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ABSTRACT Modules

The combination of metal-wrap-through technology with a unit cell design, referred to as AP-MWT
architecture, is proposed for the purpose of operating under low and concentrated irradiance. On the
illuminated side, the negative polarity is electrically separated by using an emitter window surrounding the
perimeter of each unit cell. The final functioning silicon-based device consists of an arbitrary amount of unit
cells with perimeter dimensions ranging from lcm x 2.25cm to 14cm x 13.5cm. The Czochralski-based bulk
material, as well as the assembly approach, conforms with state-of-the-art industrially feasible technologies.
For irradiances corresponding to 1 and 10 suns, median efficiencies of 19.8% and 20.9% and top efficiencies
of 20.2% and 21.0% have been achieved. Thanks to the flexibility in size, interconnection and irradiance, a
wide range of current—voltage ratios are covered, providing customized solutions beyond the conventional
flat-panel market.

Power
Generation

Introduction

The majority of silicon-based solar
cells today are designed to operate
under terrestrial sunlight in a flat-
panel module [1]. For this reason, the
IEC consortium offers a guideline for
standard testing conditions (STC)
[2], in which (among other testing
conditions) a perpendicular irradiance of
1000W/m? is stipulated. Testing at

different irradiances becomes a necessity
when operational conditions vary from
normal exposure to sunlight. This is
the case for concentrator solar cells and
for cells designed for operation under
low irradiance conditions, for example
indoor applications. The dimensionless
concentration factor C defines the
fraction of irradiance E, relative to

the reference irradiance of E . =

1000W/m? at STC, at which the current—
voltage characteristics (I-V curve) are
recorded. For C > 1, concentration
conditions apply, whereas for C < 1, the
so-called low-light or low-irradiance
conditions prevail.

Concentrator solar cells are
designed to operate under enhanced
irradiance (C > 1), typically within
systems that contain an optical set-
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Figure 1. (a) Front (top) and rear (bottom) views of an AP-MW T wafer of the first generation, with edge lengths of 15.6cm,
consisting of 84 solar cells called unit cells. The indicated examples A, B and C represent possible formats of a final cell,
consisting of different numbers of unit cells of size 1cm x 2.25cm. In this case, the front-grid metallization is optimized

for C = 10; the grid is adapted according to the respective irradiance. (b) Schematic cross section of the physical edge of an
AP-MWT cell. The n* region is not extended to the edges, leaving an embedded emitter with the purpose of reducing edge
recombination. Particularly for low light and small cell dimensions, the impact of edge recombination increases.
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up which focuses the light onto a
photovoltaically active element called
the receiver [3]. The reduction in size
of the solar cell, which is inversely
proportional to the concentration
factor, offers the potential for cost
reductions, provided that all other
system components are cost effective.
Furthermore, the concentrator
application allows higher cell
efficiencies, mainly because of the
logarithmic increase in open-circuit
voltage V. [4] with concentration.
Silicon-based concentrator solar

cells have been widely investigated
in the past, generally using devices
with the external polarities located
on both sides or using back-contact
back-junction (BCBJ) technology, in
which the emitter and both external
polarities are located on the rear side.
For the former, the laser-grooved
buried contact technology patented
by the UNSW [5] and fabricated by
BP Solar [6] represents an example
that has been successfully introduced
in manufacturing, which was assessed
by the Euclides project [7]. The
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Figure 2. The AP-MWT architecture, featuring PERC technology (bottom),
exhibits local contact openings (LCO), which substantially reduce the contacted
fraction, leading to a low surface recombination velocity. In contrast, the full-

area Al-BSF technology offers a low resistive solution, avoiding spreading
resistance [12] in the bulk. For both approaches, the current flow towards the
rear metal contact is indicated.

concentrator BCBJ cell was mainly
investigated in the late 1970s and
1980s, resulting in the independently
confirmed world-record efficiency
of 27.6% [8] for a silicon solar cell.
Only recently, SunPower Corporation
modified their BCB]J cells to operate
under an optical concentration of
around 7 suns [9].

Low-irradiance conditions occur
indoors and are associated with sensor
technology or building-integrated
solutions; these conditions can even
occur outdoors in the case of mobile
solutions in which the PV elements
are mostly misaligned with the sun.
Currently, the main solar cell supply
for low-light applications comes from
conventional solar cells being cut into
smaller pieces, presenting the negative
polarity on the illuminated side and the
positive polarity on the rear.

Both concentrator and low-irradiance
types of application share the need
for flexible solutions in terms of their
current—voltage ratios and perimeter
dimensions. In the case of concentrator
applications, a low current () device
is desirable: resistive losses, which are
proportional to /2, are reduced. Low-
light applications need high voltages
and are often restricted to certain
dimensions that are far below the
standard wafer sizes of 5" or 6”.

Fraunhofer ISE is therefore
introducing a multipurpose silicon-
based back-contacted solar cell
architecture for use in a variety of bias
light conditions. The cell front metal
grid and perimeter dimensions are
readily adaptable.
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Figure 3. Regime shifts as a function of the concentration factor C, where FF losses are dominated by (a) series resistance,
or (b) parallel resistance. Constant input parameters for the one-diode model: photo-generated current density at 1 sun

Joh = 37mA/cm? jy, = 700fA/cm? r,, = 0 in (a); r, = 0 in (b). The impact of a second diode ji,, which corresponds to the
behaviour similar to that of a parallel resistance reducing mainly the FF, is not shown.
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The approach

Metal-wrap-through (MWT) [10]
technology is combined with a flexible
unit cell design, capable of producing an
MWT device with dimensions between
lcm x 2.25cm and 14cm x 13.5cm, for
operation between C = 0.1 and C = 25.
This design will be referred to as all-
purpose MWT (AP-MWT).

Fig. 1 shows the front and rear

sides of an AP-MWT solar cell,
illustrated on a 15.6cm semi-square
monocrystalline wafer. The approach
offers flexible sizes, indicated by the
examples A to C, each consisting of
a different number of unit cells. Each
unit cell provides two solder pads for
external contacting. The emitter of
each unit cell is electrically separated
by means of a 0.25mm-wide emitter

window around the cell’s perimeter,
which reduces edge recombination
when cut out of the wafer. As a result
of the process sequence, the small
perimeter area does not have any
texture. On account of being MWT
technology, both external polarities
are located on the rear side, allowing
an advanced interconnection in
terms of exploiting the whole cell
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Figure 4. Sensitivity analysis as a result of applying a mask with different aperture widths of M5 = 5mm and M10 = 10mm.
The unity reference represents a homogeneous irradiance of C = 1. After applying a mask, irradiance is increased until the
short-circuit current corresponds to that for the homogeneous, C = 1, case.
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Figure 5. Evolution of I-V curve parameters for first, second and third generation cells. The I-V curves are recorded in the
individualized cell state, whereas the dimensions of the first and second generations correspond to format A, and the third

generation to format B (see Fig. 1). A clear trend towards higher mean and peak efficiencies is evident, but, at the same
time, the variation is significantly reduced. Conditions: C = 10 (E;, = 10kW/m?), T = 25°C, spectrum AM1.5g, stabilized.
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Figure 6. Individualized AP-MWTT cells throughout all generations, optimized
for an irradiation of 10 suns. The second generation provides perimeter
emitter-windows only, allowing continuous metallization and decreased
reflectance losses.

area in each direction. Prior to
individualization, a solder resist (not
shown) is screen printed on the entire
rear side, allowing the full degree of
freedom in terms of interconnection.
Furthermore, no solder structures
are used on the illuminated side, thus
reducing any potential shading of the
front side.

“The AP-MWT architecture
facilitates an efficient cell
design that will withstand

over two decades of

irradiation.”

Fig. 2 shows a schematic cross
section of the AP-MW T architecture;
exclusively industrially available
processing technologies — for example
Cz-Si p-type silicon bulk material,
screen-printing and shallow emitter
formation — are taken into account. The
AP-MWT architecture facilitates an
efficient cell design that will withstand
over two decades of irradiation. For
C > 1, the full-area alloyed aluminium
back-surface field (Al-BSF) technology
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Figure 7. (a) Dependence of V. and FF on the concentration factor; (b) corresponding efficiencies for three selected cells
from each generation. According to Equation 1, an efficiency gain can be expected until FF losses offset gains in V.

Jsc [MA/Cm?] Vo [MV] FF %] n [%]
Mean (10 samples) 39.5+0.1 663+0.7 79.7+0.1 20.9+0.1
Best 39.5 664 79.9 21.0

Table 1. Mean and best value at STC for the AP-MWT cell incorporating PERC technology in accord with the cross
section shown in Fig. 2. The I-V curves have been recorded ‘in-wafer’ by applying a mask with an opening of 26.94cm?,

corresponding to the dimensions of format A (see Fig. 1).
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is used, providing an efficient
contact of virtually no resistance to
the semiconductor. For 1 sun, and
particularly for low-light conditions,
resistive losses are minor; a second
technological route — the passivated
emitter and rear cell (PERC) approach
— therefore offers the potential of higher
conversion efficiencies [11].

Impact of illumination
conditions on I-V curve
parameters

The short-circuit current I, and
the respective short-circuit current
density j,. are assumed to vary linearly
(Jse=C - jSCc=1) [13] with the irradiance
E;.. A possible sublinearity in the case
of inversion layer formation [14] or
resistance-limited short-circuit current
[15] is excluded over the relevant
range of concentration factors that are
treated here. Therefore, the conversion
efficiency x# depends only on the
product of the open-circuit voltage V.
and the fill factor FF:

1)

In Fig. 3, fill factor losses induced
by series and parallel resistance in
accordance with the one-diode model
are demonstrated. If a series resistance
of 0.7Qcm? is considered (typical
for a standard solar cell produced
today), at 10 suns this would lead to a
drop in FF of 30% abs. By contrast,
a parallel resistance of 500Qcm?
would be sufficient in order to reduce

shunting losses to less than 0.3% abs.
This behaviour is explained by the
logarithmic dependence of the shunt
current and the linear dependence
of the external current on the
concentration factor. At 1/10 sun, the
characteristics are reversed, with the
parallel resistance having a dominating
influence.

Why MWT solar cells?

Besides the benefits mentioned earlier
associated with interconnection
and packaging, the MWT approach
offers advantages in the case of
inhomogeneous irradiance occurring
typically at the system level [3]. Fig.
4 shows the front side of an MWT
solar cell and a conventional cell
which have been partially shaded in
order to simulate inhomogeneous
irradiance. Compared with the results
without masking (homogeneous
irradiance), the conventional design
shows a significant drop in FF, which
is attributed to the greater distance
between current-collecting busbars
located at the edges of the active
area. The present experiment shows
the inherent drawback of the front-
contacted concentrator cell of being
limited to a certain extension parallel
to the grid fingers. In the direction
along the busbar, this effect is enhanced
because of the limited width provided
by the external contact (busbar) for
interconnection. In the case of the
MWT approach, narrow pseudo-
busbars with a constant pitch transfer
collected current to the external contact
pads, so there is no dependence on the
cell width.

Results for concentrated
irradiance

Fig. 5 shows the evolution of
the relevant parameters from
corresponding illuminated I-V curves
for three cell generations processed at
Fraunhofer ISE. The I-V curves were
recorded at an irradiance corresponding
to C = 10; the reference spectrum
corresponds to the global AM 1.5.
The efficiency is based on the full
illuminated area corresponding to the
full cell area — including metallized,
perimeter and intermediate emitter
window areas — and not just on
the designated areas common to
concentrator solar cell I-V testing.

Out of the three generations, with
C = 10, it was possible to achieve
median efficiencies of 18.2+0.3%
for the first and 19.8+0.15% for the
third, with a maximum efficiency
of 20.2%. The main improvement in
going from the first to the second
generation was achieved by rotating
the grid approximately 90 degrees (first
generation, see Fig. 1), which resulted
in a reduction in series resistance
from 0.25+0.02 to 0.14+0.04Qcm?
Furthermore, the second generation
offers no intermediate emitter windows
between the unit cells, thus allowing a
continuous metal grid on the front side.
With this design, a solution is provided
if final cell size is already known.

For the third generation, paste
optimizations led to a contact
resistivity of 0.3:0.1mQcm?, which
equates to a reduced overall variation
in the output parameters. A boost in
efficiency is mainly related to the
use of higher resistive base material,
in the range 1.2 to 1.9Qcm, leading
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Figure 8. (a) Dependence of V. and FF on the concentration factor; (b) corresponding efficiencies for the AP-MWT PERC

(crossed symbols) and Al-BSF (open symbols) devices.
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to a significant current gain. Fig. 6
shows a photograph of the front side
of the second- and third-generation
AP-MWT cells.

“With increasing
concentration factor, the
reduction of the series
resistance associated with
minor losses in j,. and
V.. is key to maximum

performance.”

The concentration-dependent I-V
parameters are shown in Fig. 7 for three
representative AP-MWT solar cells
from each generation. As a result of the
increasing V,, the efficiency increases
accordingly, until the series resistance
limits the FF. Thus, with increasing
concentration factor, the reduction of
the series resistance associated with
minor losses in j, and V. is key to
maximum performance.

Results for STC and low-light
conditions

With decreasing concentration factor,
resistive losses associated with the
series resistance of a solar cell decrease
accordingly: therefore the PERC
approach offers the superior technology
in the case of STC and, in particular,
low-irradiance conditions.

Table 1 shows I-V curve parameters
recorded at STC for the AP-MWT
architecture incorporating PERC
technology. An average conversion
efficiency of 20.9%, with a minor
standard deviation of 0.1% abs., is

reported. The local alloying of Al, on
the one hand, provides an efficient
contact to the bulk and, on the other,
allows a high V. exceeding 660mV.

Results for different irradiances for
AP-MWT PERC and Al-BSF devices
are shown in Fig. 8. The front metal
grid for the PERC device has been
adapted to perform best at STC,
whereas the AP-MWT Al-BSF has
been optimized for 10 suns. A gap in
V,. between the two technologies,
mainly attributed to the superior rear
side of the PERC device, is observed
throughout the range of concentration
factors. With increasing concentration,
however, the resistive losses start
to dominate the FF, leading to the
superior performance of AP-MWT
AI-BSF technology.

The analysis shows the need
for adaptions in terms of grid
and technological optimizations
when the cells are used in varying
irradiance. The AP-MW T architecture
provides a framework for alternative
technological routes in the case
of back-contact solar cells, while
simultaneously offering a unified
interface when it comes to receiver and
module assembly.

Receiver and module
technology

For reliable and efficient use in the
field, the solar cells are assembled
in strings and integrated into a
receiver or a module. In concentrator
applications the receiver protects the
active solar cells from environmental
influences and allows mounting on
the tracking system or other type of
fixture. The receiver is the interface
to the cooling system, which is crucial
in concentrated PV (CPV) systems for

efficient operation.

The components and materials of
the receiver and module have to be
well matched with regard to optical,
electrical, thermal and mechanical
properties. Because of this requirement,
the receiver development becomes a
multidisciplinary key task in the entire
CPV system.

General receiver description

The receiver concept for AP-MWT
cells consists of a generic base profile
providing mechanical stability to the
cells and allowing the receiver to be
easily mounted on any kind of heat
sink device. The cells are enclosed in
highly transparent encapsulant covered
by a glass pane; they are bonded to the
base profile by a thin layer of thermally
conductive adhesive to enable an
efficient thermal management.

Fig 9(a) shows one of the first
receivers built and presented at Inter
Solar 2013. Fig. 10 shows how the
strings are bonded in the aluminium
base profile.

The designed receiver can easily be
mounted on any kind of active or passive
cooling system, enabling it to operate as
a PVT (photovoltaic-thermal) absorber
for electrical and thermal energy
cogeneration. Fig. 11 shows the cross
section of a typical design.

“The modules based on
AP-MWT architecture
developed at ISE exhibit a low
serial-resistance loss at the
interconnection level and a
high packing factor as a result

of minimized cell gaps.”

(a)

Figure 9. (a) Full string made out of 2 x 4 cells; (b) definition of the X and Y axes in the wafer.
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Other than the liquid PDMS
(polydimethylsiloxane) silicone
encapsulation necessary for
CPV applications, the cell and
interconnection technology is
compatible with low-cost standard
EVA lamination or polyurethane

Cell encapsulation for 1-sun (or below)
Processing applications. The modules based on
AP-MWT architecture developed
at ISE exhibit a low serial-resistance
loss at the interconnection level and
a high packing factor as a result of
minimized cell gaps. This makes the
modules suitable for a large range of
applications in which various module
formats and specific I-V characteristics
are required. Because of the high

efficiency potential of the MWT cell . "\‘\-\," oy "y . S

design,. high packing fa.ctors and sma}ll Figure 10. Photograph of assisted string handling during receiver production.
footprints of the active cell matrix

become possible, which is especially
beneficial for device integration (see
Fig. 12).

Interconnection technology

Solar cell efficiency is maintained at
the string and receiver level by the
use of an optimized interconnection
technology. For AP-MWT
architecture, an interconnection
concept has been developed in
order to suit any cell size extracted

from a wafer to full strings. The 1. Aluminium profile 2. Encapsulation material
base interconnector is made of ETP 3.PV Strmg 4. Thermal adhesive
5. Copper interconnectors 6. Glass cover

(electrolytic tough pitch) copper

foil, which can be adapted to the cell

in a concentration range of 1 to 30.
The interconnection is designed to
keep the resistive power losses below
1% relative to the cell power. The
interconnector design is optimized
by means of electrical FEM (finite
element method) simulations.

Fig. 13 shows, as a function of
concentration, the simulated relative
power loss for interconnectors of
thicknesses 70, 100 and 120um,
for a constant power generation of
0.513W/sun at a current density
of 37mA/cm? from 1 to 30 suns.
The dashed line representing a 1%
power loss shows that the 70pm
interconnectors are sufficient for
applications of less than 5 suns, and
that the 100pm interconnectors would
carry enough current for values of
C up to approximately 14. For higher Figure 12. 3-D CAD model of an electronic case with integrated PV module for
concentration ratios the thickness 1-sun applications.
would need to be adapted accordingly.

4 Isc [A] Voc [V] i mpp [W] Vmpp [V] Impp [A] FF [%] n [%] CTMPMPP [%] CTMFF [%]
1 0.97 4.44 3.50 3.8 0.92 80.8 18.1 99.66 101.1
9.7 9.40 4.87 32.9 3.78 8.7 7.9 17.6 94.6 99.2

Table 2. I-V measurement results for receiver at 1 sun and approximately 10 suns (CTM = cell to module).
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String layout

Depending on the concentration level
and the interconnector thickness
(standard is 100pm), the cell length
is adapted in order to minimize the
resistive losses and to maximize
the string efficiency. The results of
the FEM calculation are fed into an
electrical string model, to determine
the optimal cell size for a given cell gap
as a function of the concentration level,
as shown in Fig. 14.

The cell width is a multiple of the unit
cell width and is therefore independent
of the concentration level, as each unit
cell has its own interconnector path. The
resulting characteristic curve allows the
cell length to be chosen and the string to
be designed, depending on the desired
concentration level.

Performance results

Table 2 shows the I-V results of a
prototype receiver with first-generation
cells. The receiver is characterized
from 1 to 20 suns using a sun simulator
under non-calibrated conditions. The
short-circuit current measured for 1 sun
under calibrated conditions is used to
determine the effective concentration
at the cell level for the concentrated
measurements. The I-V data is
measured using a flash simulator with
a 1ms intensity plateau. Two I-V curves
are recorded during two consecutive
flashes: the module voltage is switched
from I, to V.. during the first flash,
and from V. to I during the second.
The comparatively short measurement
time leads to the occurrence of
hysteresis effects [16] between these

Relative power loss £ (%)

5 10 15
Concentration C(x1000W/m?)

20 25 30

Figure 13. Calculated relative power loss for three different interconnector
copper thicknesses as a function of concentration C.
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Figure 14. Theoretical optimal number of unit cells 7y in the Y direction (see
Fig. 9(b)), in relation to string efficiency, as a function of concentration. The red

symbol indicates the 10-sun data point.

two I-V curves, mainly affecting the fill
factor. Because of these effects, the FF
reported here might vary from +1.8% to
+0.8% relative to the true value, with a
tendency for this variation to decrease
with increasing concentration. The
results shown in Table 2 correspond to
the mean values of the two recorded I-V/
curves.

The measurement results are shown
in Fig. 15 for different concentrations.
The calculated efficiency is related to
the string area, which consists of the net
cell area plus a gap of 1.2mm between
the cells, corresponding to a packing
factor of 97.5%.

The cell-to-module (CTM) ratio
for the maximum power is 94.6% at
~10 suns and 99.66% at 1 sun (Table
2); this ratio takes into consideration
all the losses caused by receiver
integration, such as interconnection
and encapsulation. The CTM ratio
for the fill factor is 99.2% at ~10 suns
and 101.1% at 1 sun; these high CTM
fill-factor ratios demonstrate the high
interconnection efficiency in the
presented concept. The fill factor CTM
ratio gain (> 100%) at 1 sun is related
to the reduced current in the receiver
(as a result of mismatch effects and
optical losses) compared with the initial
cell currents. This leads to a reduced
impact of the serial resistance and to an
increase in fill factor.

Conclusion

This paper has presented a highly
efficient and versatile cell and receiver
technology that is able to serve a
large variety of applications, ranging
from low-light irradiance conditions
to a concentration factor of 25. The
all-purpose metal-wrap-through
(AP-MWT) architecture combines the
MWT cell concept with existing state-
of-the-art technologies, such as full-
area Al-BSF and PERC, in a unit cell
design. Thanks to the flexible design,
the perimeter dimensions of a final cell
can vary between 2.25 and 189cm?,
which allows a wide range of current—
voltage ratios, offering customized
solutions besides the conventional flat-
panel market.

“For STC and low-
light applications, PERC
technology offers a higher
potential than Al-BSE,
delivering top efficiencies of
21.0% at 1 sun and 18.3% at
1/10 sun.”
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Figure 15. Non-calibrated sun simulator measurements for the receiver for C ranging from 1 to 20 (C x 1000W/m?).

(Blue symbol: 1-sun data point; red symbol: ~10-sun data point.)

The full-area Al-BSF approach
allows low series resistances for use
beyond concentration factors of 5
suns, resulting in a top efficiency of
20.2% at 10 suns. In contrast, for
STC and low-light applications,
PERC technology offers a higher
potential than Al-BSF, delivering top
efficiencies of 21.0% at 1 sun and
18.3% at 1/10 sun.

An interconnection and packaging
technology has subsequently been
developed that is able to maintain the
high power of the cell at the module
(1 sun) and receiver (C > 1) levels. A
CTM ratio of 94.6% for the maximum
power level for 10 suns is reported. This
prototype receiver demonstrates that
the optical and electrical components
harmonize well, transferring the high
cell efficiency to a respectable receiver
efficiency. The next development step
consists of an outdoor evaluation to
characterize the thermal behaviour of
the receiver.
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