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Abstract—Micro-concentrator photovoltaics (micro-CPV)
consists of the reduction in size of the components of the
conventional concentrator photovoltaic (CPV) technology,
attaining equally high efficiencies and reducing material costs and
manufacturing costs. In this publication we focus on the
implementation of high throughput manufacturing methods for
the interconnection of the solar cells. The goal is to enable large
area interconnection of thousands of micro-solar cells with a low
cost of 3€/m>. A proof-of-concept was achieved for interconnection
via directly printing onto the front contact pads. Prototypes using
two different cell technologies where manufactured achieving
good results. The highest achieved fill factor (FF) is of 84.3% at
200X with a short circuit current (Isc) of 2.4mA and open circuit
voltage (Voc) of 3.41V.
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I. INTRODUCTION

Micro-concentrator photovoltaics (u-CPV) [1] is a recent
trend within the concentrator photovoltaic (CPV) technology
[2]. The reduction in size of the solar cells and optics reduce
material cost and enable the path to high throughput parallel
manufacturing methods maintaining high module efficiencies at
a low cost. In addition, the smaller size helps the integration of
other qualities such as automatic tracking and hybrid systems
using integrated flat plane photovoltaics (PV) [3].

To guarantee the overall reduction in cost compared to
conventional CPV, high throughput manufacturing methods
must be adapted to the needs of the industry. The main challenge
is the necessary alignment precision between the solar cells and
the optics. Cross-links with other industries can be found such
as for light emitting diodes (LED) for illumination or TV screens
[4] for the assembly and interconnection of the dies. Inspired in
the solutions in the field we developed and tested a concept for
interconnecting solar cells.

This work was completed in collaboration with two
companies, Insolight SA as the end user in micro-CPV modules
and Dycotech Materials Ltd. for the development of the
necessary materials for the interconnection. Insolight is
currently industrializing an integrated tracking micro-CPV
module with two variants [3]. One, a hybrid approach combining
CPV optics and high efficiency III-V cells for the conversion of
the DNI with a backplane integrating silicon cells to collect the
diffuse irradiance (Fig. 1a). And second approach, without the
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silicon cells, results in a translucent module where the diffuse
part can be used for other applications, such as growing crops in
agrivoltaic applications or lighting in building integration (Fig.
1b). In both cases the plane of the module on which the high
efficiency multi-junction solar cells are mounted must be
transparent to transmit diffuse light.
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Fig. 1. Drawings of the two Insolight micro-CPV module types with
integrated tracking, (A) with a hybrid CPV-flat plane PV approach and (B)
semi-transparent for other applications such as agrophotovoltaics. Images from

[3].

The conventional method used in CPV for the front electrical
connection of solar cells is wire bonding. Due to the large size
of the modules the solar cells are soldered and wire bonded on
singular printed circuit boards (PCB) or other type of boards for
thermal dissipation. These boards are then positioned and
assembled on a large back plane and adhered again with
thermally conductive adhesive, then cables are soldered for the
serial or parallel connection of each board. For the conventional
CPV technology this was a viable option, as modules with a
dimension of 1m?* would have ca. 600 solar cells in the case of a
Soitec CPV module using 40x40mm? lenses, or in many cases
even less, in the range of 40 cells/m? if the lenses are bigger
(160x160mm?). In the case of micro-CPV setting as an example
Insolight, the modules contain over 5000 solar cells/m? The
conventional method is not viable due to the number of dies and
the required precision throughout large areas.

The problem of interconnecting dies on a large scale has also
been addressed with another interconnection method which was
used for LEDs and solar cells. The method consists in the
evaporation of gold or other precious metals for the
interconnection [5], this method is elaborative having to use a
lithography step and comes with a great waste of gold or other
metal for large areas. Another, more viable approach is the use
of custom solar cells with both contacts on one side, this has
been experimentally proven [6]. Problems with this solution is
the elaborative custom solar cells, bringing both contacts on one
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side complicates the manufacturing, cells as such are currently
not commercially available.

The objective of the work reported is the development of a
process to adhere and directly interconnect the solar cells on a
large plane. The process would be compatible with mass
population technologies with very high precision, the proven
fluid self-assembly (FSA) [7] and the already applied in
industry, chiplet printing [8]. Once the solar cells are populated
on the plane the interconnection is an issue. The current way for
interconnecting the front contact pads would be wire bonding,
yet this approach is not viable due to the large quantity of dies
on such a large area, cost estimation resulted in prices of
€500/m>2. An alternative is proposed with this concept, instead
of using wire bonds we directly print conductive silver ink onto
the front pads for the interconnection, the goal is a cost reduction
to 3€/m?. A similar approach has been presented before for the
interconnection of LED dies [9].

Different printing technologies are suitable for this
approach, such as syringe printing, jet printing [9] and screen
printing. In this study the first attempts with single solar cells
were done with syringe printing, in the future screen printing
will be used for a larger area. The conductive material used was
Epoxy Technology Inc. Epotek H20S with a resistance of
0.0005 Qcm. The printing technologies are harmless for the
solar cells, and the curing of the silver inks does not need
excessive temperatures 100-200C° for short periods of time.
Wire-bonding is more likely to cause damages such as shunting
of the solar cells [10].

First printing test showed that the lateral perimeter of the
solar cells must be insulated to avoid short circuiting. The ideal
solution would be to use solar cells which are electrically
insulated during the manufacturing process of the dies by
depositing the anti-reflective coating not only on the front but
also on the lateral of the cell such as shown by USherbrooke
[11]. Yet, no solar cell manufacturer has this technology
implemented in their production line, so this option was
currently not possible. Two solar cell types with different die
heights were used for the study. First off, conventional Azur
Space GmbH upright metamorphic triple junction solar cells
(UMM) [12] with an active area of Imm? and a height of 190um
and Microlink Inc. inverted metamorphic (IMM) [13] solar cells
with a height of 30um. For the lateral electrical insulation Tesa
GmbH Kapton Tape was used. Both solar cell technologies used
have the same two contact pads on the front used for the
interconnection.

The primary goal of the method in this publication is to show
a viable alternative to wire bonding without any significant
losses in fill factor (FF) for single cells at an operating
concentration of 200X which represents the current specification
of the Insolight modules and a representative case study for
micro-CPV applications.

II. SINGLE CELL PROTOTYPES

For a proof-of-concept tests were performed using an
effective method of lateral insulation with Kapton tape adhered
over the edge of the die. A commercially available Epotek silver
epoxy was used for the interconnection. A schematic and image
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of how the interconnect attempt with the tape looks like can be
seen in fig. 3.

Solar Cell

Fig. 2. Adhesive tape for the lateral insulation of the solar cell. (A) shows a
schematic of how the concept looks like and (B) shows a finished prototype.

Both cell types IMM and UMM were used for the study. To
see if there are any differences in the results and if the height of
the UMM cells causes any problems. The printed
interconnection method is also compared to wire bonds for each
cell technology.

III. SINGLE CELL PROTOTYPE CHARACTERIZATION

The single cells were characterized in the following order,
first a visual inspection under the microscope with
electroluminescence was completed. Then, the electrically
characterized in dark and at 200X concentration. We
characterized each cell technology interconnected by the novel
printing method and traditional wire bonding (WB).

A. Visual Inspection of the single cells

Images under the microscope were taken to inspect the
interconnects and cells. From the images different quality issues
can be seen such as partial shading of the solar cell or cracks.
The shading can occur due to the printed silver ink which not
only covers the contact pads but also active areas of the solar
cell (fig. 4). For the IMM solar cell (fig. 4B) a simpler approach
was used, the syringe printing was done on the pad used for
testing the cells on the wafer level. The UMM solar cells were
contacted exclusively on the two contact pads on the edge (fig.
4A). The contact area for the IMM cell is slightly larger, also
more over-flowing on the ink occurred with the MM cell causing
more shading of the active area.

Fig. 3. Microscope images under a magnification (x5) of the 1mm? Azur
UMM (A) and IMM solar cell (B) with syringe printed Epotek silver epoxy.
The silver ink covers the active area of the Imm? solar cell a little by exceeding
the area of the pads, this over-flow happened slightly more for the IMM cell
(B). No cracks can be seen on any of the inspected solar cells.
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B. Electrical characterization of the single cells

1) Dark-1V measurements

The dark-IV measurement is done using a Keithley 2400
with the solar cells on a cooling plate to keep the device under
test at 25°C. The measurement of the single cell boards is shown
in Fig. 4. Results show similar IV curves for the same
technology with low shunt resistance (Rsh) and some series
resistance (Rs). The Rs is very low for the WB Azur UMM solar
cell compared to the cell with the printed Epotek
interconnection. The Epotek silver ink is not the ideal material
due to high resistance using very little ink. To avoid this the ink
was used in abundance, with cases of the ink over-flowing the
contact pad.

In the case for the Microlink IMM the Rs is similar for both
cases (printed and WB). The results show functional solar cells
for a current range which corresponds to concentrations of 100-

200X.
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Fig. 4. Single cell board dark IV measurements, comparing the printed
interconnection with wirebonds.

2) Concentrated light-1V measurement

The full board is measured with a Solar Added Values S.A.
Helios 3030 CPV simulator [14]. For these measurements, the
concentration was kept at 200X. The sample is placed on a
cooling plate at 25°C. An equivalent AM1.5D spectrum is
controlled by means of component (also called isotype) lattice
matched solar cells [15]. When the spectral matching ratio
(SMR) [16] equals 1, the ratio of the generated currents in the
corresponding subcells is the same as the current ratio under the
reference spectrum. For the case of UMM solar cells, the
procedure described in [17] is applied for the conversion
between lattice match component cells and upright metamorphic
device under test.

A Sandia single diode equation fit was applied using pvlib
[18] to extract resistance parameters for a better comparison
between the Epotek interconnection and the WB. Results of the
fits and measurements are collected in table 1. The first
difference which can be seen is the slightly lower Isc for the
printed interconnection, this is due to small shading of the active
area of the solar cells and can be avoided with an optimized
screen-printing process.

For the Azur UMM solar cell (fig. 6A), a high series
resistance caused by the epoxy (Rs =9Q2) leads to a significant

978-1-6654-1922-2/21/$31.00 ©2021 IEEE

reduction of 7.8% in the fill factor (FF). On the contrary, for the
case of the IMM solar cell (fig. 6B) the printed connection
provides excellent results showing a slightly higher FF (84.3%)
and lower Rs (5.46). Noteworthy, the F/F measured at one sun
with probes directly contacting on the wafer level by the
manufacturer is 84%.

TABLE 1. MEASUREMENT- AND SINGLE-DIODE FIT RESULTS
Jsc Rshunt Suns
Prototype Voc (V) (mA/c FF (%) Rs (2 Q) X)
m’)
Azur UMM WB 2.79 16.42 86.1 1.58 6630 200
1mm?
Azur UMM 2.78 16.13 783 9.00 | 152387 | 200
Epotek 1mm’
Microlink IMM
WB Tmme 3.49 12.21 83.6 6.47 4504 200
Microlink IMM 341 11.51 84.3 5.46 3510 200
Epotek 1mm?
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Fig. 5. Single cell board IV curves. (A) wire bonded and printed

interconnction Azur UMM solar cell, high currents cause series resitance and

loss in fill factor. Lower current Microlink IMM solar cells show better results

with the best achieved fill factor of 84.3%. Slight reduction in current is caused

by shading of the silver ink.

Results show that the novel interconnection method via silver
ink printing works. Upscaling is possible using screen-printing,
this would also avoid issues with the syringe printing such as
over-flowing of the silver ink on active areas of the solar cell.
Better silver inks developed by Dycotec will decrease the Rs
and improve the FF. The current use of Kapton tape can be
avoided by a further printing step of a dielectric for the lateral
insulation or passivation of the solar cells.
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IV. CONCLUSION

A novel interconnection method using silver printing with a
syringe was proven to work micro-CPV scale solar cells of
Imm? The best result was achieved for a Microlink IMM solar
cell with a fill factor of 84.3%, 0.7% higher compared to using
wire bonds, at a concentration of 200 suns. The scalability of
this proposed technology is also given with the use of screen
printing instead of syringe printing. Prototypes are currently
being manufactured. The lateral insulation with tape is also
avoidable by using dielectric printing or lateral passivation of
the solar cells. Further work is needed, yet good first results are
shown giving the path towards cheap interconnection (goal
3€/m?) of micro-CPV solar cell on a large scale.
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