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A B S T R A C T   

Micro-concentrator photovoltaics (micro-CPV) consists of the reduction in size of the components of the con
ventional 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 solar cells. The goal is to enable large area interconnection of 
thousands of micro-solar cells with a low cost of 3 €/m2. A first prototype was manufactured, interconnecting 
multiple 1 mm2 solar cells via directly printing onto the front contact pads. The result is a glass substrate, with a 
size of 190 × 145 mm2, with a fully printed circuit interconnecting 12 rows each containing 11 multijunction 
solar cells in parallel. The fill factor (FF) of the full board is 76% at 214 suns.   

1. Introduction 

Micro-concentrator photovoltaics (micro-CPV) [1] is a recent 
development within the concentrator photovoltaic (CPV) technology 
[2]. The reduction in size of the solar cells and optics reduce material 
usage and permits high throughput parallel manufacturing methods 
maintaining high module efficiencies at a low cost. In addition, the 
smaller size permits the integration of the tracker in the module, which 
can then be installed in a fixed structure such as any other flat-plane 
photovoltaic (PV) module [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. A major concern is the necessary alignment pre
cision between the solar cells and the optics and tight tolerances 
involved. This tolerance depends on the size of the lens-solar cell pair 
and ranges from 10 to 100 μm. For the precise assembly and intercon
nection of the dies. Cross-links with other industries can be found such as 
for light emitting diodes (LED) for illumination or TV screens [4]. 
Inspired in the solutions in these fields, we have developed and proofed 
a concept for interconnecting arrays of micro-solar solar cells, aiming at 
a cost of 3 €/m2. 

This work was completed in collaboration with two companies, 
Insolight SA as the end user manufacturing the micro-CPV modules, and 

Dycotec Materials Ltd. for the development of the necessary materials 
for the interconnection. Insolight is currently industrializing an inte
grated 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). A second approach, without the silicon 
cells results in a translucent module where the diffuse part can be used 
for other applications, such as growing crops in agrivoltaics applications 
or lighting in building integration (Fig. 1B). In the translucent module, 
the high efficiency multijunction solar cells are mounted on a trans
parent backplane to transmit the diffuse light. 

Currently, the material for the multijunction cell plane is glass, but 
other transparent materials such as PC, or PET would also come in 
question for cost reduction. Insolight is looking for an interconnection 
method which is easily adaptable to different substrate materials. For 
this, a requirement is a low temperatures process which will not harm 
the substrate or solar cells. 

The conventional method used in CPV 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 even directly on a thermal 
spreader made of copper. These boards are then positioned and assem
bled on a large back plane and adhered again with thermally conductive 
adhesive, then cables are soldered for the serial or parallel connection of 
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each board [5]. For the conventional CPV technology this was a viable 
option, as modules with a dimension of 1 m2 would have ca. 600 solar 
cells with 40 × 40 mm2 lenses. In many cases they have even fewer solar 
cells, in the range of 40 cells/m2 if the lenses are bigger (160 × 160 
mm2). In the case of the micro-CPV setting, e.g. Insolight, the modules 
contain over 5000 solar cells/m2 [3]. The conventional wire bonding 
method is prohibitive due to the number of dies and the required pre
cision throughout large areas [1]. 

An alternative approach is based on Surface Mount Technologies 
(SMT), the chip-on-board (COB) approach which is widely applied in the 
LED lighting industry [6,7]. The solar cells are encapsulated and elec
trically connected on surface mount devices where a Secondary Optical 
Element (SOE) can be directly overmolded [8]. Large planes are then 
populated with these small chips by pick-and-place and reflow soldering 
or gluing for the adhesion and electrical connection. For now, this is the 
only commercially viable option. 

The challenge of interconnecting solar cells has also been addressed 
with another method which has been used for LEDs and solar cells 
before. The method consists of the evaporation of gold or other precious 
metals for the interconnection [9], this method is elaborative having to 
use a lithography step and comes with a great loss of gold or other metals 
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 [10]. Problems with this solution is the elaborative custom solar 
cells, bringing both contacts on one side complicates the manufacturing. 
Cells as such are currently not commercially available. 

The objective of the work is the development of a process to adhere 
and contact the bare solar cells on a large plane with a few simple steps. 
The process would be compatible with mass population technologies 
with very high precision, the proven fluid self-assembly (FSA) (<1 μm) 
[11,12] and the already applied in industry, chiplet printing (5–10 μm) 
[13]. 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/m2. 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. A similar approach has been presented before for 
the interconnection of LED dies [14]. 

Different printing technologies are suitable for our direct printing 
interconnection method (DPIM), such as syringe printing, jet printing 
[14] and serigraphy/screen printing. During this project the first at
tempts with single solar cells were completed with syringe printing [15] 
and later screen printing was used for the full board. Conductive ma
terials used are low-cost silver inks with a sheet resistance of 9.7 mΩ/□, 
these inks were synthesised by Dycotec to tune the viscosity for an op
timum printing resolution. The combination of these cheap silver inks 
and the cheap screen printing process could bring the cost down to 3 
€/m2 for this technology. This value is estimated by Dycotec taking into 
account the cost of the silver inks and the screen printing process for 1 
mm2 solar cells with a quantity of 5000 dies/m2. Assembly of the solar 
cells is not included in the estimation. 

An unavoidable requirement for the front contact of cells with 
conductive inks is the electrical insulation of the lateral perimeter of the 

solar cells 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 (AR) coating or other 
insulation material on the sides of the cells such as shown by Ref. [16]. 
Yet, no solar cell manufacturer has this technology implemented in their 
production line, so this option was currently not possible. 

As an alternate solution, 1 mm2 inverted metamorphic triple- 
junction (IMM) solar cells were used for the most recent trials. This 
solar cell technology has a low thickness of 30 μm, making the insulation 
with syringe printing possible. The solar cells have two contact pads on 
the front side each with 100 × 100 μm2 used for the directly printed 
interconnection and wire bonds for comparison. 

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

2. Direct silver ink printing interconection method 

The proposed direct printing interconnection method (DPIM) uses 
two materials for the front connection, an epoxy dielectric for the 
insulation of the lateral of the solar cell to avoid short circuiting and the 
conductive silver ink which is printed over the front contact pads of the 
solar cells to the tracks on the glass plane. A schematic of this approach 
is shown in Fig. 2. 

The step by step for the DPIM of the solar cells would be as follows:  

1. Screen printing of the interconnection tracks on the glass board and 
curing at temperatures slightly over 100 ◦C 

2. Pick-and-place of the solar cells and reflow soldering for the elec
trical contact and adhesion 

3. Dielectric syringe printing around the solar cells for electrical insu
lation of the solar cell lateral and ultraviolet light curing of the 
dielectric. This step would be disposable if dies are electrically 
insulated  

4. Screen printing of the final interconnection layer with epoxy silver 
ink and temperature curing 

As seen this method consists of only a few steps without using any 
further components but the transparent substrate, the solar cells, and the 
inks. Step 3 can be avoided if the lateral insulation of the dies is achieved 
during the manufacturing of the cells, the process would be even more 
simplified with less equipment needed. 

The challenges with DPIM are first, the successful insulation of the 
lateral of the solar cell; and second, the perfect alignment of the screen 
with the solar cell plane. The area of the contact pads designed is only 
100 × 100 μm2, which leads to very tight tolerances for the screen 
printing of 20 μm. This tolerance is acceptable for guaranteeing a good 
ohmic contact between the silver ink and pads, and for avoiding too 
much shading of the active area of the solar cell. Screen printing on large 
scales allows for line-widths of 70 μm [17]. For smaller devices up to 
500 μm in side (50 μm pads) with the same front metallization layout, 
this method is still applicable but with considerable shading loss. It 
would be beneficial to change the layout for a single contact area, e.g. a 

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 agrivoltaics. Images from Ref. [3]. 

Fig. 2. Schematic of the finished interconnection. The dielectric surrounds the 
solar cell to insulate and avoid lateral shunting. The silver ink interconnects the 
solar cell with the glass plane tracks. 
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larger bus bar. If the requirement is to use even smaller solar cells <500 
μm, screen printing would be difficult to implement. Either a more 
precise printing technologies would have to be used [17], or the front 
metallic layout of the solar cell has to leave the necessary area for DPIM 
[16], accepting the reduction of active area. 

3. Full board prototype 

The prototype developed consist of 190 × 145 mm2 glass board 
manufactured with the steps described in section II. The full board has 
143 cells arranged in 13 rows. 12 rows are connected in series, each row 
has 11 cells connected in parallel (see Fig. 3). These 12 rows are 
measured when referred to full board measurements. There are no 
bypass diodes for this design, later iterations of the board will include 
them. The remaining row (13th) is for test purposes, it has single 
interconnected solar cells (Fig. 3). The single cell measurements in this 
publication are of the best performing solar cell of this row. The size of 
this prototype boards corresponds to 1/58 of the current 1.6 × 1 m2 

micro-CPV solar modules from Insolight. This size was limited by the 
available equipment but is representative enough to demonstrate the 
process for a later scale-up in a production line. 

Manufacturing of the full board prototype is as follows. First, the 
glass board was cleaned from residues. The silver ink tracks, and both 
top and bottom contact pads are printed via screen printing. The corners 
of the glass board are used for alignment of the screen. Once thermally 
cured, the 1 mm2 solar cells are positioned with a pick & place and 
soldered onto the pads. Right after soldering, syringe printing is used to 
deposit the epoxy dielectric for the lateral insulation of the cells. After 
thermal curing, the DPIM is completed by a second screen printing of the 
silver ink contact layer, the alignment of the screen is guaranteed by 
using the edges of the glass board again (alignment is in the range of 20 
μm). 

An electroluminescence of the full board (see Fig. 4) shows 10 out of 
12 rows lighting up correctly. Due to the novelty of the process for this 
scale, errors in the process caused some rows to be short-circuited. The 
short circuiting happened on cell level, with imperfect lateral insulation. 

The adhesion on glass for the silver ink tracks is sufficient and the 
same material is currently being used for the Insolight modules 

backplane layout. These prototypes have been extensively thermal 
cycled without any failure of the screen printed silver tracks. 

3.1. Electrical characterization of single cells on board 

Single solar cells on the board with good electroluminescence were 
selected. These solar cells were electrically characterized measuring 
dark-IV and the IV under concentration. Simultaneously we measured a 
good performing single IMM wire bonded solar cell as a benchmark. 

3.1.1. Dark-IV of single cells 
With the same set-up and conditions. The wire bonded solar cell uses 

∅25 μm gold wire and three bonds. Fig. 5 shows the measured dark-IV 
curves. The series resistance is lower for the in this paper presented 
DPIM, this good result is also confirmed by the measurements under 
concentration which follow this section. It must be pointed out that 
these thin and flexible IMM solar cells are not designed for wire bonding, 
so a poor contact resistance between wires and pads was expected. 
Nevertheless, single IMM cells with a printed interconnection achieved 
comparable results to single UMM (Upright Metamorphic) cells designed 
for wire bonding as shown in the proof-of-concept publication [15]. In 
Fig. 6A the wire bonded IMM solar cell can be seen under EL, and in 
Fig. 6B a very good attempt of interconnecting using DPIM with minimal 
shading losses. 

Fig. 3. Image of the full board of 143 solar cells, the spacing of the cells is 
suitable for Insolights hexagonal lens arrays. It has 1/58 of the size of the 
current modules. 12 rows are interconnected in series with 11 cells in paralell 
(surrounded by green dashes). One test row is composed of single solar cells 
separated from the rest (red dashes). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 4. Electroluminescence image of the full board. 10 rows which emit light, 
meaning 10 of the 12 rows are properly interconnected. The missing two rows 
are marked with black arrows. The image was taking in the setup for measuring 
IV under concentration SAV Helios 3030. 

Fig. 5. Dark-IV of the singulated solar cell and one wire bonded solar cell of the 
same technology. The series resitance is present but lower for the singulated cell 
with the novel interconection method seen by different slopes at 
higher voltages. 
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3.2. Concentrated light-IV of single cells 

We measured and compared the IV curves under concentration for 
the singulated 1 mm2 IMM cell with the DPIM (Fig. 7A) and an IMM cell 

from the same wafer encapsulated and connected using wire bonds 
(Fig. 7B). The same solar cells as measured in part 3.1.1 Dark-IV. Each 
figure includes one diode fits for the IV-curves at different 
concentrations. 

Light IV measurements are done with a Solar Added Values S.A. 
Helios 3030 CPV simulator. Different concentrations are achieved by 
changing the distance between the xenon flash lamp and device under 
test. The sample is kept on a cooling plate at 25 ◦C. The spectrum is 
controlled using isotype solar cells, which have a very similar external- 
quantum-efficiency as the top two junctions of the IMM solar cells. The 
spectral matching ratio (SMR) [18,19] quantifies a particular irradiance 
spectrum by comparing it with the reference spectrum AM1.5D [20]. 
Providing a methodology to assure the same current mismatch between 
the subcells [21] under both irradiance spectra when SMR equals 1.0. 
The SMR for the top and middle subcell is 1.0 at the reference concen
tration ratio (222 suns in Fig. 7A). An inverted grown GaAs isotype solar 
cell was used to determine that there is no current limitation for the 
bottom subcell during the measurement. This subcell operates with a 
slight excess current. The resulting IV-curves can be seen in Fig. 7. The 
effective concentration is determined by the ratio of measured and 
specified ISc calculated from the short circuit current density (JSc) 
measured by the manufacturer at one sun (10.95 mA/cm2). One diode 
fits are used to calculate the series resistance (RS) and the fill-factor (FF). 
The FF is also included in the table of each figure. For better comparison 
the Rs is converted to the specific series resistance (rs). The fitting is done 
using pvlib for python (F [22]. 

The series resistance for the DPIM is lower than the wire bonded case 
with a specific rS of 54 mΩcm2 vs. 72 mΩcm2 at ca. 220X. The fill factor 
reaches 83.5% for the cells with the novel interconnection method at a 
concentration of 175X. This is very close to the resulting FF of IVs 
measured by the manufacturer using probes while the cells were still on 
the donor substrate, the mean FF is 84.0%. 

For the single cell, the result is better than the wire bonded case. As 
mentioned before, these solar cells are not optimized for wire bonding 
and very delicate due to their thickness. A comparison with another 
solar cell type can be found in Ref. [15]. Yet, it should be taken into 
account that wire bonding is currently the only industrial alternative for 
the interconnection of CPV solar cells and that wire bonding is known to 
cause damage to delicate devices such as these [23]. Due to this, the 
DPIM is an alternative for these types of devices. The result shows that 
direct silver ink printing method can reach good results with screen 
printing on a single cell level. Now we proceed with the measurement of 
the full board. 

3.3. Electrical characterization of the full board 

3.3.1. Dark-IV measurement of the full board 
The dark IV of the full board was measured on a cooling plate 

keeping the temperature at 25 ◦C, see Fig. 8. The IV curve shows a linear 
slope at high voltages which is due to RS. Fitting the curve with a one 
diode model gives a value for rS of 67 mΩcm2 at current values over 300 
mA (equivalent resistance value) which can potentially provide a FF 
over 80% at the nominal concentration of 200X. A similar resistance 
value is extracted in the next section (concentrated light IV) and further 
discussed there. 

3.3.2. Concentrated light-IV measurement of the full board 
The same Helios 3030 simulator is used for the full board measure

ments. The simulator had to be modified by adding higher range 
alimentation sources to reach the VOC of the board. 

Fig. 9 shows the IV curves of the full board under the intended 
concentration of 214X, it is fully operative. Nevertheless, the perfor
mance of the full board is significantly lower (FF = 76%) compared to 
the single cell shown in the previous section (FF = 83%). In addition to 
this, we can also see that the open circuit voltage is not the same as 
expected. We measured a VOC of 32.4 V, a single cell has 3.5 V at around 

Fig. 6. Single inverted metamorphic solar cells, (A) is a correctly wire bonded 
cell and (B) a very good by screen printing interconnected solar cell with 
minimal shading caused by spillage of the conductive ink over the active area of 
the solar cell (encircled in blue). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. (A) Best performing single solar cell solar cell IV curves under different 
concentrations. The table collects the concentrations and fill factors. (B) Best 
performing wire bonded single solar cell. Comparing to (A) the fill factors are 
ca. 1 percentage point lower and specific series resitance is slightly higher with 
72 mΩcm2 vs. 54 mΩcm2 at 220X. This is due to difficulties wire bonding these 
novel and very fragile 1 mm2 large and 30 μm thick flexible IMM solar cells. 

N. Jost et al.                                                                                                                                                                                                                                     



Solar Energy Materials and Solar Cells 240 (2022) 111693

5

220X. This results in 9 out of 12 rows functioning correctly. This is 
caused by problems during the solar cell assembly on the board. Cracked 
cells leading to shunts as revealed by visual and EL inspection in the next 
section (3.4). As well as, bad perimeter insulation leading to short cir
cuiting of single cells in a row. The resulting equivalent rS is 46 mΩcm2 

at 214X. The value is close to the previously extracted value from the 
dark-IV measurement (67 mΩcm2) and is similar to the one measured for 
a single solar cell on the board 54 mΩcm2, proving that the resistance is 
not an issue in the performance of the full board. In Fig. 9 we also added 
an IV-curve (dashed purple) which shows us the potentials result 
without any manufacturing issues, a FF of 83% and VOC of 42.5 V. 

3.4. Visual inspection of the full board 

Images under the microscope were taken to inspect the tracks, in
terconnects and solar cells. It is to be noted that this is the first prototype 
board of its kind to be manufactured with a novel interconnection 
method and the assembly of the board was made by a semi-manual 
process. 

As already shown in sections before not all the rows were properly 
interconnected (Fig. 4). Two of the 12 rows don’t light up in EL and the 
VOC of the full board shows a voltage value for 9 rows instead of 12. The 
tracks are neatly printed as seen in Fig. 10A, without any discontinua
tions. The measured specific series resistances are also very similar be
tween the full board and single cell measurements, pointing out that the 
resistance is not a problem. Nevertheless, a few cells were not properly 
insulated and are short circuited by the conductive inks. The insulation 
resistance for functioning rows is around the MΩ mark. 

Microscope EL-images reveals also partial shading in some cells due 
to overflow of the dielectric and non-perfect alignment of the printed 
silver ink which not only covers the contact pads but also active areas of 
the solar cell (Fig. 10B–D). This misalignment is caused by insufficient 
precision in the placement of the solar cells, some are rotated causing 
misalignments up to 100 μm, see Fig. 10C. With the contact pad size of 
100 × 100 μm2, such a misalignment causes the near missing of the pads 
when using the DPIM. An acceptable misalignment would be in the 
range of 10 μm, or even lower which could be achieved with fluid self 
assembly [11] or chiplet printing [13]. 

The EL-images also show cracks in some cells (Fig. 10B). The 30 μm 
thin and fragile 1 mm2 solar cells come adhered on a thermal tape. Even 
when released, static force causes the cells to stick on the tape. A vacuum 
nozzle is used to lift the solar cells from the tape, sometimes excessive 
force had to be applied to release the cells. Also, during the pick & place 
of the thin solar cells it is easy to apply too much pressure and cause 
cracking. Most cells (~80%) show cracking in the center where the 
nozzle touches the surface. 

Being the first prototype board of its kind to be manufactured with a 
novel type of fragile solar cells these kinds of problems were to be ex
pected. To avoid these cracks more experience needs to be gained on 
how to handle these ultra-thin solar cells which are the first of their kind 
for micro-CPV. Different populating mechanism as described in the 
introduction such as chiplet printing or fluid self-assembly could help to 
avoid such damages. The misalignment of the solar cells of up to 100 μm 
(Fig. 10C) was caused due to a 30% over dimension of the pads, making 
a precise manual placement of the cells difficult. With the correct pad 
dimension and an automatized placement of the cells this would be 

Fig. 8. Dark-IV curve of the full 12 × 11 solar cell board, showing a specific 
series resistance of 67 mΩcm2 in the high current area which corresponds to 
concentrations of 200–300 suns. 

Fig. 9. Full board IV curve measurement at a concentration of 214X. With a 
measured VOC of 32.42 V and a fitted RS of 5.00 Ω for 214X. The fill factor is of 
76.3%, 6 percentage points lower than for the single solar cell. The dashed 
purple curve shows a fit with the fill factor (83%) from the single cell mea
surement (Fig. 7) and an expected VOC of 42.5 V (single solar cell VOC ×12 
rows). This is the current potential for the IV curve of the full board without any 
manufacturing problems. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. (A) Shows a close-up of a functioning section of the board under EL- 
emittance. A good screen printing of the conductive tracks is seen. Micro
scope EL images of cells (B–C), in which cracking and surface damages of the 
solar cell can be seen in (B–C), (D) shows a perfectly functioning solar cell. In 
(B–C) misalignments of the screen printed interconnects can be seen. In (D) the 
alignment is good but a little overflow of the sliver ink can be seen (encircled in 
blue). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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avoided. 
Results show a working interconnected board under concentration 

with a good performance at the intended concentration of ca. 200X. The 
difference in specific series resistance (rs) between the full board 46 
mΩcm2 and the single cell 54 mΩcm2 at the concentration of 220X 
(Fig. 7AB) is minimal. This is consistent with the good sheet resistance of 
the silver inks of 9.7 mΩ/□. The FF of the full board is 76%, significantly 
lower than the FF achieved with the single interconnected solar cell 
83%. This loss is mostly caused by cracking of solar cells on the full 
board and short-circuited rows. With a few improvements in the process 
at least the same FF should be in reach for the whole board (83%). The 
scale of the board is also still small reaching only 1/58 of the full area of 
the Insolight SA. module, this is to be increased in future tests. 

4. Conclusion 

A first fully printed board with 132 interconnected multijunction 
solar cells shows a good result at the intended concentration of 200–220 
suns. Yield of the process must be improved with unwanted shunts 
caused by cracking of the very thin and fragile inverted metamorphic 
cells and short circuiting due to bad lateral insulation. Yet, it is shown 
that the silver inks permit for a very good series resistance tough visible 
misalignments in the placement of the cells and printing process. An 
important step has been made towards a very economic (goal of 3€/m2) 
high throughput manufacturing method for interconnecting micro-CPV 
solar cells. Giving an alternative to a high cost wire bonding technology 
on high cell density micro-CPV modules or a more material intensive 
chip-on-board solution. A fill-factor (FF) of 76% with a VOC of 32.4 V for 
the 12 × 11 cell board at a concentration of 214 suns was measured. A 
single solar cell on the board reached a FF of 83.5%, very close to the 
84% given as specification from the manufacturer (one-sun measure
ment). This FF shows the potential of what is achievable with the full 
board in future experiments. Future research will also seek the limit of 
screen printing for cells with 500 μm in side and even smaller solar cells 
using other printing technologies which permit thinner line widths. 
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