joi-eqge ON top of Jo1 and Joo.
(The main contributing factors to edge recombination are the absence of a back surface field in Al-BSF
cells near the wafer edge, or a drop off in passivating quality of a plasma deposited dielectric in the
periphery of the solar cell) [147]. Overall there are five adjustable simulation parameters, which Griddler
fits to simulate the high fidelity PL images for the test patterns and the H-pattern solar cell (for different
emitter groups). The FEM simulation parameters of best fit are shown in Table 6-3. Using a common set
of recombination parameters the FEM simulation method was able to accurately fit the two test patterns
and the H-pattern solar cells at different illumination intensities (for all emitter groups). As can be seen

from the values, the metal recombination current increases as the emitter becomes lightly doped.

Table 6-3: FEM simulation parameters of best fit. The common set of recombination parameters which were able to
simultaneously fit the two different test structures and the H-pattern solar cell.

Cell Emitter Jot Joz Jo1-metal Joz-metal Jo-edge
Group (€/sq) (fAlcm?) | (nAlcm?) | (fA/cm?) | (nAlem?) | (FA/cm)
1 50 540 10 1800 10 760
2 70 450 10 2100 30 760
3 90 350 10 2100 100 760
4 130 260 10 2500 120 760

97



It is worth to place the fitted parameters in Table 6-3 into perspective, by using Griddler FEM simulation
to predict the Vo if there were no metal-induced recombination (that is when Joi-metat = Jo2-meta =0). In this
case Griddler predicts an increase of 0.1% absolute inefficiency for Group 1 and Group 2 emitters and an
increase of 0.2% in efficiency for Group 3 and Group 4 emitters primarily due to the increase in cell Voc.
The cell Vo will increase by 6 mV at 1 Sun for Group 1 emitters (50 €/sq), by 7 mV for Group 2 emitters
(50 Q/sq), by 7 mV for Group 3 emitters (90 €/sq), and by 12 mV for Group 4 emitters (130 Q/sq). This
difference in V. obtained due to no metal-induced recombination matches well with the implied V. values
obtained from the test structures with no front grid metallisation for the different emitter groups as shown

in the Figure 6-6.

I Lifetime samples
[ ] Solar cells with no front grid
200 ] Finished solar cells with front grid

S

E 650¢ -

p 638534 A 631

o 7z 7

g

- [% |
550 -

Group 1 Group 2 Group 3 Group 4

Figure 6-6: Implied voltage from lifetime samples and test structures with no front grid for different emitter groups
are compared with the average measured voltage of the finished solar cells. Implied voltage from lifetime samples are
measured using quasi steady state photoconductance measurements. Implied voltage on solar cells with no front grid
are measured from PL images after calibration (with the finished solar cell’s voltage at low Suns). After front grid
metallisation, the Group 4 cells have the highest drop in Vo when compared to the other emitter Groups.

6.5  Conclusion

This work presents a comprehensive approach using carefully designed experiments and simulations to
determine the impact of metallisation-induced recombination losses on phosphorus emitters with varying
surface doping concentration and junction depths. By analysing test patterns and finished solar cells

simultaneously using intensity-dependent PL imaging, we were able to accurately determine the metal
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recombination parameters and also its impact on the solar cell performance. For the lightly doped emitter
used in this study with a phosphorus emitter sheet resistance of 130 Q/sq, there is a 12 mV drop in V. after
front grid metallisation (and the metal recombination saturation current densities Joi-metai aNd Joz-metal WeEre
2500 fA/cm? and 120 nA/cm? respectively). Screen-printed Ag pastes have improved drastically in
contacting phosphorus emitters with lower surface doping concentrations. However due to the etching
nature of the pastes, the metallisation induced recombination losses increases as the emitters become lightly
doped and shallower. This limits the efficiency gain in solar cells with lightly doped emitters. Using a dual
print approach by printing busbars with less aggressive pastes and printing fine metal fingers (less metal
contact fraction) would help to reduce the metallisation induced recombination losses and in turn increase

the conversion efficiency of the Si solar cells.
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Chapter 7. Conclusions, original contributions and proposed future work

7.1 Conclusions

This thesis investigated printed metallisation of phosphorus doped silicon surfaces for solar cell
applications. Screen printed metallisation of phosphorus doped surfaces is a well-established process and
despite being a commercially successful and dominant metallisation method, there are certain fundamental
limitations associated with this process. The various losses associated with the screen printed front side
metallisation of phosphorus emitter surfaces were discussed. Methods to overcome these losses and new
methods to characterise these losses were demonstrated in this work. The results of this thesis present
significant progress in the development and characterisation of front-side Ag metal contacts to phosphorus
emitters, using industrial processing conditions. Chapter 3 focused on fine-line printing, Chapter 4 focused
on contact formation to lightly doped phosphorus emitters, Chapters 5 and 6 focused on determination of
metal contact recombination parameters and the impact of phosphorus doping profile on the metal

recombination parameters. Below, each chapter is briefly summarized.

Reducing the printed Ag metal line width without significantly increasing the line resistance and at the
same time minimising the Ag paste consumption is a key area of research in the silicon PV community. Of
the various available printed metallisation methods, stencil printing seems to be the potential alternative to
replace screen printing for fine-line metallisation. In Chapter 3, two high-throughput printing metallisation
methods namely printing by screens vs. stencils were compared. The electrical properties of fine lines
printed with screens and stencils were investigated and a dimensionless factor known as ‘print quality
factor’ was used in this work to characterise the printed metal lines. Uniform print line definition and

optimised Ag paste consumption makes stencil printing the ideal choice for fine line metallisation.
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In Chapter 4, the impact of the phosphorus doping profile on the contact formation of Ag screen printed
pastes was studied. Typically screen printed pastes require a heavily diffused phosphorus emitter surface to
ensure a low-resistance ohmic contact. The consequence of having a heavily-doped emitter on the light
receiving surface results in a poor response to short wavelengths due to an increased Auger recombination
in the emitter. Ag pastes from two different generations were used in this work to contact lightly doped
phosphorus emitter surfaces. The patented ‘SERIS etch' solution was used in this work to alter the emitter
doping profiles. A microstructural analysis of the contact formation indicated the dominant current transport
mechanism for the two different pastes. Experiments showed that a high density of Ag crystallites formed
with a thin interfacial glass layer at the Si-Ag interface is beneficial for contacting lightly doped phosphorus
surfaces, and the benefits of lightly doped emitter surfaces can be reaped only if the Ag pastes are able to

contact these n* surfaces.

In Chapter 5, a new method was developed to accurately determine the metal recombination parameters at
the metal-phosphorus emitter interface. By analysing test patterns (having mini-cells with varying metal
fractions) and finished solar cells using intensity-dependent photoluminescence imaging, the metal
recombination parameters were extracted. Three different kinds of boundaries for the mini-cells in the test
pattern were experimented: 1) passivated iso-lines (where the laser lines isolating the mini-cells were
treated chemically to minimize recombination), 2) unpassivated iso-lines, and 3) no iso-lines. The impact
of the boundaries of the mini cells were studied using PL imaging. Of the three different test patterns the
one with no-iso lines was used in this work for extracting recombination values, since it eliminates the
impact of irregular boundaries on the extraction of saturation current densities. The PL images of the test
pattern with no iso-lines and the finished solar cell with H-pattern were analysed in two different ways, one
using a simple four parameter graphical fitting to the Suns-PL plots of regions of interest and the other
being a detailed finite element method based simulation and numerical fitting. The latter method using FEM

simulation and numerical fitting was able to replicate simultaneously the Suns-PL characteristics of both
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test pattern and H pattern cells using a common set of recombination parameters. The simultaneous fitting

of the test pattern and H pattern cells increases the sensitivity of the developed method.

In Chapter 6, the developed method for determining metal contact recombination parameters were applied
to multi-Si silicon solar cells. The degree of metallisation induced recombination losses depends on the
emitter profile itself. In this work, the effect of metallisation induced recombination losses on four different
phosphorus doped emitters with active phosphorus surface doping concentration ranging from 2.5 x10%°
atoms/cm? to 1.5 x10%° atoms/cm?® and junction depth ranging from 0.32 pum to 0.28 um were studied. As
the phosphorus emitter profile becomes more lightly doped and shallower, the metallisation induced
recombination losses increases. The clear trend obtained on the variation of the metal contact recombination
values with respect to phosphorus emitter doping profiles were strengthened by analysing various test

structures as explained in this work.

7.2 Author’s original contributions

The following is a brief summary of the author’s primary original contributions in this thesis:

I.  Analysis of electrical properties of fine-lines printed using screens and stencils. A dimensionless
factor known as the ‘print quality factor’ was used in this work to characterise the printed metal
lines, based on the printed line profile measured using a 3D optical microscope. Screens and stencils

with different finger openings were used in this work.

Il. A statistical method was introduced to evaluate the quality of the printed front metal lines based on
the distributions of printed metal line profiles, line segment conductance, overall EL pattern, and
solar cell light current-voltage characteristics. The model distribution, combined with FEM model

to predict realistic cell level voltage variations, was able to adequately describe all four kinds of
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VI.

VII.

characteristics. The FEM model predicted well the diverging performance of screen and stencil

printed solar cells as the line width reduced to less than 50 pm.

Demonstrated an average efficiency gain of 0.2% absolute by consuming only 78 mg of Ag paste
per solar cell. Achieved higher efficiencies at a lower cost (reduced Ag consumption by almost

40% than the baseline) by using stencils for fine-line printing.

Analysis of contact formation to lightly doped phosphorus emitters. The emitter doping profiles
were altered using the patented ‘SERIS etch' solution. The impact of phosphorus emitter doping
concentration on the contact formation process was investigated. Microstructural analysis of
contact formation showed that a high density of Ag crystallites with a thin interfacial glass layer at

the Si-Ag interface was essential for contacting lightly doped phosphorus emitters.

Developed a new method to characterise the metal contact recombination parameters using
intensity dependent photoluminescence imaging. Newly developed test structures and measure-

ment methods were presented to accurately determine the metal contact recombination parameters.

The impact of the boundaries of the mini cells used in the test structures were characterised using
PL imaging. Griddler, a finite element method solver developed at SERIS, was used for extracting

the metal contact recombination parameters.

Application of the developed method to determine the metal contact recombination parameters on
multicrystalline silicon solar cells. The impact of phosphorus emitter doping profiles on the contact
formation and the metallisation induced recombination losses were studied using test structures. A

clear trend was obtained on the variation of the metal contact recombination values with respect to
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the emitter doping profiles. Lightly doped phosphorus emitters had higher metallisation induced

recombination losses.

The author’s publications arising from this PhD research are listed at the end of this thesis.

7.3  Proposed future work

This section discusses the interesting future research topics motivated by this thesis.

7.3.1 Multi-busbar silicon wafer solar cells

The standard front side metallisation pattern for an Al-BSF silicon wafer solar cell (156 mm x 156 mm) is
an H-pattern with three busbars and perpendicular fingers. Reducing the printed finger width increases the
finger line resistance significantly (as the finger length before being intercepted by a busbar still remains
the same at approximately 25 mm). One approach to reduce the finer line resistance is to print more number
of busbars (greater than 3) of smaller widths than the original busbar width of 15 mm. This multi-busbar
approach opens a wide range of possibilities to print finer metal lines using a variety of methods as discussed
in Chapter 2 of this thesis. The problem of higher line resistance associated with finer printed lines using
inkjet printing, aerosol jet printing, flexographic printing, laser transfer printing, etc. can be easily overcome
by printing more number of busbars. Printing finer lines not only helps in reducing shading losses but also
reduces the Ag consumption. This eventually helps in achieving higher conversion efficiency at a lower
production cost. This approach is slowly being picked up the PV industry, with many companies using

multi-busbar approach in their production lines.
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7.3.2 Printed copper metallisation for silicon wafer solar cells

Screen printed Ag pastes are widely used for contacting phosphorus doped silicon surfaces. Cost analysis
reports have shown that metallisation pastes to be the second most expensive material (after the Si wafer)
in the solar cell fabrication process. Therefore the PV community is in a constant push to reduce the Ag
consumption or completely even eliminate it. A promising alternative metal for solar cell metallisation is
copper (Cu). Cu has similar conductivity as Ag, and is almost 100 times cheaper than Ag at present. Despite
the significant cost advantage, Cu has not yet replaced Ag as the mainstream metal for Si wafer solar cells
because of concerns regarding Cu diffusion to Si which would severely degrade the cells. To further the
use of Cu metallisation, it is essential to use adequate barrier layers to prevent Cu diffusion into Si. Printing
Cu metal pastes on top of transparent conductive oxide (TCO) layers or on top of printed Ag seed layers

would be an ideal starting point to reduce Ag consumption.

7.3.3 Printed metallisation of boron doped surfaces

The standard Al-BSF Si solar cell has become the workhorse of the PV industry due to its simplicity and
the high-throughput nature of the process. But there are certain limitations of this architecture, which makes
it not suitable for next-generation, thin, high-efficiency silicon wafer solar cells. The relatively high back
surface recombination velocity, low back surface reflection and wafer bowing due to full-area Al metal
paste on the rear are some of the reasons for limiting the efficiency potential of this solar cell. Boron
diffusion to form p* surfaces is a promising alternative and is being used in high-efficiency solar cells.
Printed metallisation of boron doped surfaces using Ag/Al pastes is becoming widely adopted and is
showing promising results. Recent studies have shown that screen printing and firing of metal pastes to
contact the boron doped surfaces limits the open-circuit voltage of the solar cells. The characterisation and
analysis methods developed in this thesis for Ag pastes contacting phosphorus doped surfaces can be easily

applied to study the contact formation of Ag/Al pastes for contacting boron doped surfaces.
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