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1

Introduction

1.1

Silicon solar cells

A solar cell is an elegant device that converts light directly into electricity.
It does not contain any moving parts and hence it does not make noise and
does hardly suffer from wear. A solar cell does not produce emissions during
operation. An advantage of solar cell arrays, in particular in a densely populated
country such as the Netherlands, is that solar cell arrays can be integrated quite
easily in the built environment: solar electricity can be applied on roofs, facades
and motorway sound barriers.

Figure 1.1: City of the Sun, HAL site Mayersloot West, Langedijk, The Netherlands. Project design by BEAR architects.
In the Netherlands several large demonstration projects have been realised.
In Amsterdam in the “Nieuw Sloten” project 250 kWp (kilowatt peak power)
was installed on 71 privately owned houses. In Amersfoort in the “Nieuwland”
1
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project a total of 1300 kWp was integrated in buildings ranging from a sports
hall and child care centre to residential houses and parking bays. A project
that is currently underway is the “Stad van de Zon” (City of the sun). The
project is realised in the region Alkmaar, Heerhugowaard and Langedijk in the
Netherlands. By the end of 2004 1.5 MWp had been realised. The project aims
at having installed 3.5 MWp by 2005. Figure 1.1 show a photograph of one of
the projects realised.

(a) View of south facing facade of building.

(b) Detail of the PV-lamella.

Figure 1.2: PV-modules on renewed office building in Petten. Redesign by BEAR
architects.
At ECN in Petten (See Fig. 1.2) 70 kWp of solar electricity was integrated
in an office building during its renewal. The PV-modules are integrated in a
PV-lamella system just in front of the facade and integrated in the roof of the
building.
Along the motorways A9 and A27 PV-modules totalling 205 kWp and 55
kWp respectively have been installed on sound barriers. A large system has
been integrated in a roof the size of three soccer fields that shielded exhibitions
at the Floriade held in 2002 in the Haarlemmermeer in the Netherlands. This
grid connected system consists of over 19000 semi-transparent panels for a total
of 2.3 MWp.
Unfortunately, a kWh of electricity produced by PV is currently significantly more expensive than a kWh produced by burning fossil fuels. Despite
this high price, PV is already an economically viable alternative for an ever
widening range of applications. This includes autonomous applications in situations where there is no electricity grid available such as buoys at sea, or
communication relay stations in remote areas. A much bigger market that is
near to commercial exploitation is that of solar home systems for developing
countries where there is not yet an electricity grid or there will never be one.
Large scale projects in industrialised countries still rely on subsidies and tax
incentives.

1.2. Working principle of a solar cell

3

As the technology matures and prices get closer to those of fossil fuels
the range of commercial applications will steadily increase, making solar electricity a very promising technology to contribute to a sustainable energy production. The Solar Generation report [1] shows that by 2020 solar electricity
could generate approximately 276 TWh of electricity per year around the world.
About 2 million jobs could have been created, the majority of which would be
in installation and marketing. The German WBGU ([2] projects a significant
role for solar electricity by 2050. Up to 20% of primary energy could be generated by solar electricity by that year. From the renewable energy sources solar
electricity has by far the largest potential.

1.2

Working principle of a solar cell

This section gives an overview of the working principle of a solar cell. Much
more information can be found in the books [3] and [4].

1.2.1

Semiconductors and doping

A characteristic of any material is its Fermi energy level. This is the energy up
to which the electronic states in the material are occupied at 0 K.
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Figure 1.3: Band structure and Fermi level for a metal (a), insulator (b) and a
semiconductor (c). After [3].
Figure 1.3 shows the band structure of a metal, an insulator and a semiconductor. In a metal the Fermi level lies within a range of allowed energy states. A
metal has a good conductivity since there are many unoccupied states and since
it takes little energy for electrons to move from one state to another. In both
insulators and semiconductors the Fermi level lies within a range of forbidden
energies. The difference between a semiconductor such as silicon and an insulator is that the range of forbidden energies is smaller for the former than
an insulator. As a consequence, thermal excitations allow some electrons to
occupy states in the conduction band in a semiconductor, leaving unoccupied
states in the valence band. This gives rise to a certain degree of conduction
through both conduction band and valence band.

4
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With regard to the periodic system of the elements, silicon is a group IV
material. In a crystal every silicon atom is bound covalently to 4 neighbouring
atoms. The atomic arrangement of the atoms is known as the diamond lattice.
The electronic properties of silicon can be influenced by replacing relatively
small numbers of silicon atoms by elements from group V (e.g. phosphorous)
and from group III (e.g. boron and aluminium). The process of replacing silicon atoms by these elements is called doping. Doping is what makes silicon
and other semiconductors suitable for use as base material in micro-electronic
circuits because it allows to make switching elements such as transistors in one
material.

Figure 1.4: Parking garage analogue of conduction process in a semiconductor. Left: No movement possible, right: movement possible on both
upper- and lower level. After [4].

Elements from group V have an extra valence electron compared to silicon.
When a group V atom replaces a silicon atom in the lattice, it takes very little
energy to break the bond of this electron and allow the electron to move around
the crystal lattice. The thermal energy in the crystal at room temperature is
enough to ionise all dopant atoms. The conductivity of silicon is increased in
this way. Silicon doped with group V elements is called n-type silicon.
When an element from group III with 3 valence electrons replaces a silicon
atom, it creates a vacancy or hole in the lattice. In the band diagram this is
an unoccupied state in the valence band. An electron from an adjacent silicon
atom can migrate to this vacancy, creating a new vacancy on the silicon atom.
In this way the hole can move around the lattice. Silicon doped with group III
elements is called p-type silicon.
Figure 1.4 shows a parking garage analogue of conduction in a semiconductor. The cars represent electrons. The upper-level represents the conduction
band where there is conduction by electrons, the lower-level the valence band
where there is conduction by holes.
Due to thermal excitations there are many more free electrons than holes in
n-type material. The electrons are called majority carriers, the holes minority
carriers. In p-type material the holes are the majority carriers, the electrons the
minority carriers.

1.2. Working principle of a solar cell
Ec

E
Ef

Ev
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Ef

n−type

p−type

intrinsic

Figure 1.5: Fermi level (dashed line) for intrinsic, n-type and p-type material.
Figures 1.5 shows the electronic band structure of intrinsic, p-type and ntype silicon. In p-type material, the Fermi level is close to the valence band, in
n-type material it is close to the conduction band.

1.2.2

The p-n junction

When n-type and p-type silicon are brought in intimate contact, a p-n junction
is formed. At first electrons from the n-type material will flow to the p-type
material and holes from the p-type material to the n-type material due to concentration differences. This transport mechanism is called diffusion.
The diffusion of electrons and holes will leave a net positive charge in the
n-type material and a net negative charge in the p-type material. These charges
result in a static electric field across the junction. The electric field results
in transport of holes and electrons in a direction opposite to diffusion. This
transport mechanism is called drift. Equilibrium is achieved when drift and
diffusion currents have the same magnitude.
In a narrow region between the neutral p- and n-type material in first approximation all free carriers will be removed due to drift: the region is depleted
of carriers. This region is called the depletion region. Outside this region electric fields are zero or very small. Note that almost the entire voltage appears
over the depletion region. In thermal equilibrium the Fermi level has to be constant throughout the material. Figure 1.6 shows the resulting band structure of
a p-n junction. Electrons flowing from n-type to p-type material encounter the
built in electric field in the depletion region, which is represented by a potential
barrier Φi . The same holds for holes flowing from p-type to n-type material.
φi
Ef
p−type
n−type

Figure 1.6: Band diagram of a p-n junction in equilibrium.
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I
dark I-V curve
V=0

I=0
Impp











Isc

Vmpp
V
Voc

illuminated I-V curve

Figure 1.7: Comparison of a diode characteristic (dark I-V curve) and a solar cell characteristic (illuminated I-V curve). The illuminated
curve is shifted downwards compared to the dark I-V curve by
the short circuit current Isc . The shaded rectangle indicates the
point (Vmpp , Impp ) where the cell delivers its maximum power
I(Vmpp ) ∗ Vmpp .
When an external voltage is applied to the structure in Fig. 1.6, the potential
barrier can be reduced (forward bias) or increased (reverse bias). In forward
bias majority carriers can cross the barrier more easily. When electrons from
the n-type material have crossed the barrier to the p-type material, they readily
recombine with the holes in the p-type material. This result in a current across
the junction. The concentration of the electrons that pass the junction depends
exponentially on the applied voltage. The exponential dependence originates
from the Fermi-Dirac distribution of statistical mechanics that describes the
probability that an electron occupies a state at a certain energy. In the same
way holes from the p-type material are transported across the barrier. With
increasing reverse bias, it gets more difficult for majority carriers to cross the
barrier. The only current that remains, is that of thermally generated minority
carriers (for instance electrons in the p-type material). This current is called the
dark current. The influence of a bias voltage leads to the rectifying properties of
the p-n junction as shown in Figure 1.7: The p-n junction conducts for voltages
> 0 and blocks current for voltages < 0. The basic equation describing the
current-voltage characteristic of an ideal p-n junction is the following:
I(V ) = I0



  


V
qV
(
)
V
e kT − 1 = I0 e b − 1

(1.1)

Here q is the elementary charge, k the Boltzman constant and T the absolute
temperature. The quantity kT /q = Vb has the dimension voltage and is called
the thermal voltage. I0 is the dark current, the drift current that remains when
the junction is in reverse bias (negative voltages).

1.3. Practical realisation of a solar cell

1.2.3

7

The illuminated p-n junction

We have seen that doping can turn intrinsic silicon into a p-type or an n-type
semiconductor. A p-n junction creates a diode. For solar cells the effect of
illumination is important. If a photon has sufficient energy, it can excite an
electron and break the bond between two silicon atoms. The electron is freed
from its position in the lattice. In the process the photon is absorbed and its
energy is transferred to the electron. The exited electron leaves a hole. In
this way an electron-hole pair is created. In p-type material the exited electron
is a minority carrier. If this electron diffuses to the p-n junction, the electric
field will transport it to the n-type side of the junction. The p-type region will
acquire a positive charge, the n-type region a negative charge. This process is
called carrier collection. In this way illumination results in a voltage between
the n- and p-type regions.
If an external electrical connection is made between the n-type side and
the p-type side of the junction, the voltage difference will result in a current
flowing. The effect of illumination on the I-V curve (figure 1.7) is that it is
shifted downwards with the light generated current I lt .
The illuminated I-V curve has several important parameters. One is the
current at V = 0, the short circuit current I sc . Another is the voltage for I = 0,
the open circuit voltage Voc . The maximum power point voltage Vmpp is the
voltage at which the power of the cell I(V ) ∗ V is largest. At the maximum
power point the area of the shaded rectangle in Fig. 1.7 is maximal. The fill
factor F F of the cell measures how “square” the I-V curve is. The fill factor is
defined as:
Vmpp ∗ Impp
FF =
(1.2)
Voc ∗ Isc

1.3

Practical realisation of a solar cell

In section 1.2 the working principle of the solar cell was explained. In this
section we show how this principle is used to make a working solar cell.
Figure 1.8 shows a cross-section of a crystalline silicon solar cell. The solar
cell is generally made from a p-type boron doped silicon wafer into which a
thin n-type emitter is diffused. At the transition between the p-type and n-type
layers there is the p-n junction. When illuminated (1), electron-hole pairs are
created by absorption of light (2). Absorption takes place both in the n-type
and p-type regions of the solar cell. The minority carriers diffuse to the p-n
junction (3) and are collected. In this way the cell produces a current. When
connected to an external load, electrical power can be extracted.
Metallisation patterns are a prominent and very visible feature of silicon
solar cells. They serve to collect and transport the generated current. Metalli-
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Figure 1.8: Cross section of a solar cell. The figure indicates the process of
creation of electron-hole pairs by light and their collection at the
p-n junction
sation patterns present a trade-off between optical losses caused by the opacity
of the metallisation and the resistance of the metallisation.
The cell has an anti-reflective coating at the front side to reduce reflection
of the incident sunlight, resulting in more absorption of light and hence an
increased cell current.
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Figure 1.9: Equivalent circuit of a solar cell.
An equivalent circuit for a solar cell is shown in Fig. 1.9. The following
two equations describe the electrical behaviour of this equivalent circuit:
  0

  0

V
V
V0
Vb
2Vb
− 1 + I02 e
− 1 + Ilt
+ I01 e
I(V ) =
Rsh
V 0 = V − Rse I(V )

(1.3)
(1.4)

Here I01 and I02 are the diode dark saturation currents. I lt is the light generated
current, Vb = kT /q the thermal voltage and Rsh the shunt resistance. We will
also use the shunt conductivity Gsh = 1/Rsh . Rse is the combined (or lumped)
series resistance of mainly the emitter and the metallisation. The effect of series
resistance Rse is modelled with equation (1.4). As discussed with equation
(1.1), I01 originates from generation and recombination of electron-hole pairs
in the neutral regions of the wafer and at the surfaces of the wafer.
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The origin of I02 has been and is still under discussion. In the simplest
case I02 relates to recombination in space-charge regions ([5]), but recently
also other origins of this type of diode behaviour have been identified ([6]).

1.4

Manufacturing of silicon solar cells

Figure 1.10 shows a typical manufacturing process sequence for a crystalline
silicon solar cell.
SAWING DAMAGE REMOVAL

EMITTER DIFFUSION, GLASS REMOVAL

ANTI−REFLECTIVE COATING

FRONTSIDE PRINT AND DRYING

BACKSIDE PRINT AND FIRING

ENCAPSULATION

Figure 1.10: Typical process sequence for a crystalline silicon solar cell.
The starting point is a p-type silicon wafer, lightly doped (1 Ωcm resistivity)
with boron. A wafer typically has a thickness of around 300 µm and a size of
12.5x12.5 cm2 . The first step is the sawing damage etch. The etch removes a
layer that is damaged (e.g. micro cracks) by the sawing process and provides a
clean surface for subsequent processing. It typically takes away some 10 µm of
silicon on both sides of the wafer. The sawing damage etch is generally done in
concentrated NaOH or KOH solutions at elevated temperatures of over 80 o C
up to 120 o C , the boiling point of concentrated KOH and NaOH solutions.
There has been a lot of interest in removing the sawing damage with acid
etches based on HF/HNO3 mixtures. The advantage of acid etches is that they
result in a surface texture that is more effective in reflection reduction of the
incident light resulting in increased cell currents. The problem with acid etches
compared to alkaline etches is that they are much more difficult to control, however much progress has been made in this area in recent years ([7, 8]). At the
moment acid etching recipes and equipment to perform them on a large scale
have been developed to a point that they are starting to be used in production
lines. Multi-crystalline silicon solar cells with independently confirmed conversion efficiencies of up to 16.5% have been demonstrated ([9]) using this
technology.
The next step is to make an emitter. A phosphorus source is deposited on
the wafer and phosphorus is diffused from this source into the wafer at a high
temperature, typically around 900 o C for about 10 minutes. After diffusion the
phosphorus glass formed during the diffusion is removed in concentrated HF.

10
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An anti-reflective coating must be deposited to reduce reflection of the cell.
The most commonly used coatings are TiO 2 deposited by Atmospheric Pressure Chemical Vapour Deposition (APCVD) and Si 3 N4 deposited by Plasma
Enhanced Chemical Vapour Deposition (PECVD). Silicon nitride coatings deposited by PECVD are rich in atomic hydrogen. During firing of the metallisation, the hydrogen present in a silicon nitride coating can diffuse into the wafer.
In the case of multicrystalline silicon, this hydrogen can passivate defects and
impurities and lead to significant efficiency gains for this material ([10, 11]).
For this reason silicon nitride coatings have replaced titanium oxide coatings
rapidly in recent years in industrial processes for multicrystalline silicon.
F
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Figure 1.11: Screen printing: a paste is forced by a squeegee through openings in the gauze. A pattern can be defined by using a patterned
emulsion layer on the gauze.
A common low-cost process ([12, 13, 14]) for applying metallisation is
screen printing (Fig. 1.11). A paste containing metal particles is printed on the
wafers. The pattern is defined by openings in the emulsion layer on the screen.
Rear- and front metallisation are fired in a furnace to sinter the metal particles
together and to make electrical contact to the wafer. Typical peak temperatures
are 700-900 o C for several seconds. The metal used for front metallisation is
silver. The metal used for the rear side is aluminium.
In addition to making an electrical contact, the rear side aluminium metallisation has two important additional functions. As aluminium is a group III
element, it can dope silicon to make it p-type. During the firing, an alloying
process occurs between aluminium and silicon. The alloying process results in
the formation of a heavily doped (compared to the base doping level) silicon
layer of a few microns thickness. Due the difference in doping, a p-p + junction
is formed and an internal electrical field, called a back surface field (BSF) is
created at the rear side (See [15, 16]). This electrical field prevents minority
carriers generated in the bulk of the wafer from recombining at the rear metallisation. This effect becomes more important when the diffusion length of the

1.5. Losses in silicon solar cells
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FRAME

carriers is similar or thicker than the thickness of the wafer. This is the case for
high quality material with long diffusion lengths or for thin wafers.
The aluminium metallisation also has an optical effect. Due to the differences in optical properties between silicon and aluminium, a silicon-aluminium
interface can have a high reflection. Secondly, the silicon-aluminium interface
that is formed during alloying is not flat. It therefore scatters the light internally, resulting in additional light trapping. The optical properties of alloyed
aluminium contact are studied in more detail in chapter 8.
One of the reasons for the success of silicon solar cells is that with a relatively simple process involving a limited number of process steps good efficiencies in the range of 14%-16% can be obtained.

glass

EVA


SOLAR
CELL

EVA
Al/Polymer foil

Figure 1.12: Lamination of cells between glass and foil. The polymer EVA is
used to glue the cells to glass and rear side foil.
The solar cells are subsequently assembled into modules. The cells are
laminated (Fig. 1.12) between a hardened glass sheet and a foil consisting
of a sandwich of polymers and aluminium, the aluminium serving as damp
barrier. The polymer Ethylene Vinyl Acetate (EVA) is commonly used to glue
the sandwich together. The module protects the cells against the environment
and provides mechanical support to the cells preventing them from breaking.
In a module the cells are series connected to generate a higher output voltage.
The common method of interconnection is shown schematically for 4 cells
in figure 1.13. The cells are connected electrically in series. Tin plated copper
strips called tabs are used the connect the negatively charged front side of a cell
to the positively charged rear side of the next cell.
Both modules with- and without a frame are manufactured. One of the
trends in current solar cell research is an increased emphasis on integration of
cell and module design, see chapter 6.

1.5

Losses in silicon solar cells

At 1-sun irradiance conditions the maximum conversion efficiency of an ideal
silicon solar cell can be shown to be 29.8% ([17, 18]). The best mono-crystalline
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Figure 1.13: Series interconnection of four cells in a module.

silicon laboratory cells have conversion efficiencies of close to 25% ([19]).
Commercial silicon solar cells have significantly lower conversion efficiencies.
High efficiency mono-crystalline silicon cells produced in small batches
under stringent clean room conditions for special purposes, e.g. solar powered
cars have conversion efficiencies of around 21% ([20]). Mass produced monocrystalline solar cells have a conversion efficiency of 16-18%.
Commercial multicrystalline solar cells with TiO 2 anti-reflective coatings
have typical conversion efficiencies of 11-13%. Currently anti-reflective coatings of Si3 N4 with the additional benefit of bulk passivation are being introduced into production leading to efficiencies of 13-14%. A silicon nitride coating in combination with texturing leads to efficiencies of 14-15% in production.
A commercial solar cell always represents a trade-off between costs and
efficiency. The 25% record cells are efficient but use high quality expensive
silicon, require high cost processing and measure only a few cm 2 .
The bulk of commercial solar cells is made from multicrystalline silicon.
Multi-crystalline silicon is cheaper, but contains more impurities and has crystallographic defects, leading to more recombination and hence lower efficiencies. Multi-crystalline silicon cells are made from ever larger wafers, currently
up to 15x15 cm2 , to allow more cost-effective processing.
Figure 1.14 shows a breakdown of the losses in a typical multicrystalline
silicon solar cell. This picture has been taken from [21]. The losses indicated in
bold font are the fundamental (non-technology related) losses. Note that these
fundamental losses are the main subject of study in so-called third generation
solar cells [22].
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14.8 non-ideal p-n junction
14 seriesresistance
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Figure 1.14: Breakdown of losses in a multicrystalline silicon solar cell.
Photon energy < 1.1 eV
Irrespective of the energy of the incident photon, it takes 1.1 eV to excite
an electron from the valence band to the conduction band. Photons with
an energy < 1.1 eV do not have enough energy to excite an electron.
Silicon is almost transparent to these photons. When such a photon is
absorbed, its energy converted into heat.
Photon energy > 1.1 eV
Photons with an energy > 1.1 eV can generate e-h pairs. The excess
energy of the photons however is dissipated as heat.
These two effects are illustrated in Fig. 1.15.
Open circuit voltage < 1.1 eV
One might expect the solar cell to be able to attain a voltage of 1.1 eV because of the difference in energy level between valence band and conduction band. The maximum voltage is determined however by the balance
between light-generated current on the one hand and a forward current
across the p-n junction on the other hand (see the equivalent circuit in
Fig. 1.9). For every practical solar cell equilibrium is achieved at voltages far below 1.1 eV because recombination cannot be reduced to 0.
The 25% world record mono-crystalline silicon solar cells have voltages
around 705 mV ([23]).
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Figure 1.15: Losses due to photon mismatch. Photons with a wavelength > 1.1
µm have not enough energy to create an e-h pair. The energy of
photons with a wavelength <1.1 µm is used only partly.
Maximum power < (open circuit voltage) × (maximum current)
The current-voltage characteristic of a solar cell is not a rectangle but has
an exponential dependence of current on voltage. The 25% world record
mono-crystalline silicon solar cells have a fill factor of 81% ([23]).
Contact coverage
Part of the solar cell is covered with metallisation which is opaque and
does not let light pass into the cell. Currently there are some cell designs
available that do not have a front side metallisation. One such design is
the Emitter Wrap Through (EWT) concept ([24]).
Reflection losses
The ideal solar cell would absorb all the incident light and would be pitch
black. Current multicrystalline silicon modules have a characteristic blue
colour which is a clear proof that not all light is absorbed.
Another source of optical losses is that silicon absorbs infrared light
rather weakly. Current wafers typically have a thickness of 300 µm. This
is not enough to absorb the infrared light in one pass through the wafer.
Series resistance
It is impossible to extract current from a practical cell without incurring
resistive losses, in particular in the thin emitter and the front contact.

1.6. This thesis
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Collection efficiency < 100%
Not all generated e-h pairs can be separated because they recombine prematurely, either in the bulk of the material or at surfaces.

1.6

This thesis

The contributions in this thesis aim at combating the technology related losses
in solar cells. The focus is on improved metallisation patterns (section 1.6.1)
and light trapping (section 1.6.2). SI units have been used throughout this thesis
(see [25, 26]).

1.6.1

Metallisation patterns

With screen printing a metallisation pattern of virtually any shape can be printed.
With improved design of metallisation patterns the series resistance and coverage fraction can be reduced. A different pattern can be printed at no extra cost,
making it worthwhile to look at different patterns even if the pay-offs are small.
Chapter 2 deals with conventional so called H-grid patterns. It describes
optimisation of H-grid patterns and presents several improvements over the
standard method as found in [4]. We show how to optimise H-grid patterns
for maximum yearly yield.
Chapter 3 deals with effects of distributed series resistance. A 2-D mathematical model is described with which any line pattern can be analysed. An
application to the influence of interruptions in metallisation lines on the series
resistance is presented. This programs still requires the metallisation pattern as
an input.
Chapters 4 through 5 explain a new metallisation pattern design method.
Existing pattern design methods generally optimise within a class of patterns.
For instance one optimises the finger distance in an H-grid pattern. This new
method takes a different approach. Every metallisation technology has its own
characteristics, such as the contact resistivity, a lower bound on finger width,
the conductivity of the metallisation and the location of cell interconnections.
Given the constraints of the metallisation technology, one would like to know
what the optimum metallisation pattern is. The new method gives the topology
of the pattern.

1.6.2

Light trapping

It is generally accepted that the cost of photovoltaic conversion has to diminish
for PV to become of major importance as a renewable energy source. For crystalline silicon wafer technology, the silicon material is a major cost item. One
option to make more efficient use of the expensive silicon material is the use of
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thinner silicon wafers. The total amount of silicon used per Wp decreases by
about 20 % when using 200 µm wafers instead of 300 µm wafers in spite of relatively increased carve losses. This leads to a cost reduction per Wp provided
cell processing yield and cell efficiency are not affected.
The current of a cell is directly related to the amount of light absorbed.
One source of optical losses is that silicon absorbs infrared light rather weakly.
Current wafers typically have a thickness of 300 µm. This is not enough to
absorb the infrared light in one pass through the wafer. This effect becomes
more important as wafers become thinner.
Silicon however has a rather large refractive index (around 3.5) as compared to the media in which it is embedded such as pottant with a refractive
index of around 1.5. This high refractive index enables the use of total internal
reflection (See appendix A) as a powerful means to make light bounce up- and
down many times in the silicon wafer, enhancing the path length of rays and
hence increase the chance that an infrared photon is absorbed. Thinner silicon
solar cells require light-trapping methods to be used in order to maintain good
absorption of infrared light and hence maintain cell current and efficiency.
The morphology (texture) of the surface has a big influence on the amount
of light trapping that occurs. Chapter 7 describes the morphology of alkaline
etched surfaces. Section 8.9 of chapter 8 discusses the effect of scattering surfaces on the light trapping properties of multicrystalline silicon wafers.

1.6.3

Computational steering

Simulations of solar cells tend to be a bit dull and little accessible. Often there
are many parameters in a model and it is generally difficult to obtain intuition
about the influence of the different parameters on the simulation results. The
Computational Steering Environment allows for easy user interface construction to any simulation. The idea is to create a flight-simulator like simulation.
The user pulls a slider and the results of the simulation on the display are immediately updated for optimum feedback. Chapter 9 shows an application of
Computational Steering to a simple solar cell simulation.
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2

Optimisation of H-grid metallisation patterns

In this chapter the optimisation of H-grid metallisation patterns is discussed.
In addition to optimisation for Standard Test Conditions, we discuss how these
patterns can be optimised for a mix of irradiance conditions.

2.1

Introduction

The great majority of crystalline silicon solar cells have a metallisation pattern at the front side. Some manufacturers, most notably SunPower [1] make
solar cells without a contact at the front side. The H-grid pattern is the most
commonly used metallisation pattern at the front side. Figure 2.1 shows an Hgrid metallisation pattern. The pattern consists of wide strips of metallisation
(vertical in the figure) called the busbars. The fingers are the narrow lines of
metallisation perpendicular to the busbars.
For most commercial cells the busbars and fingers are deposited in one step
by screen printing. A tab is soldered on top of each busbar. The tabs serve two
main functions. The first is to provide electrical interconnection (see Fig. 1.12)
to other cells in a module. The second function is to provide extra conductivity
for the busbar. The line resistance of a tab is typically 20 times better than that
of a screen printed busbar. The dotted ovals in Fig. 2.1 on the busbars indicate
the position of the soldered joints between tab and busbar. In this example 2
solder joints are used for each tab. Often more solder joints are used, or the tab
is even soldered to the busbar over most of the length of the tab. The solder
joints are not directly visible but located directly under the tab.
21
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Figure 2.1: An H-grid metallisation pattern. The pattern in this figure has two
solder joints per tab at locations indicated by the dotted ovals.

In this chapter the theory for optimisation of H-grid patterns is reviewed
and extended. The extensions involve the following phenomena:
Reuse of light reflected by the metallisation fingers

Air

 
 
 
 

 Metal
 
 



Glass

Silicon

Figure 2.2: The screen printed metallisation reflects light diffusely. Part of the
light is totally internally reflected at the glass-air interface and can
be absorbed in the silicon.
This effect is illustrated in figure 2.2. It occurs in an encapsulated solar cell (Fig. 1.12), not in an unencapsulated cell. Light incident on the
solar cell is diffusely reflected by the metallisation. Reflected light that
has an angle larger than 42 degrees with the normal of the air-glass interface is totally internally reflected (TIR, See Appendix A). If the light
reflected from the metallisation is completely diffused, 55% of it will be
reflected due to TIR at the air - glass interface according to the following
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In equation (2.1) θ is the angle with the normal. The equation represents
the ratio of the optical power present in the totally internally reflected
rays (θc < θ < π/2) and the total optical power arriving at the glass-air
interface. For a typical refractive index for glass of 1.5 this leads to a
reflectance value R of 55%.
The totally internally reflected light will impinge again on the solar cell
surface. Because the solar cell has a low reflectance due to both texture
and anti-reflective coatings, this light will be absorbed in the cell and will
contribute to the cell current.
Increased sheet resistance of the emitter under the fingers








emitter











base

Figure 2.3: The metallisation etches itself into the emitter, resulting in an increased sheet resistance of the emitter under the fingers.
In addition to metal particles, a metallisation paste contains frit particles,
which consist mainly of metal oxides ([2, 3]). The frit reacts with the
silicon during firing and etches into the emitter. Because the top layer of
the emitter has a large contribution to the conductivity of the emitter, the
sheet resistance under the metallisation fingers can increase significantly.
A 40 Ω2 emitter can increase four-fold in sheet resistance to around 150
Ω2 under the fingers. The effect of this is that it is more difficult for
the current to pass from the emitter to the finger, resulting in a higher
effective contact resistance. This is discussed in section 2.3.4.
Number of solder joints between tab and busbar The resistance losses in the
screen printed busbar can be avoided by soldering the tab to the busbar
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over the full length. An issue is how many solder joints per tab are needed
to make busbar resistance losses negligible. There is a trade-off here between the amount of soldering work and reduced efficiency due to extra
series resistance. In order to address this issue the number of solder joints
has been integrated in the model.

Optimisation of patterns for optimum yearly yield Cells are generally optimised for so-called Standard Test Conditions (often referred to as STC).
Standard Test Conditions correspond to an irradiance of 1000 W/m 2 according to the AM 1.5 (global) spectrum. At Standard Test Conditions
the cell or module is kept at a temperature of 25 o C . A cell in a module
operates in general under lower irradiance and at higher temperatures.
(See for instance [4]). The optimisation of the metallisation pattern for
both a particular irradiance condition and for a mix of irradiance conditions is described in section 2.5.
A metallisation pattern presents a trade-off between optical- and series resistance losses. Optical losses are caused by partial shadowing of the cell by
the opaque metallisation. In section 2.2 the calculation of the optical losses is
discussed. We take into account re-use of light reflected by the metallisation
onto the illuminated area. Next in section 2.3 the resistance of the pattern is
calculated. The resistance calculation takes into account the effect of tabbing
and of an increased emitter sheet resistance under the metallisation.
In sections 2.4 and 2.5 the optimisation for a single irradiance level and a
mix of irradiance conditions are discussed. In section 2.6 an example is given
of optimisation for yearly yield.

2.2

Shadow losses

In order to achieve low series resistance a significant fraction of a commercial
cell (roughly 7-9%) must be covered with metallisation. Shadow losses are an
important contribution to the total loss.
Researchers have been looking into ways to avoid shadow losses. One approach is to avoid that light impinges onto the metallisation by using special
encapsulation methods. Light can be deflected onto the area not covered with
metallisation (the illuminated or active area). An example is the use of structured glass covers [5]. Another approach is to reflect the light from the metallisation onto the active area. Examples of this approach are structured tabs
[6] and obliquely evaporated metallisation fingers [7]. A third approach is to
re-use light reflected from the metallisation [8] by exploiting the total internal
reflection after encapsulation at the air-glass interface.
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The reduction of optical losses has been taken into account in our optimisation. We incorporated in the calculation of shadow losses the possibility to
specify an effective transparency of the busbar-tab combination (t b ) and of the
finger (tf ).

Lb,e























S




Lb






B´
Wt

Wc



A



B

Figure 2.4: An H-grid metallisation pattern. The pattern in this figure has two
solder joints per tab. The geometrical parameters of the pattern are
described in table 2.1.

Table 2.1: Parameters describing the geometry of the metallisation pattern. See
Fig. 2.4 for a graphical illustration.
Wc cell width
Lb cell length
Lb,e additional tab length
Ac cell area Wc Lb
Wb busbar width
nt number of tabs
B
half the tab-tab distance
B 0 See Fig. 2.4
ns
number of solder joints/tab
A half the solder joint distance
Wf finger width
S
finger distance
nf
number of fingers
tf effective finger transparency
tb
effective busbar transparency
The description of the losses requires many symbols and notations. Figure
2.4 and Table 2.1 show the parameters describing the geometry of cell and
metallisation pattern. Table 2.2 gives the meaning of other parameters. These
parameters include the optical properties of the metallisation and the relevant
resistance values.
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ρc
ρlf
ρlb
ρlt
ρs,l
ρs,d
J01
J02
Jlt
Rse
Rse,pat
Gsh
Rsh
T
psf
psb
ps
Jmp,a
Imp,a
Imp
Pmp,a
Pmp
Vmp,a
Vmp

Table 2.2: Notation used.
contact resistance
line resistance fingers
line resistance busbar
line resistance tab
sheet resistance Si(active area)
sheet resistance Si(under metallisation)
dark current density first diode
dark current density second diode
1-sun light generated current
extra series resistance
series resistance of cell
shunt conductivity
shunt resistance
cell temperature
shadow fraction fingers
shadow fraction busbars
total shadow fraction
active area current density at maximum power point
active area current at maximum power point
cell current at maximum power point
active area power at maximum power point
cell power at maximum power point
active area voltage at maximum power point
cell voltage at maximum power point

Ωcm2
Ω/cm
Ω/cm
Ω/cm
Ω2
Ω2
A/cm 2
A/cm 2
A
Ω
Ω
S
Ω
K
A/cm 2
A
A
W
W
V
V

Both tabs and fingers cause shadow losses. The shadow fraction p sb of the
tabs is:
nt (1 − tb )Wt
psb =
(2.2)
Wc
The shadow fraction psf of the fingers is:
psf =

(1 − tf )Wf
S

(2.3)

Avoiding to count the area covered by both fingers and tabs twice we obtain for
the total shadow loss ps :
ps = psf + psb − psf psb

(2.4)

2.3. Calculation of ohmic losses
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Calculation of ohmic losses

In the following subsections first a list of the ohmic losses is presented. The
losses will be derived in the subsequent subsections.
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Figure 2.5: Unit cells used for computing Ohmic losses. Unit cells a, b, c and
d occur nt , 2nt nf , 4nt nf and 2nt ns times respectively.
We use different unit cells to calculate the ohmic losses. The unit cells are
illustrated in figure 2.5. Unit cell a corresponds to all the current collected by
a single tab, unit cell b to the current collected by a single finger, unit cell c to
the current entering the finger from one side and finally unit cell d corresponds
to half the current passing through a solder joint.
Each resistance contribution is first calculated for a single unit cell. For the
total cell the units are parallel resistances, so the resistance for each unit cell
has to be divided by the number of unit cells.
If a current I passes through a length l of line resistance ρ line , the total
resistance is lρline . In several cases (finger loss, emitter loss, loss in the busbar)
the current increases linearly along the length of the conductor. We first show
the general expression for the effective resistance R eff of a straight conductor
in which the current increases linearly from 0 to I. In the case that the current
increases linearly along the conductor we are looking for a resistance value
Reff such that Pdiss = Reff I 2 where Pdiss is the total ohmic dissipation in
the conductor.
P
1
= 2
Reff = diss
I2
I

Z

l
0

ρline



xI
l

2

l
dx = ρline
3

(2.5)

Equation (2.5) shows that the effective resistance when the current increases
linearly along the length is (l/3)ρ line .
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Ohmic losses in tab and busbar
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Figure 2.6: Current flow in a busbar - tab assembly with two solder joints per
tab. The width of the solid black lines is proportional to the current.

In comparison to the approach as presented in solar cell textbooks (e.g. [9])
we have paid more attention to the presence of the tab. The idea is illustrated
in Fig. 2.6. The tab is connected to the busbar at several solder joints. The
black rectangles and triangles in Fig. 2.6 illustrate the current flow in tab and
busbar. Current is fed into the busbar by the fingers. This gives rise to a linear
current increase in the busbar. Current flows into a solder joint from both sides
and passes through the solder joint into the tab. In the tab the current increases
stepwise at the solder joints.
The tab normally extends to the rear side of the next cell, in order to make
a series connection. To take ohmic losses in that part of the tab in account, an
extra tabbing length Lb,e has been introduced.
We adopt the approach that we first calculate the resistance for the appropriate unit cell. This resistance is divided by the number of unit cells in order
to obtain the resistance for the cell.
For computing the resistance in the screen printed busbar unit cell d is used.
The resistance in this unit cell is from equation (2.5) Aρlb /3. Unit cell d occurs
Aρlb
.
2nt ns times, so the contribution of the busbar to the cell resistance is 6n
t ns
Next the resistance contribution of the tabs is computed using unit cell a.
The derivation is a discrete analogue to the continuously increasing current
in equation (2.5). With Is we indicate the current passing through a solder
joint. We have Is = Ic /(nt ns ) with Ic the total current. One has for the tab

2.3. Calculation of ohmic losses
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resistance:
Rt =



=



=



=
=

1
Ic2



nt ρlt A

ns
X

((i − 1)Is )2 + (iIs )2

1

1
nt n2s



ρlt A

1
nt n2s



ρlt A



1
nt n2s





1
nt n2s



ns
X

(i − 1)2 + i2

1

ns
X

2i2 − 2i + 1

1

ρlt A 2
ρlt A 2

ns
X
1
n
s
X
1

i2

!

2

!

i







− ns (ns + 1) + ns
−

n2s

!

!

(2.6)

To evaluate this summation we use the following relation from algebra (see for
instance Bartsch [10]):
n
X

i2 = n(n + 1)(2n + 1)/6

(2.7)

i=1

On substitution of (2.7) in (2.6) we obtain for Rt :





1
Lb
1
1
3
Rt =
ρlt A 2ns + ns = ρlt
1+ 2
nt n2s
3
3nt
2ns

(2.8)

In the limit of many solder joints (n s → ∞) the current increases linearly in the
Lb
as it should. For ns = 1 we have correctly
tab and (2.8) reduces to Rt = ρlt 3n
t
Lb
Rt = ρlt 2nt
Finally the cell current has to pass through the extra length of tabbing. A
single tab extension in unit cell a has a resistance L b,e ρlt . As there are nt unit
cells for this loss, the loss reduces to L b,e ρlt /nt .

2.3.2

Finger resistance loss

In order to compute the contribution of the resistance in the fingers to the cell
resistance we consider unit cell b. Because the current increases linearly in the
fingers the resistance in unit cell b is (B 0 /3)ρlf . As there are 2nt nf fingers, the
resistance for the cell is B 0 ρlf /(6nt nf ).

2.3.3

Emitter resistance loss

For computation of the emitter to cell resistance we consider unit cell c. Unit
cell c can be considered as conductor of width B 0 and length (S − Wf )/2. For
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the width of unit cell c we take B 0 instead of B because a significantly higher
emitter sheet resistance precludes current flow under the busbar. The current
builds up linearly over a distance (S − W f )/2. From this the resistance value
(S−W )
for unit cell c ρs,l 6B 0 f results.

2.3.4

Contact- and emitter loss under finger

The 1-D approximation from [11] assumes that the voltages difference between
finger and the emitter under it is constant over the width from the finger. This
implies in turn that the current through the interface is constant. This is not so
in practice, for instance when the contact resistance is low. It is advantageous
in this case for the current to enter the finger at the edge the finger. This phenomenon is well known (see for instance [12, 13]). The voltage in emitter and
finger is plotted schematically in Fig. 2.7.
























metallisation

emitter

x=- Wf /2

x=0

x=Wf /2

V(x)
emitter potential

metal potential

x=- Wf /2

x=0

x=Wf /2

Figure 2.7: Potential in the finger and in the emitter under the finger. The length
of the arrows in the top figure is proportional to the current flow
across the contact.
In practice the sheet resistance of the emitter is much higher than that of the
metal. The variations in the voltage across the width of the finger in the finger
will be much smaller than those in the emitter. For the metal voltage we assume
therefore a constant voltage Vm and for the emitter a position dependent voltage
Vs (x), where x is the coordinate perpendicular to the finger. We take x = 0 at
the heart of the finger.
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For the emitter voltage we now have the following differential equation:
1
1 d2
(Vs (x)) − (Vs (x) − Vm (x)) = 0
2
ρs dx
ρc

(2.9)

Let If be the current entering the finger per unit of length. As boundary conditions we take:
1 d
(Vs ) = ±If /2
x = ±Wf /2
(2.10)
ρs dx
p
We introduce R̂ = r̂Wf with r̂ = ρs /ρc . The solution for boundary value
problem (2.9) and (2.10) is:
Vs (x̂) =

If ρc
cosh(R̂x̂)
+ Vm
(R̂/2)
Wf
sinh(R̂/2)

(2.11)

The total voltage drop due to the combined effect of contact resistance and
sheet resistance under the finger is:
ρc
Vce = Vs (Wf /2) − Vm = If
(R̂/2) coth(R̂/2)
(2.12)
Wf
On division of Vce with the current entering the finger I f b we get an effective
resistance Rce for the combined effect of contact resistance and emitter resistance for unit cell c:
ρc
Rce = 0
(R̂/2) coth(R̂/2)
(2.13)
B Wf
For equation (2.13) it is interesting to consider the case of low emitter sheet
resistance where the effective contact resistance is dominated by ρ c . In the case
of ρs → 0 we have r̂ → 0 and R̂ → 0. For x → 0 we have coth(x) → 1/x
c
and hence Rce → B 0ρW
for small ρs .
f
Division of Rce by the total number of fingers 2nt nf results in the value in
table 2.4.

2.3.5

All ohmic losses compiled

Tables 2.3 and 2.4 presents an overview of the different contributions to the
resistance caused by the presence of a metallisation pattern. In order to obtain
the losses from the fifth column expressed in Ωm 2 we have multiplied the resistance values in column four with the cell area W c Lb and used that Wc = 2nt B
and Lb = nf S = 2ns A.
The reason for compiling the fourth column is that these resistance values
can be more easily understood. The expressions from the fifth column can be
compared with the expressions for losses in the sixth column from [9].
With Rse,pat we denote the sum of all series resistance contributions from
the third column of table 2.4.
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Table 2.3: The ohmic losses according to Green ([9])
loss in:
Total (Ωm2 )
tab extension B2 S
finger
3 ρlf
emitter
busbar
tab
contact

2.4

ρs,l S 2
12

2BL2b
3
ρc S
Wf

ρlt

Optimisation for a single illumination level

Once we have the shadow fraction and the resistance for the H-grid pattern, we
can optimise the pattern.
The standard method is to optimise with respect to a given maximum power
point. This method will be described in section 2.4.1. In section 2.4.2 we
introduce optimisation with an I-V curve.

2.4.1

Optimising using a given local maximum power point

If it were possible to make a top contact without shadow losses and without
ohmic losses, the cell would have a maximum power point (J mp,a , Vmp,a ). The
subscript a refers to active area. We call this the local maximum power point.
We express all losses as a fraction with respect to the local maximum power and
minimise the sum of all fractional losses. We assume that shadowing has effect
only on the maximum power point current density. The effect of the shadow
fraction is to reduce the cell current at maximum power point, the effect of
series resistance is to reduce cell voltage at maximum powerpoint. We obtain
Jmp = Jmp,a (1 − ps )

(2.14)

We assume that series resistance influences only the maximum power point
voltage. Now consider the equivalent electrical circuit for a solar cell from Fig.
1.9. The current that passes through the series resistance at maximum power
point is Jmp . We have therefore for Vmp :
Vmp = Vmp,a − Rse,pat Ac Jmp

(2.15)

We want to optimise the pattern in such a way that the cell delivers maximum
power. For the maximum power we obtain using I mp,a = Ac Jmp,a :
Pmp = Ac Jmp Vmp = Imp,a (1 − ps ) Vmp,a − Imp,a (1 − ps )Rse,pat



(2.16)
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Table 2.4: The different Ohmic losses. The entry in the second column indicates
the unit cell used for that resistance contribution. See figure 2.5. The
entries in the third- and fourth column indicate the series resistance
for one unit cell and the total cell respectively. The entries in the fifth
column were obtained by multiplying the corresponding entry in the
fourth column with the cell area.
loss
unit
Resistance
in
cell Unit-cell (Ω)
Total (Ω)
Total (Ωm 2 )
ρlt Lb,e
tab
a
ρlt Lb,e
ρlt 2BLb Lb,e
nt
extension
B0
1 B0
B 0 BS
finger b
3 ρlf
2nt nf 3 ρlf
3 ρlf
emitter c
busbar

d

tab

a

contact b

(S−Wf )
6B 0
A
ρlb 3


ρlt L3b 1 + 2n1 2
s
R̂/2
ρc
B 0 Wf tanh(R̂/2)

ρs,l

1 ρs,l (S−Wf )
nt nf
24B 0
1 A
2nt ns 3ρlb

Lb
1
ρlt 3n
1
+
2
2ns
t
R̂/2)
ρc
1
2nt nf B 0 Wf tanh(R̂/2)

ρs,l BS(S−Wf )
12B 0
2BA2
3 ρlb 

2BL2
ρlt 3 b 1 + 2n1 2
s
R̂/2
ρc BS
B 0 Wf tanh(R̂/2)

Dividing by Imp,a Vmp,a we see that we have a shadow loss ps and a series
resistance loss (1 − ps )2 Rse,pat Imp,a /Vmp,a . Suppose we want to optimise the
finger distance s. s is found by minimising the fractional losses expressed as a
function of s:
2
ps (s)Imp,a Vmp,a + (1 − ps (s))2 Rse,pat (s)Imp,a

2.4.2

(2.17)

Optimising using a double diode description

In this section we optimise the cell power using the active area J(V) curve in
stead of the maximum power point. There are two reasons to consider this innovation. The first is in optimisation metallisation patterns for maximum yearly
yield. The maximum power point voltage shifts to lower voltage values at decreasing irradiance levels. The J(V) curve at one sun is generally known. This
curve can be translated to that at other intensities rather easily for crystalline
silicon.
The second reason is that the assumption that shadow losses only influence
maximum power current, and resistance losses only maximum power voltage
is not completely accurate. Optimum power at the terminal may be achieved
by moving locally to a slightly different maximum power point.
Our starting point is the J(V) curve for the active area:
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J(V ) =



  0
  0
V
V
V0
+ J01 e Vb − 1 + J02 e 2Vb − 1 + Jlt,a
Rsh

V 0 = V − Rse Ac J(V )

(2.18)
(2.19)

Because of shadowing the light generated current of the cell I lt is:
Ilt = Ac Jlt,a (1 − ps )

(2.20)

The series resistance from the metallisation pattern R se,pat is added to the series
resistance in equation (2.19). For the metallised cell we therefore have the
following I(V) curve:


  0
  0
V
V
V0
Vb
2Vb
I(V ) =
− 1 + I02 e
− 1 + Ilt (1 − ps ) (2.21)
+ I01 e
Rsh

(2.22)
V 0 = V − Rse + Rse,pat I(V )

The parameters of the metallisation pattern are varied in such a way that maximum power Pmp according to the two-diode model is delivered.
The I(V) curve (2.21) and (2.22) has a maximum power point (Imp , Vmp ).
The J(V) curve (2.18) and (2.19) has a maximum power point (Jmp,a , Vmp,a ).
2 R
The power lost due to series resistance is I mp
se,pat , the power loss due to
shadowing is Ac Pmp,a ps . One would expect perhaps the following expression
for the energy balance:
2
Pmp = Ac Pmp,a − Ac Pmp,a ps − Imp
Rse,pat

(2.23)

The quantity optimised is Pmp . In general the Pmp is optimal when the local
I-V curve (2.19) operates slightly off its maximum power point. This causes
an additional loss Pshift . Taking this into account we get the following energy
balance:
2
Pshift = Ac Pmp,a − Ac Pmp,a ps − Imp
Rse,pat − Pmp

(2.24)

The loss Pshift is not present when optimising using the local maximum power
point as in the previous subsection. That approach therefore underestimates the
total loss.

2.5

Optimisation for yearly yield

Cells are generally optimised for Standard Test Conditions. A cell in a module operates in general under lower irradiance and at higher temperatures. The
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cell current is directly proportional to the irradiance level. The cell voltage decreases only logarithmically with the light intensity and hence decrease much
slower than the current. Suppose the module has power I mp Vmp at its maxi2 R , the loss due to
mum power point. The loss due to series resistance is I mp
se
2
shunting Vmp Gsh . Relative to the maximum power the series and shunt resistance losses are Imp Rse /Vmp and Vmp Gsh /Imp respectively. Since the current
decreases much stronger with irradiance than the voltage, the relative loss due
to series resistance becomes less important at reduced irradiance levels, where
as losses due to shunt resistance become relatively more important at reduced
irradiance levels. Since resistance losses are less important for lower irradiance, a pattern optimisation will lead to a pattern with less metallisation coverage. The optimisation of patterns for yearly yield as described here has been
presented at the 26-th IEEE Photovoltaic Specialists Conference [14].
We assume that we know the irradiance distribution in the plane of the solar
cell. The distribution is specified as a set (E i , ti ) where the index i runs over
the irradiance bins. Ei is the irradiance level (W/m2 ) in bin i and occurs for a
total number of ti hours.
Similar to optimising for a particular irradiance level we can again use either full I-V curves (section 2.5.1) or local maximum power points (2.5.2) at
the different irradiance levels. The optimisation using full I-V curves is in general more accurate. The advantage of optimisation using local maximum power
points is that any standard H-grid pattern optimisation program can be used directly to optimise for these conditions.

2.5.1

Using I-V curve specifications

We start from the local I-V curve according to the two-diode model from equations (2.18) and (2.19). At 1000 W/m2 the short current density of the active
area is Jlt,a . Given a metallisation pattern, we can compute the cell or module
current for irradiance bin i Ilt,i as follows:
Ilt,i = Ac Jlt,a

Ei
1000

(2.25)

The yearly yield Y is calculated by determining the cell power P i for every
irradiance bin and summation of the total power generated in each bin:
Y =

X

Pi ti

(2.26)

i

Y can be used to optimise the metallisation grid by considering Y as a function
of the grid parameter to be optimised which is in most cases the finger distance.
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Using maximum power point specifications

For optimisation using maximum power point specifications we need in addition to the irradiance levels the active area maximum power point current
densities and -voltages (Jmp,a,i , Vmp,a,i ). We use Imp,a,i = Ac Jmp,a,i and
Pmp,a,i = Imp,a,i Vmp,a,i . With overbars we denote yearly averaged values.
We write for example:
1 X
(ti Ei )
(2.27)
E=P
i ti
i

The total power generated in the course of a year is:


1 X
2
ti Pmp,a,i (1−ps)−Imp,a,i
(1−ps)2 Rse,pat
Pmp = P
i ti
i

2
Rse,pat (1−ps)2
= Pmp,a (1−ps) + Imp,a

(2.28)

We can now derive the nice result that any standard H-grid pattern optimisation
program can be used right away for optimisation for yearly yield.
Assume the metallisation optimisation program at hand uses I mp and Vmp
as input. By comparing equations (2.16) and (2.28) we see that it is possible to
optimise a pattern for yearly yield by simply supplying I mp,y , Vmp,y as follows:
q
2
Imp,y = Imp,a
(2.29)

2.6

Pmp,y = Pmp,a

(2.30)

Vmp,y = Pmp,y /Imp,y

(2.31)

Optimising a pattern for yearly yield and
conditions

STC

In this section we show the results of optimising an H-grid pattern for yearly
yield. Two parameters of the metallisation pattern have been varied: the finger
distance and the number of tabs. We have considered the case of a typical
commercial type 12.5×12.5 cm2 cell. The dimensions and properties of the
cell are given in tables 2.5 and 2.6.
Fig. 2.8 shows the irradiance distribution for a representative site in the
Netherlands. We use Ei and ti to indicate the irradiance level and hours of
class i. i is used as index to the irradiance bins.
Using the I-V curve parameters from table 2.6 we calculated the current and
voltage at maximum power point at the different irradiance levels by assuming
a linear dependence of light-generated current on irradiance level.
We made an approximation by assuming the same temperature of 300 K
for all irradiance bins. This approximation is justified by the fact that Ohmic

2.6. Optimising a pattern for yearly yield and STC conditions

37

Table 2.5: Parameters describing the geometry of the metallisation pattern. See
Fig. 2.4 for a graphical illustration.
Wc 12.5 cm
Lb
12.5 cm
Lb,e 0 cm
Ac (area) 156.25 cm2
Wb 2 mm
nt
2 or 3
B
3.1 cm or 2.1 cm B 0
3.0 cm or 2.0 cm
ns
10
A
6.25 mm
Wf 120 µm
tf
0
tb
0
Table 2.6: I-V curve characteristics for standard test-conditions and properties
of the metallisation pattern of a typical screen printed multicrystalline silicon solar cell. For meaning of symbols see Table 2.2.
ρc
5 mΩcm 2 ρlf
.6 Ω/cm
ρlb
15 mΩ/cm ρlt
1 mΩ/cm
ρs,l 50 Ω2
J01 1.5e-8 A/m2
2
J02 1.e-3 A/m
Jlt
340 A/m2
Rse 2.e-5 Ωm2 Gsh 2 S/m2
T
298 K
losses are proportional to I2mpp Rse and shadow losses to Vmpp Impp . A typical
temperature coefficient for the power of crystalline silicon modules is .45%
loss per degree Celsius ([15]). High module temperatures do affect the yield
of the module adversely, but with regard to the optimisation of the pattern, the
irradiance intensity has a direct linear effect on the current and hence a much
bigger influence.
In this way we get for every class active area maximum power point current densities, voltages, and power densities J mp,a,i , Vmp,a,i and Pmp,a,i =
Jmp,a,i Vmp,a,i respectively. Figures 2.9 and 2.10 show the resulting maximum
power point current and voltage as a function of irradiance level.
Table 2.7: 1-sun maximum power point and the maximum power point that
must be supplied to a metallisation pattern optimisation program
in order to obtain a pattern optimised for maximum yearly yield.
1-sun
year
2
E
1000 W/m
Ē
124 W/m2
2
Pmp 157 W/m
Pmp,y 18 W/m2
Jmp 313 A/m2
Jmp,y 78 A/m2
Vmp 503 mV
Vmp,y 229 mV
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Figure 2.8: Irradiance distribution for “De Bilt” in Holland in a south-oriented
plane with 35 degrees tilt angle. The bins are 25 W/m 2 wide.
From the maximum power point currents- and voltages from Figs. 2.9 and
2.10 and the irradiance distribution from Fig. 2.8 we can derive the yearly
averaged maximum power point (See Table 2.7). The reader may wonder why
Vmp,y has such a low value since the maximum power point voltage at lower
irradiance level does not decrease that much. The answer is that V mp,y is not a
physical voltage. See equations (2.29-2.31). The lower yearly averaged voltage
merely reflects the fact that yearly averaged current is the square root of an
average of squared currents. This is best illustrated with an example. Suppose
the solar cell operates 1 unit of time at (10A, .5V) and 5 p
units at (2A, .5V). We
have Pmp,y = (5W + 5 ∗ 1W )/6 = 1.67W . Imp,y = (102 + 5 ∗ 22 )/6 =
4.55A. Hence Vmp,y = .367V
Table 2.8: Results of calculations for a 12.5x12.5 cm 2 cell. When the column
’Used at’ says year, the fractional losses correspond to yearly averaged losses.
Optimised for Used at nt nf ps (%) pr (%) pt (%) η (%)
year
year
2
49 6.7
4.3
11.0
12.89
1-sun
1-sun
2
63 7.7
5.8
13.5
13.60
1-sun
year
2
63 7.7
3.6
11.3
12.85
year
1-sun
2
49 6.7
7.2
13.9
13.54
year
year
3
44 7.9
3.6
11.5
12.83
1-sun
1-sun
3
56 8.7
4.6
13.3
13.63
1-sun
year
3
56 8.7
3.0
11.7
12.79
year
1-sun
3
44 7.9
5.7
13.6
13.58
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Figure 2.9: Maximum power point- and short circuit current as function of irradiance level.
Two parameters of the metallisation pattern have been varied: the finger distance and the number of tabs. Table 2.8 gives the losses calculated for yearly
irradiance conditions and standard test conditions with the finger distance optimised for either yearly irradiance conditions or standard test conditions.
Optimising for maximum yearly yield results in a smaller number of fingers and smaller metallisation coverage. For yearly irradiance a small gain in
efficiency is realized by using 2 busbars instead of 3. At 1 sun it is slightly
better to use 3 busbars.
Using a 1 sun optimised pattern at yearly irradiance conditions and vice
versa only makes a small difference in efficiency despite the large difference
in number of fingers. The explanation is as follows. If the finger distance is
increased, shadow losses decrease, but resistive losses increase. Because the
pattern is optimised, shadow loss increase and resistive loss decrease almost
balance.

2.7

Conclusions

Several innovations have been introduced in optimisation of H-grid metallisation patterns.
• we account for re-use of light reflected by the metallisation. This can be
modelled by assigning an effective transparency to the metallisation.
• we combine the sheet resistance under the metallisation fingers and the
contact resistance into an effective contact resistance.
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Figure 2.10: Maximum power point- and open circuit voltage as function of
irradiance level.

.

.

Figure 2.11: Optimised metallisation patterns: Left side for maximum yearly
yield (shadow loss=6.7%, Rse,pat =8.0 mΩ), right side for 1-sun
illumination, (shadow loss=8.7%, R se,pat =4.9 mΩ).
• we optimise the metallisation pattern for maximum yearly yield.
• The use of two-diode I-V curve models in optimising the metallisation
pattern. This is important especially in the context of optimisation for
maximum yearly yield.
Metallisation optimisation programs following the general principle outlined in [9] can be used without any modification for optimising the pattern for
yearly irradiance conditions by working with yearly averaged power and the
yearly averaged squared maximum power point current density.
Optimising a pattern for yearly yields results in fewer fingers and fewer
busbars. This is important because it allows for reduced usage of the - expensive
- metal pastes used. The gain in yield by optimising for yearly yield seems to
be limited to less then .1% absolute.
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3

2-D analysis of metallisation patterns

Chapter 2 described the optimisation of H-grid metallisation patterns. This
is useful, but some effects require a more sophisticated approach. Examples
are pattern geometries other than H-grid patterns or defects in H-grid patterns
such as interruptions. Other examples are the influence of non-uniformity in
for instance contact resistance or current generation across the cell on the I-V
curve. A method is presented in this chapter to deal with these issues.

3.1

Introduction

The mathematical method presented in this chapter takes the analysis of metallisation patterns one step further into two dimensions.

Figure 3.1: An interruption in a screen printed metallisation finger.
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One example of a 2-D effect is the occurrence of interruptions in metallisation fingers. For high efficiency silicon solar cells, emitters of high sheet
resistivity are required to obtain good blue response. In order to keep emitter
resistance losses low, it is necessary to have metallisation lines close to each
other, which in turn requires the ability to print narrow lines with good aspect
ratios. As the openings in the screen get smaller however, it becomes more
difficult to force the paste through the openings and clogging of the screen may
occur. The clogging leads to occasional interruptions in the metallisation pattern. Fig. 3.1 shows an example of an interruption.
The interruptions cause extra ohmic losses. We want to know the magnitude
of these losses and how we can adjust the pattern in such a way that it is less
sensitive to interruptions.
Another application of 2-D modelling could be in the study of the influence of non-uniformity in the current generation on the I-V curve of the cell.
In multicrystalline silicon solar cells for instance the diffusion length can vary
from crystallite to crystallite. This results in variations across the cell of the
dark current densities J01 and J02 and the short circuit current density J sc . Another source of non-uniformity can be variation in the contact resistance between metallisation and emitter ([1]). It is known that variations in the contact
resistance can manifest them selves as an apparently high second-diode current
in the I-V curve of the solar cell.
A comprehensive and flexible program has been developed which analyses
current collection in 2 lateral dimensions by numerical means. A complete
metallisation pattern can be specified and the voltage distribution across the
emitter surface is calculated. This allows to study some typical 2-D effects.
The chapter proceeds along the following lines. First a mathematical description is given in section 3.2. In section 3.3 we show how the mathematical
model is discretised and solved. Section 3.4 through 3.8 give applications and
finally conclusions are presented in section 3.9.

3.2

Mathematical model

The model is two dimensional across the cell surface. In section 3.2.1 we show
how the metallisation pattern can be described in a formal way suitable to handle it in a program. In section 3.2.2 the equations governing the voltages in
emitter and metallisation pattern are presented. In 3.2.3 we present how the various losses in the pattern and emitter can be extracted from the solution of the
equations. In section 3.2.4 we discuss the I-V curve of the cell. We introduce a
quality indicator K for a pattern that incorporates all the loss mechanisms.

3.2. Mathematical model
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Specification of the metallisation pattern

The topology of the top contact is input as a set of nodes with interconnections.
In mathematics a set of nodes with interconnections is denoted as a graph ([2,
3, 4]. An interconnection runs between a pair of nodes. Each interconnection
represents a part of a metallisation finger or busbar. An interconnection can be
of constant width or have linear taper and has a thickness and an average width.

6

5
4

11

7

3

10

8

2

9

1

Figure 3.2: Left: metallised and non metallised regions. Right: description of
the top contact as a graph.
Figure 3.2 gives an example of a top contact specification. In the example
we have 11 nodes numbered 1 through 11. At node 1 current is tapped. The top
contact has 7 interconnections running between node pairs 1-5, 2-8, 2-9, 3-7,
3-10, 4-6 and 4-11. Interconnection 1-5 has linear taper. In this way virtually
all top contact designs can be specified.
The solar cell surface is divided into several regions depending on the presence of metallisation. Table 3.1 gives the notation for the regions. The regions
will help in describing the mathematical model concisely in the next subsection.
Figure 3.2 illustrates the regions. The heavily shaded area is the metallised region S1 where current is being tapped. The lightly shaded area is the remaining
metallised region S2 . The remaining unshaded area is the region S 4 of points
not covered with metal.
Table 3.1: Coding of metallised and non- metallised regions of the solar cell
surface.
S1
Metallised area where current is being tapped
S2
Metallised area where no current is being tapped
S3
Total metallised area: S1 and S2
S4
Points not covered with metal (active area)
S5 or S Total cell area: S3 plus S4
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For each region Si we will denote with ∂Si the border and with Ai the area
of the region. A5 thus is the total area of the solar cell. For each region i a
selector function si (x, y) is defined:

1 (x, y) ∈ Si
(3.1)
si (x, y) =
0 (x, y) 6∈ Si
From this description one can obtain the regions S 1 and S2 defined in Table
3.1. From the thickness of the interconnections and the bulk resistivity ρ b of the
metal used the sheet resistance ρm (x, y) of the metallisation can be obtained.

3.2.2

Partial differential equations for the voltages

The primary variables in our model are the voltage of the emitter V e (x, y) and
the voltage of the metal covering the solar cell V m (x, y). The argument (x, y)
can be omitted for Vm and Ve for clarity of notation. At a point (x, y) current
is collected under influence of illumination as a function of the emitter voltage
according to a local 2-diode model:
 V
 V


e
e
Vb
2Vb
Jl (Ve ) = Jsc s4 + J01 e − 1 + J02 e
− 1 + G s Ve
= Jsc s4 + Jd (Ve )

(3.2)

Here Vb = kT
q is the Boltzmann voltage. J 01 and J02 are the dark current densities, while Gs and Jsc are the shunt conductivity and the short circuit current
density respectively. Jd denotes the local current density in absence of illumination. In the sequel we will also use the reciprocal R s of Gs designating the
shunt resistivity.
If one compares expression (3.2) for the local current with the pair of equations for the standard 2-diode model (1.3) and (1.4), one notices that the series
resistance is missing. This is because the series resistance is caused by the resistance of the emitter, the contact resistance between emitter and metallisation
and the resistance of the metallisation itself. This series resistance thus is an
outcome of the simulation we are going to do here and is not an input parameter. With Pmp,local , Jmp,local and Vmp,local we will denote power, current density
and voltage in the maximum power point according to the local I-V curve.
Where metal is present above the emitter, current flows from the silicon to
the metal. The current density depends on the contact resistivity ρ c and the
voltage difference between emitter and metal.
Jc (x, y) = (Ve (x, y) − Vm (x, y))/ρc

((x, y) ∈ S3 )

(3.3)

The voltage distributions in top contact and emitter can be described by Poisson
equations (see for instance [5, 6]). Current is entering the metallisation from
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the emitter through the contact. For the metal voltage V m we have the following
Poisson equation:

~ ·
∇

~ m
∇V
ρm (x, y)

!

= Jc (x, y)

((x, y) ∈ S3

(3.4)

For the metal voltage two boundary conditions apply. At the tapping points the
voltage is fixed at Vt . Another boundary condition is that current cannot flow
m
in lateral direction out of the metallisation. With ∂V
∂n we denote the gradient
of the voltage Vm in the direction normal to edge of the region under consideration. The boundary conditions thus are:
∂Vm
= 0 ((x, y) ∈ ∂S3 )
∂n
Vm = Vt ((x, y) ∈ S1 )

(3.5)
(3.6)

Let ρe be the sheet resistance of the emitter. We assume that ρ e is constant
across the cell. The emitter voltage is influenced by two source terms. In the
metallised region S3 current is leaking according to the dark I-V curve J d (Ve )
and in the open region S4 current is produced according to the illuminated IV curve Jl (Ve ). In the metallised region S3 current is transported across the
contact from the emitter to the metallisation. We have the following Poisson
equation:
1 2
∇ Ve =
ρe



Jd (Ve ) − Jc (x, y) ((x, y) ∈ S3 )
Jl (Ve )
((x, y) ∈ S4 )

(3.7)

with boundary condition:
∂Ve
=0
∂n

((x, y) ∈ ∂S5 )

(3.8)

The solution of this system of equations gives the emitter- and metal voltages.

3.2.3

Absolute and fractional power losses, collected current

Once emitter- and metal voltage have been obtained losses can be analysed.
Also the total collected current It can be computed.
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Table 3.2: Losses which occur due to top contact metallisation.
Pm Ohmic loss in the metallisation
Pe
Ohmic loss in the emitter emitter
Pc
Ohmic loss due to contact resistance
Ps
Shadow loss
Pl,3 Dark current loss below metallisation
Pl,4 Loss caused by the fact that due to variations in emitter
voltage, points in the emitter do not operate at their local
maximum power point
Pt
Total loss:
Pm + Pe + Pc + Ps + Pl,3 + Pl,4
It
Total collected current
Pg
Total generated electrical power

Table 3.2 list the different sources of losses. Equations (3.9) through (3.12)
give expressions for the ohmic losses and for the total current of the cell.
Z
1
~ m · ∇V
~ m dS
Pm =
∇V
(3.9)
S3 ρm (x, y)
Z
1 ~
~ e dS
∇Ve · ∇V
(3.10)
Pe =
S5 ρ e
Z
1
(Vm − Ve )2 dS
(3.11)
Pc =
S3 ρc (x, y)
Z
Pg =
Ve Jl (Ve )dS
(3.12)
S5
Z
It =
Jl (Ve )dS
(3.13)
S5

According to the law of conservation of energy we obtain:
It Vt = P g + P m + P c + P e

(3.14)

One may wonder why there are “+” signs on the right hand side of energy
balance (3.14). This is because Pg represents generated power and thus is a
negative quantity. The ohmic dissipations P m , Pc and Pe are positive quantities.
Not included in energy balance (3.14) are three losses (Ps , Pl,3 , Pl,4 ) of which
the shadow loss Ps is the most important. This is because only the illuminated
part of the cell contributes to the generated power P g .
In order to obtain these losses we look at a new quantity P x . With Px we
denote the maximum power that could be extracted from the cell when every
point of the cell would operate at its local maximum power point. We have
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Px = A5 Pmp,local . The difference Pg − Px contains the shadow loss. We have:
Z
Z
Pg − Px = Ve Jl (Ve )dS − Pmp,local dS
S
ZS
Z
Z
=
Ve Jd (Ve )dS −
Pmp,local dS +
(Ve Jl (Ve ) − Pmp,local ) dS
S3

S3

S4

= Pl,3 + Ps + Pl,4

(3.15)

Due to differences in Ve points, in the illuminated region S 4 will operate off
their local maximum power point. This gives a loss which is represented by
Pl,4 . Pl,3 represents losses due to dark current J d (Ve ) directly under the top
contact in region S3 . Another way of writing the energy balance (3.14) with
help of (3.15) thus is:
It Vt = Px + Pm + Pc + Pe + Ps + Pl,3 + Pl,4

(3.16)

Fractional losses are obtained by dividing the power losses by the maximum
attainable power Px and are denoted by a lower case p. For instance we have
pm = Pm /Px .

3.2.4

Total cell I-V curve, fractional losses and quality factor

In the previous section we saw how the total tapped current I t can be obtained
for any given cell voltage Vt . The curve of It versus Vt is called the total
cell I-V curve. The total cell I-V curve does have a maximum power point
characterised by Vmp,total and Imp,total . From the maximum power point of the
local I-V curve and that of the total cell I-V curve we can define a quality factor
for the top contact:
K=

Vmp,total Imp,total
Vmp,total Imp,total
=
Px
A5 Vmp,local Jmp,local

(3.17)

We obtain from the energy balance (3.16) evaluated at the total cell maximum
power point and the definition of the quality factor (3.17):
K = 1 − pm − pc − pe − ps − pl,3 − pl,4 = 1 − pt

(3.18)

We see that the quality factor K equals 1 minus the total of all fractional losses
at the total cell maximum power point. The goal of designing a top contact can
now be concisely stated as to optimise the quality factor K for a given illumination condition within the limits imposed by the technology used to fabricate
the top contact.
The above is a quite generally stated goal. In practise optimisations are
performed within classes of top contacts characterised by a few parameters,
most notably H grid top contacts [7].
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The concept of the total cell I-V curve to incorporate the effect of distributed series resistance in fitting solar cell I-V curves has been used in [8].
In [9] the 2-D effects in emitter potential for the region near the busbar have
been modelled for an H grid top contact assuming a radial current flow pattern
near the busbar.

3.3

Numerical method

In our numerical method we consider rectangular cell areas only because they
are commonly used and they can be closely packed on a solar panel. The
continuum model from section 3.2 has to be discretised. A finite difference
method (see for instance [10, 11]) is employed to discretise the coupled Poisson equations, leading to systems of non-linear equations. The finite difference
method leads to a representation of the cells as a network of resistors with current sources at the nodes. At some nodes the potential will be fixed at V t .
The grid used is discussed in section 3.3.1. In sections 3.3.2, 3.3.3 and 3.3.4
the discretisation of emitter and metallisation voltages and the source terms
of current generation and contact resistance are discussed. In sections 3.3.5
and 3.3.6 we discuss the structure of the system of equations and the solution
method.
Next, conservation laws will be applied to yield a system of equations for
the potentials.

3.3.1

The grid used

A rectangular array of grid points is used. The grid points are laid out such that
every node coincides with a grid point. The grid lines are therefore not necessarily equidistant. Every grid point can be designated by one unique number
indicated below the grid point or a pair of numbers indicating the numbers of
the grid lines on which it lies. Let a specific grid point lie on the i-th constant x
grid line of a total of nx and on the j-th constant y grid line of a total of n y . The
function n(i, j) = (j − 1)nx + i then gives the number of the grid point. We
have a total of nxy = nx ny grid points. Figure 3.3 demonstrates the numbering
schemes. In this example we have 4 grid lines in the x−direction and 3 grid
lines in the y−direction respectively.
With every grid point we associate a control volume ([12]), the region
within dotted lines in Figure 3.4. The edges of the control volume bisect the
distance between any two neighbouring grid points. Let p = n(i, j) be the
number of the grid point in the control volume. The dimensions of the control
volume are dx,p by dy,p . Control volume p does have a total area a p = dx,p dy,p .

3.3. Numerical method

51

y

9

10

(3,3)
11

12

5

(2,2)
6

7

8

(3,1)
3

4

1

2
x

Figure 3.3: Numbering of grid points.
The control volume may be partially or completely covered with metallisation.
The metallised area of the control volume is a m,p .
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x
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Figure 3.4: Control volume enclosed in dotted lines. Charge must be conserved
for the control volume.
The emitter potential Ve and the metal potential Vm are computed for the
grid points. The same grid is used for emitter- and metal potential. We thus
have nxy unknown values for both Ve and Vm . A resistance is assigned to every
connection between any two neighbouring grid points. We will describe how
this is done for emitter- and metal potentials.

3.3.2

Discretisation for the emitter potential

We will compute the resistance in the emitter for the connection between grid
points (i, j) and (i+1, j). Let p = n(i, j) and q = n(i+1, j) be the numbers of
the 2 grid points. With Re,pq we will denote the resistance between grid points
p and q. Let dx be the distance between grid points p and q. For the resistance
between the grid points we now take:
Re,pq = dx

ρe
dy,p

(3.19)

The resistance between two grid points not neighbouring each other is set to
∞. The current Ie,pq between grid points p and q can now be expressed as:
Ie,pq =

Ve,p − Ve,q
Re,pq

(3.20)
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Discretisation of the metal potential

In section 3.2.1 we showed how a top contact can be described as a mathematical graph with nodes and interconnections between the nodes. In the interconnections of the graph only currents in the longitudinal direction are of
interest. For metallisation lines running parallel with either x− or y− axis the
discretisation is fairly straightforward.
We will compute the resistance between two adjacent grid points (i, j) and
(i+1, j) between which a part of an interconnection runs. Let b be the width of
the interconnection between grid points (i, j) and (i + 1, j) with numbers p and
q. dx is the distance between grid points p and q. For the resistance between
the grid points we now take:
Rm,pq = dx

ρm
b

(3.21)

The current Im,pq between grid points p and q can now be expressed as:
Im,pq =

Vm,p − Vm,q
Rm,pq

(3.22)

Special attention is paid to the discretisation of metal lines not running parallel
to the cell edges, as is the case for the line running from A to B in Figure
3.5. The grid can be chosen such that the nodes A and B from the top contact
specification coincide with grid points.

B
ly
A
lx
Figure 3.5: Discretisation of interconnection between two nodes in staircase
like fashion.
The current through the graph runs between grid points in a staircase like
fashion. One starts for example in A and moves to B choosing the grid points
most close to the straight line from A to B. When the interconnection does
not run parallel with one of the main q
grid directions, it becomes longer due
to the discretisation process. Let l 2 = lx2 + ly2 be the distance D(A, B) and
l1 = lx + ly be the distance along the staircase. The width of every part of the
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staircase is therefore reduced by a factor l 2 /l1 in order to keep the total area
the same. In this way shadow losses, contact resistance losses are accurately
represented. The sheet resistance ρ m of the interconnection must be lowered
by a factor l2 /l1 .

3.3.4

Integration of source terms

We assume that in every control volume the metal- and emitter potentials have
constant values. The contact resistance R c,p for control volume p is then:
Rc,p = ρc /am,p

(3.23)

Integration of Jl (Ve ) yields for the current Ip for the volume:
Ip =

Z

Jl (Ve )dS = (ap − am,p )Jsc + ap Jd (Ve )

(3.24)

ap

3.3.5

Systems of equations

We will now apply conservation of charge to obtain a system of equations for
the unknown potentials in the grid points. The sum of the currents into a grid
point has to be equal to current produced or extracted according to the source
terms Jl or Jc integrated across its control volume. The boundary condition
(3.8) for the emitter potential is readily implemented. The currents across the
boundary of the cell are set to 0.
The discretisation process is first done assuming absence of any current
tapping points. One can show (see for instance [10]) that demanding the sum
of currents to be zero into the grid points with these resistances gives a second
order approximation of the differential operator on the left hand of equation
(3.7). Using the expression (3.20) for the current between the grid points we
obtain for the emitter potential:
nxy
X
Ve,i − Ve,j
Vm,i − Ve,i
= Ii +
Re,ij
Rc,i

(i = 1 . . . nxy )

(3.25)

j=1,j6=i

Note that in the sum on the left hand side a maximum of only 4 terms is non
zero, corresponding with the fact that every grid point has a maximum of 4
direct neighbours. For the metal potential we obtain for the same grid point in
a way analogous to the emitter potential:
nxy
X
Vm,i − Vm,j
Ve,i − Vm,i
=
Rm,ij
Rc,i

j=1,j6=i

(i = 1 . . . nxy )

(3.26)
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In matrix vector form (3.25) and (3.26) can be written as follows:
C m vm + C c (ve − vm ) = 0
e e

c

m

e

C v + C (v − v ) = b

(3.27)
(3.28)

where:
cm
ij
ceij
ccii
vie
bi

=
=
=
=
=

1
− Rm,ij
1
− Re,ij
1
Rc,i

Ve,i
Ii

(i 6= j)
(i 6= j)

cm
ii
ceii
ccij
vim

P
1
=
i6=j Rm,ij
P
1
=
i6=j Re,ij
= 0 (i 6= j)
= Vm,i

(3.29)

Matrices C m and C e are large, symmetric and sparse (meaning they contain
mainly zeros). Matrix C c is a diagonal matrix that represents the contact resistance term. The vector b depends on the vector of emitter potentials v e by
virtue of (3.24).
The next step is to include the effect of current tapping points. For tapping
points the metal potential is fixed according to boundary condition (3.6). To
this end we define selector matrices and -vectors in analogy with the selector
functions for the continuum case. With a set of grid points one can associate a
diagonal matrix S which has a one on its diagonal for every grid point in the
set and otherwise zeros and a selector vector s which has zero entries except
for every grid point in the set where it has a 1. Let S 1 be the selector matrix associated with the tapping points and S 1c = I − S 1 the selector matrix selecting
all grid points except the tapping points, where I denotes the identity matrix.
Boundary condition (3.6) now translates into:
S 1 v m = s 1 Vt

(3.30)

We can now write for the metal potential vector:
vm = Ivm = (S 1 + S 1c )vm = s1 Vt + S 1c vm

(3.31)

Substitution of (3.31) into the linear equations (3.27) and (3.28) and multiplying the equation for the metal points by S 1c yields:
S 1c C m S 1c vm + S 1c C c S 1c (ve − vm ) = −S 1c C m s1 Vt
S 1 v m = s 1 Vt
C e ve + C c (S 1c vm − ve ) = b − C c s1 Vt
In case of absence of contact resistance, metal- and emitter potentials are equal.
vm = ve = vme and the system can be simplified. Addition of equations (3.27)
and (3.28) yields:
(C m + C e )vme = b
(3.32)
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Taking into account tapping points now yields:
S 1c (C m + C e )S 1c vme = S 1c b − S 1c (C m + C e )s1 Vt
S 1 vme = s1 Vt

3.3.6

Solution

In the previous subsections we discussed how to arrive at a system of equations
for metal- and emitter potential, both with and without contact resistance. For
the type of systems occurring here special solution methods are available, such
as conjugate gradient and multigrid methods (See for instance [13]). In our
program preconditioned conjugate gradient methods ([14]) are used. The nonlinearity in the local I-V curve is taken care of by Newton iterations.
The above method gives the solution for one particular value of the external
voltage Vt . A 1-D minimisation process is applied to the total cell P-V curve
It Vt versus Vt to find the maximum power voltage of the total cell I-V curve
Vmp,total . A 1-D zero finding process is applied to the total cell I-V curve I t (Vt )
to find the total cell open circuit voltage V oc,total .

3.4

Radial top contacts versus H-grid top contacts

Consider the task of designing a top contact for a 2x2 cm 2 cell. The metallisation technology to be used is a plating technique which can produce lines of
20 µm thickness and a smallest line width of 40 µm. Current is to be tapped at
one location at the middle of one cell edge. We have assumed the values of the
parameters given in Table 3.3. We optimised three classes of top contacts and
compared the best top contact in each class.
Table 3.3: Cell characteristics for optimisation of 2x2 cm 2 cell. The abbreviation mpp indicates maximum power point
Resistivity metal ρb
3.e-8 Ωm
Contact resistivity ρc
0.0 Ωm2
Sheet resistance emitter ρe
40 Ω2
Current density at mpp J mpp 300 A/m2
Voltage at mpp Vmpp
0.45 mV
• H grid top contact with constant width busbar
Parameters of the geometry that have been varied are the width of the
busbar and the spacing of the fingers. Optimum values are 230 µm and
2 mm respectively. At the optimum the fingers have a width of 40 µm.
Fingers extend to the edge of the cell.
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• H grid top contact with busbar with linear taper
Parameters of the geometry that have been varied are the width halfway
the busbar and the spacing of the fingers. Optimum values are 200 µm
and 2 mm respectively. Figure 3.6 shows the optimised H grid top contact
with busbar.
• Radial top contact without busbar
In this top contact we have considered two geometry parameters. The
first parameter is the number of fingers. The second parameter is a finger
separation parameter α. When one uses a radial top contact on a square
cell, fingers have different lengths. One would expect that the longer the
fingers, the smaller their angle separation should be. Therefore the angle
between the fingers has been varied as the α-th power of their length. The
optimum number of fingers and α turn out to be 16 and -1.12 respectively.
Figure 3.6 shows two designs of a radial top contact. Solid lines show the
top contact with constant angle difference (α = 0), while dashed lines
show the top contact with optimised angle differences (α = −1.12)

Figure 3.6: Left: radial top contacts. Dashed lines indicate optimised radial
top contact (α = −1.12, see text), solid lines non optimised radial
top contact (α = 0, see text). Right: H grid top contact with busbar
with linear taper.
Table 3.4 gives all fractional losses. The last row gives the total loss p t .
Both radial top contacts clearly are superior to an H grid top contact in this
case. This is explained qualitatively by the fact that in the H grid top contact
the busbar only carries current from the fingers to the tapping point. The busbar
has no collection function it self. In the radial top contact every finger both
carries and collects current. Optimising the angle separation parameter results
in a somewhat higher shadow loss, but this increase is more than compensated
by decreases in dissipation in the metallisation p m and in the emitter pe .

3.5. Influence of pen positions on total cell I-V characteristic
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Table 3.4: Losses for top contacts for 2x2cm2 cell.
H grid
radial
Loss (%) no taper taper α = 0 α = −1.12
pm
1.210
1.078 0.687
0.565
ps
3.155
3.000 2.407
2.587
pe
0.811
0.812 1.210
0.877
pl,3
0.292
0.274 0.208
0.234
pl,4
0.027
0.031 0.175
0.058
pt
5.495
5.195 4.687
4.321

3.5

Influence of pen positions on total cell I-V characteristic

Solar cell efficiencies are measured with solar simulator set ups using nonstandardised and therefore varying configurations of contact pens. In Figure
3.7 pen positions have been indicated for 2 different solar simulator set ups.
Contact pen configurations at the left and in the middle correspond with solar
simulator set ups at ECN and a sister institute. The configuration shown at the
right side has been analysed for reference.

Figure 3.7: Three contact pen configurations for solar simulator set ups. From
left to right ECN(A), sister institute and reference configuration(C).
Table 3.6 shows results for measurements at ECN and the sister institute
for a 10x10 cm2 solar cell with screen printed top contact without tabs. The
metallisation was 15 µm thick. Busbars and fingers had widths of 2 mm and
100 µm respectively. Table 3.5 gives other approximate cell characteristics.
Values of Voc are hardly influenced by the contact pen positions. The difference in Isc is well within the accuracy ranges. However, the difference in
fill factor is significant. The question arose whether the difference could be
explained by differences in contact pen positions.
With our program we calculated the total cell I-V curve for all 3 configurations. The results are compiled in Table 3.7. Although the total cell I-V charac-
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Table 3.5: Cell characteristics for cell
ups.
J01 0.9e-7 A/m2
Jsc -290 A/m2
T
304 K
Rs .21 Ωm2
J02 3.1e-3 A/m2

used in comparing solar simulator set

Table 3.6: I-V characteristics for same
A and B.
Configuration
Voc (mV)
Isc (mA)
F F (%)

cell measured with pen configurations

ρe
ρc
ρb

40 Ω2
.050e-4 Ωm2
7.e-8 Ωm

A
569.6
2603
75.9

B
569.3
2590
72.6

teristic of the simulation does not entirely match that of the measured cell, one
can see that contact pen positions can indeed explain the observed differences
in fill factor between configurations A and B. The results for the reference contact pen configuration indicate that the difference between configurations A and
B is larger than that between configuration A and the reference configuration
C.

3.6

Optimisation of the distance finger tip - cell
edge

In H grid top contacts fingers in general do not extend fully to the edge of the
cell. The question then arises how close to the edge the finger tip should be for
an optimum performance. The analysis of the potential distribution around the
tip requires a 2-D treatment.

Table 3.7: Simulated characteristics of total
tact pen configurations.
case
local C
Voc (mV)
555
554
Isc (mA)
-2638.6
Impp (mA)
-2377.1
Vmpp (mV) 452
452
F F (%)
75.1 73.5

cell I-V curve for 3 different conA
554
-2638.3
-2372.2
447
72.6

B
554
-2637.3
-2354.2
432
70.0

3.6. Optimisation of the distance finger tip - cell edge
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Table 3.8: Cell characteristics used in optimisation of distance finger tip - cell
edge.
J01 0.9e-7 A/m2 ρb 7.5e-8 Ωm
Jsc -330.5 A/m2 ρc .010e-4 Ωm2
J02 3.1e-3 A/m2 ρe 40 Ω2
T
304 K
Rs .21 Ωm2
We have considered a 10x10 cm2 cell with an H grid top contact and 2
busbars. Finger width, -spacing and thickness where 200 µm, 3.12 mm and 15
µm respectively. One finger was analysed. Cell characteristics from Table 3.8
where used.
Figure 3.8 shows the increases in the relevant fractional losses as compared
with a finger extending to the edge of the cell. Losses which do not vary significantly over this range of distances, such as the dissipation p m in the metallisation have been omitted for clarity. The difference in the total of all losses
shows an optimum at a distance of .68 mm. This is because initially shadow
losses steadily decrease, while other losses remain almost constant. As the distance from the edge varies between 0 and 1.2 mm, differences in power are very
small. For distances above 1.2 mm ohmic losses in emitter and losses due to
contact resistance increase.
0.4

Fractional loss (%)

0.3
0.2
0.1
0
-0.1
-0.2

shadow p(s)
contact p(c)
emitter p(e)
off lmp p(l,4)
-0.4
total p(t)
-0.3

-0.5
0

0.2 0.4 0.6 0.8
1
1.2 1.4 1.6
distance finger tip cell edge (mm)

1.8

Figure 3.8: Increases in fractional losses as distance finger tip - cell edge increases. Interpret text between brackets as subscript.
Figure 3.9 gives the emitter potential for the case when the distance finger
tip - cell edge is 1.2 mm. Note that although the distance finger tip - cell edge
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is 1.2 mm and the total finger length is 25 mm, the finger tip is located halfway
along the x-axis at x grid line number 20. This is because a denser grid has
been applied between finger tip and cell edge.
Figure 3.9 illustrates the loss pl,4 of Figure 3.8 which is due to operation
off the local maximum power point in the illuminated area S 4 of the solar cell.
Because of currents to the finger tip, voltages near the edge are high and consequently less current is collected in accordance with equation (3.2). This effect
becomes more pronounced as the distance finger tip - cell edge increases.

ABOVE
483 480 477 474 471 468 465 462 459 456 BELOW

486
486
483
480
477
474
471
468
465
462
459
456

Figure 3.9: Emitter potential (mV) when distance finger tip - cell edge is 1.2
mm. The x direction is along the finger. The end of the finger tip is
located at x grid line number 20.

3.7

Interruption tolerance of H-grid metallisation
patterns

Screen printing of fine metallisation lines may give rise to clogging of the
screen, which leads to interruptions in the metallisation pattern. The interruptions cause extra ohmic losses. This raises the question what the overall benefit
of fine metallisation lines is and how the extra ohmic losses can be avoided.
For H-grid patterns we have studied whether a few additional lines perpendicular to the fingers can improve series resistance when interruptions are
introduced in the metallisation lines.
When printing fine lines, an extra line gives a very small additional shadow
loss. One 100 µm line on a 10x10 cm2 cell gives a shadow loss of .1% relative
to the cell power. We have studied whether the extra shadow loss caused by
a few additional lines perpendicular to the fingers can be offset by reduction
in ohmic losses by providing low resistance pathways around interruptions.

3.7. Interruption tolerance of H-grid metallisation patterns
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We hope this increases the tolerance of the pattern to interruptions. It turns
out that an extra line perpendicular to the fingers along the edge of the cell is
particularly effective in improving interruption tolerance. Another question is
how many interruptions are acceptable.
For several metallisation patterns, losses are computed with the program
after introduction of a fixed number of interruptions at random locations. The
computations are averaged over several interruption sequences. Finally it is
demonstrated that – even without interruptions – the extra shadow loss caused
by an additional line along the edge of the cell can be compensated for by
reduction of other losses.
Regions in between busbars and between busbar and cell edge have been
considered separately. The two regions can be studied independently because
the busbars are of such width that they never get interrupted. In section 3.7.2
we will consider the region in between busbars, while in section 3.7.1 we will
consider the region between busbars and cell edge. The data from table 3.9
where used in the simulations in this section. A busbar to busbar distance of
5 cm was assumed. Using standard H grid pattern optimisation techniques
(see for instance [15]) the optimal finger distances has been computed for a
standard H-grid pattern, resulting in a value of 1.4 mm. All losses reported
where obtained after averaging over 4 interruption sequences.
Table 3.9: Parameters used in simulations. Subscript mp denotes maximum
power point. wf and df denote width and height of the metallisation
fingers.
ρe
80 Ω2
wf 60 µm
2
Jmpp 300 A/m
df 10 µm
Vmpp 480 mV
ρm 7.5e-8 Ωm
ρc
5 mΩ cm2

3.7.1

Region between busbar and cell edge

Figure 3.10 gives a way to improve interruption tolerance for the region outside
the busbars. Simulations have been carried out with- and without the additional
line along the edge of the cell. The additional line - if present - was at a distance
of 1 mm from the edge of the cell.
Table 3.10 gives a breakdown of the total loss. From the table it follows that
emitter losses pe remain much lower with the additional lines. Lower emitter
losses are accompanied by smaller potential differences across the emitter. This
implies that the loss pl,4 , representing reduced current production due to local
operation off the maximum power point, is smaller for the case with additional
line. Ohmic losses in the metallisation p m are higher with the additional line at
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A

B

Figure 3.10: Improving interruption tolerance in the region between busbars
and cell edge. The dashed- and the thick line indicate the cell
edge and the busbar respectively. Pattern A is a standard pattern,
while pattern B has an extra metallisation line along the edge.
higher interruption densities, indicating that the current is taking a longer route
through the metallisation.

3.7.2

Region in between busbars

Figure 3.11 gives three possible ways of improving interruption tolerance in
between busbars. Simulations have been carried out for patterns A and B and
for an H-grid pattern without extra lines.
Table 3.11 gives a breakdown of the total losses. The results differ significantly from the region outside the busbars. Without an additional line, interruptions have less effect than outside the busbars. Additional lines do have
a beneficial effect, but much less pronounced than in the region outside the
busbars.

3.7.3

Results

For a cell efficiency of 15%, a 1% relative loss in tables 3.10 and 3.11 corresponds tot a .14% loss in cell efficiency, which is quite a significant number for
high efficiency cells.
In subsection 3.7.1 and 3.7.2 losses have been computed as a function of
the number of interruptions. At 5 interruptions per meter, a pattern without

3.8. Metallisation line near edge
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Table 3.10: Fraction losses (%) (see Table 3.2) for the region between busbar
and cell edge. χ is the number of interruptions per meter.
No additional line
χ
pm ps pc pe pl,3 pl,4 pt
0
2.1 4.1 0.8 0.9 0.4 0.1 8.4
5
2.2 4.1 0.8 1.3 0.4 0.4 9.2
13 2.4 4.1 0.9 1.8 0.4 0.9 10.6
27 2.7 4.1 1.2 3.1 0.5 1.8 13.4
Additional line along edge
χ
pm ps pc pe pl,3 pl,4 pt
0
2.1 4.3 0.6 0.9 0.4 0.1 8.4
5
2.2 4.3 0.6 0.9 0.4 0.1 8.6
13 2.6 4.3 0.7 1.0 0.4 0.2 9.3
27 3.3 4.3 0.7 1.3 0.4 0.4 10.5

A

B

C

Figure 3.11: Three different ways of improving interruption tolerance between
busbars. Thin- and thick lines indicated fingers and busbars respectively.
additional line in between busbars and with additional line along the cell edge,
has a loss due to interruptions of .2% relative. This corresponds to an acceptable
absolute loss of .03%. For a finger-finger distance of 1.4 mm, one has 71 fingers
on a 10x10 cm2 cell. This amounts to a total finger length of 7.1 m or 36
interruptions.

3.8

Metallisation line near edge

The effect of an additional metallisation line on the various losses was investigated, without interruptions. The distance between busbar and cell edge was
taken 2.5 cm. The distance d between finger and cell edge has been varied and
the contact resistivity has been set to values of 5- and 25 mΩcm 2 . Table 3.9
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Table 3.11: Fractional losses (%) (see Table 3.2) for the region between two
busbars. χ is the number of interruptions per meter.
No additional line
χ
pm ps pc pe pl,3 pl,4 pt
0
2.1 4.3 0.6 0.8 0.4 0.1 8.3
5
2.2 4.3 0.7 0.9 0.4 0.1 8.6
13 2.6 4.3 0.7 1.2 0.4 0.3 9.4
27 3.0 4.3 0.9 1.9 0.4 0.7 11.1
Additional line in center
χ
pm ps pc pe pl,3 pl,4 pt
0
2.1 4.4 0.6 0.8 0.4 0.1 8.4
5
2.2 4.4 0.6 0.8 0.4 0.1 8.5
13 2.5 4.4 0.7 1.0 0.4 0.2 9.1
27 3.1 4.4 0.7 1.3 0.4 0.4 10.3
Jagged additional line
χ
pm ps pc pe pl,3 pl,4 pt
0
2.1 4.4 0.6 0.8 0.4 0.1 8.4
5
2.2 4.4 0.6 0.8 0.4 0.1 8.5
13 2.4 4.4 0.6 0.9 0.4 0.2 9.0
27 2.9 4.4 0.8 1.3 0.4 0.5 10.4

shows other parameters relevant to the problem. Again using standard H grid
pattern optimisation techniques optimal finger distances have been computed
for both values of the contact resistivity. For 25 mΩcm 2 an optimal finger separation of 1.1 mm was found. Negligible ohmic losses in the busbar, as they
occur after soldering a tab to the busbar, have been assumed. In this case only
one finger has to be simulated due to symmetry considerations,
Total fractional losses relative to the local maximum power point have been
plotted in figure 3.12. The figure shows that for larger values of d, the pattern
with additional line is advantageous, even though the additional line causes an
extra shadow loss of .24%.
This result can be explained with the help of table 3.12. The shadow loss
decreases linearly with d as expected. Ohmic losses in the metallisation are
almost constant. The advantage of the additional line is mainly caused by the
fact that the loss Pl,4 is much smaller. This is because in the case without
additional lines, “current crowding” around the finger tip occurs, giving steep
voltage increases near the tip of the finger and therefore high voltages near
the edge, reducing current production there. The additional line apparently
prevents this build up of potential.

3.8. Metallisation line near edge
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16
Standard, 25mOhm cm2
Extra line, 25mOhm cm2
Standard, 5mOhm cm2
Extra line, 5mOhm cm2

15

Total loss (%)

14
13
12
11
10
9
8
0

0.5

1
1.5
2
Distance edge-finger (mm)

2.5

3

Figure 3.12: Dependence of total fractional losses on the distance between
finger-tip and cell edge for two values of the contact resistivity.
There is a cross-over distance, where the pattern with additional line becomes more efficient than the pattern without additional line. For the case
with higher contact resistivity, the cross-over distance is smaller. For a typical
screen printed cell, the distance between finger tip and cell edge is typically 1
mm, demonstrating that the additional line can lead to enhanced efficiency even
without interruptions.
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Figure 3.13: Metallisation pattern for figures 3.14 and 3.15.
Recently Arvid van der Heide [1] has developed at ECN a technique to scan
the voltage distribution at the emitter of a crystalline silicon solar cell under
illumination. Figures 3.14 and 3.15 compare the calculated voltage and the
measured voltage for a finger without any interruptions. The parabolic voltage
distribution between the fingers is clearly visible. One can also see the increase
of the voltage at the edge of the cell.
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Table 3.12: Fractional losses (%) without interruptions, with- and without additional line along edge, for region between busbar and cell edge,
as a function of distance between fingertip and cell edge. ρ c =25
mΩcm2 .
Without additional line
d(mm) pm ps pc pe pl,3 pl,4 pt
0.2
1.6 5.4 2.6 0.5 0.5 0.0 10.7
0.4
1.6 5.4 2.6 0.5 0.5 0.1 10.7
0.6
1.6 5.3 2.7 0.5 0.5 0.1 10.7
0.8
1.6 5.3 2.7 0.5 0.5 0.1 10.8
1.0
1.6 5.2 2.7 0.6 0.5 0.2 10.9
1.5
1.6 5.1 2.8 0.8 0.5 0.6 11.4
2.0
1.5 5.0 2.9 1.0 0.5 1.4 12.3
3.0
1.4 4.8 2.9 1.2 0.4 4.3 15.1
With additional line
d(mm) pm ps pc pe pl,3 pl,4 pt
0.2
1.6 5.6 2.5 0.5 0.6 0.0 10.8
0.4
1.6 5.6 2.5 0.5 0.6 0.0 10.8
0.6
1.6 5.6 2.5 0.5 0.6 0.0 10.7
0.8
1.6 5.5 2.6 0.5 0.5 0.0 10.7
1.0
1.6 5.5 2.6 0.5 0.5 0.1 10.7
1.5
1.6 5.4 2.6 0.6 0.5 0.2 10.9
2.0
1.6 5.2 2.7 0.8 0.5 0.6 11.4
3.0
1.5 5.0 2.8 1.2 0.4 2.7 13.6

3.9

Conclusions

A computer program has been developed that does an extensive analysis of
the effects of distributed series resistance and of lateral variations in material
quality and processing on the I-V characteristic of the cell. The physical model
takes into account general top contact geometries, a local 2 diode model and
contact resistance. We have described in detail how this physical model has
been discretised and shown applications.
The applications involved optimisation of H grid- and radial top contacts for
a 2x2 cm2 cell, simulating the effect of contact pen positions in solar simulator
set ups on measured fill factors and optimising for an H grid top contact the
distance finger tip - cell edge. The applications demonstrate the versatility and
usefulness of the program.
It is evident that an extra metallisation line along the edge of the cell perpendicular to the fingers is very effective in reducing extra ohmic losses due to
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Figure 3.14: Simulated voltage distribution in a part of an H-grid pattern.
interruptions. Even if no interruptions occur, current from the cell edge is collected somewhat more efficiently, this being a small effect however. Between
the busbars an extra line does have some advantage, but the effects are much
smaller. This is explained by the fact that between busbars every metallisation
line is connected to two busbars. In the case of a single interruption, there is
always a low resistance path to a neighbouring busbar.
Currently the program assumes a uniform contact resistance. Recently it
has been found by Arvid van der Heide at ECN that variations in the contact resistance might explain the anomalously high second diode coefficients
in multicrystalline silicon solar cells. It would be interesting to include a position dependent contact resistance in the program.
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CHAPTER

4

Optimal metallisation patterns: the principles

In chapter 2 and 3 we have analysed patterns with a predefined geometry. In
this chapter we present a method that given the constraints of the metallisation
technology returns the geometry of the pattern. It is based upon the paper with
the same title that has been published in “Progress in Photovoltaics” [1]

4.1

Introduction

Metallisation patterns are an essential component of many solar cells. They are
generally applied on both rear- and front side of a solar cell to make electrical contacts to the cell. With e.g. screen printing almost any pattern can be
printed. The reader is referred to section 1.4 for more details on the screen
printed process.
Optimisation of patterns is generally done within a class of patterns of a
certain topology. The most well known example of this technique is the optimisation of the finger distance in H-grid metallisation patterns, see [2]-[7]. The
case of H-grid patterns is addressed in this thesis in chapter 2.
In chapter 3 we presented a method for 2-D analysis of patterns of more
general shape. This method also allowed to optimise within a class of patterns.
For example the distance of the tip of finger to the edge of the cell could be
analysed and optimised. In this optimisation the topology of the pattern is still
pre-defined.
In this chapter we present a design method for metallisation patterns that
gives an optimal metallisation pattern without any pre-assumptions on the topol71
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ogy of the pattern. The method can be used to optimise both for maximum
efficiency at a particular irrradiance condition and for maximum yearly yield.

4.2

Principle of the design method
screenprinted
screenprinted
busbar
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Figure 4.1: Smearing of the metallisation of a set of parallel fingers. Left: fingers, right: smeared out fingers.
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Figure 4.2: Smearing of the metallisation of a set of parallel tapered fingers.
Left: fingers, right: smeared out fingers.
Figs. 4.1 and 4.2 illustrate the principle of the method with the help of a
few fingers of an H-grid pattern. For the sake of argument we assume it would
be possible to smear out the metallisation. The metallisation in the fingers is
smeared out perpendicularly to the direction of the fingers. The smeared out
metallisation covers the complete cell.
The more darkly coloured cross-sectional area in Fig. 4.1 remains the same
so the conductivity of the metallisation remains the same. In order to maintain
the right overall transparency we assign to the full metallisation in this case a
uniform transparency of 75%. In the case of Fig. 4.2 the transparency assigned
to the smeared out metallisation decreases linearly from 100% at the tip of the
fingers to 50% at the intersection with the busbars. The transparent smeared
out metallisation differs from the fingers in one important aspect however: the
fingers can conduct current only in the direction along the finger while the
transparent smeared out metallisation can conduct current in any direction. This
extra degree of freedom can be exploited to optimise the pattern further.
The central idea of the new design method is the following. We split the
design of the metallisation pattern in two steps:
step 1 We design and optimise the transparent smeared out metallisation (the
right hand sides of Figs. 4.1 and 4.2).
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step 2 In the second step the transparent smeared out metallisation is translated
into a line pattern with the same total series resistance and transparency
by reversing the process of smearing out the metallisation.
In this way we avoid the difficult problem of the direct optimisation of
the geometry of the metallisation pattern. It turns out that we can parametrise
the transparent smeared out metallisation with a relatively small number of
parameters, typically 10. Therefore full optimisation of the transparent smeared
out metallisation is possible.
The second step is just a translation step and is necessary only after the
transparent smeared out metallisation has been optimised. The series resistance
due to the metallisation is unchanged by the translation step because the orientation of the fingers is chosen parallel to the current flow and the cross-section
of the metallisation is not changed.
In a transparent smeared out metallisation no emitter losses occur and the
contact resistance is lower than in a pattern because of the full coverage. However we will show contact resistance and emitter losses for the line pattern
resulting from the second step can be taken into account in the first step of
optimisation of the transparent smeared out metallisation.

4.3

Mathematical Method

The screen printed metallisation is characterised by its thickness d 0 , its sheet
resistance ρsm,0 and the minimum width w that can be achieved during printing.
The transparent smeared out metallisation is thinner than the final screen
printed metallisation and is characterised by its position dependent thickness
d(x, y). The sheet resistance ρsm (x, y) and the transparency of the transparent
smeared out metallisation to be designed can be derived directly from d(x, y).
The thinner the transparent smeared out metallisation, the higher its sheets resistance and transparency are.
The shadow fraction ps (x, y) in the screen printed metallisation is directly
linked to the ratio of the thickness of the transparent smeared out metallisation
and the screen printed metallisation:
ps (x, y) = d(x, y)/d0

(4.1)

The transparent smeared out metallisation is thinner than the final screen printed
metallisation and consequently it has a higher sheet resistance:
ρsm (x, y) = ρsm,0 d0 /d(x, y) = ρsm,0 /ps (x, y)

(4.2)

We assume that the local current Jmpp and voltage Vmpp at maximum power
point are given. Optimisation for yearly yield can be achieved by using a single
yearly averaged Jmpp and Vmpp . See [8] and section 2.5.

74

Chapter 4. Optimal metallisation patterns: the principles

The total power Pg that could be produced by the solar cell without shadow
and resistance losses is given by the following integral over the cell surface S:
Z
Pg =
Jmpp Vmpp dxdy
(4.3)
S

However, there are shadow- and resistive losses. On the illuminated side of
the cell the current density Jmpp is reduced due to shadowing by the opaque
metallisation:
J0mpp (x, y) = Jmpp (1 − ps (x, y))
(4.4)
The voltage V (x, y) in the metallisation is determined by solving a partial differential equation across the cell surface:
~ ·
∇



1
~ (x, y)
∇V
ρsm (x, y)



= −J0mpp (x, y)

(4.5)

The differential equation must be completed with boundary conditions. The
boundary conditions are a prescribed voltage at the connection to the external
leads. Across other boundaries no current flow is possible. The current flow
pattern resulting from the solution of this differential equation is the pattern that
gives the least Ohmic dissipation.
~ (x, y)
From the voltage V (x, y) and the current vector j(x, y) = ρsm1(x,y) ∇V
in the metallisation and the power P m dissipated in the metallisation can be calculated:
Z
2
1
~ (x, y) dxdy
(4.6)
∇V
Pm =
S ρsm (x, y)
The transparent smeared out metallisation makes covers the entire cell surface.
Therefore contact-resistance losses are much smaller than in the final pattern
and no emitter sheet resistance losses occur. During optimisation of the transparent smeared out metallisation we have to take into account emitter sheet resistance losses and increased contact resistance losses as the occur in the final
pattern.
The contact between emitter and metallisation results in a contact resistance
loss Pc and is characterised by a contact resistance ρ c . The dissipation due to
contact resistance is inversely proportional to the coverage fraction p s (x, y):
the lower the coverage, the higher the dissipation.
Pc = ρ c

Z

S

J0mpp (x, y)2
ps (x, y)

dxdy

(4.7)

In order to calculate the loss Pe due to emitter sheet resistance we make the
assumption that everywhere the pattern consists locally of metallisation lines
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running in parallel. In this way we get for P c and Pe expressions similar to e.g.
[9]. This issue is explained in detail in chapter 5 in section 5.2.

Z 
s(x, y)2
(1 − ps (x, y)) ρe J0mpp (x, y)2 dxdy
Pe =
12
S


Z
w2 (1 − ps (x, y))
=
ρe J0mpp (x, y)2 dxdy
(4.8)
ps (x, y)2
S 12
Here w is the finger width that we can achieve and s(x, y) is the distance between the fingers. The power lost due to shadowing is written as:
Z
ps (x, y)Jmpp Vmpp dxdy
(4.9)
Ps =
S

The total loss Pt = Ps + Pm + Pc + Pe is a combination of the shadow loss
and the resistive losses. ps (x, y) can be optimised numerically by considering
Pt as a function of ps (x, y).

4.4

Results and discussion

To illustrate the method we consider a front side metallisation for a screen
printed 10x10 cm2 multicrystalline silicon solar cell with two tabs.






















Lt





Figure 4.3: Interconnection geometry for optimisation of pattern.
length Lt is optimised.

The tab

Fig. 4.3 shows the interconnection geometry considered. We want to optimise the tab length and design the finger pattern for maximum yearly yield.
We will compare this with a standard H-grid pattern with optimised finger distance. In all cases screen printed busbars are present under the tabs with the
same dimensions as the tabs.
Note that in order to optimise the tab length it suffices to analyse the transparent smeared out metallisation. The translation to a line pattern only has to
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be done for the optimal tab length, where one is interested in the actual pattern. The tab can be modelled straightforwardly by a region with a fixed sheet
resistance.
Table 4.1: Comparison of different metallisation patterns for the front side.
Pattern
Tab length ps (%) Rse (mΩ) loss (%)
H-grid
10 cm
8.0
8.7
10.6%
Optimised 10 cm
7.8
9.2
10.5%
Optimised 8.5 cm
7.2
9.5
10.1%
Optimised 7.0 cm
6.9
10.4
10.0%
Optimised 3.3 cm
7.2
16.4
12.1%
Table 4.1 show the results for the different metallisation patterns. A tab
length somewhere around 7.0 cm is optimal in this case. If the tabs get much
shorter, the resistance in the fingers increases, if the tabs become longer, they
cause increasing shadow losses without decreasing the resistance much.
1
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Figure 4.4: Superposition of current vectors and contour plot of coverage fraction for a tablength of 3.3 cm.

Figure 4.5: Pattern derived from fig. 4.4. Finger widths have been multiplied
with 4 for improved visibility.
Fig. 4.4 shows the transparent smeared out metallisation resulting from
step 1 of our method in the form of a contour plot. For reasons of symmetry
it was sufficient to analyse one quarter of the cell. The current vectors have all
been normalised to the same length to make the direction of current flow more
clearly visible. Fig. 4.5 shows a metallisation pattern consistent with the data
from fig. 4.4. The metallisation fingers are aligned with the current vectors.
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They have been tapered in order to achieve the right coverage fraction. The
optimisation procedure results in a more dense metallisation pattern towards
the end of tab. This makes sense because the metallisation pattern carries more
current here and needs to be more dense to keep the resistive losses low.
There are some extra metallisation lines running perpendicular to the current vectors. These serve to provide extra pathways in the case of interruptions.
We have developed a special program for the translation step that generates an
AutoCad drawing from which a film can be made directly. The translation step
is outlined in more detail in chapter 5

4.5

Conclusion

We conclude that we have developed a method to design optimal metallisation patterns. No pre-assumption on the topology of the pattern is made. The
optimal pattern is determined by the following items:
• the cell geometry
• the location of the interconnections of the pattern to the tabs. The interconnection enter in the mathematical formulation of this problem through
the boundary conditions
• the irrradiance condition with enters through the maximum power point
(Vmpp , Jmpp ).
• the characteristics of the metallisation technology. These characteristics
are the contact resistance, the emitter sheet resistance and the minimum
finger width that can be achieved.
The optimal patterns differ quite strongly in shape from standard patterns
in some cases as shown in the example. The optimal patterns can be introduced
in a screen printing line without extra cost so they may be a viable alternative
to standard patterns.
An application for a patent on this design method has been filed. (Dutch
patent number 1010635).
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CHAPTER

5

Optimal metallisation patterns: the details

Chapter 4 presented the principle of the design method for metallisation patterns that has been developed. In this chapter the implementation is discussed
in more detail.

5.1

Introduction

In chapter 4 the principle of the new design method of metallisation patterns
was presented. Two major steps can be discerned in the design procedure. In
the first step the smeared out metallisation is optimised. In the second step the
smeared out metallisation is translated to a line pattern.
To make this design method practical quite a few issues have to be addressed. First there are some issues related to the optimisation of the smeared
out metallisation. In section 5.2 we explain the reasoning behind how to take
contact- and emitter sheet resistance losses into account in the optimisation of
the smeared out metallisation. Section 5.4 describes the implementation of the
optimisation and discusses some of the numerical problems there.
In order to be able to print the pattern, a screen must be manufactured. The
pattern is transferred optically from a film to the emulsion on the screen by
illumination. So we have to make a film first. In the case of our film manufacturer, the pattern must be specified as an Autocad drawing in the so called DXF
format ([1]). So one of the main issues in the second step in the patterns design
procedure has been the semiautomatic translation of the smeared out metallisation to a computer readable drawing of a line pattern. The translation procedure
is addressed in section 5.6.
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Sections 5.7, 5.8 and 5.9 discuss 2 further applications to front- and rear
contact design.

5.2

Losses due to contact- and emitter sheet resistance

When optimising the smeared out metallisation, contact- and emitter sheet resistance losses of the final pattern must already be taken into account.
The contact between emitter and metallisation is characterised by a contact
resistance ρc . When comparing the smeared out metallisation and the pattern
the main difference with regard to the contact resistance is the smaller contact
area for the pattern. The contact area reduction is determined by p s (x, y) and
we get for the power Pc dissipated due to contact resistance:
Pc = ρ c

Z

S

J0mpp (x, y)2
ps (x, y)

dxdy

(5.1)

For the resistance loss Pe due to emitter sheet resistance we take a different approach. In order to calculate the loss we make the assumption that everywhere
the pattern consists locally of metallisation lines running in parallel. We will
show in the section 5.3 why this is a good idea. This approximation is justified
whenever the current passing through a region is large compared to the current
generated in that region.
Along the edge of a cell this approximation is not valid. Here we use the
results of section 3.6, where the distance of the tip of the fingers to the cell edge
was optimised.
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Figure 5.1: An area of length L and width s/2 (enclosed between the two dotted
lines) is used to calculate the dissipation in the emitter. The shaded
areas indicate metallisation fingers.
We consider the region illustrated in Fig. 5.1. The region contains a stretch
of a finger of length L and extends over a length s/2 from the heart of the
finger to the centre between two fingers. The illuminated area of this region
is L(s(x, y) − w)/2. The emitter sheet resistance loss is calculated only up
to the edge of the finger. We can do this because the ohmic dissipation in
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the emitter under the metallisation finger is included in the contact resistance
loss (See 2.3.4). The resistance of the emitter from the centre of the finger to
the edge of the finger is ρe (s(x, y) − w))/(2L). Because the current builds
up linearly from 0 halfway between two fingers to the edge of the finger, the
effective resistance encountered by the current is 1/3 of this value (section 2.3)
and is ρe (s(x, y) − w))/(6L).


2
s(x, y) − w 2
s(x, y) − w
Pe =
Jmpp L
ρe
dxdy
6L
2
S Ls(x, y)


Z
s(x, y) 2
3
2
dxdy
= (1 − ps (x, y)) ρe Jmpp
6
S

2
Z
0
2 s(x, y)
= (1 − ps (x, y))ρe Jmpp (x, y)
dxdy
6
S

2
Z
w
0
2
= (1 − ps (x, y))ρe Jmpp (x, y)
dxdy
6ps (x, y)
S


Z
w2 1 − ps (x, y)
ρe J0mpp (x, y)2 dxdy
=
ps (x, y)2
S 12
Z

(5.2)

The expressions for Pe and Pc coincide with those for an H-grid pattern as in
table 2.4.

5.3

Why use parallel metallisation lines locally

In this section we want to make it plausible that it is best to use parallel sets of
metallisation fingers locally. To see this we consider a cross-hatched pattern.
We will show that a parallel set of lines has the best conductivity for a given
amount of metallisation.
Fig. 5.2 shows a piece of cross-hatched metallisation between two electrodes A and B. The pattern consists of lines with a spacing s and a line resistance R. For the distances ds and dd of the solid and dashed metallisation lines
as they intersect the electrodes we have:
ds = s/ sin α

(5.3)

dd = s/ cos α

(5.4)

We will calculate the sheet resistance of the cross-hatched metallisation as a
function of the orientation angle α. We apply a voltage difference 4V between
the electrodes. A current Is will run through each of the solid metallisation
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ds

dd

Α
s

s
α

Β

Figure 5.2: Calculation of the effective sheet resistance in a cross-hatched metallisation pattern. The thick lines labelled A and B indicate the
electrodes across which the voltage is applied. The thin dashed
lines and the solid lines indicate the two sets of mutually perpendicular metallisation lines.
lines, while each dashed metallisation line while carry a current I d .
4V sin α
R
4V cos α
Id =
R
Is =

(5.5)
(5.6)

The total current It per unit electrode length entering either electrode A or B
is:
sin α
cos α
Is
Id
= Id
+
+ Is
(5.7)
It =
dd ds
s
s
Substituting (5.5) and (5.6) we get:
It =

 4V
4V
sin2 α + cos2 α =
Rs
Rs

(5.8)

We see from equation (5.8) that the total current between the electrodes does not
depend on the angle α. We can also conclude that the effective sheet resistance
of the cross-hatched pattern is sR Ω 2 .
Figure 5.3 shows the normalised current through both sets of lines as a
function of the orientation angle α. So we conclude that when one set of lines
is parallel to the electric field, the other set can be omitted because it does not
carry any current.
The derivation can be made much shorter but also more subtle by using
a result mentioned in Landau and Lifschitz [2]. It is shown that on a scale
larger than the distance between the lines conductivity must be a symmetric
tensor. Since the sheet conductivity for a macroscopic current running parallel
to either sets of lines is sR, the effective resistance in any direction is sR.
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Figure 5.3: Normalised current density through dashed (Id) and solid (Is) lines.
So with one set of lines we can carry just as much current as with a crosshatched pattern, therefore saving 50% on metallisation. The advantage of the
cross-hatched metallisation is that it can conduct current in any direction. From
a practical point of view this means that when we are able to align the metallisation fingers with the general direction of current flow, we can use less metallisation. We follow this principle in our metallisation pattern design method.
When we translate the smeared out metallisation to a line pattern, we make sure
that the metallisation fingers are aligned with the direction of current flow in the
smeared out metallisation.

5.4
5.4.1

Optimisation of patterns and its implementation
Outline

In our pattern design method the metallisation pattern is optimised by optimising the corresponding smeared out metallisation p s (x, y).
For any smeared out metallisation a total loss P t consisting of shadowing
and resistive losses can be calculated. From the shadow fraction the shadow
corrected current density J 0mpp (x, y) and the sheet resistance ρsm (x, y) of the
smeared out metallisation can be calculated with equations (4.4) and (4.2) respectively. Contact- and emitter sheet resistance losses and the shadow loss P s
follow directly from the shadow fraction p s (x, y) and J0mpp (x, y) with the help
of equations (5.1) and (5.2). With the sheet resistance known the partial differential equation (4.5) can be solved. From the solution of this equation we can
determine the ohmic loss in the metallisation using equation (4.6).

84

Chapter 5. Optimal metallisation patterns: the details

In this way the total loss Pt becomes a function of ps (x, y). The task of
designing a metallisation pattern can now be reformulated as how to find the
position dependent shadow fraction p s (x, y) that gives the minimum total loss
Pt .

5.4.2

Discretisation

ps (x, y) cannot be optimised directly so we must discretise it in some way.
The partial differential equation from equation (4.5) is solved using a finite
element method. Because the finite element method is very flexible with respect to the geometry any cell shape can be optimised. For the finite element
calculations we used the F REE F EM family of open source finite element programs. We are not aware of any publications on this program, but in our opinion
it is good and easy to use. The F REE F EM program creates a triangulation of
the area analysed. A triangulation is a dissection into triangles of the simulation domain. The unknowns in this simulation are the shadow fractions for
every meshpoint. With nt we denote the number of meshpoints. The shadow
fractions ps (xi , yi ) define the smeared out metallisation.
Once the shadow fractions are known, the differential equation for the metallisation voltage (4.5) can be solved. Next, contact- and emitter sheet resistance losses can be computed with the integrals (5.1) and (5.2). In this way the
total loss of a smeared out metallisation can be computed.
In order to optimise the smeared out metallisation, the total loss must be
optimised as a function of the (ps (xi , yi ), i = 1, nt ). Since a finite element
mesh typically has thousands of meshpoints, this is a difficult optimisation.
It turns out however that the smeared out metallisation can be parametrised
effectively by the shadow fractions at a limited set of meshpoints. More details
on this are presented in section 5.5. We call this mesh the course mesh.
ECN is currently developing the PUM (pin-up module). The PUM concept
consists of a combination of a cell design with a quite different pattern compared to the standard H-grid pattern with novel cell interconnection schemes.
The pattern is designed such that it guides the current to the holes (in the
centres of the 9 unit cells). The front side contact is connected to a rear side foil
by using metal pins that pass through the holes. The PUM concept is discussed
in more detail in chapter 6.
Figure 5.5 shows the finite element mesh and the course mesh for the design
of PUM patterns. Because of the symmetries in the pattern of figure 5.4 we
have to consider only 1/8 th part of one of the 9 sub patterns associated with
the holes.
With nt,c we denote the number of points on the course mesh. The course
mesh must be determined in the current implementation by the user. The shadowfractions at the remaining meshpoints are obtained by interpolation. For the
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Figure 5.4: Metallisation pattern for a PUM cell.
interpolation we have used algorithms 751 and 752 from [3] and [4]. These
F ORTRAN codes can be downloaded from netlib. We will denote the interpolant to ps (xi , yi ) with p̂s (x, y). The optimisation now has to be carried out
only over the shadow fractions (ps (xj , yj ), j = 1, nt,c ) of the course mesh. The
optimisation subroutine we have used is part of the Port Fortran library and is
described in [5]. This library can be downloaded from netlib.

5.5

Effective parametrisation of the smeared out
metallisation

A straightforward parametrisation of the shadow fraction with the shadow fraction at a few points turns out to be unsatisfactory. Problems arise around points
where current is tapped. This is for instance the case in the optimisation of
cells with metallisation wrapped through holes (see section 6.4). Around these
points the optimum metallisation coverage increases strongly to keep resistance
losses down. In order for p̂s (x, y) to follow this strong increase well the course
mesh has to be dense near the hole. This means that a lot of parameters would
still have to be introduced making the optimisation difficult.
There is a way however to approximate the shadow fraction accurately over
the entire region with a small number of parameters. The key to this is that there
exists a simple relation between current density and optimal shadow fraction
in high-current regions where emitter sheet resistance and contact resistance
losses can be neglected.
In Fig. 5.6 the region between two streamlines is depicted. A local coordinate system is introduced. u is aligned to the current flow and v is orthogonal to
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Figure 5.5: Finite element mesh (triangles) and course mesh for the unit cell for
the design of a PUM cell. The course mesh is used to parametrise
the shadow fraction. The finite element mesh is used to solve for
the voltage in the metallisation.
the u direction. Consider an infinitesimal square region of length and width dL
aligned with the local u-v coordinate system. We assume we know the magnitude of the current |j(x, y)| at the square region. We can express both the
shadow loss Ps and the ohmic dissipation in the metallisation P m in this region
as a function of the shadow fraction p s . We do this with the help of equations
(4.1) and (4.2) in chapter 4:
Ps (ps ) = ps (dL)2 Jmpp Vmpp
Pm (ps ) = (dL)2 |j(x, y)|2 ρsm,0

1
ps

Minimising the sum of shadow and resistive loss as a function of the shadow
fraction we can express the shadow fraction p s (x, y) as a function of the current
density j(x, y):
r
ρsm,0
(5.9)
ps (x, y) = |j(x, y)|
Jmpp Vmpp
Equation (5.9) shows that the shadow fraction in high current regions is proportional to the magnitude of the current.
This knowledge can be exploited by a using a multi-step procedure. In
the multi-step optimisation we take in the first iteration p s (x, y) as the normal
interpolant on the course mesh:
ps (x, y) = min (1, p̂s (x, y))

(5.10)

The minimum with 1 is taken to constrain the metallisation fraction to below
100%. The shadow fractions on the course mesh p s (xi , yi ) are optimised. The

5.6. Translation into a line pattern
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Figure 5.6: A part of the current flow pattern. A local coordinate system is
used. The shaded region is an infinitesimal region of size dL by dL
used to optimise the local shadow fraction.
corresponding interpolated ps (x, y) is not accurate in the high current regions.
From this first step however we do get a good approximation |j(x, y)| to the
magnitude of the current density. In the subsequent steps the shadow fraction
is parametrised differently:
ps (x, y) = min (1, αk |j(x, y)|k−1 + p̂s (x, y)k )

(5.11)

Here α is a parameter that is optimised in addition to the shadow fractions on
the course mesh ps (xi , yi ). k denotes the iteration number. In the first iteration
we have α0 = 0 since we do not know the current in the first iteration. From
equation (5.9) we can get a good initial estimate for α.

5.6

Translation into a line pattern

The pattern optimisation method consists of two steps. The first step results
in a smeared out metallisation. From the smeared out metallisation we know
the shadow fraction ps (x, y) and the voltage distribution V (x, y) and hence the
direction and magnitude of the current. These data have to be translated into a
metallisation pattern.
The translation step is a computer aided procedure. The user specifies an
input file. A computer program called STEP2 developed for this purpose reads
the results of the FEM simulations and the input file and generates a line pattern.
The line pattern is currently generated in both XFIG format and the AUTOCAD
DXF format. The user can view the result and adjust the input file to get a
drawing that requires only minor manual editing in AUTOCAD to get the final
drawing. Films for screens can readily be made from AUTOCAD drawings.
The method has the following principle. The method traces metallisation
lines along the current vectors. The user first specifies a number of contours.
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begin contour u1
func
u
val
4.3
noshow
end contour
begin contour x2
func
x
val
2.3
noshow
end contour
begin contour e1
expr
(($x-2.5)/.3)**10+($y/7.2)**10
val
1
noshow
end contour
Figure 5.7: sample input file: specification of contours. This particular example specifies 3 contours. Contour u1 is a contour of constant voltage u=4.3mV. Contour x1 is a contour where x=2.3. Contour x1
is a straight line. Contour e1 is the contour where the expression
expr has the value 1.
Then he specifies a start contour from which he wants to trace metallisation
lines. He must also specify a set of contours at which the tracing ends. If no
end contours are specified, tracing continues up to the edge of the cell.
Once the optimal shadow fraction ps (x, y) and hence the current density
~(x, y) has been determined, the translation to the equivalent metallisation pattern can be made. The orientation of the fingers is given by the ~(x, y). The
average shadow fraction can be translated into a position dependent finger distance s(x, y):
w
s(x, y) =
(5.12)
ps (x, y)
Figure 5.7 gives a part of an input file to this procedure that specifies three
contours named u1, x2 and e1. Contour u1 is a contour u=4.3 mV of the voltage u in the smeared out metallisation. x2 is a contour of the x-coordinate.
Arbitrary functions of x and y can be specified as illustrated by contour e1.

5.6.1

Contour tracking

FREEFEM can save its triangulation to a file for further use. For every triangle
the three corners with define it are given. Contour tracking on a triangulated

5.6. Translation into a line pattern
begin trace
name_s
name_e
name_e
name_e
dir d
taper
end trace
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u1
e1
x2
y2

Figure 5.8: sample input file: specification of traces.
area is very simple. The algorithm was copied directly from the FREEFEM
program. Say we want to track a contour for the value v 0 of the function v(x, y).
For every triangle we interpolate the function linearly from the corner values.
We check whether the contour intersects the triangle and if this is the case add
a part to the contour. The part is a line piece. The contour thus consists of a set
of line pieces.
• If all three corner values of the triangle are larger or smaller than v 0 there
is no intersection.
• If all three corner values of the triangle are equal to v 0 then we do not
draw a part of the contour.
• If two corner values of the triangle are equal to v 0 then we draw a part of
the contour along the side of the triangle containing these two nodes.
• If one corner value of the triangle is equal to v 0 and the side opposing
this node has one node with corner value larger than v 0 and one node with
corner value smaller than v0 , we determine through linear interpolation
the intersection of the contour with this side. The part of the contour is
the line from the node to the intersection with the opposite side.
• Otherwise there will be two sides of the triangle with one node with
corner value larger than v0 and one node with corner value smaller than
v0 . We calculate both intersections through linear interpolation.

5.6.2

Tracing of metallisation lines

Next the user must specify sets of lines he wants to trace. This is illustrated in
Fig. 5.8. A trace starts at a contour and can end at any of a set of end contours.
The distribution of points on the starting contour must be such that fingers have
the right distance as given by (5.12). The user must specify whether he wants
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the fingers to be traced in the direction of the current flow or in the opposite
direction.
The tracing is done with the help of the triangulation. The starting point is
in a particular triangle.
The current vector (voltage gradient) is calculated at the starting point and
defines a part of the finger together with the starting point. We then check
whether one of the end contours has a line piece in this triangle. If so we
test whether and where the finger and the end contour intersect. If there is an
intersection we found the end of the finger.
We check where this line intersects the starting triangle. We check whether
the intersection is at the boundary of the triangulation. If so we found the end
of the finger. If not this intersection becomes the starting point for the next
stretch.
Each finger is traced individually. In the tracing procedure only the direction of the current is taken into account. The width of the finger is kept to
its value at the starting contour. The finger will in general not have the right
shadow fraction along its length. The user can specify that he wants the fingers
to be tapered automatically.
The user controls the spacing of the fingers on the starting contour by specifying the desired finger width and the minimum distance between the fingers.
The program distributes the starting points for the metallisation finger along the
contour.
It tries first to make fingers of the specified width. If the fingers get closer
than the minimum separation, the distance is set to the minimum distance and
the width of the fingers is increased such that the right shadow fraction is obtained. This situation occurs in regions near tapping points where the metallisation carries higher currents. In these regions one can print wider fingers,
while still keeping emitter resistance losses small. Wider fingers can generally
be printed with better quality, both with regard to interruptions and sheet resistance. This is important for those parts of the grid that serve mainly to transport
the current.
If the starting contour was a contour of the potential function, the distance
along the fingers would simply be the arclength d along the contour. In general
the contour is not a line of constant potential, and we have to take into account
the angle between the local direction of the contour and the current vector.
This is done by integration of the component of the direction vector of
the contour perpendicular to the current vector. We assume the contour is
parametrised in the following way:

~c(t) =



x(t)
y(t)



(5.13)

5.6. Translation into a line pattern
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Figure 5.9: calculation of the distance between neighbouring fingers.
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Figure 5.10: Tapering of finger is based on an analysis of the region between
the dashed lines.
With this parametrisation, the direction vector of the contour is (x 0 (t), y 0 (t)).
The metallisation lines run parallel with the current vector (x, y). For the
relation between the distance along the contour d and the finger distance s we
then have:
 
 0

x (t)
s = d sin ∠ (x, y),
(5.14)
y 0 (t)

5.6.3

Tapering algorithm

There is a problem with the tracing procedure described in the previous section.
On the start contour one can choose the starting points such that the fingers
have the right distance. If we assume constant width fingers, the fingers will
in general not have the right spacing at the end contour or anywhere along
there length. We could find out this distance by calculating the distance with
neighbouring fingers, but this is quite a complicated procedure. A much simpler
tapering procedure was designed. It only requires integration of the generated
current at maximum power point along the finger.
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begin layer
nlay 2
layers 170.e-4 110.e-4
end layer
Figure 5.11: sample input file: specification of layers

We assume a linear dependence of the finger spacing on the coordinate x
along the finger.
s(x) = Ss + x/xe (Se − Ss )

(5.15)

We can then set up a system of equations based upon conservation of current
for the region depicted in figure 5.10. The dashed lines are streamlines so no
current flows across them. Current enters and leaves at the intersection with the
start- and end contours. The difference of the current leaving and entering the
region is determined by the current generated in the region:
Se e − S s s =

Z

xe

Jmpp (x)s(x)dx

(5.16)

0

From this we obtain:
Se = S s

s −

R
1 xe
xe 0

!
Rx
xJmpp (x)dx + 0 e Jmpp (x)dx
Rx
e − x1e 0 e xJmpp (x)dx

(5.17)

One Se is known, the finger can be tapered according to the equation:
w(x) = ps (x)s(x)

(5.18)

In the vicinity of a point contact the amount of metallisation is the same for
every contour. This means that lines of constant width emanating from the
centre can be used.
The tapering procedure gives a different width along the length of the finger.
In some cases it is desirable to map the different widths to a small number of
widths for better manufacturability. This is supported in the input file as shown
in figure 5.11. The user can specify a set of widths he wants his widths to be
mapped to.
It is possible to choose wider lines in high current regions while maintaining the right coverage fraction. In high current regions lines will be closely
spaced. Spacing them more widely will not increase emitter sheet resistance
losses significantly. Making them wider will improve print quality reducing the
chance of an interruption occurring.

5.7. Analysis of H-grid metallisation patterns

5.7
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Analysis of H-grid metallisation patterns

We saw in chapter 4 that there is one important difference between a metallisation pattern and its smeared out companion: the fingers in the pattern conduct
current only in the direction along the finger while the smeared out metallisation can conduct current in any direction. For direct comparison with, and
analysis of existing patterns we want to have a smeared out metallisation that
conducts current in only a certain direction.
For the case where the fingers are aligned with either the x- or y- axis this
can be modelled by generalising the partial differential equation (4.5):




∂V (x, y)
∂V (x, y)
∂
∂
1
1
+
= J0mpp
(5.19)
∂x ρx (x, y)
∂x
∂y ρy (x, y)
∂y
For the current vector we have:
~(x, y) =

∂V (x,y)
1
∂x
ρx (x,y)
∂V (x,y)
1
∂y
ρy (x,y)

!

(5.20)

This generalisation allows for anisotropy with the direction of best conductivity
either along the x- or y- axis. For instance for fingers running parallel to the
1
x axis, ρy (x,y)
= 0. An H-grid pattern can be modelled by a smeared out
metallisation in his way.

5.8

Optimised patterns for square cells with tabs

In this section we study the metallisation pattern for the front side for a typical
crystalline silicon solar cell with screen printed metallisation. We consider a
12.5x12.5 cm2 cell with two tabs. As a reference case we optimise the finger
distance s for a H-grid pattern with our procedure. The smeared out metallisation has uniform thickness and is characterised by a single parameter. Fig. 5.12
shows a square cell and the unit cell used in the calculation.
To analyse the H-grid pattern we have to constrain the direction of current
flow and must therefore use the anisotropic conductivity from section 5.7. The
tab (y ≥ y0 ) has sheet conductivity ρt . For (y < y0 ) the conductivity ρx in the
x-direction is set to 0 and ρy is to ws ρsm,0 .
The optimal thickness is found by optimising the power delivered by the
cell.
Figs. 5.13 and 5.14 show the results of the first step in our optimisation procedure. Each plot actually is a superposition of two plots: a contour plot of the
shadow fraction and a plot of the normalised current vectors ~(x, y)/|j(x, y)|.
In Fig. 5.13 the contour plot of the shadow fraction is absent because the
shadow fraction is constant in that case.
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Figure 5.12: A square cell with two busbars. The region bounded by the dashed
line depicts the unit cell that is used in the calculations.
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Figure 5.13: Normalised current vectors for a standard H-grid metallisation
pattern.

Table 5.1 compares the total shadow fraction and the series resistance for
both cases. The conclusion is that the standard h-grid metallisation pattern
with non-tapered fingers is very close to optimal in this case. In the optimised
case the direction of current flow is mainly perpendicular to the tab as with
the standard H-grid pattern. The resistance of the tabs is low compared to that
of the metallisation, so resistance losses in the metallisation are minimal when
current flows along the shortest route to the tab. The optimised metallisation
has the metallisation shifted somewhat from the edge of the cell to the region
near the busbar, but this only has a minor influence on the average shadow
fraction and the total series resistance.
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Figure 5.14: Normalised current vectors and shadow fraction for the optimum
imaginary transparent varying thickness metallisation.
Table 5.1: Shadow fraction and series resistance for the standard H-grid pattern and the optimal pattern.
standard optimised
Average shadow fraction (%)
5.1
5.2
Series resistance (mΩ)
5.3
5.2

5.9

Design of rear contacts

At the back side there are no shadow losses, so a full metallisation can be used.
Currently many manufacturers make solar cells with full rear-side metallisations. A full metallisation however represents a significant cost factor. In order
to reduce the materials cost for the metallisation on the rear side of a solar cell
we would like to apply a partial metallisation on the rear-side. A typical target
value for the metallisation coverage would be 25%. In the past partial metallisation patterns at the rear have been used, but their effectiveness has remained
an open question so far.
Another possible pattern is a cross-hatched pattern (see figure 5.15. Here
we consider a cross-hatched pattern consists of lines with a spacing s and a line
resistance R. From the perspective of low series resistance, a cross-hatched
metallisation is not optimal as shown in section 5.3. The sheet conductivity for
the cross-hatched pattern is sRΩ. This is the same effective line resistance as
an H-grid pattern with fingers of the same line resistance and same distance but
the cross-hatched metallisation uses twice as much metal. The advantage of
the cross-hatched metallisation is that it can conduct current in any direction,
whereas the H-grid pattern can only conduct current along the fingers.
In this section four different metallisation patterns for the rear side are analysed:
• A full metallisation
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Figure 5.15: A sample cross-hatch pattern. In this case there is a different line
spacing in x- and y- direction.
• A pattern with 24% coverage optimised for minimum series resistance
• An H-grid pattern with 24% coverage
• A cross-hatched pattern with 24% coverage
A front side pattern represents an optimisation between shadow- and resistive losses. The question is what a good optimisation criterion is for design of
a rear side pattern. For the front side pattern we had the following expression
for the shadow loss:
Z
Ps =
ps (x, y)Jmpp Vmpp dxdy
(5.21)
S

Ps is directly proportional to the total amount of metallisation. We can modify
this equation as follows:
Z
(5.22)
C = Fc Ps = Fc ps (x, y)Jmpp Vmpp dxdy
S

If we have Fc = 1 we get a pattern optimised for use at the front side. For
Fc < 1, we reduce the dependence of the total loss P t = F Ps + Pm + Pc + Pe
on the total amount of metallisation. The optimisation will result in a pattern
with more metal. We can vary Fc until we end up with a pattern with the desired
coverage fraction and hence cost reduction.

5.9. Design of rear contacts
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Figure 5.16: Normalised current vectors for a full rear side metallisation.
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Figure 5.17: Normalised current vectors and coverage fraction for an optimised rear side metallisation.
Fig. 5.16 shows the direction of current flow for a full rear side metallisation. Fig. 5.17 shows the direction of current flow superimposed on a contour
plot of the optimised coverage fraction. The average metallisation coverage
fraction in the latter case is 24%.
Fc was chosen such that this metallisation fraction was produced by the
optimisation. For the front side a shadow fraction of 5% is optimal. As mentioned when presenting equation (5.22) Fc = 1 is equivalent to an optimisation
of the front side pattern and will lead to 5% metallisation coverage. To get
more metallisation a value for Fc smaller than 1 will have to be chosen. A bit
of experimenting led to Fc = .03.
In the optimised pattern current flows not only to the tab but also through
the metallisation directly in the direction of the external leads. For the full rear
side metallisation this effect is more pronounced because of the better conductivity of the metallisation.
Table 5.2 summarises the resistance values for the four different rear side
metallisations. For a 15% efficient cell a relative total loss of 1% corresponds
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Table 5.2: Losses for different rear side metallisations. Optimal means the optimal pattern for 24% metallisation coverage.
Pattern
Rse
ps
pt
Vmax
Full
1.2 mΩ 100% 1.4% 9 mV
Optimal
1.9 mΩ 24% 2.2% 14 mV
H-grid
2.3 mΩ 24% 2.6% 17 mV
Cross-hatch 2.6 mΩ 24% 3.0% 19 mV

to an absolute efficiency loss of roughly .15%. The cross-hatched pattern thus
causes an extra loss of .2% absolute compared to a full metallisation. The optimal pattern with 24% coverage and the H-grid pattern perform better than the
cross-hatched pattern with the optimal pattern performing slightly better than
the H-grid pattern. The last column presents the maximum voltage difference
in the rear side metallisation. A large voltage difference implies that not all
points in the solar cell can operate at their maximum power point. This effect
is not taken into account in the simulations yet.

Figure 5.18: Optimal rear side pattern.
Fig. 5.18 gives an impression of how a metallisation pattern for the rear side
might look. The fingers are aligned to the current flow pattern from Fig. 5.17.

5.10. Conclusion and discussion
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The spacing between the fingers gets narrower near the point where current is
tapped.

5.10

Conclusion and discussion

We have presented a new method to design optimal metallisation patterns. The
method is a two-step procedure. In the first step we design a smeared out metallisation of varying thickness covering the whole cell. We optimise the thickness of this metallisation. In the second step we translate the varying thickness
metallisation into a line pattern with the same series resistance. We choose the
direction of the metallisation lines along the current flow lines in the varying
thickness metallisation. The distance of the metallisation lines is determined
by the local thickness of the varying thickness metallisation.
The main advantage of this two-step procedure is that in the first step the
direction of current flow in the metallisation is not constrained and that the
topology of the pattern does not have to be specified. A second advantage is that
a varying thickness metallisation and by virtue of the translation step also a line
pattern can be parametrised with only a few parameters making optimisation
practical. The main assumption made in the first step on the pattern is that it
locally consists of sets of parallel lines.
The metallisation can be optimised for maximum efficiency at a particular
irradiance level or for maximum yearly yield.
It is also possible to design for an optimum balance between cost and resistance. At the back side of the cell for instance, there are no shadowing losses,
but the metallisation is an important cost factor.
The second step of the procedure is not formalised very well yet. At this
point this is not a big problem because designing a pattern is an activity that is
done not very frequently. This problem could be addressed in a future project.
In the current implementation we assume fixed maximum power point current density and voltage Jmpp and Vmpp along the surface. A future improvement would be to include the influence of the varying voltage across the cell
surface on the local current density.
We can imagine that the varying thickness metallisation resulting from the
first step is used directly for the rear side of a solar cell where shadow losses
are not important. One possible implementation is to use a line pattern in combination with a well wetting paste. The paste deposited on the wafer will form
a continuous layer as long as the fingers are spaced closely enough.
The design method is also useful to assess how good a particular metallisation pattern is.
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CHAPTER

6

Contacting at the rear side: the PUM concept

Chapters 4 and 5 gave an overview of our design method for optimal metallisation patterns. A logical question is what the minimum loss is that can be
obtained by a metallisation technology and how this can be realised in practice. These questions will be answered in this chapter.
This work has been presented at the 11-th International Photovoltaic Science and Engineering Conference (PVSEC-11) and has appeared in a special
issue of Solar Energy Materials and Solar Cells [1].

6.1

Introduction

In chapters 4 and 5 a method was presented to design the optimal metallisation pattern given the constraints of the metallisation technology. An interesting question is what the minimum loss is that a metallisation technology can
achieve. This question can be answered (section 6.2) from the theory behind
the pattern design method. It turns out that the minimum loss at the front side
for a screen printed metallisation is significantly below the loss that occurs in a
standard H-grid pattern with busbars and tabs.
The next question we deal with is how this minimum loss might be realised
in practice. This is where the PUM cell concept plays an important role (section
6.4).
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Limit losses

In chapter 4 we demonstrated that the optimal pattern is determined by the
following items:
• the cell geometry
• the location of the interconnections of the pattern to external leads
• the irrradiance condition
• the characteristics of the metallisation technology:
– the contact resistance
– the emitter sheet resistance
– the minimum finger width that can be printed
– the sheet resistance of the metallisation
What we want to look at in this chapter is what gains can be realised by
changing the interconnection to the cell, while still using a screenprinted metallisation.
The transparent smeared out metallisation is the result of a trade-off between shadow losses and resistive losses. The resistive losses are due to transport through the metallisation and due to emitter- and contact resistance.
Contact resistance and emitter resistance losses cannot be avoided because
the current must go from the silicon to the metallisation. What we can look
at are the resistive losses in the metallisation. These are strongly linked to the
interconnection method. In order to calculate a minimum loss we assume therefore that the resistance losses in the metallisation can be neglected. The three
losses left are shadow losses, emitter resistance losses and contact resistance
losses.
Emitter and contact resistance losses can be influenced by looking at completely different cell concepts such as the EWT concept (see section 6.4). In
this work we restrict ourselves to cells with a front side metallisation.
For the losses in the following equations we refer to section 5.2. For the
contact resistance loss we have:
Z 0
Jmpp (x, y)2
Pc = ρ c
dxdy
(6.1)
S ps (x, y)
For the emitter resistance loss we have:

Z  2
w 1 − ps (x, y)
Pe =
ρe J0mpp (x, y)2 dxdy
2
12
p
(x,
y)
s
S

(6.2)
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From equations (6.1) and (6.2) we take the integrands Pc,i and Pe,i for contactand emitter resistance. With Ps,i we indicate the integrand for the shadow loss.
The three integrands are:
Pc,i = ρc
Pe,i = ρe

J2mpp (1 − ps )2
ps


J2mpp w2 (1 − ps )3
12

p2s

Ps,i = Jmpp Vmpp ps

(6.3)
(6.4)
(6.5)

The total of shadow, contact and emitter resistance losses is:
J2mpp (1 − ps )2
ps



ρc +

w2 ρe (1 − ps )
12ps



+ Jmpp Vmpp ps

(6.6)

The minimum of this expression as a function of p s can be found by locating
a zero of the derivative. We get the following cubic equation for the optimal
shadow fraction:
p3s − ps (1 − p2s )

Jmpp
Jmpp w2 ρe
ρc − (1 − ps )(2 − p2s )
=0
Vmpp
Vmpp 12

(6.7)

Discarding the second order terms this results in:
p3s − ps

Jmpp w2 ρe
Jmpp
ρc − (1 − ps )
=0
Vmpp
Vmpp 6

(6.8)

We now examine equation (6.8) more closely. In this equation we find most of
the characteristics of the metallisation technology. We see the emitter sheet resistance, the line width that can be realised and the contact resistance between
emitter and metallisation. The irrradiance condition comes in through the maximum power point voltage and current. We do not see the sheet resistance of
the metallisation and the interconnection since we have chosen not to take these
into account in this derivation.
Equation (6.8) shows a close relation between the finger width used and the
emitter sheet resistance through the term w 2 /ρe . Any increase in emitter sheet
resistance can be compensated for by a reduction in finger width. The other
way around, if a reduction in the finger width can be obtained, a greater sheet
resistance can be used for the same loss. An emitter of higher sheet resistance
allows for increased blue response and reduced dark current resulting in an
improved cell current and voltage.
The cubic equation (6.8) can be solved with analytical means. The equation is more easily solved by numerical means. For a numerical solution the
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equation can be rewritten as:
s


Jmpp
w 2 ρe
3
ps ρc + (1 − ps )
ps =
Vmpp
6
Equation (6.9) can be solved numerically by repeated substitution:
s


Jmpp
w 2 ρe
3
ps,i ρc + (1 − ps,i )
ps,i+1 =
Vmpp
6
ps,0 = 0

(6.9)

(6.10)
(6.11)

The procedure is iterated until convergence. It usually converges to a relative
accuracy of 4 decimals within 5 iterations.

6.3

Limit losses for screen printing technology

Table 6.1: Limit loss calculated with equation (6.8) for several cases. ps is the
shadow fraction, pt the total loss. The bottommost entry gives the
limit loss for optimum yearly yield for a fixed tilted module in “De
Bilt”, the Netherlands.
ρc
ρe w 2
Jmpp
Vmpp
ps
pt
2
2
2
10 mΩcm
4 mΩcm
33 mAcm
460 mV 4.2% 7.0%
5 mΩcm2 4 mΩcm2 33 mAcm2 460 mV 3.9% 6.1%
10 mΩcm2 2 mΩcm2 33 mAcm2 460 mV 3.7% 6.3%
10 mΩcm2 4 mΩcm2 7.8 mAcm2 230 mV 3.2% 5.2%
Table 6.1 gives limiting values for typical screen printed metallisation technology for multicrystalline silicon solar cells. We have assumed w=100 µm
and ρe =40 Ω2 . The last line in table 6.1 gives the limit loss for yearly yield.
The fact is used here that as far as metallisation patterns are concerned, they can
be optimised for maximum yearly yield by optimising for a single combination
of Jmpp and Vmpp . See [2] and sections 2.5 and 2.6

6.4

The PUM and EWT concepts

In PV manufacturing, the trends are towards thinner and larger wafers. One
issue is that in current cell designs the current has to be transported to the edge
of the cell using busbars and tabs. As the cells become larger this gives rise to
increasing series resistance losses. A second issue is that for a widening range
of applications the shiny tabs on crystalline silicon solar cells are considered
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visually displeasing. Thirdly there are manufacturing issues. In current module
designs interconnection tabs between cells have to go from the front side of
a cell to the rear side of the next cell in the string in order to create a series
connection. Soldering joints have to be made at both front and rear sides of
cells. Also the limits on how much a tab can be bent impose a constraint on
how closely cells can be packed in a module. From a manufacturing viewpoint
it could be much more convenient to have all interconnection at the rear side of
the cells.

Figure 6.1: Metallisation pattern for a PUM cell. The design of the pattern is
derived in section 6.5.
The solution pursued actively by ECN is a cell design based on an old patent
[3],[4] with a limited number of holes through which we interconnect the front
side metallisation to a foil at the rear side by using pins. We call this design the
PUM (pin-up module) design. Having all the contacts at the rear sides opens
up new ways of interconnecting the cells such as for instance gluing with conductive adhesives instead of soldering ([5]). The practical aspects as well as
a comparison with other alternative concepts such as Emitter Wrap Through
(EWT) cell and the Front side Metallisation Wrap Through (FMWT) cell were
presented in ([6], [7]). A top view of a PUM cell is shown in Fig. 6.1. This
particular cell has 9 holes distributed symmetrically across the wafer. The metallisation pattern directs the current to the holes.
Fig. 6.2 shows cross-sections of a standard cell, two different PUM cell
designs and an EWT cell. Both the EWT and PUM designs allow for all the
interconnections between cells to be made at the back side of the cell.
The PUM design is basically the same as a standard cell. It is a p-type wafer
with an n-type emitter. Metallisation is present on both front and rear sides. The
main innovation is in the metallisation pattern used and the interconnection.
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Figure 6.2: Cross-sections of a standard cell, two PUM cell designs and an EWT
cell. Light shading indicates emitter, darker shading metallisation.
The darkest shading (upper right only) indicates the metal pin that
makes the electrical connection through the hole.
The PUM design in the upper right has a metallisation pin to bring the emitter
contact to the back side. The PUM design in the lower right has both the emitter
and the front side metallisation wrapping through the hole.
Another cell concept with vias for rear side contacting is the Emitter Wrap
Through (EWT) solar cell, first demonstrated in [8]. The emitter is extended
through vias to the rear of the cell. This method can be combined cleverly with
doubly sided mechanical grooving (POWER cell concept [9]).
An advantage of EWT over both normal and PUM cells is that the appearance of the cell becomes much more uniform due to the absence of metallisation
at the front side. The main drawback is that due to the lack of metallisation at
the front side a large number of vias (typically 100/cm 2 ) has to be used because
emitter resistance is much higher than the metallisation resistance. The large
number of vias results in complicated processing.

6.5

Optimised patterns for PUM cells

In order to design a pattern for the PUM cells, we calculated a transparent
smeared out metallisation. For symmetry reasons only part of the cell has to be
analysed. A unit-cell as depicted in Fig. 6.3 was used in the calculations. The
diameter of a hole was assumed to be 2 mm.
Fig. 6.4 shows the results for the transparent smeared out metallisation for
the case of a 12.5x12.5 cm2 cell.
Near the hole the shadow fraction increases strongly. The current collected
in the rest of the cell has to be transported through this region. This requires
more metallisation to keep the resistive losses low.
The shadow fraction flattens near the edge at the right hand side. In this
region away from the hole, the most important function of the grid is to col-
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Figure 6.3: Unit cell for optimisation of PUM cell.

lect the current. Transport of current through the grid is less important. The
optimal shadow fraction is determined by a trade-off between emitter and contact resistance losses and shadow losses. This region has a shadow fraction
corresponding to the limit loss.
The total average shadow fraction is 5.8%.

Table 6.2: Influence of the number of holes on the shadow fraction and the cell
series resistance.
holes
ρc
ps
Rse
pt
limit
9
10 mΩcm2 5.8% 4.5 mΩ 10.3% 7.0%
16
10 mΩcm2 5.2% 3.8 mΩ
9.0% 7.0%
25
10 mΩcm2 4.9% 3.5 mΩ
8.3% 7.0%
2
36
10 mΩcm
4.7% 3.25 mΩ 7.9% 7.0%
25
5 mΩcm2 4.5% 3.0 mΩ
7.0% 6.1%
Table 6.2 gives the losses for several cases. Ohmic and shadow losses in a
typical cell are 14%. The case with 25 holes gives a 6.5% relative efficiency
increase or roughly 1% absolute. As more holes are introduced the contribution
of line-resistance drops. Contact resistance and emitter losses remain constant
and begin to dominate as the number of holes increases. With only 25 holes
on a 12.5x12.5 cm2 cell the theoretical limit is approached within about 1%.
Compared to the EWT design an advantage is that much fewer holes are needed.
On the negative side we note that we still have a significant shadow loss on the
front side. This loss is about 5% lower however than in a conventional cell with
busbars and gives an efficiency increase of roughly 1% absolute.
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Figure 6.4: Superposition of reciprocal of shadow fraction and normalised current vectors. The pattern from Fig. 6.1 goes with this plot.

6.6

Conclusions

In a cell with a standard H-grid metallisation pattern the metallisation causes
losses due to contact resistance, emitter sheet resistance, line resistance, tab and
busbar resistance and shadowing.
We have calculated a limiting loss for a cell with front side metallisation assuming that losses in busbars, tab and front side metallisation can be neglected.
The theory behind the design of the transparent smeared out metallisation presented in chapter 4 allows for calculating this limiting loss. The limiting loss
depends on the contact resistance, emitter sheet resistance, the minimum line
width that can be obtained and the irrradiance condition. The analysis shows
that for practical screen printed metallisation a loss of 7% can be achieved in
theory. This presents a 5-6% reduction over the 12-13% loss that occurs in
current production cells.
In the PUM concept tabs and busbars at the front side are no longer required
because all the interconnection is done at the rear side of the cell. From the
pattern optimisation calculations it turns out that with the PUM concept it is
possible to approach the limiting loss closely. The limit is approached more
accurately as more holes are used. It turns out that in the PUM concept the
loss due to line-resistance of the finger becomes significantly smaller than for
a standard cell for a small number of holes (9 or 16 for 12.5×12.5 cm 2 ). This
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number is small compared to the numbers required for the EWT (Emitter Wrap
Through) design ([8]) which are on the order of 100/cm2 .
Total metallisation related losses are around 9-10% for the PUM cells instead of around 13% for standard cells. A big advantage of the PUM concept
over standard cells is that the metallisation pattern related losses become independent of the area of the cell. For a larger cell one simply has to use a larger
number of holes, proportional to the area of the cell.
With regard to the metallisation coverage on the front side, the PUM concept
is somewhere between a standard cell with tabs and the EWT concept. The
PUM concept presents a compromise between the EWT cell and conventional
cells. The advantage of the PUM concept over the EWT concept is that it relies
on standard cell processing and results in a significant efficiency improvement
over standard tabbed cells. The PUM concept is easily understood. For the cell
modelling (I-V curves, spectra response curves) the PUM concept is the same
as a standard cell. For the influence of the holes on the series resistance we
have developed a theoretical framework within which we can understand the
PUM concept well.
The PUM concept of course also presents challenges. The biggest challenges are in the area of redesigning the module manufacturing process. This
is particularly challenging considering that module manufactures have to give
long term (10-20 years) warranties on their products.
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CHAPTER

7

Alkaline etches for multicrystalline silicon

In the chapters up till now we focussed on resistive losses and metallisation
patterns. In this chapter we turn our attention to optical losses in solar cells.
We consider reflection reduction by texturing with alkaline etching.
Alkaline etches on silicon wafers result in a micro faceted texture of the
wafer surface. The orientation of the facets and hence the optical properties
of the surface depend on temperature, concentration and duration of the etch.
This chapter describes a technique to infer facet orientations from AFM scans
so they can be compared with other techniques such as Laue photographs.
This work has been published with J.D. Hylton at the 13th European Photovoltaic Solar Energy Conference ([1]).

7.1

Introduction

It is widely recognised that during further development of crystalline silicon
solar cell technology, reflection reduction and light trapping are important issues. ECN and Shell Solar Energy developed [2] low cost technology for 16%
encapsulated multicrystalline silicon cells. Normally the surface morphology
for multicrystalline silicon wafers is determined by a concentrated NaOH or
KOH sawing damage etch. Within this cooperation we have looked into reflection reduction by texture etching with diluted NaOH and KOH solutions and
found a 0.2% increase in efficiency for AR-coated unencapsulated cells. The
purpose of the research described in this chapter is to explore in detail how
the difference in macroscopic properties of the cell such as reflectance can be
111
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related to the microscopic structure produced by sawing damage and texture
etches.
Cheap texturing methods based on alkaline etches produce faceted surfaces.
The faceting depends on the crystallographic orientation. A multicrystalline
silicon wafer contains many small crystals called crystallites. The crystallites
range in size from mm to cm. The texture varies from crystallite to crystallite
depending on the local crystal orientation. The composition and temperature of
the specific etchant used have a large influence on the shape of the texture ([3]).
It has been demonstrated [4] in ray-tracing studies that rather small tilt
angles of the facets (about 20 degrees) can give rise to very significant encapsulated reflection reduction and light-trapping. This suggests that even on
multicrystalline silicon wafers with non-ideal crystallite orientations significant
reflection reduction can be achieved. This effect is discussed in more detail in
chapter 8. To compare various textures and explain their influence on cell properties it is important to characterise the texture in detail.

7.2

Experimental set up

Multi-crystalline silicon neighbouring wafers were textured with different alkaline solutions. Crystal orientations of individual crystallites were obtained by
means of Laue photography. Reflection measurements were made, both with
the surface bare and encapsulated. Both total and angularly resolved reflection
measurements were made. Optical, scanning electron and AFM microscopy
were used to study the surface morphology. We will first describe the experimental techniques used, insofar as they need clarification. The results of the
measurements will then be presented and discussed.

7.3
7.3.1

Experimental techniques
Facet transform of Atomic Force Microscopy

Atomic Force Microscopy was used to make detailed 3-D height maps of the
structure. The AFM gives heights zij on a square grid. Since alkaline texture
etches give rise to faceted surfaces, a computer program has been developed to
compute the facet orientations from the height maps. We call this procedure a
facet transform.
The AFM scan is approximated locally with a plane z = a + b(x − x c ) +
c(y −yc ) on a 3x3 subgrid or a 5x5 subgrid, where x c and yc are the coordinates
of the centre point of the subgrid. The coefficients a, b and c are determined
by least squares. The residual sum of squares is calculated. The normal vector
(b, c, −1) from the fitted plane is expressed in the angular components φ and

7.3. Experimental techniques

113

θ of a spherical coordinate system, where θ is the tilt angle and φ the azimuth
angle of the direction in which the normal vector is pointing:

arctan (c/b)
(c > 0)
φ=
(7.1)
arctan (c/b) + π (c < 0)
p
θ = arctan(1/ b2 + c2 )
(7.2)
A local plane fit is done for every point of the AFM scan resulting in a normal
vector for every point of the scan. The residual sum of squares in the fit will
vary. At the edge between two facets for instance, a large sum of squares indicating a bad fit will occur. Since we are interested in the orientation of the
facets, the bad fits are not taken into account. We therefore reject 10% of the
normal vectors with the worst residual sum of squares. This procedure results
in a large set of normal vectors.
Next the density function of the normal vectors versus φ and θ is calculated.
This is the number of normal vectors per unit solid angle dΩ = sin(θ)dθdφ.
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Figure 7.1: For a faceted surface (on the left) a plot (on the right) of the directions of the normal vectors clearly shows the orientations of the
facets.
A simple example serves to illustrate this method. Consider the following
surface, which is depicted on the left hand in figure 7.1:
z = x/2
(0 ≤ x ≤ 1)
z = 1 − x/2 (1 ≤ x ≤ 2)

(7.3)

This surface has two normal vectors: (1, 0, −2) and (−1, 0, −2). The tilt angle
θ is 27 degrees in both cases and the azimuth angle φ is 0 and 180 degrees
respectively. The normal vectors are plotted in terms of φ and θ at the right
hand side of figure 7.1.

7.3.2

Scatter recordings

A simple technique has been used, which has been described before in [5] and
[6] that allows to determine facet orientations optically.
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Screen
Screen

Sample

Figure 7.2: The angular distribution of the light reflected from a textured surface can be made visible on a projection screen.

The method is illustrated in figure 7.2. A sample is placed below and parallel to a diffusing semitransparent projection screen. A small spot on the sample
is illuminated through a small hole in the projection screen with a He-Ne laser
beam. Because of the faceted nature of the textured surface the light is not diffusely reflected, but reflected preferentially into a few directions. The reflected
light strikes the screen and is diffused by it. A camera can then be used to record
the pattern of the light transmitted through the screen. From the recorded pattern the facet orientations can be determined directly. These measurements can
also be made both with the surface bare and encapsulated. The right hand side
of figure 7.2 shows the general features of the scatter recording expected from
the surface given by equation (7.3).

7.4
7.4.1

Results
Laue photography

With Laue photography it is possible to determine the crystallographic orientation of individual crystallites. One way to express the crystallographic orientation is its Miller index. The Miller index is a vector of 3 numbers, that indicate
the normal vector of the plane under consideration with respect to the main axes
in a crystal. For mono-crystalline silicon wafers the surface is usually a (100)
surface.
In order to make it possible to plot Miller indices in a graph it is convenient
to convert them to a 2-D spherical (φ,θ) coordinate system. The conversion
proceeds in a way similarly to expressing the facet orientations as in equations
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(7.1) and (7.2):
φ = arctan (a/b)
p
θ = arctan(c/ a2 + b2 + c2 )

(7.4)
(7.5)

For example the vector (a, b, c) = (1, 0, 0) gives (φ, θ) = (0, 0) as spherical
coordinates. (a, b, c) = (1, 1, 0) results in (φ, θ) = (45, 0).
Figure 7.3 shows the orientation of 16 crystallites. The positions are plotted
in a triangle which is delimited by the lines φ = 45 ((11x) Miller indices,
0 ≤ x ≤ 1), θ = 0 ((xy0) Miller indices, 0 ≤ y ≤ x ≤ 1) and sin(φ) = tan(θ)
((1xx) Miller indices, 0 ≤ x ≤ 1). At the corners of the triangle are the
(100), (110) and (111) directions. Since silicon atoms are arranged according
to the diamond lattice (See [7]), that has the symmetry properties of a cube, this
triangle contains all possible crystallite orientations.
There seem to be very few near (110) oriented crystallites on this particular sample. Research carried out within the framework of the German DIXSI
project [8] where a larger number of crystallites has been analysed, seems to
indicate that the crystallite orientations are completely random.
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Figure 7.3: Results of Laue Photography. The diamonds indicate the crystal orientations. The solid line is given by the curve θ =
arctan(sin(φ))

7.4.2

Optical- and scanning electron microscopy

Figs. 7.4 through 7.7 show the results of optical- and scanning electron (SEM-)
microscopy. In the case of a the near (100) texture etched crystallite, SEM has
been used since in this case, the surface roughness is too large to make clear
optical pictures due to depth of field problems.
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Figure 7.4: Microscopy photograph
of a sawing damage
etched (111) oriented
crystallite.

Figure 7.5: Microscopy photograph
of a texture etched (111)
oriented crystallite.

Figure 7.6: Microscopy photograph
of a sawing damage
etched (100) oriented
crystallite.

Figure 7.7:

Electron-microscopy
photograph of a texture
etched (100) oriented
crystallite.

The two different etches give rise to different textures. The texturing etch as
expected exposes (111) facets, as is evident from the clearly defined triangles
on the (111) oriented crystallites. On the (100) oriented crystallites pyramids
show up, defined by (111) facets. The sawing damage etch gives a structure
with a 4 fold symmetry for (100) oriented crystallites. The structure looks like
a truncated pyramid. The structure is hence defined by both (111) and (100)
facets. On the (111) oriented crystallites a 6 fold symmetry is observed. 3 of
the edges are (111) facets, the other 3 edges are consistent with (100) facets.
These pictures and observations indicate that for a sawing damage edge not
only the (111) facets are stable but also the (100) facets.

7.4. Results

7.4.3

117

Reflection measurements

Reflection measurements were performed at ECN with an integrating sphere
with a single beam configuration and a spectroradiometer. The spot size with
which the sample is illuminated can be varied. First we used the largest size
of 22 mm in order to illuminate several crystallites at a time. Measurements
were made at 9 different locations of a 10x10 cm 2 wafer. These results were
averaged. Figure 7.8 shows results for both encapsulated and non-encapsulated
samples for both the sawing damage and texture etches. For comparison measurements on a double sided polished mono-crystalline silicon sample are given.
For the sawing damage etch a reflectance curve is observed which is almost
as high as that of the mono-crystalline silicon wafer except for the infrared
region. The resemblance for the visible wavelengths is explained by the fact
that for the sawing damage etch the (111) planes are not the only stable planes
([9, 10]). This leads to a rather small average tilt angle of the facets, giving
higher reflection for the sawing damage etch than for the texture etch. In the
infrared region the reflection curves for the mono-crystalline silicon wafer and
the sawing damage etched wafer differ, which indicates that some randomisation of the weakly absorbed light occurs.
For the texture etched samples the reflection is reduced also in the visible
region. The reflection remains much lower after encapsulation, which is a clear
indication of light trapping effects in the glass sheet which are apparently absent
in the case of sawing damage etched silicon. To obtain the observed lowered
reflection a significant fraction of the crystallites must be non (111) oriented,
which is consistent with the findings from Laue photography.
Because of the smaller tilt angles, the sawing damage etch also shows a
smaller variation in the reflection. The texture etch gives a much greater spread
in the results. To illustrate this the results of measurements with a spot size
of 4 mm on individual crystallites are shown in figure 7.9. The increase of
reflectance at wavelengths just above 860 nm is an artifact due to a stability
problem in the dark current of the second detector in our spectroradiometerradiometer at the time of these measurements. A large difference in reflectance
is observed depending on the crystal orientation, which is consistent with the
findings of Shimokawa [11].

7.4.4

AFM

recordings and scatter plots

AFM recordings for texture etched wafers are difficult to obtain due to the high
surface roughness and the limited height range of the AFM apparatus. For sawing damage etched wafers scans can always be made successfully, which is
indicative of the lower roughness of the surface as compared to a texture etch.
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Figure 7.8: Reflection measurements for a 22 mm spot. Results have been averaged.
Figs 7.10 and 7.11 show a scatter recording and an AFM scan of a sawing damage etched crystallite. Figure 7.12 shows the facet transform results
obtained by the procedure described in section 7.3.1. The density of normal
vectors has been plotted as a function of cos(φ)θ and sin(φ)θ. There is a clear
correspondence between both the scatter recording and the facet transform. The
angle between the two groups of facets is much less than is to be expected from
the presence of only (100) and (111) facets. We therefore think that also (311)
facets are quite stable. This is still consistent with the 4- and 6-sided symmetry in the sawing damage etched (100) and (111) facet. It also explains the
small variation in reflection results for the sawing damage etch. Evidence to
this effect has become available through the work of J.D. Hylton [12] and more
recently in [3].

7.5

Discussion and conclusions

It is clear that large differences in texture result from different alkaline etching
solutions. For a texture etch, the morphology is determined by (111) planes.
For a sawing damage etch also the (100) and (311) planes are suggested to
be quite stable. This results in a lower average tilt angle of the facets for
a sawing damage etch which explains why a texture etch always gives a reduced reflection. A new procedure has been presented for exposing the faceted
nature of a surface from an AFM scan. Texture etching leads for uncoated
wafers to spectrally weighted improvements in reflectance of 5% when bare and
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Figure 7.9: Reflection measurements with a 4 mm spot on individual crystallites.
4% when encapsulated over sawing damage etching. These improvements are
smaller then for mono-crystalline silicon wafers, but in optimising processing
sequences where the final efficiency improvement results from several smaller
improvements, the reflection reduction described here which is easily achieved,
is certainly worthwhile.
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Figure 7.10: AFM picture of an approximately φ = 33, θ =
19 oriented sawing damage etched crystallite.

Figure 7.11: Scatter recording of the
same sample as in figure
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CHAPTER

8

Scattering surfaces in silicon solar cells

Scattering surfaces occur commonly with silicon solar cells. They have a big influence on the optical properties of the cells, because scattering in combination
with the high refractive index of silicon can cause significant light trapping.
Two scattering surfaces are studied in this chapter. The first is the texture
that results from concentrated alkaline etches. The second is the back-surface
field interface between aluminium doped silicon and silicon rich aluminium
that is formed by aluminium alloying. In this chapter we show how the optical
properties of these surfaces can be modelled with the Phong scattering model.

8.1

Introduction

In silicon solar cells we encounter surfaces having very different optical properties. One example is a perfectly polished surface of a polished wafer. Another
example is a rear side reflector of paint that can be almost perfectly Lambertian:
incident light is randomly reflected in all directions. A third example is a textured surface such as a pyramidally textured (100) silicon surface. In this case
there is a well defined faceted surface. Incident light is reflected and transmitted
in a few specific directions related to the spatial orientation of the facets.
In this chapter we are concerned with surfaces that have scattering properties that are intermediate between perfectly specular and perfectly Lambertian.
We consider two types of scattering surfaces that occur very commonly in industrial types of cells. One is the surface texture that results from a concentrated alkaline sawing damage etch on a multicrystalline silicon wafer. A sec123
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ond example is the interface between aluminium and silicon that results from
the formation of an alloyed aluminium contact.
We use the Phong model ([1, 2]) to describe scattering surfaces. The Phong
model describes fully diffusing surfaces, completely specular flat surfaces and
intermediate situations with a single number: the Phong exponent. The Phong
model has been integrated into a program that simulates the optical properties
of stratified systems and is described in section 8.2.
We will demonstrate the usefulness of the Phong model with two cases
related to using thinner multicrystalline silicon for solar cells. In section 8.8 we
model the light trapping properties of sawing damage etched multicrystalline
silicon wafers. In section 8.9 we infer the optical properties of an aluminium
alloyed rear contact.

8.2

Optical model

We model the silicon wafer and its surfaces as a stratified system.
Medium of incidence
Incoherent layer
Incoherent layer

Figure 8.1: A stratified system consisting of a sequence of “thin” layers (dominated by interference) and “thick” layers with incoherent optical
behaviour.
We distinguish between two kinds of layers: thin layers dominated by optical interference and thick layers through which light is transmitted incoherently.
Figure 8.1 gives an illustration. Whether a layer is “thick” or “thin” depends on
the optical thickness nd, the product of the refractive index n and the thickness
of the layer d, compared to the wavelength range under consideration and the
coherence length of the light.
The coherence length of light [3, 4] is the length over which the light is
well described by a sinusoidal position dependence and the phase of the light
can be predicted reliably. The coherence length is related to the bandwidth 4λ
of the light source and the average wavelength λ. The coherence length l c is
approximately:
lc =

λ2
4λ

(8.1)

8.3. Discretisation of the ray travelling direction
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For a white light source λ varies typically from 400 nm to 1100 nm with a
central wavelength of 700 nm. This amounts to coherence lengths in the order
of .4 µm to 1 µm.
For silicon solar cells the wavelength region of interest is 300 - 1100 nm.
An example of a thin layer is the anti-reflective coating. It has a thickness d of
around 80 nm and a refractive index of 2.0. For this layer nd=160 nm, which
is smaller than the wavelengths of interest and the coherence length of a white
light source. A silicon wafer typically has a thickness of around 200-300 µm.
For a silicon wafer thickness of 250 µm with a refractive index of 3.5 the optical
thickness is 875 µm which is much larger than the wavelengths of interest and
the coherence length of a white light source.
For the modelling in this chapter we are interested in the incorporation of
scattering at interfaces. If there is no scattering, the part of the light that is
reflected at an interface will travel after the reflection at the same angle with
respect to the normal of the surface. The part of the light that is refracted
at the interface will travel at an angle consistent with Snell’s law. The effect
of scattering at a surface is that reflected light will travel at a different angle
with respect to the normal than for the incident light. For transmitted light, the
effect of scattering is that the light travels at a different angle with respect to
the normal than the angle given by Snell’s law.

8.3

Discretisation of the ray travelling direction

For analysing the optical properties of the stratified system, there are two main
approaches. One approach and more commonly used [5, 6, 7, 8, 9] is to do a
ray-tracing simulation. This has the advantage that it is flexible with regard to
the geometry, but has the drawback that the results are obtained as samples from
a statistical distribution, requiring many rays to be traced for high accuracy
results.
We have chosen an approach similar to [10], where the directions the light
can travel along are discretised. This leads to a linear system of equations of the
radiances for the different directions the light travels along. This system can be
solved with high accuracy in a fixed number of calculations. In this approach
the accuracy is determined by the discretisation of the ray travelling direction.
Figure 8.2 shows the spherical coordinate system used for describing the
direction of propagation of the radiation. We assume the radiance B(φ, θ) (radiance has units Wm−2 sr−1 ) depends only on the angle with the z-axis θ. The
model is a 1 dimensional model with coordinate θ.
We discretise θ and set up a system of linear equations for the θ dependent
radiances. In every incoherent layer the angular range [0, π/2] is divided into
nθ intervals numbered 1 through nθ . The m-th interval is [θb,m−1 , θb,m ]. For
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z

r

θ
y
φ

x

Figure 8.2: Spherical coordinate system describing the direction r of propagation of the radiation. The interfaces between the media are parallel
to the x − y plane. θ is the angle of r with the z-axis, φ is the angle
with the x-axis of the projection of r on the x − y plane
the end intervals we have θb,0 = 0 and θb,nθ = π/2. To every interval an angle
θm (θb,m−1 < θm < θb,m ) is assigned. For the angular extent 4θ m of each
interval we have 4θm = θb,m − θb,m−1 .
θ1’
θ2’

θ’b,1

medium 2
n’= 1.0
’
θ b,0
=0

θ’b,2 =π/2

medium 1
n = 1.5

θb,4 =π/2
θ b,3 θ4

θb,2
θ3
θb,0 θ=b,1
0
θ1

θ2

Figure 8.3: Discretisation of the angle θ. The discretisation varies with the
refractive index. Solid lines indicate borders of θ intervals.
Figure 8.3 gives a graphical illustration of the discretisation. In this example the medium with refractive index n’=1.0 is divided into 2 intervals, the
medium with refractive index n=1.5 is divided into 4 intervals. The angles in
the two media are related by Snell’s law:
0
n0 sin(θb,m
) = n sin(θb,m )
0
n0 sin(θm
) = n sin(θm )

(m = 0, 1, 2)

(8.2)

(m = 1, 2)

(8.3)

The varying radiance B(θ) is modelled by a vector of radiances B m (m =
1 . . . nθ ). Entry m in a vector corresponds to the radiance in the m-th interval
and represents light travelling at an angle θ m with the normal of the system.

8.4. Reflection and transmission at interfaces

127

Given a continuous angle dependent radiance B(θ), the irradiance in the zdirection can be obtained (for instance [11]) by integration over a half-sphere:
Id =

Z

2π
0

Z

π/2

B(θ) cos(θ) sin(θ)dφdθ

(8.4)

0

In equation (8.4) the sin(θ) is due to spherical coordinate system, the cos(θ)
because we want to know transport in the z-direction. The total irradiance I d
can be obtained by for a radiance vector by summing over the index m:
Id =

nθ
X

Bm Em

(8.5)

m=1

We assume the radiance is constant over the interval. Hence we get for the E m :
Em = 2π

Z

θb,m
θb,m−1

cos(θ) sin(θ)dθ = π sin2 (θb,m ) − sin2 (θb,m−1 )



(8.6)

P θ
The reader can verify that we have nn=1
En = π sin2 (π/2) = π.
For isotropic diffuse illumination the radiance is independent of the angle
θ (and φ). In the case of isotropic diffuse irradiance I d , the radiance vector in
our discretisation contains nθ radiances Bn = Id Eπn .

8.4

Reflection and transmission at interfaces

Table 8.1: Notation for interface reflection and transmission coefficients.
tij Interface transmission when going from medium i to medium j
rij Interface reflection when going from medium i to medium j
A flux that impinges on an interface is in general partly reflected and partly
transmitted through the interface. Table 8.1 gives the notation for these reflection and transmission coefficients. These reflection and transmission coefficients are matrices since we consider radiance vectors.
A reflection matrix ri,i+1 is constructed as a product of two matrices. For
instance we write ri,i+1 = si,i+1 rspec,i,i+1 . Here rspec,i,i+1 is a diagonal
matrix representing the specular reflection between medium i and i + 1 for
light impinging from medium i and si,i+1 is a scattering matrix.
Similarly an interface transmission matrix t i,i+1 is written as a product
ti,i+1 = si+1,i tspec,i,i+1 . Here tspec,i,i+1 is a matrix representing the specular reflection between medium i and i + 1 for light impinging from medium
i.
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The reflection and transmission coefficients of rays at the interfaces between two incoherent layers including the thin interfering layers are computed
using electromagnetic theory. We use the matrix method as described in ([3]
and [12]). This method takes into account the absorption coefficients of the media. It allows to calculate the reflection and transmission coefficients for both
s− and p− polarisation.
Consider two media, medium 2 and medium 1. The media are separated
by a stack of q interfering thin layers. The light impinges in medium 2 and is
partially transmitted to medium 1 through the stack of films. The technique to
calculate reflection and transmission coefficients for such an assembly can be
found in many textbooks.
For the interfering layers we have the following notation:
Nr = nr − ikr
2πNr dr cos(θr )
λ
r
0
ηr =
Nr cos(θr ) s-polarisation (TE)
µ0
r
0
Nr / cos(θr ) p-polarisation (TM)
ηr =
µ0
δr =

Nr is the complex refractive index of thin layer r. δ r is the complex phase
thickness of film r. λ is the wavelength in vacuum.  0 and µ0 are the permittivity and permeability of vacuum respectively. η 1 is the optical admittance of the
exit medium. The angles θr , θ2 and θ1 are related to each other by Snell’s law:
N2 θ2 = N r θr = N 1 θ1

(8.7)

A characteristic vector (B, C) can be calculated for the assembly as follows:



 Y
q 
cos(δr ) sin(δr )/ηr
1
B
(8.8)
=
ηr sin(δr )
cos(δr )
η1
C
r=1

The quotient C/B is the amplitude reflection coefficient. However we are not
interested in the amplitude reflection and transmission coefficients, but in the
reflection and transmission coefficients of energy. From the characteristic vector these reflection and transmission coefficients can be calculated:



η2 B − C
η2 B − C ∗
R=
η2 B + C
η2 B + C
4η2 Re(η1 )
T =
(η2 B + C)(η2 B + C)∗
Here Re(η1 ) denotes the real part of η1 . The ∗ symbol denotes the complex
conjugate.
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For each angle θm the reflection and transmission coefficient is calculated
using the matrix formalism from the refractive indices of media i and i + 1 including coatings at the interface. Consider figure 8.3. We look at light incident
from above at angle θ10 . Part of this light is reflected at the angle of incidence
θ10 and part is transmitted downwards at angle θ 1 .

Table 8.2: Interface reflection and transmission matrices for the angular discretisation depicted in figure 8.3. A 1 indicates 100% reflection due
to total internal reflection.
R/T
light comes from
matrix


R(θ10 )
0
reflection
top
0
R(θ20 )
 E0

0
1
0
E1 T (θ1 )


E02 0
0) 

0
T
(θ
2
E
transmission top
2




0
0
reflection

transmission

bottom

bottom

0
R(θ1 )
0
 0
R(θ2 )

 0
0
0
0
E1
T
(θ
)
0
1
E0


1

0

0
0
0
1
0

E2
E02 T (θ2 )

0
0
0
1
0





0

0 0

!

Table 8.2 shows the reflection and transmission matrices. The transmission
coefficients in the table are multiplied by a radiance scaling factor b. For transmission we must have conservation of irradiance as well. We have to take into
account here that the radiance can change upon transmission. This can be explained by looking at figure 8.3. After the transmission from the medium with
the lower refractive index to that with the higher refractive index, the interval
the light is contained in will have a smaller angular extent. For an ideal 100%
transmission, because the irradiance is continuous, the radiance must increase.
Consider light impinging at angle θ 10 in medium 1. Suppose the radiance is b
and the transmission coefficient is T (θ 10 ). The flux transmitted to medium From
the incident light is bT (θ10 )E01 . If we would take radiance bT (θ10 ) in medium 1,
the contribution to the flux would be bT (θ 10 )E1 . Hence we have to multiply
T (θ10 ) by a factor E01 /E1 to maintain conservation of energy.
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Construction of scattering matrices

Scattering of reflected and transmitted light at the interfaces is described with
the Phong model [13]. The Phong model is routinely used in image generation
with ray-tracing techniques. The Phong model has been used in a photovoltaic
context previously by Schumacher [8] to model the optical properties of so
called "bright edged"surfaces as they occurred on F H G-ISE high efficiency
solar cells.
θr

θi
θ’r

θt
θ’t

Figure 8.4: Definition of angles in scattering model. Subscripts i, r, t refer to
incident, reflected and transmitted directions respectively. Angles
without accents are specular reflection and transmission angles,
with accents the scattered angles.
Fig. 8.4 shows the angles relevant in scattering. In the Phong model the
scattered radiance B(θr0 ) and B(θt0 ) are derived as follows:
B(θr0 ) = B(θr ) cosm (θr − θr0 )

(8.9)

B(θt0 ) = B(θt ) cosm (θt − θt0 )

(8.10)

The case m = 0 corresponds with Lambertian reflection, the case m = ∞ with
specular reflection.
Fig. 8.5 shows the normalised reflected radiance B(θ r0 )/B(θr ) for several
values of the roughness coefficient m.
It is important that all scattering matrices used conserve irradiance. This
means that if we multiply a scattering matrix and a vector containing radiances
for the different angles, that the resulting radiance vector and the original radiance vector have the same total irradiance as given by equation (8.5). This
can be achieved by a suitable normalisation of the columns of the matrix. We
denote the elements of the scattering matrix with F mn . The scaling factor cn
for column n of the matrix can be obtained by considering a radiance vector
v with all zeros except for entry vn = 1. The total irradiance of vector v is
using (8.5) En . Conservation of irradiance for this vector leads to the following
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Figure 8.5: Normalised reflected scattered radiance for light impinging perpendicularly on a surface. The case m = ∞ corresponds to a specularly reflecting flat surface, the case m = 0 to a perfectly diffusing
rough surface.

condition on cn :
cn

nθ
X

Fmn Em = En

(8.11)

m=0

For each incident angle θm , the corresponding angle θn according to Snell’s
law is looked up for the transmitted light. The transmission coefficient is again
calculated using the matrix formalism from the refractive indices of media i
and i + 1 including coatings at the interface.

8.6

Transmission through the incoherent layer

A flux that leaves from an interface can be partially absorbed while travelling
through the medium. ti Transmission on passage through medium i.
Every incoherent layer transmission matrix t i is a diagonal matrix. The
radiance decreases exponentially with the distance travelled and is attenuated
by a factor exp (−α(λ)di / cos(θm )) with di the thickness of the incoherent
layer, α the absorption coefficient. In the case of absence of absorption in the
medium, the matrix is an identity matrix.
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Calculation of the optical properties of the system
+
J
2
J
1

+
I
2
I
1

Medium 2

Medium 1
+
J
1

+
I
1
I
0

Medium 0

Figure 8.6: Radiance vectors in a 2-interface system. Superscript + and - refer
to bottom- and top side of a medium respectively. I and J refer to
down- and up going light respectively. The subscripts refer to the
media the radiation is travelling in.
Consider a system of 3 media with 2 interfaces. Figure 8.6 shows the numbering of the radiance vectors and media for the case of a system of 3 media
with 2 interfaces. We have from top to bottom media 2, 1 and 0 respectively.
We have radiance vectors I going downwards and radiance vectors J going upwards. Superscript + and − refer to the bottom end and top end respectively
of the medium. The subscript denotes the medium through which the radiative
flux is travelling. Each arrow represent a vector.
Across the interfaces we have reflection and transmission. For the interface
between media 1 and 2 conservation of energy leads to:
I1− = t21 I2+ + r12 J1−

(8.12)

r21 I2+

(8.13)

J2+

=

t12 J1−

+

For the interface between media 0 and 1, there is no incoming light from the
bottom side. Flux J0− is 0. Conservation of energy leads to:
J1+ = r10 I1+

(8.14)

t10 I2+

(8.15)

I0−

=

During transport through a medium light is lost by absorption:
I1+ = t1 I1−

(8.16)

t1 J1+

(8.17)

J1−

=
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Now consider the flux I1− . Straightforward use of the equations (8.12) through
(8.17) leads to
I1− = t21 I2+ + r12 J1− = t21 I2+ + r12 t1 J1+
= t21 I2+ + r12 t1 r10 I1+
= t21 I2+ + r12 t1 r10 t1 I1−
We obtain:
I1− = (I − r12 t1 r10 t1 )−1 t21 I2+

(8.18)

For reflection of an incident flux we get using (8.13)
J2+ = r21 I2+ + t12 J1− = r21 I2+ + t12 t1 r10 I1+
= r21 I2+ + t12 t1 r10 t1 I1−
= r21 I2+ + t12 t1 r10 t1 (I − r12 t1 r10 t1 )−1 t21 I2+
Similarly we obtain for the transmission from medium 2 to medium 0:
I0− = t10 t1 I1− = t10 t1 (I − r12 t1 r10 t1 )−1 t21 I2+

(8.19)

We can hence write for the reflection and transmission coefficients of the system:
r20 = r21 + t12 t1 r10 t1 (I − r12 t1 r10 t1 )−1 t21
t20 = t10 t1 (I − r12 t1 r10 t1 )

−1

t21

(8.20)
(8.21)

For the non-scattering case the expressions (8.20) and (8.21) can be simplified.
For instance a parallel bundle of light that impinges on a stratified system with
non-scattering interfaces and media. In this case each radiance vector contains
only one entry and the matrices tij , rij and ti become scalars:
t12 t21 r10 t21

1 − r12 t21 r10
t10 t1 t21

=
1 − r12 t21 r10

r20 = r21 +

(8.22)

t20

(8.23)

The interface between media 0 and 1 is characterised by its reflection and transmission coefficients r10 and t10 (equations (8.14) and (8.15)).
r20 and t20 characterise the optical properties of the ensemble of the media
0, 1 and 2 for light impinging on the interface between media 1 and 2 from
medium 2. They are dependent on the one hand on the properties t 12 and r12
of the interface between medium 1 and 2 and t 1 of medium 1 itself and on the
other hand on r10 and t10 .
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These expressions can therefore be used recursively to obtain effective reflection and transmission coefficients for sequences of layers.
For non-normal incidence polarisation comes into play. The system of
equations is set-up for both the s− and p− polarisation. The specular reflection
and transmission matrices can be calculated for the both polarisations. We take
the same scattering matrix for both polarisations.
The two resulting systems are solved using numerical linear algebra techniques. The resulting radiance vectors can be integrated to obtain irradiances.
A weighted average of the results is taken taking into account the polarisation
of the incident light. The procedure is repeated for every wavelength to obtain
wavelength dependent reflection and transmission curves. These numerical values can be compared to the reflection and transmission measurements that we
did with an integrating sphere setup (See section 8.8.1).

8.8

Light trapping in alkaline etched multicrystalline silicon wafers

We have established in [14] and [15] and chapter 7 that a sawing damage etch
on multicrystalline silicon wafers gives a faceted surface. The facets typically
have tilt angles of about 10 to 20 degrees. The facet tilt angles are too small for
a direct reflection reduction of incident light. Such a direct reflection reduction
does occur in (100) oriented mono-crystalline silicon wafers with upright or
inverted pyramids made by low concentration alkaline etches (so called texture
etching).

Silicon

Silicon
Critical Cone
Critical Cone
Ag mirror

.

Ag mirror
.

Figure 8.7: Possible raypaths in a multicrystalline silicon wafer.
Despite the relative flatness of the surface, there is still a possibility that the
infrared light in the wafer is randomised and trapped. This is illustrated in Fig.
8.7. Silicon has a high refractive index and consequently a small critical angle
of about 15 degrees. Light trying to escape from the silicon layer will be totally
internally reflected at the silicon-air interface if it travels at an angle with the
surface normal which is larger than the critical angle. The small tilt angles of

8.8. Light trapping in alkaline etched multicrystalline silicon . . .

135

the sawing damage texture may deviate the infrared light in the silicon enough
to ensure almost complete light trapping by total internal reflection.
In order to investigate this quantitatively reflection and transmission measurements of both sawing damage etched multicrystalline silicon wafers and
mono-crystalline silicon wafers have been performed. Reflection measurements have also been done with a silver reflector evaporated onto the rear surface. The reflection and transmission measurements have been fitted with the
Phong model from section 8.2.

8.8.1

Reflection measurements

port 2

sample

Light beam
(B)
(A)

port 1

Internal sphere surface
white diffuse reflecting

detector

Figure 8.8: Principle of reflection measurements with an integrating sphere.
The sample is illuminated with a beam of light. The reflected light
illuminates the sphere surface. With the help of a detector the irradiance of the sphere surface is measured. The irradiance of the
sphere surface is proportional to the reflectivity of the sample.
The reflection curves where measured with an integrating sphere set-up.
Figure 8.8 shows the principle of an integrating sphere. The integrating sphere
is well suited to measuring scattering samples since it collects all reflected light.
The integrating sphere can be used for both reflection and transmission measurements. In the case of the reflection measurement, the sample is at the right
hand side port and the left hand side port will be open to allow the light to enter.
In the case of a transmission measurement, the sample will be at the left hand
side port. The port at the right hand side will be closed with a plug that has
the same highly reflective diffusing coating as present on the inner wall of the
sphere.
Fig. 8.9 shows several measured reflection curves. We measured a monocrystalline silicon wafer polished on both sides and a multicrystalline silicon
wafer etched with a concentrated alkaline sawing damage etch. The wafers
were 300 µm thick as cut. For the case of the mono-crystalline silicon wafer
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also a calculated reflection curve is displayed. For the multicrystalline silicon
wafer several reflection measurements were taken at different locations on the
wafer in order to see the effect of varying crystallographic orientation of the
crystallites. On one side Ag was evaporated to form a back surface reflector
(BSR). A silver-silicon interface gives an infrared reflection of around 95%.
This value is sufficient for our purpose to model the scattering properties of the
surface texture.
1
Polished, Ag BSR, computed
Polished, Ag BSR, measured
mc-Si, saw-damage Ag BSR, measured

Reflection [-]

0.8

0.6

0.4

0.2

0
0.4

0.6
0.8
1
Wavelength [micro meter]

1.2

Figure 8.9: Reflection curves for a mono crystalline- and a multicrystalline
silicon wafer. Both wafers have an evaporated Ag reflector.
For the mono-crystalline silicon wafer as expected there is a good agreement between measured and computed reflection curves. For the wavelength
region between 300 nm and 900 nm, the reflection of the multicrystalline silicon wafer is almost the same as for the polished wafer. This indicates that the
texture is insufficient for a direct reflection reduction. As the wafer becomes
transparent for wavelengths beyond 900 nm, the reflection curves for the multicrystalline silicon wafer show much lower reflection despite the highly reflective rear side. This is a sign that light trapping occurs.

8.8.2

Modelling results

Fig. 8.10 shows fits to a measured transmission curve of a sawing damage
etched wafer without an Ag BSR. A fit with a polished surface does not re-
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Figure 8.10: Comparison between a measured transmission curve and two
computed transmission curves.

produce the transmission measurement at all. In one fit front- and rear surface
have a Phong exponent 16. In this fit the overall shape of the transmission
curve is reproduced well. The computed reflection is a few % too high for the
wavelengths above 1.2 µm where the wafer becomes completely transparent.
Several facts may contribute to this discrepancy. The reflection of the texture
air-silicon interface is slightly lower than for a polished interface. Secondly,
with the Phong model we aim to get a good average description of what is on a
microscopic scale a mix of differently faceted surfaces. The Phong model will
not be perfect.
Fig. 8.11 shows three fits to a measured reflection curve of a multicrystalline silicon wafer with Ag BSR. Three combinations of surface roughnesses
are displayed: both sides polished, front side polished and rear side reflecting
perfectly Lambertian, and the case where both sides have the same intermediate roughness (Phong exponent 16). Because the texture on both sides of the
wafers is the same we used the same Phong exponent on both sides.
We see that intermediate roughness values describe the reflection curve better then the perfectly specular or diffuse surfaces, although the fit is not perfect.
Fig. 8.12 shows the absorption in a silicon wafer for 3 cases. The first case
is a wafer with polished surface at front- and rear side. The second case has a
polished surface at the front side and a fully Lambertian diffusing surface at the
rear side. The wafer with the diffusing rear surface has a much higher absorption than the one with the polished rear side. The third case has a scattering
surface with a Phong coefficient of 16 at both front- and rear side as calculated
from the fits from Fig. 8.11. The absorption in the case of a multicrystalline
silicon wafer is close to case of a wafer with perfectly diffusing back surface,
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Figure 8.11: Comparison between a measured reflection curve and several
computed reflection curves for different roughness combinations
of the front- and back surface.
illustrating that a mild scattering can give a significant absorption enhancement
in the case of silicon with its high refractive index.

Fraction absorbed in Si layer [-]

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.2

Front- and back side polished
Front and back side m=16
Front side flat, back diffuse

0.4

0.6
0.8
1
Wavelength [micro meter]

1.2

1.4

Figure 8.12: Absorption in the silicon layer for the modelled reflection curves.

8.9

Optical properties of an aluminium alloyed rear
contact

In [16] several multicrystalline silicon neighbour sets of cells have been processed. These were rather unique neighbour sets because each wafer had been
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cut to a different thickness. This allowed us to study the relation between wafer
thickness and cell efficiency very accurately. Cells were made with an aluminium alloyed rear metallisation as explained in section 1.4.
As wafers get thinner the rear side of the cell has more influence on the cell
properties. This influence has an electronic component through the Back Surface Field properties of the silicon-Al alloy and an optical component because
of the reflectivity properties of the Al metallisation.
Agreement between PC-1D modelling and cell characteristics could only be
obtained assuming a high (80%) reflectivity at the rear surface. This is a higher
number than we had anticipated. In order to investigate this more closely, a
screen printed aluminium BSF (Back Surface Field) was made on a 50 µm
thick mono crystalline silicon double polished wafer. The reflection curve was
measured and subsequently modelled using the Phong model from section 8.2.
The Phong model allows the scattering to be adjusted continuously from
perfectly specular to perfectly Lambertian. In the case of the BSF we have two
unknown optical parameters: The internal reflection coefficient and the Phong
exponent.
Phong exponent and reflection coefficient are intimately coupled. For instance if the rear surface is assumed to be specular, the reflection coefficient
must be low, otherwise the modelled reflection will be too high. However,
changing the Phong exponent also changes the optical path length. So the correct pair of Phong exponent and reflection coefficient can be found by comparison of the calculated and measured reflection in the region where silicon is
semitransparent (950 to 1100 nm). This allows to pinpoint the optical properties of the BSF accurately.
The Phong exponent and the reflection coefficient of the Al rear were assumed to be wavelength independent over the wavelength region of interest.
The simulated system consisted of 2 layers. The top layer is a silicon layer
of the thickness of the sample. The bottom layer is a layer of refractive index
n. This layer can be used to adjust the reflection coefficient at the rear side. For
the reflection coefficient R at an interface between media of refractive index n 1
and n2 we have:


n1 − n 2 2
R=
(8.24)
n1 + n 2
With a refractive index of 3.5 for the silicon layer and 64 for the bottom layer
we have according to equation (8.24) a reflection of 80%.
In Figure 8.13 the results of the modelling are shown. We observe that
assuming a more highly scattering rear surface results in a shift of the sloping
part of the calculated reflection curve to higher wavelengths. The difference
between measured and the calculated reflection curve is minimal if an internal
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Figure 8.13: Fits to measured reflection curve. In the key p refers to the Phong
exponent, r to the rear side reflectivity. n refers to the refractive
index used to achieve the reflectivity r.
reflection coefficient at the rear Al surface of 78 % is assumed. The reflection
is mainly diffuse with a Phong exponent of about 2.0 (see Table 8.3).
Table 8.3: Phong and reflection pairs used in modelling.
Phong exponent Reflection
4.2
73 %
3.4
75 %
2.5
77 %
2
78 %
1.5
79 %
0.5
80 %

8.10

Conclusions

Scattering surfaces occur commonly with silicon solar cells. We have used
the Phong model to describe scattering surfaces. The Phong model describes
fully diffusing surfaces, completely specular flat surfaces and intermediate situations with a single number, the Phong exponent. The Phong model has been
integrated into a program that simulates the optical properties of stratified systems.
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With the Phong model we have fitted reflection and transmission curves of
sawing damage etched multicrystalline silicon wafers. The facet tilt angles in
sawing damage etched multicrystalline silicon wafers are too small for a direct
reflection reduction of incident light and the reflection is therefore similar to
that of a polished wafer. Owing to the high refractive index and consequently
narrow critical cone of silicon the small facet tilt angles deviate the light in the
silicon enough to ensure almost complete light trapping in combination with a
BSR.
As a second application of the Phong model we fitted the reflection curves
of samples with an aluminium alloyed BSF. From these fits we were able to extract the internal reflection coefficient and Phong exponent of the BSF. The reflection coefficient turns out to be close to 80%. The BSF scatters light enough,
that in combination with the narrow critical cone in silicon trapping occurs.
We conclude that this optical model is quite useful for modelling the optical
properties of silicon wafers and solar cells.
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9

Interactive simulation of solar cells

This chapter describes a graphical user interface to a solar cell simulation.
Normally one has a cycle of preparing an input, running the simulation and
viewing the results. In this GUI, these steps are combined. As soon as an input
parameter is changed, the response is immediately visible, making it easier for
the user to understand the model.

9.1

Introduction

Researchers developing and programming models for solar cells often have neither the skills nor the time for developing an interactive graphical user interface.
Hiring a computer graphics expert is too costly or making a user interface takes
too much time. Simulations therefore tend to proceed in the following way:
The user prepares his input files and runs the simulation. The output files of the
simulation are then post processed by a separate program to generate plots.
A research group at CWI (Centre for Mathematics and Informatics in Amsterdam) for this reason developed the Computational Steering Environment
(CSE). Within the CSE, interactive flight-simulator like user interfaces can be
easily designed. It allows for interactive intuitive change of input parameters
(for instance by sliders and the mouse) and displays the new graphical output
directly on the screen. The CSE tools can be interfaced to any simulation.
The program most used for 1-D solar cell simulations is PC-1D. Although
graphics are integrated in the program, the basic interaction cycle between user
and simulation is as described in the first paragraph.
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We have interfaced a solar cell simulation program developed at our institute to the CSE environment. The model we have implemented is a 1-D
simulation. In comparison with PC-1D ([1, 2, 3]), the optical model is more
complete, the treatment of the semiconductor equations is simpler. The model
was primarily meant to describe multicrystalline silicon production type solar
cells.
The chapter explains the computational steering technique, details the physics of the simulation, and shows a few snapshots from an actual steering session.

9.2

The CSE environment

With computational steering [4, 5], the user is continuously provided with visual feedback about the state of his simulation, and can change parameters on
the fly. The aim of the CSE environment is to enable researchers to implement
and use computational steering easily and effectively. The main components
of the CSE environment are a program to create, edit and run user interfaces, a
library with routines callable by C and Fortran and the data manager.
The central concept used is a description of the inputs and the outputs of
the simulation. For every variable in the simulation the user has to describe
its type (integer, float, character), its state (input or output) and its dimension
(scalar, array) and assign a label to it. He does this by inserting simple calls of
the library routines into his simulation code.
The data manager is a program maintaining a database with the values of
the inputs and outputs. The library routines establish communication between
the data manager and the simulation.
With the user interface editor, graphical user interfaces can be built easily.
Every variable and array exported to the data manager by the simulation program can be referenced by its label in the user interface editor. The size of some
of the graphical elements can be determined dynamically by output parameters
from the simulation, as will be shown in the results section.
The user interfaces and the simulation are implemented as satellites communicating with the data manager. The communication between the processes
is illustrated in figure 9.1 as the computational steering is in progress. Because
multiprocessing is fundamental to this approach, the current implementation is
on UNIX platforms. When the user drags a slider in a user interface satellite to
change an input variable, the value of the input is sent to the data manager. The
data manager signals the simulation to calculate the new case. When the new
case has been calculated, the output is sent to the data manager and is available
for plotting.
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Figure 9.1: A schematic picture of the communication between graphical user
interface, data manager and the simulation program.
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Figure 9.2: An example of a device structure that can be simulated. The thicknesses of the layers are not to scale.
We have performed a 1-D simulation. Figure 9.2 shows an example of a
device structure. A simulation of the device requires an optical analysis (section
9.3.1), followed by an electrical analysis (section 9.3.2) and a circuit analysis
(section 9.3.3).

9.3.1

Optical modelling

The first step in the modelling is the optical analysis of the stratified system as
described in chapter 8. For each wavelength λ, the optical calculation gives a
generation profile G(x) (units m−3 s−1 ) for the silicon layer of the following
form:





nθ
−αx
α(x − w)
αλ X
Ei Bf,i exp
+ Bb,i exp
(9.1)
G(x) =
hc
cos(θi )
cos(θi )
i=1
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Bf,i and Bb,i denote the radiances from front and back entering the silicon layer
for angle θi (See I1− and J1+ in figure 8.6). h and c denote Planck’s constant
and the speed of light respectively. hc/λ is the energy of an individual photon
at wavelength λ. w is the thickness of the silicon layer.
We compute the RGB (Red, Green, Blue) colour code from the reflection
curve using software from Hall [6]. HSV (Hue, Saturation, Value) colour codings are calculated from the RGB colour codings with the algorithm given in
Foley [7].

9.3.2

Electrical modelling

For the semiconducting layer a simple model is used that considers only the
minority carriers.
The silicon layer is modelled electrically as a sequence of layers with uniform doping. The example in figure 9.2 has 2 n-type layers and 2 p-type layers.
The models for recombination rates, bandgap narrowing, minority- and majority mobilities, refractive indices, absorption coefficients and equilibrium minority carrier concentrations have been taken from PC-1D version 4. These
models apply to good mono-crystalline silicon. They can be used for multicrystalline silicon as well. The main difference for multicrystalline silicon
compared to mono-crystalline silicon is that the lifetime of the minority carriers is shorter. This is due to the higher concentrations of impurities and defects in multicrystalline silicon causing additional recombination. τ max is used
to simulate reduced minority carrier lifetime in lower quality material such as
multicrystalline silicon. The total minority carrier lifetime is computed from a
doping dependent τdop and τmax as follows:
τtot =

τmax τdop
τmax + τdop

(9.2)

The excess concentrations of minority carriers in p−type silicon is indicated
with 4n. n0 (x) is the equilibrium electron concentration in p-type silicon.
Dn , τn and Ln are the minority carrier diffusion constant, lifetime and diffusion
length respectively. The subscript j refers to different silicon layers.
Equation (9.3) shows the diffusion equation (See for instance Cuevas [8])
for 4n for the illuminated case. The generation term G(x) is set to 0 for the
computation of the dark current.
Dn,j

d2 4n(x) 4n(x)
−
= −G(x)
dx2
τn,j

(9.3)

Table 9.1 shows the boundary conditions used for p−type material. For
n−type material the diffusion equation (9.3) and boundary conditions 9.1 are
similar. We use standard methods of calculus to obtain an analytical solution.

9.3. Device modelling

147

Table 9.1: Boundary conditions used for p−type material. The capital letters
(A), (B) and (C) refer to interfaces in figure 9.2.
Location
Description
Boundary condition
At silicon surface
Sn 4n ± Dn dd4n
=0
x
(A)
Edge of depletion Computation
of 4n = −n0
region (C)
dark current
Computation
of 4n = 0
light
generated
current
d4n
d4n
Interface of two Continuity of cur- Dn,j dx j = Dn,j+1 dxj+1
layers of the same rent
doping type (B)
4nj+1
4n
Continuity of nor- n0,jj = n0,j+1
malised concentration of excess carriers
The depletion region is modelled as in Sze [9]. The essence of this model
is that carriers generated in the depletion region are collected with 100% efficiency. The width of the depletion region follows from the doping levels on
both sides of the depletion region.
The external spectral response (ESR) and the dark current I 01 follow from
the minority carrier distributions. Internal spectral response and internal- and
external quantum efficiencies (IQE and EQE) follow easily from the ESR.
Since we assume that the superposition principle holds, we obtain the light
generated current Ilt of the cell by integrating the product of the spectral response and the solar spectrum. The spectral response and short circuit current
are calculated assuming circularly polarised light.

9.3.3

External circuit elements and metallisation pattern

The user can specify the geometry and resistances relevant to H-grid metallisation patterns. The resistances that have to be specified are the line resistances of
fingers, tabs and busbars as well as the contact resistance between emitter and
fingers. The sheet resistances of the emitter follows from the majority carrier
mobilities. Analysis of the H-grid pattern as described in chapter 2 results in
the shadow fraction ps and a series resistance Rse,pat of the pattern.
The user specifies the second diode current I 02 and the shunt conductivity
Gsh . As in PC-1D, the second diode current I 02 is not an output of the simula-
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tion, but an input to the simulation (See also section 1.3). The series resistance
Rse consists of a user specified contribution and the contribution of the H-grid
pattern. The I-V curve of the cell can be computed assuming the double diode
model:


  0
  0
V
V
V0
Vb
2Vb
I(V ) =
+ I01 e
− 1 + I02 e
− 1 + Ilt (1 − ps ) (9.4)
Rsh

V 0 = V − Rse + Rse,pat I(V )
(9.5)

9.4

Optimisation and inverse modelling

The concept of the central database with all the inputs and outputs of the simulation is well suited to add an optimisation satellite. Optimisation routines work
by evaluating the target function for different sets of values of the parameters
to optimise. Based upon the target function values, better sets of values can be
inferred.
In the steering framework we can tell the optimisation satellite which output must be optimised as a function of which parameters. The user can give
control to the optimisation satellite and the satellite will take over the steering.
The satellite will return control to the user when the optimum has been reached.
Since the optimisation satellite takes over control, the progress of the optimisation process can be monitored on the user interface satellites. The results of
the optimisation are also written to an output file.
An optimisation satellite has been developed based upon an optimisation algorithm by Gay [10]. The optimisation target and the parameters to be optimised are specified to the optimisation satellite through an input file. An optimisation routine requires starting parameters. In the case of computational steering, the user can first steer to a reasonable start situation. When the user starts
the optimisation by turning over control to the optimisation satellite, the current
state is used for the starting values.
Figures 9.3 and 9.4 show two sample input files to the optimisation satellite.
The optvars sections contains a list of parameters to be optimised. For each
variable an upper and lower limit must be specified. The target line is available
to supply the name of the variable to be optimised. With the reportvars section
the user can select additional output variables to be reported.
The input file from Figure 9.3 is used to optimise a double layer antireflective coating. $d_d is an array containing the thicknesses of the coating
layers, $isc is the photocurrent.
The input file from Figure 9.4 is used to fit the spectral response with the minority carrier lifetime available in array $taumax. In this case $esrlsq contains
the residual sum of squares between measured- and compute external spectral
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begin maximise
target $Isc
begin optvars
optvar $d_d[1] 10.e-9 150.e-9
optvar $d_d[2] 10.e-9 150.e-9
end optvars
begin reportvars
reportvar $Isc
end reportvars
end maximise

Figure 9.3:

An optimisation input
file for the optimisation
of a double layer antireflective coating. The
photo current $Isc is optimised as a function of the
layer thicknesses $d_d[0]
and $d_d[1].
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begin minimise
target $esrlsq
begin optvars
optvar $taumax[2] 1.e-6 20.e-6
end optvars
begin reportvars
reportvar $eff
reportvar $Voc
end reportvars
end minimise

Figure 9.4:

An inverse modelling
input file. $esrlsq is the
least squares difference
between the measured
and calculated spectral
response curves.
The
spectral response is fitted
with the minority carrier
lifetime in one of the
semiconductor
layers
$taumax[2].

response. In the case of the spectral response fitting the user might be interested
in the Voc .
In our framework inverse modelling is a treated as a special case of optimisation. The designer of the simulation has to make sure that the residual sum of
squares between observed and measured variables is available in the database.

9.5

Results

It is difficult to convey the sense of actually steering the simulations in a paper.
We will show some snapshots of a steering session. The snapshots have lost
some of their clarity because of the black- and white reproduction here of the
original colour simulation.

9.5.1

Description of the snapshots

Figures 9.5 through 9.7 show three snapshots from a CSE window with the
general overview. In each snapshot four graphs are displayed:
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IQE (upper-left) The graph shows the IQE of the n-type (emitter) region, ptype (base) region, depletion region and the total IQE.

Optical data (upper-right) The graph shows the calculated reflection and transmission curves of the cell. The simulation calculates the reflection curve
separately for p− and s− polarisations and both are on display. In the
case of perpendicular incidence, no difference can be observed between
these. The measured reflectance curve is also displayed.
The visible range is highlighted. From the part of the reflection curve in
the visible range, the colour of the cell is calculated. The two squares
are coloured accordingly. In the lower square the brightness has been
increased to make the colour more easily observable. The numerical
values of the HSVcolour coding are depicted.
A vertical line is drawn in this graph at the wavelength where the reflection minimum occurs. The line moves as the position of the reflection
minimum changes.
Spectral response (lower-left) The graph shows both the calculated and measured external spectral response of the cell. The solar spectrum used is
also on display. The angle of incidence of the direct part of the irradiance
is shown by means of a bar in the upper right part of this graph.
I-V curve (lower-right) The graph shows three I-V curves: a measured I-V
curve and the calculated I-V curve. It also shows an I-V curve where
shadow- and series resistance losses have been left out in order to give a
visual clue to metallisation pattern losses.
The numerical values of Voc , Isc , Vmpp and Vmpp are indicated. A visual
clue of the maximum power point is given by means of a square. The
colour of this square is determined by the cell efficiency.
On the bottom-left side of the graph, the total cell efficiency is shown in
the form of a thermometer. The colour coding of the thermometer is the same
as the maximum power point square in the I-V curve. The efficiency is also
reported as a numerical value.
Input parameters to the simulation are supplied in general by means of sliders. The sliders have a logarithmic scale where appropriate. The values can be
changed by dragging the sliders with the mouse. In addition to that is is possible to enter numerical values for the parameters with the keyboard by clicking
the numbers. There are two exceptions to this. The encapsulation of the cells
can be switched on or of by pushing either the “glass” or “no glass” buttons at
the top-right. The angle of incidence of the light can be changed by dragging
the top of the angle of incidence indicator in the lower-left output graph.
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The total irradiance and angle of incidence can be set below the lower-left
output graph. The angle of incidence can thus be set in three ways: by typing a
value, by dragging the slider and by dragging the angle of incidence indicator.
The shunt conductivity Gsh , series resistance Rse and second diode current
I02 can be set with the three sliders below the graph of the I-V curve. The
thicknesses of the two layers of the anti-reflective coating can be set by means
of the two sliders below the buttons for encapsulation control. There are three
groups of 4 sliders to control the thickness, doping level and maximum bulk
lifetime for the 4 silicon layers making up the solar cell. The three sliders at the
bottom right finally control recombination velocities at the front and the rear of
the cell and its temperature.

9.5.2

The sequence of snapshots

Between snapshot 1 (Figure 9.5) and snapshot 2 (Figure 9.6) the thickness of
one of the ARC layers has been increased (topmost slider) from zero to an
appropriate anti-reflective coating thickness. This has effect on all 4 graphs
except the IQE and results in a considerable efficiency increase.
Between snapshot 2 and snapshot 3 (Figure 9.7) the maximum minority
carrier lifetime (τmax from (9.2) has been decreased from the ms range to 30
µs. This changes all 4 graphs except the one with optical data. The measured
spectral response is described quite well now. The maximum minority lifetime can be adjusted by pulling its slider or by having the optimisation satellite
execute the input file of figure 9.4.
It is possible to have several views to the simulation at the same time. The
window from Figure 9.8 presents a more detailed optical view. Besides reflection and transmission curves it displays an energy balance for the irradiance
in the lower-left graph. The interface roughness can be set with the sliders labelled u. The graph and box with sliders on the top of the window display and
adjust the irradiance condition. The user can set the diffuse fraction, polarisation fraction and total irradiance level. The user can also change the angle from
which the cell is observed in order to display the colour at grazing angles.

9.6

Conclusions

We feel computational steering is an attractive way to display a simulation and
bring it to live. It makes it much more easy for a user to explore the properties of
the model and gain insight and feeling. These features make such a simulation
attractive for educational purposes.
The interactive presentation is also useful to compare measurements and
modelling. Several “what if” questions can answered readily, for instance what
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happens to efficiency if the cell is encapsulated behind glass or if irradiance is
changed from perpendicular direct incidence to diffused irradiance.
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Figure 9.5: First snapshot of a CSE window. This window presents the starting situation of the CSE session. It gives a general overview of the
state of the simulation with graphs for the I-V curve, reflection and
transmission curves, spectral response and internal quantum efficiencies. The user can use sliders and buttons to change the inputs
to the simulation.
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Figure 9.6: Second snapshot of CSE window. The thickness of the top antireflective coating has been increased. The calculated reflection
curve fits the measured reflection curve satisfactorily.
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Figure 9.7: Third snapshot of CSE window. The minority carrier lifetime has
been decreased. The calculated external spectral response describes the measured spectral response satisfactorily.
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Figure 9.8: Fourth snapshot of CSE window. It is possible to have several views
to the simulation at the same time. This window presents a more
detailed optical view. In addition to reflection and transmission
curves it displays an energy balance for the irradiance in the lowerleft graph. The graph and box with sliders on the top of the window display and adjust the irradiance condition. The user can also
change the angle from which the cell is observed in order to display
the colour at grazing angles.
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Notation

AUTOCAD a program that helps to make technical drawings.

Contour a contour for the value z1 of a continuous function z(x, y) is a line
that connects points with value z1 of the function z(x, y).
Critical Angle See also refraction and Fig. A.1. For ni > nt , the critical angle
θc is that angle of incidence where the angle of the transmitted ray with
the normal is exactly 90 degrees. The critical angle can be derived from
Snell’s law (A.2):
nt
sin(θc ) =
(A.1)
ni
Finite Element Method a numerical method to solve partial differential equations. In 2-D problems often a triangulation is used as a mesh.
FreeFem an Open Source program for solving partial differential equations
with the Finite Element Method.
Imaginary varying thickness metallisation See smeared out metallisation.
Refraction Refraction is the change in the direction of a travel of a transmitted
light ray at an interface between two media of different refractive index.
See Fig. A.1. The angles with the normal before and after transmission
are related through Snell’s law:
ni sin(θi ) = nt sin(θt )
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n = nt

θt

n = ni
θi

Figure A.1: Refraction of a ray at an interface between media of refractive index n = ni and n = nt .
Transparent smeared out metallisation an imaginary metallisation defined
by smearing out the metallisation in a line pattern perpendicular to the
lines.
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Figure A.2: Refraction of a ray as it hits an interface between a medium of index 1.5 and one of index 1.0 (e.g. a glass-air interface). Beyond the
critical angle of 41.8 degrees, the ray can no longer be refracted
and is totally internally reflected.
TIR Total Internal Reflection (TIR) can occur when light impinges on an interface to a medium with a lower refractive index. When the angle of
incidence with the interface is larger than the critical angle, the light is
be 100% reflected. See figure A.2. See also refraction and critical angle.
Triangulation a dissection into triangles of a 2-D simulation domain.
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Summary

This thesis contains contributions to the theory and design of solar cells. The
contributions are mainly to the design of metallisation patterns and the analysis
of the optical properties of solar cells.
In chapter 2 we present an analysis of H-grid metallisation patterns. An Hgrid pattern consists of main leads (typically 2-3) and fine metallisation fingers
perpendicular to the main leads. The fingers collect the generated current and
the main leads serve to interconnect cells. We show how any H-grid metallisation pattern can be used directly to optimise for yearly yield. We show how this
optimisation leads to a lower number of fingers and main leads required.
In chapter 3 we describe a 2-D program that has been developed to analyse
the effects of distributed series resistance in metallisation patterns and that allows for some pattern optimisations that go beyond the standard optimisation
of H-grid patterns. We show how the distance of the fingers to the edge of
the cells can be optimised. An another example involves unintentional interruptions in screen printed metallisation patterns. These interruptions lead to
additional series resistance. We show how a few extra metallisation lines can
improve tolerance to these interruptions.
In chapters 4 and 5 we describe a new pattern design method. The main
improvement over existing methods is that the topology of the pattern and the
direction of the fingers are produced by the method itself and do not have to
be predefined. This allows for further optimisation of metallisation patterns
and makes it much easier to design optimal patterns for various cell geometries
and interconnection methods. The method has been used to design and analyse
metallisation patterns for ECN’s PUM concept that is still under active develop159
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ment at our institution. The PUM pattern design and the efficiency gains that
can be achieved with this type of pattern are discussed in in chapter 6.
In chapter 7 we compare the optical properties of the textures produced
by alkaline etches. Alkaline etches (solutions of NaOH or KOH in water) are
commonly used for surface treatment of as-cut silicon wafers. A concentrated
fast etching solution is referred to as a sawing damage etch while a less concentrated slower etching solution is referred to a texture etch. A texture etch results
in a somewhat lower reflection than a sawing damage etch. On multicrystalline
silicon wafers alkaline etches give a faceted surface with feature sizes in the order of micro-meters. One of the findings is that in the case of a sawing damage
etch the facets typically have low tilt angles of about 10 to 20 degrees resulting
in a relatively flat texture, explaining the higher reflectivity of sawing damage
etched wafers. The facet tilt angles have been derived from AFM scans with the
new technique of facet transforms.
In chapter 8 an optical model is presented that takes into account scattering at surfaces. This model is applied to two cases. The first case is that of
alkaline sawing damage etched silicon wafers both with and without an evaporated silver reflector on one side. We demonstrate that despite the flat texture
infrared light in the wafer is still randomised and trapped, leading to enhanced
absorption of infrared light. The second case is the interface between a silicon
wafer and an alloyed rear aluminium metallisation, as commonly used in industry. This metallisation has been applied to flat monocrystalline silicon wafers
polished on both sides. Analysis of reflection measurements on these samples
reveals that the originally flat surface is roughened leading again to significant
trapping of infrared light.
In chapter 9 finally an interactive flight-simulator-like interface to a solar
cell simulation is presented. The user can change inputs to the simulation and
see interactively how the simulation responds to the change.
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Samenvatting

Dit proefschrift beschrijft bijdragen aan theorie en ontwerp van kristallijn-silicium zonnecellen. De bijdragen bevinden zich met name op het gebied van
het ontwerp van metallisatiepatronen en op het gebied van de analyse van de
optische eigenschappen.
In hoofdstuk 2 wordt een veelgebruikte klasse van metallisatiepatronen nader geanalyseerd, namelijk de H-patronen. Deze patronen bestaan uit een aantal
hoofdbanen (typisch 2-3) met loodrecht daarop fijne metallisatievingers die de
opgewekte stroom verzamelen. Er wordt getoond hoe een willekeurig programma voor optimalisatie van deze H-patronen direct gebruikt kan worden om voor
jaaropbrengst te optimaliseren. Tevens wordt geïllustreerd hoe een dergelijke
optimalisatie leidt tot een geringer aantal benodigde vingers en hoofdbanen in
vergelijking tot een standaard patroon.
In hoofdstuk 3 wordt een 2-D simulatieprogramma beschreven dat is ontwikkeld om de effecten van gedistribueerde serieweerstand in metallisatiepatronen te analyseren. Met dit programma kunnen optimalisaties worden uitgevoerd die buiten het bereik van de standaard H-patroon-optimalisatie liggen.
Een toepassing is de optimalisatie van de afstand van de vingers tot de rand van
de cel. Een ander voorbeeld heeft betrekking op onderbrekingen in gezeefdrukte metallisatiepatronen. Deze onderbrekingen beïnvloeden de serieweerstand
ongunstig. Het blijkt dat met behulp van een beperkt aantal extra metallisatielijnen de tolerantie voor onderbrekingen verbeterd kan worden.
In hoofdstukken 4 en 5 wordt een nieuwe ontwerpmethode voor metallisatiepatronen gepresenteerd. De belangrijkste verbetering ten opzichte van bestaande methodes is dat de topologie van het patroon en de richting van de vingers wordt geproduceerd door de methode zélf en dat deze niet vooraf bepaald
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hoeven te worden. Dit maakt verdere optimalisatie van de patronen mogelijk
en maakt het veel gemakkelijker om optimale patronen voor diverse celgeometriën en interconnectiemethodes te ontwerpen. De methode is gebruikt om
metallisatiepatronen te ontwerpen en te analyseren voor het ECN PUM concept
dat op dit moment op het punt staat in productie genomen te worden. Het PUM
patroonontwerp en de rendementswinsten die met dit type van patroon kunnen
worden bereikt worden besproken in hoofdstuk 6.
In hoofdstuk 7 worden de texturen die ontstaan door alkalische zaagschadeen textuuretsen bestudeerd. De alkalische etsen (een oplossing van NaOH of
KOH in water) worden gebruikt om de toplaag van een gezaagde siliciumwafer
af te etsen. Dit is nodig omdat deze vervuild is en kristalschade bevat. Een alkalische zaagschade-ets is een geconcentreerde snel werkende ets, de alkalische
textuurets een wat minder geconcentreerde langzamer werkende ets.
De textuurets geeft een lagere reflectie dan de geconcentreerde ets en deze reflectieverschillen kunnen worden gerelateerd aan de morfologie van het
oppervlak. Op multikristallijn-siliciumwafers geeft een alkalische ets een gefacetteerd oppervlak op micrometerschaal en de facettering hangt af van de
etscondities. Een van de bevindingen is dat in het geval van een geconcentreerde ets de facetten een lage hellingshoek hebben van ongeveer 10 tot 20 graden,
resulterend in een vrij vlakke textuur. De hellingshoeken van de facetten zijn
afgeleid uit AFM-scans met de nieuwe techniek van facet transformaties.
In hoofdstuk 8 wordt een optisch model gepresenteerd dat rekening houdt
met verstrooiing aan oppervlakken. Dit model wordt op twee systemen toegepast. Het eerste systeem betreft multikristallijn-siliciumwafers met een textuur
gevormd door een alkalische zaagschade-ets, zowel met- als zonder een opgedampte zilverspiegel. Het blijkt dat ondanks de vrij vlakke textuur infrarood
licht effectief wordt verstrooid en opgesloten in de siliciumwafer. Met opsluiting wordt hier bedoeld dat het licht meerdere keren op en neer reist door de
wafer. Dit is relevant omdat daarmee de absorptiekans van het licht wordt verhoogd en omdat meer absorptie leidt tot hogere stroom van de uiteindelijke
cel.
Het tweede systeem betreft het grensvlak tussen silicium en een gelegeerde
aluminium metallisatie, zoals die in productie wordt toegepast voor het achterzijdecontact. De aluminium metallisatie is toegepast op een vlakke dubbelzijdige gepolijste siliciumwafer. Het blijkt dat door het legeringsproces het oorspronkelijk vlakke oppervlak van de siliciumwafer verruwd wordt en dat deze
verruwing tot een significante lichtopsluiting leidt.
In hoofdstuk 9 tenslotte wordt een interactieve vluchtsimulator-achtige interface voor zonnecelsimulatie beschreven. De gebruiker kan parameters voor
de simulatie wijzigen en interactief direct zien hoe de gesimuleerde celeigenschappen reageren op de wijziging.
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Levensloop

Ik ben geboren te Anna Paulowna op 6 oktober 1961. In 1979 heb ik het eindexamen VWO behaald aan het Johannes college (tegenwoordig Etty Hillesum
college) te Den Helder. In datzelfde jaar ben ik begonnen met de wiskundestudie te Leiden. Het kandidaatsexamen heb ik afgelegd in 1981. Het doctoraal
heb ik behaald in december 1984. Het doctoraalonderzoek vond plaats op het
gebied van de numerieke oplossing van partiële differentiaalvergelijkingen onder leiding van prof. Dr. M.N. Spijker. Na het behalen van het doctoraal wilde
het Ministerie van Defensie mij graag inlijven bij de landmacht als dienstplichtige. Een succesvolle sollicitatie bij het Energieonderzoek Centrum Nederland
bracht naast een interessante werkkring als niet onbelangrijke bijkomstigheid
een - aanvankelijk tijdelijke - vrijstelling van de militaire dienst met zich mee.
Ik trad in dienst bij de afdeling ENR (ECN-NSP-Rekencentrum).
ECN organiseerde en verleende via ENR in die tijd de toegang tot één van
de twee supercomputers die Nederland rijk was, de Cray-1 die stond opgesteld
bij Shell in Rijswijk (de ander was de CDC Cyber 205 bij SARA). De Cray1 vectorcomputer had de fabelachtige kloksnelheid van 80 Mhz en bood een
vorm van parallel rekenen. Het was leuk werk om de gebruikerscodes optimaal
te laten profiteren van de vectorarchitectuur van deze computer.
Naarmate krachtiger computers gemeengoed werden, verloor ENR zijn centrale positie op gebied van supercomputerrekenen. ENR ging over in de SUI
(Service Unit Informatica). Bij de SUI heb ik aan een aantal interessante projecten een bijdrage kunnen leveren, zoals bijvoorbeeld de modellering van magnetische verliezen in supergeleidende spoelen en stralende keramische schuimbranders ([1, 2, 3, 4, 5]).
Begin jaren ’90 vond vanuit AMOLF met Wim Sinke het onderzoek naar industriële multikristallijn-silicium zonnecellen een onderdak bij ECN. Ik raakte
al snel hierbij betrokken en besloot de overstap te maken naar het zonnecel165
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lenonderzoek. Bij het zonnecellenonderzoek hebben in de loop der jaren vele
onderwerpen de revue gepasseerd. Een aantal hiervan is in het proefschrift
terechtgekomen en een aantal andere niet ([6, 7, 8, 9, 10, 11, 12]).
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