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ABSTRACT: The cost-effective production of highly efficient solar cells and modules is one of the major goals of
current research activities. Especially the ongoing crisis that is affecting a major part of the solar industry makes new
methods and instruments for further reductions in cost of ownership (€/Wp) of solar cells and modules essential. Our
approach is the optimization of the metallization layout of passivated Czochralski-Si metal wrap through (MWT)
solar cells aiming at minimum module cost of ownership. The front finger width, the number of contact rows and the
number of solder pads per contact row are varied methodically using analytical modeling. The results of the
simulation provide the basis for a bottom-up cost of ownership calculation of MWT solar cells and modules. MWT-
metallization layouts with more than four contact rows are identified as most cost-effective. A comparison between
MWT and conventional H-pattern technology reveals a cost advantage of over 2 % relative for the MWT approach on

module level.
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1 INTRODUCTION

Back-contact solar cells such as metal wrap through
(MWT) solar cells [1] have a huge potential for reaching
high conversion efficiencies. Up to date conversion
efficiencies over 20 % have been demonstrated for large
area p-type Si MWT solar cells using industrial
production equipment [2-5]. In comparison to similar
H-pattern solar cells the conversion efficiency of the
MWT technology is generally increased by around
0.3-0.5 % absolute [6—8]. Nevertheless the high power
output of the solar cells comes along with increased costs
for cell production and module integration. On cell level
the additional production effort of the High-Performance
(HIP-MWT) approach (Figure 1a) [7] compared to p-type
H-pattern cells with passivated emitter and rear (PERC)
[9] (Figure 1b) is reduced to only one process
step - namely the drilling of the vias. Up to now there are
two industrial MWT module assembly concepts
available: A ribbon based [10] and a conductive back
sheet based interconnection process [11]. Both module
approaches result in very low cell-to-module conversion
efficiency losses of CTM, =1 % absolute on aperture
area [12-15].

In this contribution we show a method to minimize
the cost of ownership of ribbon based HIP-MWT solar
modules by varying the cell metallization layout. The
presented approach is based on analytical simulations and
bottom-up cost calculations. Furthermore a detailed
comparison between conventional H-pattern and MWT
solar cell and module technology regarding conversion
efficiency and cost of ownership is included in this study.

2 APPROACH

The metallization layout of p-type HIP-MWT and
H-pattern PERC solar cells is varied systematically
regarding the number of contact rows, the number of rear
contact pads and the front contact finger width using
Gridmaster [16]. In this simulation tool all contributions
to the series resistance Rg and the dark saturation-currents
Jo1 and jg, are calculated for a given metallization layout
using analytical equations. Applying the two diode model
the I-V curve is computed enabling the determination of
the most important solar cell parameters such as
conversion efficiency, fill factor, short-circuit current and
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Figure 1: Schematic cross section of the p-type
HIP-MWT (a) and the H-pattern PERC (b) cell structure
investigated in this study.

open-circuit voltage. This allows for the optimization of
the number of front contact fingers and the busbar width
for a given metallization layout. Furthermore the silver
consumption is calculated.

Using the bottom-up cost modeling tool SCost [17]
the cost of ownership in €/Wp is calculated for all
simulated cell metallization layouts. By calculating the
cell-to-module conversion efficiency ratio (CTM,) the
resulting module conversion efficiencies are determined
for selected cell metallization layouts. For both solar cell
technologies the investigated module assembly process is
based on conventional tabbing and stringing.

3 RESULTS AND DISCUSSION

All investigated p-type HIP-MWT and H-pattern
PERC metallization layouts feature rear contact pads with
a diameter of 2 mm and constantly five p-type pads per
contact row. Exemplary two metallization layouts of
HIP-MWT and H-pattern PERC cells with five contact
rows are depicted in Figure 2. In case of the MWT solar
cells an asymmetrical rear layout with an equal number
of n- and p-type contact rows is assumed, as it is typically
applied for ribbon interconnected MWT solar cells
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[10,18,15]. The front pseudo-busbars are tapered linearly
with a minimum busbar width of 60 pum as shown in
Figure 2a.
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Figure 2: Metallization layouts of p-type HIP-MWT (a)
and H-pattern PERC (b) solar cells with five contact rows
and an edge length of 156 mm. In the amplification the
assumed front busbar layouts for both cell technologies
are depicted.
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Figure 3: Simulated conversion efficiencies #gimcen Of
156 mm full-square p-type Cz-Si HIP-MWT and
H-pattern PERC solar cells with different metallization
layouts and finger widths dgr. All data are generated with
the analytical simulation tool Gridmaster. The front
busbar widths of all solar cells are shown in Table IT and
III. Open (filled) symbols correspond to a finger width of

Table II: Optimized maximum busbar width dgp ., for
all investigated HIP-MWT solar cell metallization
layouts.

number of n-type contact

number of pads per contact row
contact 5 10 15
rows dBB‘max dBB,max dBB‘max
(um) (um) (um)
3 770 370 240
4 570 270 170
5 450 210 130
6 370 170 110
7 310 140 90

The maximum busbar width dppmy iS conversion
efficiency-optimized for each layout according to the
Gridmaster simulation, so that all layouts with the same
number of n-type pads per contact row feature an equal
busbar related series resistance Rspg. The optimized
values for dpp . are shown in Table II. On the rear the
spacing between aluminum and n-type silver contact pad
is 500 um for all metallization layouts. The via resistance
is 1 mQ per n-type contact pad. For the H-pattern solar
cells the front grid features nonlinearly tapered external
front busbars as shown in Figure 2b. The number of the
elongated front solder pads is five per contact row and
the front busbar width is dpg=500 um for all
metallization layouts. It is assumed that the H-pattern
solar cells are shadowed by a continuous busbar
measuring 1.0 mm in width for each contact row during
I-V measurement. For both cell technologies the number
of front contact fingers is conversion efficiency-
optimized for all investigated metallization layouts and
finger widths according to the Gridmaster simulation.

In case of MWT solar cells increasing number of
contact rows results in a decrease of Rsgyig, Rsvia and
Rs 1 since the current paths in the front contact fingers
and in the rear aluminum contact are shortened and the
number of vias is increased. This leads to a fill factor
gain. In addition the metal covered front surface is
reduced with increasing number of contact rows because
the optimal number of front contact fingers is lowered.
Since the maximum width of the front pseudo-busbars is
decreased with every additional contact row (see
Table II), the busbar related front metal coverage is equal
regardless of the number of contact rows. The overall
reduced front metallization leads to reduced shading and
front contact related recombinative losses resulting in
slightly increased Jgc and Voc values in case of
metallization layouts with increased number of contact
rows. As a result of the reduction of Rg and the gain in
Jsc and Vo the conversion efficiency is increased by
about 0.2 % absolute changing the metallization layout
from MWT3 to MWTS. Experimentally obtained results
presented confirm this trend [19]. The decrease of the
front contact finger width from 60 pm to 45 um leads to
reduced shading, reduced recombinative losses at the
front contact and reduced Rg ;g resulting in a conversion
efficiency increase of more than 0.1 % absolute for
metallization layouts with equal number of contact rows
and n-type pads. An increased number of n-type contact
pads per contact row leads to a reduction of Rspp
resulting in higher cell conversion efficiencies. The
comparison between H-pattern PERC and HIP-MWT
demonstrates that depending on the metallization layout
conversion efficiency gains over 0.6 % absolute are
feasible with the MWT concept.

The bottom-up cost modeling tool SCost is used to
calculate the cost of ownership of HIP-MWT and
H-pattern PERC solar cells with different metallization
layouts, see Figure 4. Relying on cost data provided by
industrial partners we assume our cost-of-ownership
calculation to be representative for an industrial cell
production facility with a capacity of 400 MWp per year
located in Europe. For the silver paste a price of 670 €/kg
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is assumed. The costs for the p-type Cz-Si are included
with 0.98 €/wafer. For the anti-reflective coating
consisting of a silicon nitride as well as the rear
passivation consisting of a stack of aluminum oxide [20]
and silicon nitride PEVCD processes are calculated. For
both cell technologies the simulated process sequence is
equal except for the additional laser process in case of the
HIP-MWT solar cells.

For the given contact pad size and geometry a
HIP-MWT layout with five contact rows is the most cost-
effective metallization layout. Increasing the number of
contact rows from three to five results in a reduction of
the cost of ownership of about 0.2 €ct/Wp. Furthermore
the analysis shows that a metallization layout with more
than 10 n-type pads per contact row clearly gains
advantages.

On cell level the HIP-MWT technology is already
more cost-effective than the H-pattern PERC concept.
The question is whether the cost of ownership advantage
of the HIP-MWT solar cells can be transferred to the
module level.

In this study we investigate an MWT module concept
based on a modified tabbing and stringing process
[10,18,15]. The rear pad insulation is realized by an
isolation layer that is applied during the adapted tabbing
and stringing process. Table IV shows the assumed
ribbon dimensions for the simulated 60 cell HIP-MWT
and H-pattern PERC solar modules.
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Figure 4: Calculated cost of ownership CoOc. of
156 mm full-square p-type Cz-Si HIP-MWT and
H-pattern PERC solar cells with different metallization
layouts and finger widths dpp. All data are based on the
simulated cell conversion efficiencies shown in Figure 3.
Open (filled) symbols correspond to a finger width of

Table IV: Ribbon dimensions for HIP-MWT and
H-pattern PERC 60 cell solar modules with different
metallization layouts.

ribbon width / ribbon thickness

number of

(mm / pm)
contact rows IS NWT  H-pattern PERC
3 4.0/200 1.5/ 180
4 4.0/ 150 1.2/170
5 4.0/120 1.0/160
6 4.0/100 1.0/135
7 4.0/85 1.0/120

Table V: Relative conversion efficiency ratio CTM,, ¢jecs
caused by resistive losses in cell and string
interconnectors and solder joints for HIP-MWT and
H-pattern PERC 60 cell solar modules with different
metallization layouts. The analyzed HIP-MWT
metallization layouts feature 15 n-type pads per contact
TOW.

number of contact rows

CTM,, e
number of (u/';' )el‘m'
contact rows
HIP-MWT H-pattern PERC
3 -1.5 -3.8
4 -1.4 -3.7
5 -1.4 -3.7
6 -1.3 -3.7
7 -1.3 -3.6
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Figure 5: Simulated conversion efficiencies #sim module Of
60 cell p-type Cz-Si HIP-MWT and H-pattern PERC
solar modules with different metallization layouts and
finger widths dpr. The corresponding cell conversion
efficiencies are shown in Figure 3. The HIP-MWT solar
cells feature 15 n-type pads per contact row. Open (filled)
symbols correspond to a finger width of dpr =45 pm
(dpr = 60 pm).
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Figure 6: Calculated cost of ownership CoOyoque Of
p-type Cz-Si HIP-MWT and H-pattern PERC solar
modules with different metallization layouts and finger
widths dge. All data are based on the simulated module
conversion efficiencies shown in Figure 5. The HIP-
MWT solar cells feature 15 n-type pads per contact row.
Open (filled) symbols correspond to a finger width of
drr =45 pm (dpp = 60 um).



Presented at the 28th European PV Solar Energy Conference and Exhibition, 30 September — 04 October 2013, Paris,

For both cell technologies the simulated module
conversion efficiencies are related to the module aperture
area with an assumed cell and edge gap of 2 mm. For
156 mm full-square solar cells this results in a CTM,, of
-2.8 % relative due to the inactive module area for all
simulated solar module efficiencies. Optical losses and
gains caused by the various interactions between cell,
encapsulant, back sheet and glass are assumed to sum-up
in an optical CTM, of -1.0 % relative. The influence of
the coupling gain generated by light coupling of the cell
front metallization is neglected in this study. Furthermore
mismatch losses are not taken into account neither for the
HIP-MWT nor for the H-pattern PERC modules. The
CTM resulting from electrical losses in the cell and string
interconnectors and solder joints is calculated for all
ribbon dimensions (see Table IV) and metallization
layouts using analytical simulation. The basis for the
calculation is the cell current at the point of maximum
power that is applied into the ribbon along the contact
pad area. For the determination of contact resistive losses
at the solder joint an experimentally obtained value of
35 uQcem? is used. The results for CTM,, ..., are shown
in Table V.

Figure 5 shows the simulated conversion efficiencies
for 60 cell HIP-MWT and H-pattern PERC solar
modules. As well as on cell level the module conversion
efficiency gain of the MWTS layout is up to 0.2 %
absolute in comparison to the MWT3 layout. The
conversion efficiency advantage of the HIP-MWT
technology compared to the conventional H-pattern
approach is increased on module level and amounts to
1 % absolute for metallization layouts with five contact
rows. This is mainly due to reduced electrical losses in
the cell interconnectors.

In order to evaluate the impact of the metallization
layout on the solar module cost of ownership a detailed
analysis is carried out using SCost, see Figure 6. As a
basis a standard module assembly consisting of glass,
encapsulant, copper ribbons, back sheet, frame and
junction box is assumed. The capital and operational
expenditures are cost out for a 400 MWp production
facility located in Europe. The ribbon costs are calculated
according to the metallization layout dependent
dimensions (see Table IV) with an expected price of
20 €/kg. Note that no additional costs are assumed for
layouts with increased number of solder pads, since no
additional material is consumed at the soldering points. In
case of the HIP-MWT modules the costs for the isolation
layer are included with a price of 3 €/m2 It is assumed
that the investment for the adapted back-contact tabber-
stringer amounts to 125% of a standard tabber-stringer.
Again, we find MWTS5 to be the most cost-effective
metallization layout on module level. For the investigated
module assembly process HIP-MWT modules turn out to
be more cost-effective than conventional H-pattern PERC
modules. The cost advantage of the HIP-MWT
technology amounts to over 2 % relative comparing
metallization layouts with five contact rows.

4 CONCLUSION

A method for the systematical optimization of the
metallization layout of p-type MWT solar cells based on
analytical simulation is presented. The target is the
reduction of the cost of ownership of MWT solar
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modules based on an adapted tabbing and stringing
process. Therefore the number of contact rows, the
number of n-type pads per contact row and the front
contact finger width of HIP-MWT solar cells are varied
methodically. For the presumed production technologies,
cost data and cell-to-module losses the cost—optimum of
HIP-MWT modules is found for cell metallization
layouts with more than four contact rows and more than
10 n-type pads per contact row. The comparison between
HIP-MWT and conventional H-pattern PERC solar
technology reveals a cost advantage of more than 2 %
relative for the MWT approach.
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