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Abstract. The metallisation pattern for the front side for a typical crystalline silicon solar
cell with screen printed metallisation. In this paper a 12.5 x 12.5 cm? cell with two tabs is
considered. The finger distance s for a H-grid pattern with our procedure. During the
process it has been observed that the smeared out metallisation has uniform thickness and
is characterised by a single parameter. The optimal pattern is determined by the cell
geometry, the location of the interconnections of the pattern to the tabs, the irradiance
condition for the maximum power point like V., J;mpp, the characteristics of
metallisation technique.
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1. Introduction

A solar cell is a photodiode which is used to convert light energy into
electrical energy and it thereby serves as a source of d.c. power under
illumination. Usually a solar cell(e.g. silicon solar cell) consists of a thick p-
layer(base) and a thin n-layer (emitter) on the top forming a shallow p-n
junction. Light penetrates through the emitter layer (the front surface) to the base
generates excess minority carriers which is made to flow through a load via the
metal contacts to the front and back surface of the cell. If we look at the front
surface we can easily access that the two dominating source of loss in cell
efficiency [1.2] are

i. The shadowing or optical loss due to coverage of a part of the surface by
metal contact lines.

ii. The resistive losses due to carrier flow in the emitter layer, semiconductor-
metal contact and in the metal contact lines.

27



R M Pujahari et al.

If the front surface of the entire cell is covered with a metal layer, the optical
loss will be maximum and the resistive loss will be minimum but no power can
be taken out of the solar cell.

Metallisation patterns are essential component of many solar cells. They are
applied on both rear and front side of the solar cell to make electrical contacts to
the cell. As an example through screen printing any pattern can be printed.
Optimisation of patterns can be done with a class of patterns of certain topology.
The most common example of optimisation of fingers is done in H-grid
metallisation pattern [3,4].

The great majority of crystalline silicon solar cells have a metallisation
pattern at the front side and H-grid pattern is one of them. The pattern consists of
wide strips of metallization called busbars [5]. The fingers are the narrow lines of
metallisation perpendicular to the busbars. For most large area industrial silicon
solar cells the busbars and fingers are deposited in one step by screen printing. A
tab is soldered on the top of each busbar [6]. The tabs serve two main functions
like electrical connections to the other cells in the module and to provide extra
conductivity to the bus bar.

Fig. 1. An H-grid metallisation pattern. The pattern consists of two solder
joints per tab at locations indicated by the dotted oval.
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2. Principle of the design method

 screenprinted busbar

Fig. 2.1. Smearing of the metallisation of a set of parallel fingers. Left: fingers
Right: smeared out fingers

7 screenprinted busbar :

Fig. 2.2. Smearing of the metallisation of a set of parallel tapered fingers. Left:
fingers Right: smeared out fingers

Figure 2.1 and 2.2 illustrate the principle of the method with the help of a
few fingers of an H-grid pattern[7]. The metallisation in the fingers of this pattern
is smeared out perpendicularly to the direction of the fingers. The smeared out
metallisation covers the complete cell[8].

In order to maintain the right overall transparency we assign to the full
metallisation in this case of uniform transparency of 75%. In the case of the
design as illustrated in Fig 2.2 the transparency assigned to the smeared out
metallisation decreases linearly from 100% at the tip of the finger to 50% at the
intersection at the busbars [9]. This transparent smeared out metallisation differs
from the fingers in one aspect that is it can conduct current in any direction while
the ordinary uniform fingers cannot. This extra degree of freedom is used to
optimise the solar cell metallisation design further.

The central idea of the design of the pattern of metallisation is divided into
two steps. Firstly the designing and optimisation has been carried out on the right
hand sides as shown in Fig. 2.1 and 2.2. Secondly the transparent smeared out
metallisation is converted into a line pattern with exactly same series resistance
and transparency by reversing the process of smearing out the metallisation.

Therefore the optimisation can be achieved with a minimum number of
parameters (typically 10). Therefore full optimisation of the smeared out
metallisation is possible[10].
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The second step is just a translation step and is necessary only after
transparent smeared out metallisation has been optimised. The series resistance is
unchanged as by the translation step as the orientation of 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.

3. Mathematical method

The screen printed metallisation is characterised by its thickness d,, its sheet
resistance pg,o 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 it is characterised by its position dependent thickness
d(x,y) . The sheet resistance pg,, (x,y) and the transparency of the transparent
smeared out metallisation, the higher its sheets resistance and transparency
are[11].

The shadow fraction P;(x,y) in the screen printed metallisation is directly
linked to the ratio of smeared out metallisation and the screen printed
metallisation.

Ps(x,y) = d(x,y)/do 1)
The transparent smeared out metallisation is thinner than the final screen printed
metallisation and consequently it has a higher sheet resistance.

Psm(x' Y) = Psm,odo/d(x' Y) = psm,o/d(x' y) (2)

We assume that local current J,,,,,,, and voltage V;,,,,, at maximum power point are
given. Optimisation of yearly yield can be achieved by using a single yearly
averaged current Jy,,,,,, and voltage V,,,,,, [11].

The total power P;that could be produced by the solar cell without shadow
and resistance losses is given by the following integral over the cell surface S.

Fy = fs Jmpp Vmpp dxdy (3)

However there are shadow- and resistive losses. On the illuminated side of
the cell the current density the J,,,, is reduced to the shadowing by the opaque
metallisation.
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],mpp(xvY) = ]mpp(l_Ps(xvY) ) (4)

The voltage V(x,y) in the metallisation is determined by solving a partial
differential equation across the cell surface:

V( : VV (x, 3")) = _]’mpp (x’ Y) (5)

Psm(xy)

The differential equation must be completed with boundary conditions. The
boundary conditions are a prescribed voltage at the connections 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[12].

1

psm(x,y)
in the metallisation and the power P,dissipated in the metallisation can be

calculated:

Pn = fs |

The transparent smeared out metallisation covers the entire cell surface.
Therefore contact resistances are much smaller than in final pattern and no
emitter sheet resistance losses occur. During optimisation of the transparent
smeared out metallisation the losses like sheet resistance losses and increased
contact resistance losses must be taken care[13].

From the voltage V(x,y) and the current vector j(x,y) =

VW(x,y)

1
psm(x.y)

VV (x, y)| dxdy (6)

The contact between emitter and metallisation results in a contact resistance loss
P. and is characterised by a contact resistance p.. The dissipation due to contact
resistance is inversely proportional to the coverage fraction P;(x,y). The lower
the coverage, the higher the dissipation[14,15].

J'mpp (£,¥)2
P.=pc [ %d?ﬁd}’ (7

In order to calculate the loss P. due to emitter sheet resistance we make the
assumption that everywhere the pattern consists locally of metallisation lines
running in parallel. In this way we get for P, and P, expressions [16,17]

S(x,¥)2 ,
Po= [, CE22(1 = P(x,))Pe) mpp (6, ¥) dixdy

2 1-Ps(xy) '
= Js G Cryia)Pel 'mpp (1, ¥)?dxdy ®)
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Here w? is the finger width that we can achieve and S(x,y) is the distance
between the fingers. The power loss to the shadowing is written as:

P = fS P (x, y)]mpp Vmpp dxdy 9)

The total loss P, = P, + P, + P. + P, is a combination of the shadow loss
and the resistive losses. P;(x,y) can be optimised numerically by considering P;
as a function of P;(x,y).[18]

3. Results and Discussion

To illustrate the method we consider a front side metallisation for a screen
printed 10 x 10 cm? multicrystalline silicon solar cell with two tabs.
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Fig. 3. Interconnection geometry for optimisation pattern. The tab length L, is
optimised.

The Figure 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. 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 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 fixed
sheet resistance[19]
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Table 1: Comparison of different metallisation patterns for the front side.

Pattern Tab length | Py(%) R .(mQ) Loss(%0)
H- grid 10 cm 8.0 8.7 10.6%
Optimised 10 cm 7.8 9.2 10.5%
Optimised 8.5cm 7.2 9.5 10.1%
Optimised 7.0cm 6.9 104 10.0%
Optimised 3.3cm 7.2 16.4 12.1%

Table 1 show the results of different metallisation patterns. A tab length
around 7.0 cm is optimal in this case. If the tab gets much shorter the resistance
in the fingers increases, if the tab becomes longer they cause increasing shadow
losses without decreasing the resistance much[20].

Fig. 4. Superposition of current vectors and contour plot of coverage fraction for
a tab length of 3.3 cm

W=

Fig. 5. Pattern derived from fig 4. Finger widths have been multiplied with 4 for
improved quality.

Figure 4 shows the transparent smeared out metallisation resulting from step
1 of our method in the form of contour plot. For reasons of symmetry it was
sufficient to analyse the quarter of the cell. The current vectors have all been
normalised to the same length to make direction of current flow more clearly
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visible. Fig. 5 shows a metallisation pattern consistent with the data from Fig. 4.
The metallisation fingers are aligned with the current vectors. 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 the tab.

4. Conclusion

We conclude that a method has been designed and developed for the
optimisation of metallisation patterns. No pre-assumption on the topology of the
pattern is made. The optimal pattern can be determined by the cell geometry, the
location of the interconnections of the pattern to the tabs, the irradiance condition
for the maximum power point like V.., Impp » the characteristics of metallisation
technique.

The optimal patterns can be introduced in a screen printing line without
extra cost so they may be a variable alternative to standard pattern.
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