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Abstract

As solar energy finds its way into unexpected applications such as buildings or objects, the
traditional rectangle-shaped module becomes inadequate. Although traditional modules have
been optimized to deliver a large amount of power, they cannot be fitted easily into a facade or
a wearable. This is why, new methods for integrating solar power into buildings and products
have to be found. These methods should be attractive to designers and architects and must also
allow solar energy to reach common people.

The fabrication of mini-modules can help with this task as they can be fabricated with the
already mature technology of crystalline silicon solar cells. They can be made lightweight and
in different figures.

This work aims to investigate ways to facilitate the fabrication of modules for use in Building
Integrated Photovoltaics or Product Integrating Photovoltaics by means of studying the impact
of cutting solar cells into different figures and sizes. Connection methods such and magnets
and conductive tapes are also studied in order to determine their suitability in photovoltaic
applications.

After this analysis, two demonstrators are built to prove the concepts. An origami based
foldable module that makes use of the tape as a substitution for cables and a photovoltaic puzzle
which uses magnets to connect individual cells.

The prototypes demonstrate that commercial cells can be easily processed to obtain innovative
modules that can be customized according to a designer’s need. Furthermore, magnetic
contacts were proven to be suitable as photovoltaic contacts, at least for small power
applications. This eliminate the need for connectors and speed up the connection process.
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Introduction

The lack of space in modern cities limits the amount of photovoltaic power that can be installed
in these places. This can slow down the development of new projects in such areas which can
potentially benefit small consumers or common people.

Building Integrated Photovoltaics is already focusing on deploying solar power on urban
environments. Focusing on the already mature c-Si technology of solar cells allows new
products to quickly become available to the customers.

On the other hand, a relatively new branch of design is focusing on the integration of solar
energy into products in the so-called Product Integrated Photovoltaics. While the technology
used in this area are thin-films, potential for c-Si should also be investigated.

Custom-sized modules, non-conventional shapes, connection schemes and new applications
for solar modules will be explored in this work while trying to answer the following questions.

o What is the effect of cutting a c-Si solar cell into different shapes and sizes?
e Does the laser cutting process have a significant effect in the efficiency?
o Is there a shape that leads to a better performance?
o Can solar cells be cut into very tiny pieces?
e How does the Cell-To-Module ratio behave within small-sized modules?
o Can the same approach as commercial-sized modules be used?
e Which innovative interconnection schemes can be used for PV modules?
o How does a conductive adhesive affect the performance of the cell?
e Does the use of magnets have a significant impact on the cell’s output?
e How can a mini-module help with the integration of PV power into daily life activities?

In order to tackle these questions, a brief overview of how solar energy is being integrated into
daily activities will be presented in Section 1.1.

The used methodology and an explanation of the used setups is mentioned in Chapter 2.
Before discussing the mini modules, it is necessary to understand how different geometries and
sizes can be obtained. This is discussed in Chapter 3. Laser cutting will be first introduced in
Section 3.1. Then, the effect of cutting the cells into smaller sizes and different shapes will be
discussed in Section 3.2.

Chapter 4 discusses mini module construction by explaining the Cell-to-Module conversion
ratio (Section 4.1) while Section 4.2 will focus on the electrical contacts that are proposed.

To demonstrate all the concepts two prototypes were fabricated. The first one is an Origami
based foldable module, presented in Chapter 0. The second one is a photovoltaic puzzle as
explained in Chapter 1.
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Each chapter ends with a conclusion and an overview of the path that must be followed to
obtain a fully working product. Finally, the overall Conclusions and recommendations are
presented in Chapter 7.

1.1. PV in everyday life

1.1.1. Building Integrated Photovoltaics (BIPV)

The integration of solar energy into the urban environment has found way in the so-called
Building integrated Photovoltaics -or BIPV-. This technology allows to replace constructive
elements of a building with photovoltaic modules. The key of BIPV is that it is completely
embedded into the building envelope. In this way, part of the facade, roof or windows can be
totally substituted with photovoltaic products [1]. Hence, BIPV serves as a structural element
and an energy generation source [2].

At this point it is convenient to distinguish between BIPV and BAPV (Building Attached
Photovoltaics). While the former substitutes parts of the building’s structure, the latter is only
added to it. Therefore, its only purpose is energy generation and not the double function as the
BIPV [2, 3]. However, sometimes the boundary between the two concepts is not clear and the
term BIPV is often used indistinctly.

Ceron, et al [2], discusses that there are two main ways to achieve BIPV. First, as PV modules
especially designed to meet the architectural constraints; second, as constructive elements that
are designed since its inception with PV generation capabilities embedded within construction
materials. They can be classified into four groups which are

® Roofs
o Facades
e Urban furniture

e Custom design

In 2012 the BIPV market was mainly dominated by constructive elements which constituted a
56% of the total. The BIPV modules accounted for the rest. Within the constructive elements,
the roofing systems constituted the majority (46.6%), followed by urban furniture (31.7%),
facades (11.6%) and custom designs (10%) [2]. In 2017 the University of Applied Sciences
and Arts of Southern Switzerland (SUPSI) in conjunction with the Solar Energy Application
Centre of The Netherlands (SEAC) [4] reported that the PV roofing is still dominating by
number of products available on the market.

The reason for the growth of BIPV is that it allows to implement a greener image on the cities,
therefore having a high social impact and acceptance. Nowadays is easier to spot small stand-
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alone systems, such as public lighting, that serve as a proof of the positive image that the solar
energy generates not only energy but a better image in the urban environment [2].

In order for a BIPV product to be successful and useful it must not also be able to generate
energy, but it has to be attractive to architects and public. In this matter, Cerén et al [2]
mentions that the ability to easily connect several modules and adapt them to the architectural
constraints (i.e. modularity) is a key factor on the acceptance of new products. In fact, the same
author sets a requirement of modules whose dimensions are multiple of 100 [mm]. Thus,
allowing its easy integration onto the building.

One of the major focus of the BIPV products is to become aesthetically pleasant. While roof
products are chosen to be black and opaque [2], facade modules do not necessarily need to
attach to this constraint. Coloured or patterned modules become then important players on the
market. An example of this products is a module that uses small Metal Wrap Trough (MWT)
cells to create a mosaic pattern. The use of small solar cells reduces the resistive losses and, at
the same time, allows different visual effects. Furthermore, a conductive layer between the
cells and the copper base (used for connections) can be coloured enhancing the visual effect

[5].

A different approach that makes use of the MWT cells was proposed in [6]. Here, coloured
dots were placed on top of the solar cells. When looked in the distance, the cells are practically
invisible and only the image created by the dots is visible. Since the dots cover active areas of
the cells, reducing the power output, an algorithm was used to optimize the dot placement while
trying to minimize the power losses.

1.1.2. Product Integrated Photovoltaics (PIPV)

The actual interest of using decentralized energy sources has leaded designers to include
renewable sources in everyday life. In order to achieve so, solar photovoltaic technology offers
a good solution. What is more, this technology is the only one that allows a complete integration
into products without sacrificing its esthetic appearance [7].

Current large-scale technology based on rectangular PV modules is not suitable for PIPV
applications at it is sturdy and rigid. This prevents its correct integration on curved surfaces.
Their size can exceed the product’s dimension and they can be esthetically unattractive and
even unpleasant. Even more, they do not allow customization in terms of shape and size which
is a property often looked by designers [7].

In 1978 the idea of integrating PV in a common-citizen life was successfully achieved with the
invention of the solar calculator. From that point onward, and especially during the 2000’s, the
area of PIPV experienced a rapid growth. It has found its way into different applications such
as watches and other consumer products, lighting —with lamps powered by solar modules-;
urban furniture as trash compacters, recreation and leisure activities (in the form of solar
powered motor homes or camping lights); transport (as prototype vehicles or planes) and,
surprisingly, arts (mainly as decorative elements and sculptures) [8]. The integration of
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photovoltaics into products can also be used in relief operations as the product proposed by
Findeisen, et al [9], which incorporates thin film modules onto an inflatable refugee tent.

For a product to be considered in the category of PIPV, some requirements should be met as
enlisted by [8].

e The PV element should be on the surface or casing of the product.
e The product must use the energy generated by the PV element.

e A user must be able to directly use the product or interact with it.
e The device must be easy to transport.

One way to achieve this is by using thin-film technology as this technology allows to be bended
and it allows to mimic the solar cells; thus, enhancing esthetics. Furthermore, with a proper
process, thin films can be manufactured in a variety of shapes and sizes. This fulfills the
requirements of designers that are looking for custom-made products [7].

A considerable number of PIPV devices are used indoors. This adds an additional challenge
because the solar cells are characterized under Standard Test Conditions (STC). These
conditions represent a reference for comparing the performance of the cells outdoors, mainly
because they use the spectrum of the Sun (AMI1.5 spectrum). However, cells that are used
indoors experience a different spectrum. Namely, one that is composed by natural light and
artificial sources. While the natural light also comes from the sun, it is mainly diffuse or
scattered light. The windows and possible glazing may act as filters, changing the spectrum
that the cell receives. Furthermore, the spectrum of artificial sources depends on the technology
that is used [10]. This adds to the fact that the available irradiance is also less. In comparison
with a winter cloudy day outdoors where the irradiance can reach values up to 100 [W/m?], the
available irradiance indoors is 10 to 100 times less that value. For this reason, PIPV that is
intended for indoors can only be used to feed low power devices [11].

PIPV opens new market opportunities. In an analysis made by Satpute, et al [12], they analyzed
the potential market applications from the perspective of human needs. The Maslow hierarchy
of needs was used. This hierarchy enlist how people satisfy their needs. The first elements in
the hierarchy are the most important (Physiological ones). Once they are satisfied, the
individual climbs up to a higher level. This hierarchy is as follows [13] .

Physiological — food, water, air...

Safety — (shelter, security, health...)

Love and belonging (friends, family...)
Self-esteem — achievement, recognition, status

AN e

Self-actualization — personal growth

The majority of commercially available PIPV products aim at the “Safety” level of the
hierarchy while few aim to be used to satisfy the basic needs (physiological). Nevertheless, the
authors of the study concluded that the potential market of PIPV lays in products that aim at
the “Love and belonging” and “Self-esteem” needs [12].



Methodology

This chapter aims to describe the equipment used in each experiment. A brief introduction to
the working principle of the machines is given. Also, the procedure followed for each
experiment is explained

2.1. Overview of the equipment used

1.2.1. Lasergraaf laser cutter

A fiber laser is a kind of laser cutter that makes use of a fiber optic to transport the light beam,
typically 1070 [nm], from the source to the output [14]. The laser is then directed via mirrors
to a O-lens. This lens allows an even distribution of the beam focus in the whole plane, rather
than only in a single point [15]. For the experiments, a Lasergraaf 30[ W] fiber laser “Emma”
was used.

Laser beam

ﬂ Mirror e
| p—
gt ; '
S 77—1
[ /
) 0-lens
Fr ! g
LASERGRAAF?. @ l“
(a) (b)

Figure 1. (a) Lasergraaf laser cutter. (b) Operating principle of the machine. The whole figure was adapted from [15].
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1.2.2. WACOM solar simulator

Solar simulators offer a good way to measure the performance of the solar cell. They provide
the irradiance for measurements of the IV curve under near Standard Test Conditions (STC)
by matching the spectrum of artificial sources with the spectrum of the Sun (AM1.5).

The used simulator was a WACOM WXS-90S-L2. This is a class AAA simulator that generates
the spectrum using a xenon and a halogen lamp [16]. Figure 2 (a) shows the setup held at TU
Delft. Figure 2 (b) shows the spectrum of the device and compares it to the spectrum of the
Sun.

Comparison of spectra
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Figure 2. (a) WACOM solar simulator at TU Delft. (b) Comparison of the spectra of the WACOM and AM1.5.
Plotted with data from the PVMD group at TU Delft.

1.2.3. PASAN flash tester

Analog to the WACOM simulator, the PASAN flash tester provides the illumination for during
the sweeping of the IV curve. However, instead of a continuous illumination as WACOM, a
4.5 [ms] flash is fired upon the sample and the IV is swept during this period [17].
Measurements using the flash tester are faster than WACOM and without the inconvenient of
temperature rise. However, the flash is produced with a single lamp. Therefore, the spectrum
differs from AMI1.5. Especially in the infrared section of it.
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Comparison of spectra
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Figure 3. (a) PASAN IId flash tester held at TU Delft. (b) Comparison of the spectra of PASAN and AM1.5. Note the
large peaks in the infrared section. Plotted with data from the PVMD group at TU Delft.

1.2.4. EXPERIA laminator

The lamination of modules is a process in which the solar cells are encapsulated between glass
(or foil) and a supportive back sheet (glass or foil). An encapsulant is used to glue all the
components of the stack together. Heat is applied to the encapsulant (ethyl vinyl acetate (EVA))
to melt it followed by pressure that keeps all the stack in place. Once the EVA has cured,
pressure is released and the module is encapsulated.

A good lamination must be free of air bubbles inside the encapsulant, no broken cells and no
weak corners that can lead to de-lamination [18].

For this purpose, an EXPERIA Laboratory Laminator LAM600 was used. This machine allows
the user to program a recipe. For the manufacturing of mini modules, the recipe found by Villa
[15] was also used and is reproduced in Table 1.

Process Time [s] pPup [mbar] | pdown [mbar] Tset [°C] Pins
Evacuating 120 0 0 80 Up
Heating up 500 0 0 140 Up
Compressing | 60 150-200 0 140 Down
Curing 500 900 0 145 Down
Venting 30 0 1000 145 Down
Release 30 0 1000 145 Up

Table 1. Recipe for the lamination of mini modules. Taken from [15] with a modification in the compressing pressure.
The original was 150 [mbar]. For front sheet, the pressure is better at 200 [mbar]
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Figure 4. EXPERIA Laminator. Taken from [18].

1.2.5. LAMBDA spectrometer

A LAMDA 950 spectrophotometer, manufactured by Perkin Elmers, allows the optical
characterization of the glass, encapsulant and transparent foils used in this work. It makes use
of an integrating sphere covered with a highly reflective material and two detectors on its walls.
Each of the two detectors will cover a part of the spectrum. For the Near Infrared (NIR) part a
lead sulphide (PbS)-based sensor with a resolution of 0.2 [nm] is used. This sensor covers
wavelengths from 860.6 [nm] and above. For the UV/vis range of the spectrum a
photomultiplier tube is used. It operates for shorter wavelengths up to 860.6 [nm] with a
resolution of 0.05 [nm]. At the mentioned wavelength of 860.6 [nm], the equipment switches
from the PbS to the photomultiplier tube [19].

Placing the sample before the integrating sphere allows the determination of the transmittance,
while in the back, of reflectance.

Light

—l
—

DETECTORS

Sample

Sample
(for reflectan

(for transmittance)

Integrating sphere

(a) (b)
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Figure 5, LAMDA 950. Retrieved from [20] .(b) working principle of the integrating sphere. Only transmittance or
Reflectance can be measured at a time. Adapted from [19].

1.2.6. Solar simulators SASS and LASS

The Large Area Solar Simulator (LASS) manufactured by EXASUN provides a near AM1.5
spectrum and is suitable for measuring commercial-sized modules. It provides an automatic
sweep of the IV curve.

The Small Area Solar Simulator operates in an analogue way as the LASS but for a smaller
area. The disadvantage of this setup is that the simulator inly provides the illumination. The IV
sweep has to be done manually. In order to do this, an electronic load was used to sweep the
IV curve while two multimeters will give the readout of voltage and current. The diagram of
Figure 6 better illustrates this.

Cell under test
SASS

ELECTRONIC
EC A LOAD
// /

Figure 6. Experiment setup for the measurement of the I'V curves for the pieces of the PV puzzle using a manual
sweep.

(b)

Figure 7. LASS (a) and SASS (b) held at the PV laboratory of TU Delft.
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2.2. Laser cutting

The experiments related with the laser cutter involve the determination of the laser cutting
parameters, the effect of cell shape and the effect of cell size.

To do this, commercially available c-Si solar cells with Al-BSF were used as substrate. For the
laser cutting experiment, the cells were manufactured by AKW solar (kindly given to TU Delft
by Kameleon Solar). These cells have three continuous busbars on the front and three rows
with three soldering pads each. The manufacturer does not provide a very accurate datasheet,
but with the information available [21], the cells have am efficiency of 20.4% and its output
power is 4.95 [W] at maximum power point. The other external parameters are a short circuit
current of 9.61 [A] and an open circuit voltage of 0.654 [V]. Each cell is a semi square with a
standard size of 15.6 x 15.6 [cm].

156.75 mm

< -
2 mm 2.6 mm
— 156.75 mm

FRONT BACK

2.2.1. Parameter estimation of the Lasergraaf cutter

The Lasergraaf laser cutter does not have an automatic focus function and it must be manually
adjusted. The indicator of focus is a laser pointer that should overlap with the main laser
pointer. However, the focus must be first set, then the indicator can be fixed. As the height of
the cutting table changes, the focus might be lost. Thus, causing the two pointers to separate.

In order to determine the focus a hatched square was marked. The height of the table was
manually adjusted during the marking until a bright light and a clear sound was observed.
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The procedure was repeated for several times or every time there was a reason to believe that
the machine was out of focus. After different adjustments, the settings were found to be the
same.

Several cuts were performed varying all the parameters, starting with the pulse within the
picosecond range and then increasing it to the nanosecond range, then the repetitions, frequency
and finally, speed. The cells were first marked and then mechanically cleaved.

In all cases, only cells within the wafer were used. In other words, the edges of the original cell
were discarded. This in order to fully understand the laser effect.

The parameters were varied, and the cut cells were measured under the WACOM solar
simulator in near Standard Test Conditions (STC). The cell efficiency was the parameter used
to determine the correct tuning of the machine.

Since there are four parameters, three of them could be kept constant varying the remaining
one and then, repeating the procedure changing the variable parameter. In order to reduce the
useful results, every combination that resulted in no cut, cell breaking and cell bending during
the process or completely cut through was discarded.

Once a clean mechanical cleavage was obtained, a complete cell was randomly scribed with
the potential parameter candidates. The cell that leads to the highest efficiency is then the one
with the optimal parameters.

Note, that in all cases, the cell size was kept constant.

2.3. Shape and size

In order to determine the effect of the cell area, a 15.6 x 15.6 cm cell was measured using a
PASAN flash tester. Afterwards, the cell was cut in half using the laser parameters obtained
before. Both parts were measured again. Each half was cut once more time in half (quarter
cells). The process was repeated until an area of 1 [cm?] was obtained. A schematic of the
experiment can be appreciated in Figure 9. Note that the quarter cells can be cut either vertically
or horizontally.

The vertical quarter cells are cut through the middle of the busbar.
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For the effect of the cell shape, a full cell was cut into different geometries. Namely circles,
hexagons, equilateral triangles; squares and rectangles. The orientation of the long side of
rectangles was chosen in such a way that the busbars would have different lengths for the same

area (Figure 10).
| II EE

Figure 10. Cut cell shapes. The two hexagons, as well as the two rectangles, shown here have exactly the same
dimensions. Note that the busbars in these figures can have different orientation.

The triangles (Figure 11) were also cut into different sizes in order to compare the effect of
both, shape and size. For the hexagons, the same procedure was done. Note that in Figure 12,
the busbars are not centered. This is because the laser cutter has a misalignment between the
cutting beam and the desired marking path that is commanded in the laser software. The
misalignment is further increased by the fact that the front and back contacts of the cell do not
necessarily match. Since the cell is cut from the back, the alignment becomes a trial an error

AA‘\A

Figure 11. Cut equilateral triangles

‘. P o

Figure 12. Cut hexagons. The displacement of the busbar is a result of a misalignment of the laser beam with respect
to the desired marking path and the fact that the back contact does not align perfectly with the front one. The cells
were cut from the back.

All cells were measured using a PASAN flash tester.
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2.4. Cell-To-Module ratio

The procedure for measuring the Cell-To-Module CTM gains and losses was adapted from
Haedrich, et al [22]. The optical properties of a CORNING glass 0.7 [mm] thick were
determined.

A piece of Ethylene Vinyl Acetate (EVA), which functions as an encapsulant, was melted and
laminated with the EXPERIA laminator. Then, a sample consisting of one layer of Corning
glass together with a piece of EVA were laminated together. Both samples were optically
characterized.

For each sample, the reflectance and transmittance were measured and from the collected data
the absorptance of each material was determined with Equation (2-1).

T (2-1)
A =logq R

Where T is the measured transmittance and R the measured reflectance.

The optical coupling of the EVA was determined by measuring a 9 [cm?] cut from a 15.6 [cm]
AKW cell using the laser parameters of Table 2. Standard tabbing wire was soldered at the
contacts of this cell. After that, the IV curve was traced for the cell.

Afterwards, it was encapsulated. The composition of the stack was Corning glass-EV A-solar
cell-EVA-black back sheet.

A similar setup was used for determining the optical gain due to reflection of the back sheet.
In this case, a single cell module was fabricated, encapsulating a cut 9 [cm?] AKW cell with a
white back sheet. Using a custom-made mask, the module was measured varying the aperture
area.

To measure the resistive losses, the IV curve for individual 9 [cm?] cut cells was measured.
Then the cells were soldered in series using standard tabbing wire. The separation between
cells was aimed at 3 [mm]. A string consisting of three cells was then measured. With this
procedure, the interconnection losses were studied.

The losses of the string connection are determined by measuring the IV curve of individual
strings before the connection and after it. This was done with a 4 [mm] width standard tabbing
wire.

Finally, a full mini module consisting of six 9 [cm?] cut cells was fabricated with a 10 x 10
[cm] Corning glass, EVA and a white back sheet. This module was measured again and used
as a reference.

The measurement of all the IV curves in this section was done using the WACOM solar
simulator. The optical characterization of the corresponding samples was done with the
LAMBDA setup while the lamination with the EXPERIA laminator.
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2.5. Prototypes

The prototypes were fabricated using standard 15.6 [cm] Viko solar cells and laminated using
an EXPERIA laminator. In the specific case of the photovoltaic puzzle, once the cells were
laminated, molds were prepared of MDF in order to pour silicone rubber (RESION RS1040AB,
Polyestershoppen.nl). Commercially available magnets were used as contacts.

After lamination, an electroluminescence test was done to check the functionality and potential
cracks of the products.

An electrically conductive copper tape (Manufactured by 3M) was used as connecting element
within the PV puzzle and the foldable module. Experiments to determine the resistance of the
tape were done using standard tabbing wire and a piece of electrically conductive adhesive tape
(3M). First, the resistance of the tabbing wire was measured using a bench multimeter. Then,
the copper tape. The copper tape was then cut in two. Using the adhesive, both pieces where
joined again and the resistance measured again. It must be noted that in all cases, the magnets
were used as contacts.

The procedure was repeated for three pieces and for a single piece with two terminals on top
forming a “T” as shown in Figure 13 (c).

Finally, the two copper tape pads were made by joining stripes of tape forming a wider copper
pad. Magnets were placed randomly at different points of this pad and the resistance measured
again. The whole setup can be best understood by looking at Figure 13.

a) | ] Complete segment

b) | N Two segment

c) | R i Three segments
B

d) 1 ! Terminal type
L

e)  Ee———-—---- Pad

I

Figure 13. Patterns used for measuring the resistance of the copper tape. First, a complete segment was measured (a).
Then, two tape segments were glued together (b). An analog procedure was done with three tape segments (c). The
terminal type of (d) refers to the configuration used for the PV puzzle, while (e) shows the pad built for measuring the
individual pieces of the PV puzzle.

The copper pads were then used to manually sweep the IV curves of each individual piece. In
order to do so, each piece was connected to the pads using its magnets. The connection was
placed under a small area solar simulator (SASS), again under near STC.
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3.1. Solar cell cutting

1.3.1. Laser cutting

A high-energy laser beam can be used to modify the physical properties of a substrate by
increasing its temperature. When the laser conduction limited heated is used, the substrate is
only heated but it does not melt. In contrast, in the non-conduction limited heating, the substrate
does not remain solid anymore. Depending on the application, one method or the other must
be used. For instance, quenching requires conduction limited heating. Cutting, drilling and
welding are examples of applications of non-conductive limited heating [23].

The operating principle of laser cutting is based on melting and evaporation of a substrate using
a high-energy laser beam. This beam is irradiated onto a substrate. In return, the material will
absorb part of the beam energy. Because this absorption and the high energy density in a
reduced area, the substrate will rapidly heat-up. This causes melting and ultimately,
evaporation of the irradiated surface. A pressure force will act on the liquid as the vapour leaves
the material. This pressure will increase the evaporation rate even more. The combination of
evaporation and pressure results in cavity formation [23].

The pulse duration of the incident laser defines how the cavity is formed. This is because, not
only vapour but also liquid can be expelled from the cavity when pulses in the millisecond
range are used. For pulses lasting only nanoseconds, there is no liquid ejection and the cavity
forms mainly by the pressure of the vapour acting upon the liquid. In either case, using a jet of
gas can improve the cutting by removing material and debris from the cavity [23].

The laser machines can be classified in two operating modes

e Continuous wavelength laser. A single laser ray is fired onto the substrate.
e Pulsed lasers. A pulse train is irradiated on the material
o Q-switched. As the name implies, a switch is used to bock the laser beam, thus
producing a pulse train [16]. A Q-switched laser only allows tuning of the pulse
frequency keeping the pulse length constant.
o Master Oscillation Power Amplifier (MOPA). Is an upgrade of the Q-switched
laser which allows tuning of pulse frequency and duration [24].

15
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Figure 14 shows a schematic of the laser pulses and the main parameters Ton [ns] and frequency

(f) [kHz]

Pmax

—Ton —|

1/t

Figure 14. Laser pulses. The area of each pulse is the energy of the pulse E,.

Adjusting the pulse parameters makes it possible to set-up the energy of the laser in order to
obtain an optimal cut. The amount of energy irradiated in an area given by the radius (r) of the
spot is the so-called laser fluence, with units [J/cm?] [25]. In other words, the fluence ¢ is given
by Equation (3-1).
Ep (3-1)

¢= e r?
And the average pulse energy E, is simply the average power P., divided by the pulse
frequency [16].

E, = F c;:g (3-2)

The spot size is partially determined by the focus of the laser. Considering Equation (3-1), it
can be stated that the focus has a major impact on the fluence.

1.3.2. Laser induced damage

A cell whose PN junction extends fully to the edges, which is true for most commercial cells,
may be modelled by the circuit (Figure 15) proposed by McIntosh et al [26].

I WOJ I |

I Ra L I I

O

Main body of solar cell Edge

Figure 15. Equivalent circuit of a solar cell considering the edges. A second diode IE is added to account for
recombination losses at the edge. RE represents the distance from the main body of the cell to the edge; thus,
separating the two parts. Retrieved from [26].
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The diode /g represent the recombination current at the edges, while the resistor R is separating
the main body of the cell from the edge. Furthermore, the edge is modelled as a diode since the
edge recombination current is not linear but exponential and dependent on the voltage [26].

Commercial solar cells have their edges passivated in order to reduce the edge recombination.
It is possible to observe with optical microscopy (Figure 16) that the edge is a smooth surface.
A mechanically broken cell with no laser used produces a profile as shown in Figure 17. Here,
the profile is also a smooth surface. Some irregularities can be observed in the back of the cell
which are probably caused by the attachment of the aluminum back contact.

Figure 16. Optical microscopy of the side of an uncut c-Si cell. Note that the edge appears smooth.

Figure 17. Optical microscopy of the side of a broken c-Si cell. The edge is still smooth.

The different illuminated IV curves for different laser parameters strongly suggest that the laser
modifies the structure of the cell. Although the short-circuit current /. remains almost the same
for various configurations, the open-circuit voltage V,. and Fill Factor FF exhibit a greater
variation. The latter is mostly responsible for the changes in efficiency.

As the material melts because of the laser, shunts are created through the P-N junction,
especially when the process is performed on the front side of the cell [27]. These shunts reduce
the parallel resistance Ry, of the cell. Nevertheless, the main cause of efficiency loss is not
because of the shunts themselves but an increased saturation current /g [28] as a result of the
lattice being completely disrupted at the edges. This disruption plays a major role in the
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reduction of efficiency. Moreover, additional shunts may be avoided if cutting the cell from
the back [27].

Mclntosh et al [26], also concluded that the edge recombination is responsible for a lower Fill
Factor, partially because of a reduction in the open-circuit voltage as the recombination
increases.

In order to illustrate the damage caused by the laser, an optical microscopy picture was taken
as can be seen in Figure 18. The surface is not smooth anymore in comparison to Figure 16 nor
Figure 17 but completely irregular as a result of the melting process. The footprint of the laser
can be even appreciated. The cell is mechanically cleaved after the laser scribing. This is the
reason for a smooth surface in part of the cell.

Melted material

Cleaved edge

Laser footprint

Figure 18. Optical microscopy of a laser cut cell. Note that the effect of the laser becomes clearly visible and that the
edge is not smooth anymore but rough. The remaining part (cleaved) is still smooth.

3.2. Cell shape and size

The first step to create custom shaped cells is cutting them. From Section 1.3.1 it can be
concluded that the laser is a versatile and relatively inexpensive tool to produce custom shapes
from commercially available solar cells. However, their performance might be reduced as the
process itself damages the cell. Therefore, in order to achieve acceptable results, the laser
cutting machine must be properly calibrated. This is done by adjusting the laser parameters at
which the machine is operating. The reader must be warned that each machine is different and
obtaining the correct configuration is time consuming as there are no guidelines to
automatically determine them.

2.3.1. Pulse duration

The pulse duration (Ton) is one of the most important parameters because has a direct impact
on the intensity of the beam as can be seen in Equation (3-2)
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Several studies [29], [30], [31] have concluded that the use of ultra-short pulse lasers (i.e. pulse
duration ranging from [ns] to [fs]), lead to ablation without thermal stress.

When the material is irradiated, the photon energy of the laser is transferred to the electrons of
the material. When this energy is very high, the electrons will transfer the excess energy to the
lattice in the form of heat. The heating not only causes the melting of the material, but also may
induce heat damage in the surroundings of the cavity [29]. This area, affected indirectly by the
laser, is called the Heat Affected Zone or HAZ.

When using ultra-short pulses, the laser only impacts the substrate for a time that is shorter
than the relaxation time of the material. This means that the electrons do not have enough time
to transfer the extra energy to the lattice before the next pulse hits the surface. Therefore, the
material melts and evaporate faster but there is no Heat Affected Zone in the cavity or it is
smaller than longer pulses [29].

According to [30], the pulse duration impacts mainly the cutting depth. As a lower pulse
duration is used, the material is ablated more quick resulting in a deeper cut.

In this study, the pulse duration was varied in order to determine an optimum value for a c-Si
solar cell with AI-BSF.

In contrast to literature, experiments using pulse duration in the range of picoseconds resulted
in the use of more repetitions in order to avoid cell breakage. Small pulses caused either cell
bending while cutting, insufficient cutting, or cell breakage after the cutting.

The explanation of this is that the minimum operating pulse width, according to Table 11, is 6
[ns]. At shorter pulse widths, the output power is not 30 [W] anymore but an unknown value
fixed by the machine. The power is also determined by the operating frequency.

Since the laser machine tries to operate always at an average output power of 30 [W], for a
given Ton, it exists a threshold frequency marked by the manufacturer. If the chosen frequency
is above the threshold, the machine operates normally and can maintain an output of 30 [W].
However, below this threshold, the machine reduces its output power [32]. This is illustrated
in Figure 19.

Pout [~

e

th f2 13 1 freauency

Figure 19. Frequency threshold for different 7,. values. As the T, increases, the minimum usable frequency shifts to
a lower value. For instance, for a lower Ton, frequency fs can be used. However, if the 7, is increased a lower
minimum frequency (f3) has to be considered. If for the given value of 7, that leads to a minimum frequency f3,
lower frequency is chosen, the output power will be less than the nominal power. How less? It cannot be established
as it is given by the machine itself. Adapted from [16] and [32].
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An optimal value of 20 [ns] was found and the maximal Ton is assumed to be 25 [ns]. Values
above this also results in no cutting or an aggressive process that leads to deposition of debris
in the surroundings of the kerf.

2.3.2. Speed (s) and frequency (f)

Selecting the speed [mm/s] and frequency [kHz] impacts in the number of incident pulses in
the working piece. Moreover, they determine how many pulses will overlap as illustrated in
Figure 20.

Increasing ' Increasing
speed 7R frequency

&b

Figure 20. Pulse overlap as speed and frequency change.

The pulse overlapping can be expressed as a percentage, where 0% corresponds to no
overlapping and 100% means that two pulses are completely overlapped.

Equation (3-3) Allows to mathematically calculate the overlapping percentage Opercentage [16].
The relation follows what can be observed in Figure 20.

S 3-3
Opercentage = (1 - o f) (3-3)

As described by Fornaroli, et al [31], the pulse overlap plays an important role during the early
stages of cutting. This because as more pulses overlap, a deeper cut is achieved quicker.
However, as the groove grow deeper, the laser beam does not impact the center of the kerf, but
can also hit the side walls. Thus, leading to a decreased fluence acting upon the material. As a
result, once the groove reaches this point, it will no longer increase its depth significantly. This
can be appreciated in Figure 21.
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I _——laser beam

revious cuts

substrate

Laser hits the sidewalls

Figure 21. Kerf development. During the first passes of the laser the kerf is wide. This allows the laser beam to hit in
the middle of the kerf; thus, leading to a greater depth. However, as the cut develops, the kerf become narrower. At
some point the laser will imping on the walls of the substrate, making the achievement of the desired depth more
difficult.

The chosen way of determining the effect of the laser on solar cells is to measure the efficiency
of a cut cell. A higher efficiency of the reduced-size cell would indicate that the effect of the
laser is small. The optimal cutting parameters are then chosen as those which lead the highest
efficiency of a cut cell.

It was observed that a higher laser speed produces a cleaner cut of the cells. For instance, using
a speed lower that 100 [mm/s] produced an uneven cut and harsh edges. A higher speed also
leads to the highest cut cell efficiencies regardless of the Ton used. Although a higher speed
implies a higher resultant efficiency, it also means that a greater number of repetitions is
needed. The kerf is shallower with high speeds.

The effect of frequency is appreciated in Figure 22. Here, different laser configurations were
used to fine tune the parameters. The frequencies at 90 [kHz] and 325 [kHz] reported the
highest values. With a smaller frequency, the cut is smoother. It was assumed that a smoother
cut would result in a higher efficiency. However, this is not the case. For instance, at =325
[kHz], some harsh edges can be detected in the cut cells, while at 90 [kHz] the edges were
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smooth. Nevertheless, the efficiency is still higher at 325 [kHz]. Even more, the mechanical
breaking of the cells is easier, which reduced the number of broken cells.
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Figure 22. Comparison of different laser configurations used for fine tuning. On the x-axis, the used parameters of
the samples are compared. (f)-frequency in [kHz], (s)-speed in [mm/s] and (R) - repetitions (number of passes). In all
cases, the output power was set at 100 %

Figure 19, stated that there is a minimum frequency threshold for a given Ton. When looking at
the manufacturer’s datasheet [32], for a Ton of 20 [ns], the minimum frequency is 210 [kHz]. If
a lower value is used, then the output power is not 30 [W] anymore but an unknown value
assigned by the machine itself. This is why at f=110 [kHz] the efficiency is lower as, probably,
the assigned value for the output power resulted in either incomplete cutting or a very
aggressive one.

At £=90 [kHz] there is also a peak in the efficiency. However, it is possible that the machine
adjusted the output in such a way that it resulted, by chance, in a good efficiency.

Since at f=325 [kHz] the selected value is above the threshold, the selected parameters are
given by the user and not by the machine. This ensures repeatability and confidence in the
cutting parameters

2.3.3. Repetitions

As the number of repetitions increases, the damage of the cell increases as well.

The reason behind this is that, when an elevated number of repetitions is used (ca. 250 and up
to 1000), pits start to develop within the kerf. These pits grow deeper as more repetitions are
used until they start inducing microcracks [31]. It is important to mention that the explanation
given above was given for ultra-short pulses, however, the measurements also indicate that
beyond 100 repetitions, the cell suffers damage that result in a reduction of efficiency.
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2.3.4. Optimal laser configuration

From the experiments above, the optimal cutting parameters for a 185 [um] crystalline silicon
Al-BSF are.

Frequency (f) 325 [kHz]
Pulse duration (Ton) 20 [ns]
Repetitions (R) 100

Speed (s) 2000 [mm/s]

It is important to mention that the values sown in Table 2 are machine dependent and
cannot be considered as universal.

They are also valid for a specific type of cell. This is because different materials have different
absorption rates, thus they will behave differently when irradiated by a laser and the thickness
of the material has also to be considered.

The cutting method for the AKW cells is laser scribing followed by mechanical breaking.

It is interest to mention, that with the values of Table 2, the edges of the cell are not perfectly
smooth. Reducing the frequency to 90 [kHz] results in smoother edges. Nonetheless, the
efficiency is still higher and the mechanical force to break the cells is less with the chosen
parameters.

Although the results are not as expected, the differences can be attributed to the samples used
by [31]. In the study, the authors used a 500 [um] silicon wafer, 1000 repetitions and a laser
wavelength of 532 [nml].

In contrast, for these experiments a 185 [pum] commercial solar cell was used. The fact that the
used substrate is a solar cell is important because the laser must first cut the aluminium back
contact. Hordeman [30] and [31] Fornaroli just proved a pure silicon wafer and the ability of
the laser to cut it. Their parameters are adjusted to solely interact with the silicon material.

The Lasergraaf laser cutter is not designed to operate with ultrashort pulses. This is the reason
that experiments with Ton=0.2 [ns] did not exhibit correct results.

2.3.5. Effect of cell area

Bertrand [33] et al, performed an study in which they concluded that the cell efficiency would
drop as the cell area decreases. In their paper, using solely squared cells, they found that beyond
of 25 [cm?] using 5 x 5 [cm] cells the efficiency would drop dramatically.

Figure 23 shows the effect of the cell area on the efficiency of the cut cells using the Lasergraaf
and the parameters of Table 2.
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Efficiency vs cell area
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Figure 23. Change of the efficiency as the area increases. The efficiency of the uncut cell is marked as reference (“Full
cell”). Note that for cell areas smaller than 9 [cm2] the efficiency drop is considerable.

From this experiment, the limit is found at 9 [cm?]. Then, it is possible to obtain smaller cells
than 25 [cm?] without greatly compromising the efficiency of the cell.

For a solar cell, the short circuit current varies linearly with the area as can be seen in Figure
24.

Effect of the area on the short circuit current
o |SC T T T T &)
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Figure 24. Effect of the area on the short-circuit current. A linear fit (“Isc fit”) was done to better clarify the linear
behavior of the short circuit current and the area.
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However, the open-circuit voltage, does not exhibit this behavior. In turn, it falls steeply as the
cell area is reduced (Figure 25).

Effect of the area on the open circuit voltage.
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Figure 25. Effect of the cell area on the Voc. Although the drop of the Voc appears for areas larger than 9 [cm2],
below this limit the quick drop can be seen as a very steep slope of the curve.

Since the open-circuit voltage is a measure of recombination within the solar cell, this drop in
the V. indicates that the loss mechanism is because of recombination.

The recombination under the metallization grid (fingers and busbars) and the recombination
are the edges are the two main areas where the Vo losses occur as the cell size diminishes.
When the cell is large enough, the generated current can compensate for the recombination in

these regions [27].

The fill factor does not exhibit a clear trend as can be seen in Figure 26

Effect of the area on the fill factor
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Figure 26. Fill factor for different cell areas. Note the large dispersion of the measured values shown by the whiskers.
From this data, no relation can be inferred between the Fill Factor and the cell area.
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Figure 27 shows the illuminated IV curves for different sizes. Their behavior follows what is
expected from Figure 24 and Figure 25. However, a closer look near the V. point (Figure 28)
reveals that the series resistance of the cell increases as the cell size becomes smaller.

IV curves for different cell sizes
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Figure 27. Illuminated IV curves for different cell sizes. The dashed circle indicates the zoomed area of Figure 28.
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Figure 28. Detail of the Illuminated IV curves for different cell sizes. The arrows are pointing at the slope of the IV
curve near the Voc point. The steeper the slope, the less series resistance of the cell. A very flat IV curve such as the
one for 5.2 [cm2] indicate a very high series resistance.

The series resistance of the cells was calculated from the slope (mv) of the illuminated IV

curves using Equation (3-4) evaluated in the V. point.

1 AV (3-4)
o™ o T AL
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The series resistance congregates the semiconductor resistance, the resistance between the
metal and the semiconductor and the resistance of the contacts themselves. Furthermore, its
value can differ if different IV curves are used. Namely illuminated and dark measurements.
This is expected as the current will flow through different paths in both conditions [34].

Figure 29 illustrates the relationship between the cell area and its series resistance.
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Effect of the cell area on the cell resistance
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Figure 29. Effect of the area on the series cell resistance. The increased Rs is attributed to a loss of optimization of the
metal grid at the front side.

The rise in the Ry can be explained with the degradation of the optimized front metallization
grid. For a full cell, the front-contact grid is optimized for that size. Whereas, the cut cell does
not take this into account. Bertrand et al [34] proved that the cut cells have indeed a non-
optimized metal grid. Thus, by cutting them and then designing the small cell grid, it is possible
to overcome the efficiency loss due to this factor.

2.3.6. Effect of cell shape

As discussed before, the recombination losses of a solar cell are partially determined by its
edge. Therefore, it is possible to introduce the ratio perimeter-to-area k in Equation (3-5)

P (3-5)

However, this ratio will always depend on the cell dimensions and it is a dimensional number
with units [cm™']. If the ratio is modified to Equation (3-6) [35], then for regular shapes, the
values will be always constant, regardless of the dimensions of the figure.
,o b (3-6)
VA
For the figures used in this study, the values of p are calculated and shown in

Table 3. Note that the rectangle is not included in the table as it is not a regular figure and its p
will depend on its dimensions.
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Figure pl-]
Circle 3.54
Square 4
Equilateral triangle 4.55
Regular hexagon 3.72

Table 3. Values of the Perimeter-to-Area ratio of regular figures. All regular figures, irrespective of its dimensions
will have these values. Since the rectangle is not a regular figure, a fix value of p cannot be stablished. Hence it is

omitted from the table

Equation (3-6) is important because it allows to discover errors. Either in the calculation of
area or perimeter or in the cutting itself. Since p is always constant for a regular shape, a
hexagon with a p=3.4 indicates that either it is not a regular hexagon or its dimensions

(especially the apothem) were wrongly determined.

Figure 30 illustrates the efficiency of different shapes. They are grouped using the value of p; hence, the x-axis is non-
dimensional. The dashed lines represent the theoretical values of p for regular shapes that appear in

Table 3.

Note that, as explained before, the rectangles do not have a fix v
rectangles are very close to become squares.

alue of p. Also, note that some

—o Circle
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—=* Triangle
—* Rectangle
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Figure 30. Efficiency per cell shape. Note that for the same r, there are differ:

ent efficiencies. This is because the

dimensions of the cells are different, albeit the same figure. A deviation from the dashed lines indicate that the figures
are not regular figures as is the case with the circle cell which is more an ellipse, and some of the square cells.

A clearer comparison of the shapes can be seen in Figure 31. The square is the shape that has
an overall greater efficiency. Using rectangles lead to a great dispersion of the values. This is
in part because of the changing dimensions of the rectangles as can be observed in Figure 30.
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Shape comparison
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Figure 31. Overall comparison of cell shapes. It was expected that the higher efficiencies would been achieved with a
circle and a hexagon, however squares and hexagons have the best performance. Why?

The poor results for the circle are due to the damage of 2 cells during the cutting. Although the
cells were not visible broken, their performance suggested that they were damaged. Also, some
cells were completely broken when performing the mechanical cleavage. Reason for which this
shape was not analyzed further. The explanation also holds for the fact that in Figure 30 and
Figure 31 a single point —representing the average of the measurements- appear. Only 1 size
was tested.

One clear disadvantage of using p instead of & is that the effect of the perimeter is unclear. In
this way, several figures can have the same pbut different dimensions. Geometrically speaking,
for equal areas the circle has the least perimeter-to-area ratio (k), followed by the hexagon then
square, rectangle and finally the triangle. Therefore, it was expected that the efficiency of the
cells cut in these shapes would follow the same order. However, Figure 31 illustrates that this
is not the case.

As explained earlier, the circle has poor performance as the cutting process results in damage
of the cells. It is important to mention that, for the shapes with straight edges, the cuts were
performed in long straight lines. Scribing directly the shape in the wafer is not preferred as the
behavior of the machine results in broken cells. This is one of the reasons that the circles have
low efficiency.

A complete AKW solar cell is separated by its metallization grid into three different sub cells.
This separation can be seen in Figure 32 marked by the yellow arrows.
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Figure 32. Complete AKW cell. The yellow arrows point to the fingers that separate this complete cell into three
subcells. This separation is done directly by the manufacturer.

When a large cell is cut it is desirable to stay within the area enclosed by a sub cell. Or include
a second or third busbar in the cutting design. If the cells exceed the delimited area, the
generated carriers outside the area will have less probability of being collected leading to a
reduction of efficiency. As an example, the large hexagon of Figure 33 was analyzed. The
figure should be around 19% to 20% efficient. Nevertheless, its efficiency drops to 17.5%.
Note that the figure edges surpass the width of the sub cell.

;—\/_J —
Subcell 1 — ——— —  Subcell 3
Subcell 2

Figure 33. Large hexagon. The dotted lines show the parts where the cell is subdivided into three different subcells
(marked as subcell 1, 2 and 3). Only subcell 2 has a busbar that allows carrier collection. Charge carriers generated
in subcells 2 and 3 have lower probability of collection as they have to travel through a larger area.

Finally, as the cell becomes smaller, the shaded fraction of the fingers and busbars will increase.
As the finger shading is assumed to be very small, only the busbars were considered. Following
a similar analysis as Bertrand et al [27], the shading fraction of the busbars is defined as

_ App (3-7)

App refers to the area of the busbar. For the AKW cell this is 0.12 [cm] x height of the cell (h).
Equation (3-7) can be rewritten as

_012xh (3-8)

bb ™ Wwx hxc
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Depending on the figure (square, rectangle, hexagon, etc.) the constant ¢ will have a different
value. This leads to the conclusion that the shaded fraction depends only on the width of the
cell. Width is defined here as the distance perpendicular to the busbar. Hence, it is considered
that the cell is oriented with its busbar in a vertical position.

Figure 34 compares the different cut shapes and their shading fraction. A higher value of Ry
will result in reduced cell efficiency. From this figure it can be stated that although circles and
hexagons have privilege on the perimeter-to-area ratio, they lose more active area do to shading
of the busbar.

Shape comparisson. Shaded fraction
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Figure 34. Shaded fraction of different cell shapes. Circles and hexagons, which have a lower perimeter-to-area, are
in disadvantage with squares and rectangles that have less shaded fraction.
The effect of Ry is clearly illustrated when analyzing two rectangles and two hexagons with
the same area but with different busbar layout. Table 4 shows the effect of reducing the overall
busbar length.

Shaded fraction (Ryp) Efficiency
— 5.5% 16.33%
[ | | 3.03% 17.52%
" 431% 17.04%
= 4.99% 16.67%

Table 4. Comparison of 2 equal-area shapes with different shading fraction. For a same figure, the layout with less
busbar length result in a considerable increase in efficiency. Even more, the shaded fraction plays a more important
role than the perimeter-to-area ratio.

In [27], the authors found that k should remain below 1.5 [cm™'] to avoid a sharp efficiency
loss. The value of Ry, was used to calculate a corrected efficiency that do not consider the effect
of the busbars. However, it was believed that a better approach would be to define limits for
these values. A good design can be achieved irrespective of the chosen shape. The relationship
between k, Ry» and the efficiency is shown in Figure 35. The highest cell efficiencies, equal or
above 19% are reached with a perimeter-to-area ratio below 1.38 [cm™'] and a shading fraction
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of at most 3.8%. As discussed earlier, despite of these two parameters, the cell must lie within
the area of the sub cell.

Efficiency per shape dimension and shaded fraction
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Figure 35. Figure efficiency by shape dimension (k) and shaded fraction. The dotted line sows the limit for cells with
efficiencies above 19 %. The samples marked as “Tri38” and “Hex47” appear in the “high efficiency zone” but have
lower than 19 % efficiency have their areas split into several subcells

3.3. Future work

One of the main drawbacks of the laser cutting is the amount of time and material that is needed
to fine tune the machine. Especially since every machine is different and each user has unique
applications and materials. From all the revised papers, the working parameters were very
different from one group to the other. Furthermore, there is not a standard procedure to save
time and material.

Future work must be focused on creating, either a method, or a database that can be used as a
starting point for the users. It should be noted that this methodology must be designed in such
a way that the users don’t rely on complicated setups.

A focus should also be given to optimizing the geometry by extending the analysis done here,
and paying attention to the effect of the loss of the optimization of the original metal grid and
how to reduce this effect.

Finally, simple passivation techniques can be designed to treat cut cells aiming to improve the
efficiency and shunt losses.
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3.4. Conclusions

The use of laser to cut crystalline silicon solar cells was discussed. The working principle of
the laser was explained and how does a laser cutter can be tuned to scribe or cut.

One of the main features of the laser is that it melts the material inducing, in the case of solar
cells, possible shunt. One way to reduce this undesirable effect is to cut the solar cells from the
back (front side down). Also, not cutting completely through the cell but scribing followed by
mechanical cleaving diminishes the probability for shunt creation. Finally, the repetitions
should be kept as small as possible to reduce the damage to the cell.

With the use of a laser cutter it is possible to obtain different shapes from a commercial square
cell. The geometry of the cell will impact its efficiency. The perimeter, source of edge
recombination, should be minimized while the area maximized. As the cell becomes smaller,
the perimeter of the cell will act negatively upon the efficiency. It was noted that not only the
relationship of area and perimeter are important when choosing the geometry, but also the
shaded fraction (caused by the busbars) must be considered.

The unexpected results of Figure 31 are attributed to the shading fraction of the cell, the
involuntary splitting of large cells into different subcells and cells that were damaged during
the mechanical breaking process.

Reducing the cell size by cutting is possible; however, is efficiency is to be preserved as much
as possible, the size cannot exceed certain limit. In the case of the analyzed cells, this limit was
found at 9 [cm?].

Further work is needed especially in determining the optimal laser parameters as here is not a
unified and universal method to do it. This results in a lot of time and material needed to
determine the optimal configuration. Attention should also be places on reducing the waste
material (unused cell) and the re-optimization of the metal grid after cutting.
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4.1. Cell-To-Module

A solar cell performs different when alone and when connected to a string in a module. For
instance, when connected it will be subject to current mismatch, resistive losses, optical losses
and unused spaces. However, it can also benefit from optical effects. the ratio of power between
the unencapsulated cells and the output power of the finished module is known as Cell-to-
Module conversion ratio or CTM-CR and typical values range 0.94 to 0.97 [36].

CTM = Pmodule (4'1)

2 P cells

To estimate the efficiency and power losses, the methodology proposed by Haedrich et al [22]
was followed. In this method, the power losses are calculated in order as the light travels from
the air to the cell active surface. The calculation allows to determine a loss/gain factor k; that is
then used for the power and efficiency loss or gain.

It i1s important to mention that the power loss or gain of a particular effect depends on the
previous ones. Therefore, it is of extreme importance to determine the power losses in order.
Equation (4-2) shows the power loss/gain of the jth element.

j=1 4-2)
AP; =P0X(1_kj)1_[ki J
i=3

<13

Note that Equation (4-2) does not consider the first two effects k; and k2. This is because these
two relate to the impact of the inactive areas and do not produce power losses. It only affects
the efficiency as can be noted in Equation (4-3)

PO (4_3)

b Igre X Acenn

j-1
x(-k)| [k 313
i=3
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In Equations (4-1) and (4-2) the term Py represents the sum of powers at which each cell is
operating. This term allows to take into consideration the current mismatch [22].

4-4
Py = z Pcellop (4-4)

The limiting cell is assumed to be operating at its maximum power point (MPP). The current
of this cell at its MPP will determine the current at which the rest of the array will work.
Knowing the current of each cell makes it possible to know the operating voltage, hence output
power of each individual cell by looking at its IV curve. This procedure is best seen in Figure
36 that shows the operating point of some of the cells used in the reference module.

Single cells IV curves
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Figure 36. Operating point of the series-connected cells. For clarity, only three cells are plotted. Note that the graph is
zoomed around the maximum power point. These three cells are operating at the current marked by the dashed line
(“operating current”) which is dictated by the least producing cell (“Cell 2”). Only this cell will be at its MPP while
the operating point of the rest should be determined.

1.4.1. Inactive areas

The inactive areas of the module comprise the module border and the cell interspacing. These
areas do not generate power but are also illuminated with light, hence, reducing the efficiency
of the module. The inactive areas do not cause a power loss. According to [22], the efficiency
loss factors k; (effect of the module border) and k> (effect of the cell interspacing) can be
estimated wit Equations (4-5) and (4-6).
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kl —1— Aborder (4'5)
Amodule

ko =1 — Acell_spacing (4'6)
2 Amodule

1.4.2. Optical losses

As the light travels from the cell to the air, it encounters obstacles that cause a decrease number
of photons reaching the active area of the cell, causing power losses. Following Haedrich’s
[22] method and nomenclature, the optical losses are

e Reflection at the glass-air interface (k3)

e Absorption of the glass (k4)

e Reflection at the glass-EVA interface (ks)
e Absorption of the EVA (ke)

These mechanisms are illustrated in Figure 37. The full list of gain and loss mechanisms is
can be consulted in Appendix 8.2

Incoming light

Reflected light
Glass-air (k3)

AIR

GLASS Glasséximior%\-fl%\}/Reﬂection glass-EVA (Ksg)
\."':-,EVA absorption (Kg)
EVA \ \

Solar Cell

Figure 37. Schematic of the optical losses. Observe how the incoming light beam becomes thinner as it crosses
through the different interfaces.

a) Reflection at the glass-air interface
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When the incoming light reaches the glass, part of it will be transmitted through the glass and
another will be reflected. This occurs because the light is travelling from a medium with a
refractive index n; (air) to a second medium with refracting index n: (glass).

According to Figure 38, the reflectivity of the used CORNING glass is between 9 and 10 %
for all wavelengths. This means that for all the incoming light, only 90% of it can be transmitted
through the glass.

CORNING glass reflectivity
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Figure 38. CORNING glass reflectivity per wavelength. The peak at around 850 [nm] is due to a change in the
sensors within the equipment.

Equation (4-7) translate this 10% of lost light into a power loss factor k3 [22].

ks =1- Rglass 4-7)
o _ J lam1.s() X SRQ) X Ryiass () x d2 (4-8)
gtass = fIAMl.S (1) X SR(A) x dA

Iam1.5 1s the solar spectrum as shown in Figure 40 and SR is the cell spectral response (Figure
39). The spectral response of the AKW cell was measured using an EQE setup of the PVMD
group at TU Delft. With the measured data, the spectral response of the cell can be calculated
according to Equation (4-9) [37]. Note that the units of A are [nm].

a  AXEQE (4-9)
SR =% EQE =—73575
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Rgiass corresponds to the data of Figure 38 which indicates the reflectivity of the CORNING
glass per wavelength.

AKW cell me_asurec_l spectral response
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Figure 39. Measured AKW solar cells spectral response.
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Figure 40. AM1.5 Spectrum. Retrieved from [38].

Note that Equation (4-8) is a weighted value. This means that the effect of the reflected light is
compared weighted to the light that would have been seen by the cell otherwise.

b) Absorption of the glass

Once the light has entered the glass, a fraction of it will be absorbed by the material. A spectral
analysis of the CORNING glass (Figure 41) reveals that it is mainly a non-absorptive material
in the visible range. It only absorbs a small fraction of the ultraviolet light in the analyzed
range. The small peak at 850 [nm] is due to a sensor change within the measurement equipment.
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CORNING glass spectral_absorbance_
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Figure 41. Spectral absorbance of the CORNING glass
The loss due to the glass absorption, k4, can be calculated in a similar manner as k3 but

considering

1. Only the transmitted light (1- R

glass )

2. The spectral absorbance as depicted in Figure 41

ky=1- Aglass (4-10)

QAglass (4-11)
— fIAMl.S()L) X (1 - Rglass(/l)) X aglass(/l) X SR(/Dd/l
fIAMl.S (/1) X (1 - Rglass(l)) X SR(/D X dA

c) Reflection at the glass-EVA interface

The interface glass-EVA is an additional point for reflection. The light travelling within the
glass will find a difference in refractive index (interface glass-EVA) and part of it will be
reflected to the glass. The reflectivity at this interface can be calculated from the Fresnel
equations for normal incidence (Equation (4-12))

2
Ngya — Ngiass ) (4_12)

R - (
glass—EVA
nglass + Ngya

The LAMBDA spectrometer does not give the refractive index n as an output. Therefore, it
must be calculated. In order to do so, the interface air-glass and air-EVA is used. The
transmittance is obtained with the spectrometer and using also Fresnel’s equation for normal
incidence (Equation (4-13).
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_ dmymy (4-13)
Thormar = L+ m,)?

Considering that the refractive index of air n;=1 and solving Equation (4-13) for nz, the value
of ngiuss (n2 in this case) is found. An analogue procedure is used to determine the refractive
index of the EVA using an air-EVA interface, i.e., measuring the transmittance of a single layer
of EVA surrounded by air. Figure 42 show the obtained results. A typical value of ngss is 1.5
which indicate that the results are as expected. Also, the indices of the encapsulant (EVA) and
glass are almost the same which helps to reduce the reflected light at this interface.

The major differences appear in the blue region of the spectrum; therefore, more reflection is
expected within this range. It is interesting to see that ngva falls to zero in the ultraviolet range.
This is because the material absorbs almost all the light at short wavelengths and no light is
transmitted.

Refractive indices of CORNING glass and EVA
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Figure 42. Refractive indices of CORNING glass and EVA.

The reflectivity at the glass-EVA interface is depicted in Figure 43. Note that the values are
very small, almost reaching 0. This is a result of a good matching of the refracting indices of
the glass and the encapsulant. These values are also plotted in Figure 43. As expected, more
light is reflected when the matching of the indices is not perfect.
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Reflectivity of the interface glass-EVA
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Figure 43. Reflectivity at the glass-EVA interface. As expected, the good matching of the refracting indices of glass
and encapsulant is translated into a very low reflectivity at the glass-EVA interface.

These results lead to think that the power loss due to this effect is very small.

As done before, the loss factor ks is calculated with Equation (4-14) . This is achieved by using
the weighted reflectivity as done before and shown in Equation (4-15)

ks =1-— Rglass/EVA (4-14)

RglassEVA (4‘15)
T s % (1= Rgtass(D)) X (1 = agrass) (A) X SRIA) X Ryasseva(D)dA
B fIAMl.S(A) X (1 - Rglass(l)) X (1 - aglass) X SR(A) X dA

d) Absorption of the EVA

The last optical loss is the absorption of light by the EVA. As can be seen in Figure 44, the
EVA absorbs all the UV light. That being the reason for the extremely high values (beyond
100%) at small wavelengths.
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Figure 44. Spectral absorbance of the EVA. This encapsulant absorbs almost no light in the visible nor infrared
range. However, it absorbs most of the ultraviolet light.

The calculation of the power loss factor is similar as Equations (4-14) and (4-15), but taking
into account the transmitted light (1- R, v, ) and including the absorptivity ava.

1.4.3. Optical gains

Not all the light that reaches inactive areas of the cell is considered lost as it can be redirected
towards the cell. Thus, this section discusses the mechanisms shown in Figure 45.

Backsheet
Air reflection AR

(kys) oupling (kg) Metal scattering (kg and lgyg)

Glass/EVA

Cell

Figure 45. Optical gains. These are achieved from the reflection from the back sheet, the coupling of the refractive
indices of the anti-reflective (AR) coating and the encapsulant; the scattering from the busbars and metal fingers.

a) Optical coupling

The anti-reflective (AR) coating of the cell can be optically coupled with the encapsulant
reducing the reflected light from the surface of the cell enhancing its absorption. This is
achieved because the refractive index of the encapsulation (glass-EVA) is increased from 1

(air) to roughly 1.5. The AR has a refractive index of approximately 2.1 [22]. Hence, less light
is reflected by this coupling.

Furthermore, the addition of the encapsulation material allows light to be redirected to the cell
by total internal reflection. Even more, light that reaches the fingers and interconnection wires
can be redirected to the cell also by total internal reflection. It is important to mention that this
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phenomenon occurs at the glass-air interface as the glass and the EVA have roughly the same
refractive index. Consequently, the glass and EVA can be considered as a single encapsulant
from an optical point of view.

These coupling mechanisms are not possible when the cell is surrounded by air; therefore, they
are considered as gains.

To make a proper analysis, a black back sheet is needed, which leads to the assumption that
the gain is only due to optical coupling of the encapsulant (kg) and scattering in the
interconnection wire (kio), busbars and fingers (ko).

The combined properties of a glass-EVA sample were determined using the LAMBDA
spectrometer.

It is possible then to establish a ratio of the short circuit current of a cell measured in air and
the same magnitude measured after encapsulation. Equations (4-16), (4-17) and (4-18) allow
to determine the gain factor.

Isc,encap

Isc,air

1- Rencap)(l - aencap)

k8,9,10 = (

R _ fAAMl.S(A) X (1- Rencap(l)) X SR(A)dA
e [ Auw15(2) X SR(D)dA

7 _ fAAMl.S (A) X (1 - Rencap(l)) X SR(/D X aencapdl
eneap fAAMl.S(/D X (1 - Rencap (/1)) X SR(A)d/1

Note that in Equations (4-16), (4-17) and (4-18) the sub index “encap” refers to the combined
material glass-EVA.

b) Back sheet reflection

The gain obtained by the light scattering at the back sheet depends on the distance between
cells as well as the chosen material. According to Haedrich et al [22], the change of the short-
circuit current can be estimated using an exponential fitting of the form given by Equation
(4-19).

(Isc (d) - ISCOmm) —d

Blso(d) = — =A;(1-e™)

sComm

(4-16)

(4-17)

(4-18)

(4-19)
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In order to obtain the fitting parameters A; and ¢;, a single cell module with a white reflective
back sheet is laminated. A dark mask is then placed on top. The distance d from the edge of
the cell to the mask is increased after every measurement under the WACOM solar simulator.

The same procedure is repeated using a black back sheet.

Figure 46 shows the result of this fitting. Note that a white back sheet provides a greater
increase of the short-circuit current on larger distances. However, the results below 2 mm
should be taken carefully. The lack of points in this area might lead to the wrong conclusion
that a black sheet is a better option if going for closer spacing.

Change of the Isc using black and white backsheets
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Figure 46. Short circuit current change when varying the spacing between cells. It would seem that if the inter-cell
spacing is less than 2 [mm] (industry standard) the black over performs the white back sheet. Nevertheless, the
reader should be cautious in interpreting the graph. Both curves are a fit. This means that the behavior is just an
approximation. If more points are used the fitting would improve. However, making modules with cell spaces below 2
[mm] is very difficult ad unpractical. Hence, these measurements can be avoided.

However, in practice the cell spacing ranges from 2 to 3 [mm] and the results shown in Figure
46 are valid.

The optical gain from the reflection is then calculated with Equation (4-20) which is only valid
for a square cell.

ki1 =1+ Al (4-20)

It must be mentioned that this formula does not considered a specific effect of the cells located
at the corners or edges of the module. These cells receive more light and therefore produce
more current. This increased current can also be responsible for a greater power mismatch since
all the cells are connected in series. However, for large industrial cells, if they are chosen in
such a way that the deviation of the /Iy is within 0.2 [A], the effect is negligible. Furthermore,
this spacing can also improve the performance of the module in a 0.5% [39].
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1.4.4. Resistive losses

The interconnection of the cells by means of copper tabbing wire results in energy being
dissipated as heat. The same holds for the interconnection between strings. Dissipated power
in the tabbing wire can be expressed as shown in Equation (4-21).

P = RI? (4-21)
Where R is the resistance of the wire, [ is the current flowing through it and P is the dissipated
power.

The power dissipated in the string interconnection can be easily estimated by measuring each
individual cell. Noting that the operating point of the cells has already been corrected for
current mismatch, it is possible to obtain the theoretical power by adding the individual
operating points. After this, they are measured under the WACOM solar simulator. The
difference in power can then only be attributed to resistive losses. The same principle applies
to the interconnection between strings.

It is important to highlight that the contact resistance is neglected [22].

1.4.5. CTM ratio of the reference module.

The analysis proposed by Haedrich et al [22] and explained above, was designed for full size
commercial modules. Nonetheless, the impact in small-sized modules needs to be assessed in
order to determine if the above analysis is also valid for these modules.

In order to validate the model, a 6-cell, 10 x 10 [cm] mini module with CORNING glass and
white back sheet was built. A photo of this module can be seen in Figure 47.
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Figure 47. Fabricated reference module.

The cells considered were the cut cells. Therefore, the effects of the laser are not considered.
The reason behind this is that the cut cells are the constructive elements of the mini module,
just as the full-size cells are for the full-size module. Therefore, a fairer comparison is possible.
Naturally a small mini module will produce less power than even a full-size cell (which can be
required by an application). Because of this is not possible no account for the power of a
complete cell and it was decided to use the already-cut cells as the starting point.

Table 5 shows the loss mechanisms. The minus sign as well as values of k; greater than 1
indicates a gain. This is better seen in Figure 48 and Figure 49. The results have a similar
tendency as the ones published in [22].

With the small cells, the CTM ratio of the reference module is 1.0174. This high result is
achieved thanks mainly to the optical gains. They can counteract the CORNING glass
reflection which is the biggest power loss of this module. Using a white back sheet and more
spaced cells (4 [mm] vs 2[mm] of a commercial module) also allows a power boost.

The used CORNING glass is also thinner (0.7 [mm]) than a standard solar glass of 3 [mm)].
This causes a minimal glass absorption which is even negligible. However, the CORNING
glass is not designed for photovoltaic use, which explains the high glass reflection loss.

The biggest drawback of the mini module fabricated with CORNING glass is the efficiency
loss due to the module borders.

Even though it is possible to cut the glass, the chance of breaking it while doing the operation
is high. Since the available glass size was only 10 x 10 [cm] the module size was bounded to
this value. Fitting more cells increase the probability of not completely encapsulating them or
breaking them during lamination.
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The use of a different material such as flexible foil is expected to improve the efficiency as a
custom-size module or with non-conventional shape can be better fitted. Thus, reducing the
unused area and increasing the efficiency.

If the efficiency losses due to inactive areas are not considered, the efficiency of the reference
module is increased from 18.35 % (efficiency of a single cell) to 18.65 % (efficiency of the
active area).
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Loss mechanism Loss Efficiency | Power
factor | loss loss
kil-] [%] [W]
Module border area 0.59 7.49 0.000
Cell spacing area 0.93 1.28 0.000
Glass reflection 0.91 0.87 0.087
Glass absorption 1.00 | negligible 0.001
Reflection 0.99 0.06 0.006
glass/encapsulant
Encapsulant 1.00 0.02 0.002
absorption
Optical coupling 1.08 -0.67 -0.067
Reflection of the 1.10 -0.90 -0.090
back sheet
Cell interconnection 0.96 0.37 0.037
String 0.96 0.18 0.018
interconnection

Table 5. Summary of evaluated gains and losses of the reference module. The negative sign indicates an improvement
of efficiency or power as are values above 1.
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Figure 48. CTM efficiency analysis of the reference module. The red color shows the loss mechanisms; the yellow, the
gains. The number above each bar indicates the resulting module efficiency after considering each effect.
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CTM Power analysis
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Figure 49. CTM Power analysis of the reference module. The red bars indicate loss mechanisms while the yellow ones
gains. The number above each bar is the resultant power after each effect is considered. Note that the inactive areas
do not cause power losses.

4.2. Electrical contacts

2.4.1. Theory of electrical contacts

Before analysing the electrical contacts used in the prototypes, it is important to understand
how an electrical contact is formed.

Firstly, every surface, no matter how flat appear to the eyes, is rough in a microscopic scale.
When the two electrodes become close enough, some ridges will become in contact with the
other allowing a current flow only on these spots (called a-spots). In a macroscopic level, the
a-spots cause that the real contact area is effectively reduced. This is, the whole area of a
connector is not the area of the connector as not every point of the connector is in contact with
its counterpart [40].

The a-spots appear as bottlenecks (constriction) to the current flow path causing a contact
resistance which is different from the resistance of the conductor [40],[41]. Figure 50 shows
the current flow over two contacts. It can be appreciated that if more pressure is applied, more
edges will be in contact creating new a-spots. As the number of contact points increase, the
total contact resistance will decrease. Hence, increasing the pressure on the contacts will reduce
the contact resistance [41].
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The irregularities and resultant cavities formed by the a-spots allow the presence of
contaminants which can form films on top of the contacts, especially oxide layers. The films
may act as an additional barrier to the current increasing the contact resistance, especially if
they grow on top of the conducting a-spots [41]. However, the use of films and coating can
also have the opposite effect by protecting the surface against oxidation [40].

2.4.2. Contact materials

Among the many metals used for electrical contacts are gold, silver, platinum, molybdenum,
tin, lead, etc. However, this work will only focus on the two used materials: copper and nickel.

e Copper is a material that has been known to mankind since ancient times. It can be
easily identified by its red coloration. It is very resistant to corrosion at ambient
temperature. However, at higher temperatures a layer of oxide becomes evident.
Furthermore, copper is susceptible to salt water which can greatly corrode the material.
It is an excellent electrical conductor with a resistivity as low as 1.5 x 10 [Qm].
Nevertheless, for electrical applications is often alloyed with other metals in order to
improve its mechanical properties. Depending on the application, Cadmium, silver, or
tin can be used with the drawback of reducing its electrical performance [40].

e Nickel, on the other hand is less conductive than copper, with a resistivity of nearly 8
times higher. Still, it is widely used in electrical applications, mostly as an alloy with
iron or even copper. It has an excellent resistance to corrosion and low thermal
expansion which makes it suitable for sealing or high temperature applications. It finds
also application in printed circuit boards (PCB) [40].
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2.4.3. Electrically conductive adhesives

A different alternative to create an electrical contact is to use an electrically conductive
adhesive -or ECA-. These products have conductive particles diluted in an adhesive solution.
Though mainly used in the electronic industry, they are finding their way into the photovoltaic
industry as an alternative to soldering, especially in the manufacturing of shingled modules.
[42], [43].

The idea behind the shingle cell technology is to place cut cells with their busbar aligned in
one edge, one on top of the other. In this way, the busbar of the bottom cell will be connected
to the back contact of the top cell. By using this method, the shaded fraction of every cell will
be replaced by an active area with the advantages of reducing inactive area losses (no cell
interspacing), increasing the active area (greater efficiency) and potentially reducing the
resistive losses due to the small-sized cells [42].

An ECA performance will be influenced by the concentration of conductive particles (defined
by the manufacturer), the thickness of the applied product, the curing time and the temperature
at which it is cured. These factors modify the resistance of the adhesive, affecting the fill factor
of the module [44].

Eitner, et al [45] concluded that the ECAs are a good alternative for lead-free soldering as the
required temperature is lower or for module designs where soldering is not possible.
Nonetheless, the soldering method still has the lower resistance. In order to correctly exploit
the advantages of the ECA, and, since its effectiveness is easily influenced by external
parameters, it is better to use an automated system.

2.4.4. Neodymium magnets

A versatile way to create a temporal attachment of two surfaces is by using magnets. The so-
called “super magnets” are fabricated with a composition of Neodymium, Iron and Boron.
These magnets allow a great attachment force in smaller areas. Even more, they are coated with
a 12 [um] layer of an alloy of Nickel and Copper to prevent brittles and corrosion [46].

One advantage of the Neodymium magnets is that they can be fabricated in different forms.
One of them, which was used in this work, is as pot magnets. Here, a Neodymium magnet is
housed inside a steel pot which enhances the magnet’s adhesion over an iron surface. The pot
can be manufactured with a thread that allows the use of standard nuts [46].

Figure 51 illustrates the magnet used. It is fabricated by Supermagnete® [46], a magnet
manufacturer and seller in The Netherlands.
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Neodymium - M3 standard thread
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Figure 51. Pot magnet used in this work. Adapted from [46].

Because of the construction of the pot magnet, the actual magnet will not be in contact with the
surface. Rather the rim of the pot will be. The M3 standard thread is used to attach a circular
connection pad. This means that the current will flow over the pot and not the magnet.

2.4.5. Analysis of the proposed contacts.

One of the greatest disadvantages of the ECAs is their storing conditions that require
temperatures as low as -25 [°C] to -40 [°C]. Because of this, an electrically conductive adhesive
tape (3M 1181 tape) was used. Although it was found that this tape is not suitable for shingle
cell fabrication, it is still a good option for non-conventional designs.

The comparison between a standard tabbing wire and the 3M copper tape was done by taking
a 7.5 [cm] long tabbing wire and single piece of copper tape were measured with a bench multi-
meter. For thin, thick and copper tape the resistance was found to be 0.05 [€2]. This leads to
conclude that the copper side of the tape presents no additional problem, thus, the elevated
series resistance must be caused by the adhesive. Several experiments were performed by
connecting 2 and three segments of the tape using the tape’s adhesive and placing the magnets
with the measuring probes randomly on top of the tape.

The results of Figure 52 show that as soon as the adhesive is used the resistance greatly
increases. The results for “Used connection” and “Used connection worn” target the actual
layout of the tape as it was used on the final design.

As indicated by the wide dispersion of the values, the resistive effect of the adhesive is vastly
affected by

1. The position of the magnet
2. The wear-and-tear of the tape.
3. The stiffness of the junction.
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Resistance of an electrically conductive copper adhesive tape
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Figure 52. Resistance analysis of the electrically conductive copper adhesive tape. The red dashed line marks the
resistance of the copper side (without adhesive) of the tape. This is used as reference for comparing the behavior of
the adhesive under different scenarios. The words “worn” and “old” indicate that the tape was attached, removed
and re-attached again to simulate aging. It becomes obvious that, as the glue ages or loses its adhesive strength, the

resistivity increases. Refer to Figure 13 for a list of the patterns used.

The resistance of the adhesive increases when the junction starts to detach. In some applications
that require a sliding movement over the tape and the constant connection and disconnection
of them result in adhesive detachment. Depending on the position of the magnet, the resistance
can reach values in the ohm range, while the resistance for the copper side lays within the
milliohm domain.

The wide dispersion of values observed in Figure 52 reinforce the idea that the junction is not
completely stable. This can lead to an uncertain behaviour of the tape within an application.

As the magnets were used as contact materials, its effect was analysed by measuring the change
in short circuit current of encapsulated cells before and after the magnet. The difference, if any,
can then only be attributed to an extra resistance added by the magnet itself.

The pieces of the PV puzzle were used as tests, before housing them into the silicone rubber
leading to a current reduction of just 11 [mA] on average. This is a rather small loss considering
that the operating currents are, on average 640 [mA]. This represents a 1.8 % loss. However,
the aforementioned numbers are a generalization. The observations indicate that the losses are
even less. Figure 53 shows a boxplot with all the taken measurements. Except for two outliers
out of 11 samples, most of the readings have a difference in the short circuit current around 2
[mA]. Therefore, the effect of the magnets can be considered insignificant.
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Analysis of the change in Isc because of the magnet
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Figure 53. Boxplot of the measurements of the difference in current before and after the magnet. Note that the
median is 2 [mA] which is a very small value.

4.3. Future work

The unified method for determining CTM ratio used here is suitable for full scale modules.
However, it obviously doesn’t consider losses that are inherent to a mini module such as the
laser loss and fitting the power of the full cell in relation with the smaller area for the cells
used. In short, the study in this work considered a cut cell as the initial unit, while a better
approach would be to refer to the original uncut cell.

As for the contacts, four probe measurements to determine the specific contact resistance of
the magnets might illustrate better their effect. Due to storing requirements it was not possible
to experiment with ECA, which can also help to compare their performance with that of the
copper tape. Furthermore, the possibility to use ECA in combination with the copper tape
aiming at developing new solder-free connection techniques can be explored.

4.4. Conclusions

A complete Cell-to-module analysis was performed leading to conclude that the inactive areas
play an important role in improving the power output of the module, especially when a
reflective back sheet is used. Even when the unused areas lower the module’s efficiency, they
can improve the output power, and even overcome the optical losses as well as the resistive
losses. This cannot be always achieved with commercial modules that investigate high packing
density and bigger cells. But, in a mini module, the cells become smaller, bringing the resistive
losses down. Under this situation, the benefit of the optical gains can be fully exploited. The
biggest source for optical losses is the glass reflection which can be relatively easy tackled
using anti-reflective glass.
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The glass used in the experiments demonstrated to be suitable for use in mini modules from
the optical point of view. However, the mechanical properties of the CORNING glass might
not be adequate for industrial purposes.

An electrically conductive adhesive tape was analyzed for its use as solar connector for mini
modules. While the copper side of the tape demonstrated to be an excellent conductor, as
expected, the main feature, which is the conductive adhesive, underperforms. The adhesive is
not suitable at all for cell interconnection and it has a very high resistance, especially when it
is pulled out and then placed again, causing a considerable uncertainty in the resistance value.

The used pot magnets do not represent a great disadvantage as the reduction in current is
extremely small. This indicates that the magnets can be effectively used as electric contacts for
solar cells.

One of the most important aspects when considering to form an electric contact is the pressured
applied in order to maximize the number of a-spots. The proposed magnets also help to comply
with this requirement.
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5.1. The Miura-Ori fold

The Miura fold —or Miura-ori- fold is a method for folding a piece of paper in such a way that
each component remains flat. In other words, each of the faces that form the fold do not suffer
bending.

This fold was invented by Koryo Miura to store a compact solar array into a rocket and be able
to deploy it once in space. An additional feature is that, in contrast to a typical map folding, the
Miura fold allow folding and unfolding with a single movement, by pulling and pushing
opposite corners [47].

The reader is encourage to see Nishiyama [47] for a detailed explanation on how to apply the
Miura folding to a standard piece of paper.

Figure 54 shows the crease pattern of the folding. This crease pattern results when a piece of
paper is folded and then unfolded. The valley folds result from folding the paper upwards
forming a valley in the paper. A mountain fold, on the contrary, will produce a mountain by
folding the paper downwards.

Vallley fold Mountain fold

Figure 54. Crease pattern of the Miura fold. The shaded area corresponds to a fundamental region.

57
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From Figure 54 it becomes evident that the Miura fold consist of a tessellation of basic
parallelograms. Furthermore, Miura [48] establishes that four of these parallelograms form a
fundamental region (highlighted in Figure 54). This fundamental region, when folded, results
in a tetrahedron. At the common vertex of tetrahedron, the sum of the four angles is always
2n. Everywhere within the folding, a fundamental region can be found. As it is proved that the
fundamental region can be folded flat, then the whole folding can be folded from a 3D
construction to a flat one.

The Miura folding is a two-dimensional fold. Meaning that in order to fold it, an action must
be performed along the horizontal and the vertical axis. This in opposition to a concertina fold
where the action is only applied alongside the horizontal axis [48].

In a traditional orthogonal fold -which is also a two-dimensional fold where all the creases are
perpendicular, hence its name-, two movements are needed to fold the plane. The horizontal
and vertical axes are independent of each other allowing folding in one direction then in the
other. However, the construction of the Miura fold forces both axis to move simultaneously.
The effect of folding one fundamental region is then transferred throughout the entire plane
[48]. Thus, allowing the closure or deployment with a single movement by pushing (pulling)
opposite corners [49].

Orthogonal folding presents another problem that is well tackled by the Miura fold. The stress
induced on a folding material increases as its thickness does. In the orthogonal folding, the
thickness on the sheet increases with each fold. This can be easily proved by folding a piece of
paper in half, then in half again (orthogonal folding) and so on. The stress (#;) caused by the
fold can be expressed by the relation between the thickness of the sheet (7) and its curvature
radius (r).

- e
ST r

With each fold, the sheet thickness increases and, as seen by Equation (5-1), the stress too. If
this stress is too large, a crack might start at a vertex and propagate along the fold line [48].

While the aforementioned is true for every folding method, its effects are reduced by the Miura-
ori fold as there are less pieces inside the previous fold and in every case they do not overlap
completely, reducing the thickness of the sheet and the stress [48].

3.2. Origami in photovoltaics

Just like many other things present in everyday life, the use of origami in solar energy found
its origins in space exploration. As stated in Section 5.1, the Miura folding was invented in
order to store a photovoltaic array in a space ship and deploy it in space. Specifically, Koryo
Miura invented the folding for an experiment of the Japanese satellite Space Flyer Unit,
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launched in 1995 [50]. More recently, NASA developed a prototype for folding a 25 [m]
diameter into a compact size that results in a diameter of only one tenth of the deployed surface.
Although this array is a cylindrical form, the basic fold is inspired in the Miura fold [50].

Back on Earth, the idea of fabricating foldable solar modules is not new. Especially since
foldability is closely related to portability. Several designs already exist on the market.
Nevertheless, any of the commercially available products make use of the Miura folding or
other origami techniques. Most of the products are solar chargers for gadgets or portable
generators. On average they deliver 10 [W] of power with a USB output of 5 [V] which is
enough to power up small gadgets such as smartphones, speakers, power banks or tablets. The
folding technique that is mostly applied is folding the modules over themselves (1-dimension
folding).

A clear application of the Miura folding in solar cells was achieved by Tang, et al [51] by
fabricating a solar cell which incorporates micro hinges in order to fold it using the Miura fold.
In this case, the process is such, that the hinge is incorporated during the cell manufacturing
process. This is achieved by fabricating the cell with a conventional process, including the
design of the metal contacts and the hinge. In fact, the hinge is part of the contact and has a
serpentine-like design. Once the contacts have been deposited, a dielectric material is also
deposited to form a mask and then the silicon is etched away to form the parallelogram shape
and separating the cell in different units, each joined by the serpentine hinge. The prototype, a
6.3 [cm] x 6.5 [cm] (unfolded) forms a single solar cell which can be folded into a compact 5.4
[cm] x [1.2] cm shape.

A performance analysis of the cell was made after folding the prototype up to 40 times. During
the first folds, a decrease in the performance was observed, especially a reduction in the current
density. Since the performance loss stabilized after 40 folds, this de-rating is attributed to
breakage of some serpentine hinges. As the number of folds increase, the material starts to
deform preventing breakage and allowing a normal current flow [51].

Binyamin, et al [52] proposed a portable solar system which incorporates the Miura fold to
store the panels. In this complete system, the panels are stored inside a box. While deploying
the box lid can be made flat and the panels easily unfolded exploiting the Miura folding aided
by a motor. The panels lay on top of the flat lid. This structure is attached to a dual axis sun
tracker system. The whole system (deployment of panels and solar tracking) is controlled by
an Arduino microcontroller.

5.3. Design of the foldable module

The design of the origami-based solar module started with each parallelogram. The prototype
is aimed to power a 15 [W] load with a 5 [V] output and 3 [A] output. Therefore, all the modules
must be able to supply this amount of power. An efficiency of 80% was assumed for the buck
converter used to step-down the voltage to a stable level of 5[V] when the module is operated
under sunny conditions. The design of the buck converter used is included in the Appendix 8.3
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In order to demonstrate the effectiveness of the Miura fold, a mini module consisting of 15
parallelograms in a 3 x 5 array was proposed. Note that according to Section 5.1, it is possible
to construct a foldable unit with an array of any size. However, with a smaller array the fold
cannot be fully appreciated; albeit, it is still functional. Furthermore, using an odd number of
parallelograms, ensures the folding and unfolding just by pulling the edges.

Figure 55 shows the basic parallelograms used in the foldable module. Each parallelogram
consists of a mini module made of 4 cells. It is important to mention that the cells inside the
parallelogram is a trapezoid. This was done in order to keep the voltage high by increasing the
number of cells and, at the same, keeping the current low using small-sized cells.

Figure 55. Unit mini module. On the left, a mini module with trapezoidal cells. Right, a mini module with square
cells.

Considering the restriction hitherto mentioned and if the short-circuit current density of the
Viko cell is estimated at 380 [A/m?] the required area of each cell is 15.077 [cm?]. The shape
of this cells can be easily achieved using a laser cutter. Nevertheless, in practice, due to some
scaling mistakes, the resultant size of the cells was 16 [cm?]. The total area of each mini module
is 75.22 [cm?]

With this design, the total area occupied by the cells is 64 [cm?]. The cell spacing area is [4.9
cm?] and the border area 6.32 [cm?].

However, if a square cell with exactly the same area is used, the spacing area becomes 5.06
[cm?]. And the border area becomes 6.16 [cm?]. The differences between the two shapes
becomes very small. When comparing both approaches, the expected losses according to the
CTM analysis presented previously due to shape are compared in

Table 6.
Trapezoid Square
ki (losses due to border area) | 0.9209 0.9229
ko (losses due to cell spacing) | 0.9387 0.9367

Table 6. Comparison of the inactive area loss factor of a trapezoid cell vs a square cell.

The advantages of using a trapezoid cell is that the border area remains constant throughout
the entire module. Whereas for a square cell, some corners are too close to the module’s border
increasing the risk of wither delamination or exposure (not being laminated) because the small
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threshold. Using a smaller cell size could overcome the problem sacrificing efficiency and
output power.

A series connection was proposed following the pattern of Figure 56. Note that each mini
module has now two inputs and two outputs. The advantage of this pattern is that the terminals
lie within one of the corner facets. Thus, allowing a possible attachment of the electronics when
folded. Another advantage is that it reduces the connection length of each mini module. If a
traditional module was laminated (1 input, 1 output), with 4 cells, the terminals of each mini
module will be on the same side. Therefore, an additional wire of the length of the mini module
is needed to connect it to the next one. This, in addition to the hinges can potentially increase
the resistive losses. With the proposed design the length of each connection is minimized.
Furthermore, with the proposed connection scheme both terminals, (+) and (-), are on the same
facet. This allows a possible connection of junction boxes or other external elements. Keeping
in mind that this is a foldable module, the connection to the external circuit must be on one
corner to prevent interfering with the folding.

o o

Figure 56. Proposed connection scheme for the foldable module. Note that the terminals are in one corner element.
This allows the insertion of an external circuit or junction box without interfering with the folding.

5.4. Prototype

A demonstrator with the previous design was built. Each unit mini module consists of 4 cells
laminated with flexible foil and black back sheet. This foil-to-foil method is useful to create
non-square shapes as it avoids the need for cutting glass. Further, by painting the busbars with
a black permanent marker, the cells become practically invisible.

Tyvek® was used to support the whole design. Tyvek® is a polymer material designed by
DuPont. One of the main features of the material is that it resembles paper; but, it is can
withstand tear, is waterproof and recyclable [53]. This makes it suitable as a back support
because the Miura fold can be done in Tyvek® following the same procedure as in a normal
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paper. The hinges are then automatically constructed. Each resultant folding mark is used as a
guideline to glue the mini modules in place.

One of the main challenges of this module is to create the electrical connections of Figure
1Figure 56. Especially the inter module connection is difficult because the chosen solution
must be able to bend along the hinge. For this reason, the proposed approach is the use of an
electrically conductive tape. The available tape was an aluminium tape. Since the aluminium
is difficult to solder with a traditional analogue soldering station, an ultrasonic station and
solder were used to attach a piece of tape to the corresponding tabbing wires.

The completed module is a 54 x 32 [cm] rectangle when unfolded but only 24 x 19 [cm] when
folded. This is roughly one-quarter of the unfolded area (top view). Pictures of the folded and
unfolded finished prototype can be seen in Figure 57 and Figure 58.

Tyvek(R)

Unit mini module

Electrically
conductive tape

Figure 57. Unfolded prototype. By painting the busbars with a black permanent marker, the cells became practically
invisible.

Figure 58. Folded state. Top view. The dimensions are 24 x 19 [cm].
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45.1. Effect of the front sheet material

The foldable module was encapsulated using a flexible front sheet material. This overcomes
one of the main problems of the CORNING glass which is the ability to create non-square
shapes. Although it is possible to cut CORNING glass using a diamond, it is a lengthy process
which can lead to breaking of the glass, sharp edges that could be dangerous for the user or
incomplete cutting.

The flexible front sheet, on the other side, can be easily cut with scissors or a guillotine. This
makes the process faster and safer. Moreover, the flexible foil is not fragile as glass and it is
also lighter.

Figure 59 compares the transmittance of the CORNING glass, used in the reference module
with that of the front sheet used for the foldable one. Although the CORNING glass allows the
light transmission in the small wavelength range, the response of the cell is not high. From 800
to 1000 [nm] the cell converts most of the light into electricity. At this point, both materials
have almost the same transmittance value. The CTM factor is expected to be, therefore, very
close to that of glass.

Tr?(r)'nosmittance comparisson between CORNING glass and Front sheet
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Figure 59. Comparison of the transmittance of the CORNING glass and flexible front sheet. Although the glass has a
greater transmittance for lower wavelengths than the front sheet, the wavelengths in this region produce less
electrons. On the peak of the spectral response of the cells, both materials behave almost the same. The spectral
responses of both, the AKW and Viko cells are plotted for reference.

A similar analysis was done in Figure 60 to compare the refractive indices of both materials.
The refractive index for the EVA is plotted for reference. In Section 1.4.2 it was explained that
the CORNING glass and the EVA had almost the same refractive index. This leads to a small

reflection at the glass-EV A interface. The front sheet has also a close value but the difference
is higher than the glass that has a better matching over the whole spectrum.

Again, in the region where the cell performs better, the difference becomes very small and can
be stated that the indices are matched.



64 Enhancing Solar Energy Integration with Innovative Mini-Modules

Comparisson of the refractive indices among
CORNING glass, Front sheet and EVA
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Figure 60. Refractive indices of the CORNING glass and front sheet. The Spectral response of the AKW and Viko
cells are plotted for reference. The refractive index of the EVA is also plotted. The glass has a better matching than
the front sheet, even around 900 [nm] where the spectral response of the cells is at its highest. However, in this region
the difference is small.

From these two figures, it seems that the material is optimized to operate in the highest response
region of the cell. This is reinforced when looking at the reflectance of the front sheet as shown
in Figure 61. Here, the differences between glass and front sheet become more evident

Reflectance comparisson between CORNING glass and Front sheet
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Figure 61. Reflectance of the CORNING glass with respect to the front sheet. The reflectance of the front sheet over
performs that of the CORNING glass in the region where the cell responds better. In the small wavelength region, the
situation is opposite. However, the cell does not perform well in this region.

The last feature to be analyzed is the absorptance of the front sheet. It was discussed earlier
that the CORNING glass has a very low absorptivity. From Figure 62 it is clear that the front
sheet absorbs more light than the glass. It is expected that this is reflected in the CTM factor.
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Figure 62. Absorptance of the front sheet and CORNING glass. Note that the front sheet absorbs more light than the

The CTM factors are compared in

glass.

Table 7. Although it was expected that the reduced reflection of the front sheet had a greater
impact, it is not very large. This gain cannot compensate for a greater absorption of the front

sheet.

CORNING glass Front sheet
Reflection 0.91 0.92
Absorption 1 0.98
Reflection glass (front sheet)-EVA 0.99 0.99

Table 7. Comparison of the CTM factors of the reference module of Section 1.4.5 and the foldable module prototype.
The numbers refer to the ki factors and are dimensionless. A higher number indicates that the losses are low. For
instance, the front sheet reduces the reflection losses in comparison with glass, but has also a greater absorption loss

4.5.2. Prototype performance

In order to determine the performance of the prototype, its IV and PV curves were measured.
Considering the full area of the module, the measured efficiency is only 9.3 %. This poor result
is because of the large inactive areas. Adding to the already existing border and cell spacing
areas, an additional spacing was introduced between mini modules to allow the folding.

If only the active area is considered, an initial efficiency of 17.27 % was achieved. The module is able to deliver 16.58
[W] at its maximum power point. Figure 63 shows the IV and PV curves of the module. As a summary, the external
parameters are also shown in

Table 8.
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Prototype performance
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Figure 63. IV and PV curves of the foldable module just after fabrication.

Parameter Value
Voc 37.6 [V]
Isc 0.6 [A]
Pmpp 16.58 [W]
FF 0.73 [-]
Module efficiency 9.3 %
Active area efficiency 17.27 %

Table 8. External parameters of the foldable module.

So far, the performance was analyzed as initial. This is, just after fabrication. To determine the
effect of folding an unfolding, an analysis similar to [51]. The module was then subjected to
continuous folding an unfolding for 30, 50 and 100 times. After each sequence, the IV curves
were measured under the LASS to determine if there is a change in the short circuit current.
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Variation of the ISc after repeated folding
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Figure 64. De-rating of the short circuit current as a result of folding and unfolding. In all cases, the current
decreased indicating that the folding had an effect on the connections.

Figure 64 shows that when the module is subjected to folding, the short circuit current
diminished and never return to the original state. This reduction in the current can be explained
as an adjustment of the connections just as explained in [51]. Moreover, by looking at the
electroluminescence picture of Figure 65 there are some damaged cells. One of them being on
the corner. This is important since in order to fold-unfold the module, it is grabbed by one of
the corners. Thus, possibly stressing the already-damaged cell.

Figure 65. Electroluminescence analysis of the foldable module. It can be seen that the module suffered some damage
during manufacturing (dark areas). Also, some cracks were formed during lamination and the cells themselves have
some defects that appear as irregular spots.

When the module was connected via the buck converter to a mobile phone, it was not able to
charge it. This does not mean that the module or the buck are not operational. Rather, the
control circuit of the telephone is preventing it from charging. If an 80% efficiency is assumed
for the buck converter, the maximum power that can be delivered to the load is 13.26 [W]. This
value is below the 15 [W] that were needed to correctly supply the telephone.
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5.5. Future work

Improvements to the present design can follow different paths. For instance, one of the main
improvements lay on the hinge system. So far, the hinges were folded into Tyvek®. However,
the fact that the whole module presents a zig-zag shape when folded instead of a flat surface as
is supposed to be, is related with the thickness of the modules.

Flat origami (such as the Miura-ori) pattern allows the folding of a rigid panel. Mathematically,
all the patterns can be folded flat keeping each panel unaffected [54]. However, these patterns
are designed ignoring the material thickness and some modifications are needed in order to
take into account this fact [54, 55]. The methods should be such that the characteristics of the
original fold are preserved. Depending on the application, different approaches have been
proposed. Morgan, et al, [56] discuss the offset panel technique in which the panel is shifted
downwards where a valley fold is formed. The hinge is introduced in the intersection between
the two modules. They proved this concept on the Miura folding of a circuit board with 1.6
[mm)] thickness.

Hinges

Unfolded

Folded

The hinges also present an additional problem. The survival of the electrical contact. As the
metal will be subject to motion, it is possible that after some folding-unfolding sequences the
conductor will break. For the proposed tape, it can withstand at least 100 cycles without
damage, but this is a small number considering the lifetime of the product. Test on the durability
of the connections should be further performed and alternatives developed. Even more,
conductive hinges might be beneficial for this kind of design even allowing different
connection schemes.

Finally, the construction of the Miura fold allows the addition of new unit modules, as long as
the folding pattern is preserved. This means that the sequence of mountain or valley fold should
be kept and, naturally, the shape of each unit module. Additionally, to fully benefit from the
design, an easy attach-detach system should be used.

Modularity possesses two important challenges.

1. The addition of new hinges.
2. The electrical connection of the new units to the existing array.
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One possibility is the use of conductive hinges. In that way both problems are attacked at one.
However, the concept needs to be further developed.

5.6. Conclusions

A foldable module based on the Miura-ori fold was fabricated. The designed included
trapezoidal cells that accommodate better to the parallelogram mini modules needed for the
Miura fold to work. However, square cells of the same size can also be used with no impact on
the border area efficiency loss, nor the cell spacing. The disadvantage of square cells relies on
the fact that they are too close to the edges of the mini module. This means that slightly smaller
cells are recommended if squares are to be used.

A Tyvek® was used as a support and to create the hinges in the desired shape. This material
behaves like paper allowing to follow a traditional folding to create the pattern, thus the hinges.
The electrically conductive tape was used to interconnect each unit module as it is flat and
flexible.

The effect of the front sheet was analyzed and its performance compared with the CORNING
glass. This material presents may advantages over glass since it is lightweight and easy to cut
in custom shapes. The optical performance is very similar to glass and the results lead to
conclude that it has been optimized to operate in the highest spectral response point of the solar
cells. It helps to improve the reflection loss, with the disadvantage that absorbs more light than
the CORNING glass.

The flexible module performs reasonably well although it is not able to supply a 15 [W] load
when connected to an 80 % efficiency buck converter.

Although the efficiency of the module at a full area is rather small, the active area efficiency
provides an acceptable result.

Further work needs to be done in upgrading the hinge system taking into account the thickness
of the modules, adding modularity and flexibility in the connection schemes.






Solar puzzle

There is a wide range of commercially available toys with integrated solar power (solar toys
or photovoltaic toys). Most of them incorporate a single-cell module to provide power for
moving a piece or lighting the product.

However, these modules are often squares or rectangles. Even if the module is of different
shapes, the cell inside are squares which result in a lot of unused space.

Figure 67. Commercially available mini modules from Link Light Solar. Retrieved from [57].

Furthermore, the cell itself is a different piece which can be easily perceived.

In the case of photovoltaic puzzles, the products are mostly 3D wooden puzzles which
incorporate a solar cell as an external piece.

The only product that claims a similar behaviour of single cells as puzzle pieces is proposed
by SOUKO Robots [58]. Although, at the moment of writing this report it was not clear if it is
a concept or a commercially available product.

71
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Figure 68. SOUKO Robots' photovoltaic puzzle concept. Retrieved from [58].

6.1. Puzzle Requirements

It was decided to design a puzzle such that each of the pieces is a single-cell solar cell cut into
the desired shape. These cells were first laser cut and then encapsulated in a foil-to-foil single
cell module. The terminals are soldered into Neodymium magnets which will form the
connection when placed over an electrically conductive copper tape. Each piece is covered with
silicone rubber covering the connection of the cell and leaving only the sunny side of the
module and the magnets exposed. When all the pieces are fitted together, they will power up
an array of 6 RGB (Red-Green-Blue) LEDs. By turning three knobs it is possible to change the
colours of the LEDs.

The reasoning of the above decisions is based on the requirements that were set in order to
design the puzzle. These are enlisted in Table 9.
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Requirement

Solution

The pieces must contain solar cells

The pieces are solar cells cut into the puzzle
shape and laminated as single-cell modules

The puzzle must allow handling by a 4-year
old child

Silicone rubber is used to house each piece
module and connections

The connections of the pieces should be done
in a seamless manner

Neodymium magnets are used the terminals
of the cell. They make contact on a
conductive wire tape pasted on top of a
stainless-steel board

The puzzle must be able to power at least a
LED

The load are 6 RGB LEDs equipped with
safety resistors and potentiometers for colour
change.

The pieces are cut large enough to meet this
requirement

The puzzle should self-indicate when it is
properly assembled

Only a correct assembly leads to the lighting
of the LEDs. Even under low light conditions
the RED led will shine.

The puzzle must be attractive for a 4-year old
child

All the pieces, when assembled form a
sailfish. The pieces are also coloured in blue
and the puzzle allows the control of the LED
colours.

The puzzle should provide an adequate
challenge for its assembly

All the connections remain hidden and only
some initial pieces are fixed. The only
guideline is the position for the magnets and
the final figure.

6.2. Cell shapes

Figure 69 shows the desired figure that will form the solar puzzle. It is based on the silhouette
of a sailfish (top) (Istiophorus spp). The decomposition into different shapes which will form
the cells can be seen in Figure 69 (bottom).
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Tail down

Figure 69. Solar puzzle fish design. Top, Image of an Istiophorus spp. Retrieved from [59]. Bottom, decomposition
into geometrical shapes. The names assigned to each cell is also shown here. These names will be used throughout this
chapter.

Cutting the cells in such shapes also represent a challenge as some of them are very thin (i.e.
the nose) and can easily break during either process of the mini module making (cutting,
soldering or lamination).

Three full 15.6 x 15.6 [cm] full cells are needed to cut all the pieces. Note that in Figure 70,
the busbars are not always parallel to the base of the figures, nor centered or even straight.

Figure 70. Cut cells prior to soldering and encapsulation.

Since the cells are not soldered, as in traditional modules, one to each other, the orientation of
the busbars does not play a crucial role. Furthermore, in order to save material, the greatest
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number of pieces should be cut from a single full-size cell. This is not possible when using
straight busbars.

After soldering and lamination, only 11 single-cell modules were used. The two smallest pieces
(nose and back lower fin) were not used as modules.

The different size of the cells implies a current mismatch. The pieces near the head are the
largest and will not be able to produce at their full potential because of the limiting current of
the cells at the tail and lower fins. In order to overcome this issue, the short-circuit current of
each mini module was measured and assigned to a group. Each group is connected in series.
Member within a group are connected in parallel. This strategy allows the reduction of the
current mismatch by 36.23 % while keeping a voltage high enough to power the load.

The resultant single-cell modules and their characteristics as well as the group they were allocated are best described
in

Table 10.

Active
1-cell area Lsc Vo

module [em?] [A] [V] Group
Body 2 67.86 1.17 0.616 1
Body 3 32 0.78 0.62 5
Fin low 9.48 0.211 0.598 7
Head 33.62 0.866 0.61 4
Pre tail 24.73 0.512 0.617 8
Sail 1 23.05 0.578 0.63 7
Sail 2 37.89 0.889 0.616 3
Sail 3 43.27 0.969 0.617 2
Sail 4 30.19 0.72 0.619 6
Tail down 9.39 0.214 0.626 8
Tail up 9.39 0.198 0.619 6

Table 10. Parametrization of the single cell module.

6.3. Mini module interconnection

The interconnection of the cells also represents a challenge as they are not perfectly aligned.
Moreover, depending on the shape, they can have more than one busbar. These multiple
busbars mean that an extra connection must be made within them. However, since the single
cell module must be laminated as close as possible to the cell in order to preserve the shape,
there is no extra space for additional connections. Therefore, it was decided to allocate all the
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tabbing wires to the back of the laminated module and then perform the connections on the
outside. They remain protected from the environment by the silicone rubber.

As no cables will be used and the pieces must allow an easy and quick connection and
disconnection, the terminals of each modules are connected to Neodymium magnets. The
electrical connection is achieved when the magnets touch and electrically conductive copper
tape placed on top of a stainless-steel board. The interconnection scheme is shown in Figure
71 and the equivalent electrical diagram is shown in Figure 73

P

Figure 71. Interconnection scheme. Some lines are drawn in red for clarity.

Since, according to the requirements, the removal of a single piece must cause the load to turn
off, a solution must be found to turn off any of the parallel connected cells.

This is achieved by breaking the connection pad at the point where the parallel group is
connected in series to other cells. The circuit is closed when the magnet is placed and becomes
open when the piece is removed, thus causing the load to turn off. This is illustrated in Figure
72.

Figure 72. Solution for breaking the parallel connection. When a magnetic contact is placed on top of the broken pad,
it closes the circuit turning the load on. The removal of any piece causes the circuit to become open.
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Figure 73. Electrical diagram of the puzzle interconnection. The red dotted circles indicate the points where the
tracks are connected as in Figure 72.

6.4. Final design

The finished puzzle can be appreciated in Figure 74.

Figure 74. Finished PV puzzle.

An electroluminescence analysis was performed in order to check that all the mini modules
were operating as well as determining the damages during lamination. Furthermore, when
recalling at Figure 76, the biggest piece is not properly working as its IV curve is almost a
straight line.

Figure 75 depicts the electroluminescence results. All the mini modules are operating despite
the cracks in almost all the pieces.



78 Enhancing Solar Energy Integration with Innovative Mini-Modules

Figure 75. Electroluminescence picture of the PV puzzle. Cracks can be seen in the whole puzzle. However, their
effect is small. The biggest problem is in “Sail 3” which has a complete area in black. Because of the already existing
current mismatch, this black area doesn’t represent a big problem.

Even though some pieces show dark areas, this does not affect the performance of the puzzle
because of the already existing current mismatch. Furthermore, the electroluminescence show

that the biggest piece is less bright indicating poor performance.

6.5. Analysis of the finished puzzle

In order to keep the interconnection hidden and flat, each mini module unit is connected to
each other using electrically conductive copper tape. This material is an adhesive tape made of
copper which allows current flow not only in the direction of the copper but also through the
adhesive.

The tape was chosen because of the flexibility that it offers in terms of ease of interconnection,
flatness and adherence to a magnetic surface (stainless steel). However, this material has not
been designed for its use in solar systems and it is mainly used in shielding applications.

According to the manufacturer [60], the resistance through the adhesive is only 0.005 [Q].
However, measurements of resistance with a bench multimeter, show that the resistance
considerably increases when the adhesive part of the tape is placed in contact with the copper
side of it (i.e., creating a connection). Furthermore, when performing an IV curve measurement
of all the pieces as in Figure 76, it becomes evident that all the pieces have an elevated series
resistance. Since the connections are on the back of the pieces, a pad was built with the same
electrically conductive tape. Each segment was glued in a shingle manner, allowing a wide area
for placing the magnets and measuring each piece.

The results of Figure 76 suggest that the tape has a major impact on the module performance.
This can be noted by the high series resistance of practically all the cells).
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Figure 76. IV curves of the individual mini module pieces. It can be seen that the biggest cell “Body 2” (thick line) is
underperforming. This can be corroborated with the electroluminescence picture of Figure 75. Also note the large
current range. From cells producing less than 0.5 [A] to cells that almost triplicate the smaller ones.

Since each piece is different, the removal of different pieces must have a different effect over
the whole module. To determine this, each piece was removed and short circuited (if in series)
or left open (if in parallel). The effect over the rest of the puzzle was measured under the LASS.

As expected, in Figure 77 it is possible to note that the main effect is the reduction of the
current. Especially when the larger pieces are removed in parallel with the small ones. For

example, the removal of “pre-tail” results in a very small current since the remaining small
piece, “tail down” is in series with the array; hence, limiting the current.
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Effect of removing individual pieces on the puzzle output
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Figure 77. IV curves of the whole puzzle when each individual piece is removed. For clarity, not all of the pieces are
shown here. The IV curve of the whole puzzle is shown as a dashed line. Here it can be seen that the piece “sail 2” is
limiting the current. When it is removed the current rises. Since it is in series, its removal also causes a voltage drop
The opposite occurs with “sail 4”. This cell is connected in parallel, so the voltage drop is basically null. It is
connected to a small piece; therefore, removing it leaves only the small piece in series. This limits the current. The
piece “cell 2” that is underperforming causes only the corresponding voltage drop. It is also an indicator that the
current of this cell is being limited.
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Figure 78. PV curves of the whole puzzle when each of the pieces is removed. Analog to the IV curves, removal of
large pieces cause a significant drop in power. Even “body 2” that is underperforming has an important role in the
array as the power is greatly reduced when this piece is missing. As before, the removal of “sail 4” leaves only the

small cells in series limiting the whole array current.
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Figure 77 and Figure 78 also show that the fill factor improves when only the small cells are
operating and degrades when these are removed. As fewer current flows through the copper
tape adhesive, the resistive losses are greatly reduced resulting in an improvement of the fill
factor.

The efficiency of the full puzzle was calculated as 8.03% for the active areas. This result is no
surprise taking into account the great current mismatch of the cells. Further, when cutting the
cells, the focus was put on saving material rather than achieving a high efficiency. For this
application, efficiency is not as important as to getting enough power to feed the load.

Figure 79 supports the statement that the smaller pieces have almost no influence on the overall
performance. Care must be taken when interpreting the effect of removing “tail down”. From
the figure, is seems that its removal improves the efficiency. Nevertheless, this might be not
the case. When taking measurements of this piece, the IV curve exhibited a changing behavior.
Part of it is attributed to a rising temperature while measuring under the LASS, but also contact
problems might be behind the unexpected results.

. Effect of each piece on the overall efficiency
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Figure 79. Effect on the efficiency caused by removing each individual cell. At first sight, it would seem that the
removal of “tail down” increases the puzzle efficiency. Care should be taken while interpreting this.

6.6. Future work and applications

The solar puzzle demonstrates the potential of using mini modules interconnected in non-
conventional ways. If a different housing is used for the mini modules, for instance, concrete
or wood, then the integration of solar energy into buildings becomes even easier as the products
can become truly building integrated. This is even enhanced by the fact that figures different
that squares may be also achieved; improving, therefore, the esthetics of the products.

To improve current development, the reliability of the magnetic contact pads must be ensured.
Replacing the adhesive joint with another connection method, like soldering, could reduce the
resistive losses considerably. A re-design of the magnetic pads is also needed to ensure a proper
connection of the pieces.
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The most significant development would be exploring options for adapting the product for
indoor applications. While it currently can power very low power LED with indoor light, the
power is not enough to light up the blue and green LEDs which demand more current.

The design proposed uses black back sheet to hide the solar cells. The next step for improving
esthetics would be experimenting with coloured cells.

6.7. Conclusions

A solar puzzle was designed proving that nickel coated Neodymium magnets can be effectively
used as contacts. The effect over the resistance losses is negligible. The copper side of the tape
is an excellent conductor and can be used for solar applications. However, while the electrically
conductive adhesive of the tape simplifies greatly the connection process, it increases the series
resistance of the whole array in a considerable amount. The resistance of the adhesive increases
when the tape starts to peel off, which is common if it is subject to additional mechanical stress.
In the case of the PV puzzle, the connection, sliding and disconnection of the pieces cause the
tape adhesive to wear down. Thus, increasing the resistance of the whole array. The effect of
the series resistance was verified by analysing the effect of each piece over the whole puzzle.
When the smaller pieces are left in series, there is an improvement of the fill factor as a result
of less current flowing, thus reducing the resistive effect.



Conclusion and Recommendations

New ways of producing solar modules can lead to a better integration of PV energy into
products and buildings. Traditional rectangular modules are difficult to merge in products. For
this reason, designers and architects can benefit from modules that can be custom produced,
especially regarding its shape and size. This thesis had as an objective to demonstrate that by
using c-Si solar cells that are commercially available, it is possible to produce custom modules.
Especially regarding the shape and size of the cells and the connection schemes.

To do this, four research main research questions were proposed. In this chapter they will be
summarized and the way they were answered explained.

The first research question What is the effect of cutting a c-Si solar cell into different shapes
and sizes? was addressed in Chapter 3 — Creating custom shapes. Here, commercial cells were
laser cut and the effect on the efficiency analysed. It was proven that the use of a laser cuter
indeed affects the solar cell by introducing new shunts and edge recombination. If the laser
parameters are not properly chosen, then the reduction of efficiency may be significant. With
this, the first sub question (Does the laser cutting process have a significant effect on the
efficiency?) is answered.

The research continued with the analysis of the cut cell size. For this, the second sub question
Is there a shape that leads to a better performance? was proposed. Here it was discovered that
the shading area of the cells plays an important role. It cannot be stated that there is a single
shape that leads to a better performance. However, the geometry of the cell should be chosen
such that the shading fraction is reduced and, avoiding to split the cell into several sub cells by
looking at the finger pattern. The best performance was found to be such that the relation
between the cell perimeter and shaded fraction lay between the limits marked by Figure 35.
This also helps to answer the third and last sub question Can solar cells be cut into very tiny
pieces? Very small cells will have a large perimeter-to-area ratio which means that the edge
recombination losses will prevail, reducing the resultant efficiency.

In Chapter 4 — Building mini modules the second research question How does the CTM ratio
behaves within the small-sized module? was tackled especially in sub section 4.1 — Cell-To-
Module. To answer this, a reference module was built and the analysis of a full sized-module
was followed. The main difference is that the cell original size was not considered but the
already cut cells. A ratio greater than 1 was achieved for the reference module thanks to the
optical gains. However, this with the disadvantage of a quite large border area. The method
used here provides a good starting point for the CTM analysis, especially for different
materials. The sub question Can the same approach of commercial-sized modules be used? has

83
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for answer yes, but only as an approximation. It is based on assumptions that are only valid for
square shapes. Therefore, a specific analysis of different geometries must be carried out.

Sub section 4.2 — Electrical contact provides the basis for answering the third research question
Which innovative interconnection schemes can be used for PV modules? Two methods were
proposed to addressing the question: magnets and an electrically conductive adhesive tape.
Both methods facilitate the connection of the modules in applications where cables and
connectors are not suitable. For instance, the PV puzzle required flat connections in order to
completely hide them. The magnets provide a good solution for quickly attachment of the
pieces. How does the conductive adhesive behave within small-sized modules? Well, if it is
used with the adhesive in direct contact to the cells, the output is unsatisfactory. Nevertheless,
if it is used as tape-tape connection it can achieve a better result. The resistance of the adhesive
increases as it wears out by attaching and detaching the tape. This kind of wearing is
experienced in applications where and adhered junction is subjected to motion, such as the PV
puzzle. In the case of magnets, Does the use of magnets have a significant impact on the cell’s
output? No. It was found that the proposed magnets can be effectively used as contacts for
solar cells. The induced loss is extremely small. Even more, the advantages of a quick and
reliable connection further expand the benefits of these products.

The proposed concepts of Chapters 5 and 6 (i.e. the foldable module and the PV puzzle) provide
the answer to the fourth and last research question: How can a mini-module help with the
integration of PV power into daily life activities?. By combining non-square shapes and
unconventional connection methods it is possible to create a wide range of products where
solar power is integrated. The two prototypes serve as an evidence for this. The use of front
sheet eliminates the necessity of glass giving the designer great flexibility in adapting the PV
modules directly into the products.

7.1. Recommendations

1.7.1. Laser cutting

This thesis focused on solar cells with busbars at the front. Other technologies among which
are MWT or busbarless solar cells should also be tested. The reduction of shaded area of these
technologies might help to improve the resultant efficiency. Also important is to reduce the
waste material. With the used cells, only the pieces that are connected to the busbar can be used
which results in a large quantity of cell wasted.

The laser cutting machine plays a very important role in the results achieved. Since the
parameters are valid only for a specific machine, a universal method for determining them
should be studied. This can lead to fewer time and material consumption so far needed to do
this.
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1.7.2. Cell-To module

The method presented here is a good starting point. The major drawback is that it doesn’t
consider the losses induced by the laser cutting. The main reason why it is not used lays in the
corrected power Po. Since a full solar cell can have more power than a mini module, it makes
no sense to use the full cell power. The whole calculation algorithm is based on this value so a
careful adaptation should be done.

New geometries demand adapting some parameters, especially the fitting functions that are
given only for squares.

Also, it can be interesting to include the current mismatch losses as a separate value of k.
Currently the losses are indeed taken into account but not expressed in the results.

1.7.3. Electrical contacts

Due to restrictions in storage requirements and chemical management, two products were not
tested. Namely an electrically conductive adhesive that needs to be stored at -20 [°C] and an
Electrically Conductive paint. The use of this product was restricted due to unknown health
hazards. Due to regulations of TU Delft, the product was only approved for use in the clean
room. This made it inconvenient for the purpose of this project.

The ECA 1is currently being used in the fabrication of shingled modules. Its use in the PV
industry is not unknown. Since traditional soldering leads to cell breakage, further use of ECA
can help to minimize these events and allow new connection methods.

The conductive paint can also help to implement new connection methods and can be even an
interesting option for substituting traditional tabbing wire. The selected paint had silver
particles so its resistance was expected to be very low. Other cheaper presentations include
nickel particles instead of silver.

1.7.4. Foldable module

As discussed earlier, better hinges have to be proposed in order to achieve a more compact
product. Furthermore, they can also be used to produce shade-tolerant modules if they are made
conductive by facilitating the connection of different cell groups within the module.

A layer of Tyvek® can also be implemented on the front side of the prototype to help to protect
the connections. This material can also be investigated as a housing for modules as it is
waterproof and lightweight.

Modularity, can provide a great advantage of this module. One way to do this is using the
features of magnets described here. The hinges might be fabricated as magnetic (and
conductive) elements allowing a very easy way to keep the foldability and modularity.
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Challenges of modularity include (besides the hinges), keeping or modifying the cell string as
new elements are added.

1.7.5. PV puzzle

The attachment of the magnets to the silicone rubber housing had to be done by making the
tabbing wire to support the magnets while the rubber was poured over the mould. However,
since the magnets are not perfectly supported, they can move during the procedure. Thus, the
result can be them not being perfectly flat. As a result, only a small fraction of it might actually
make the contact. For this reason, a better method for attaching them is needed.

Also, currently only the rim is touching the base, making the contact area quite small. Trying
to maximize this area is one of the steps to improve the user experience. Likewise, making the
magnets to fit better into the base will help the user to place the pieces without having to find
if they’re in touch with the tape or not.
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Appendix

8.1. Lasergraaf technical specifications

The technical specifications of the Lasergraaf are shown in Table 11.

Average Output Power [W] 30

Full Power Frequency Range [kHz] 60-1000
Adjustable Frequency Range [kHz] 1-1000
Pulse width Range (Ton) [ns] 6-250
Laser wavelength [nm] 1064
Power range% 0-100

Table 11. . Lasergraaf technical specifications. Retrieved from [32].

8.2. Method for determining the Cell-To-Module ratio

Table 12 shows the loss and gain mechanisms. It is important to mention that in this study k7
was not considered as the used cells had a continuous busbar design. Therefore, there is no
shading due to soldering. Also, ks to kio were considered as a single mechanism.

ki Loss factor due to module border

k> Loss due to cell spacing

k3 Loss factor due to glass reflection

k4 Loss factor due to glass absorption

ks Loss factor due to glass-EVA reflection

ke Loss factor due to EVA absorption

k7 Loss factor due to ribbon shading (non-continuous busbar design).
kg Gain factor due to optical coupling of the cell’s anti-reflection coating
ko Gain factor due to optical coupling of the finger scattering

k1o Gain factor due to optical coupling of the busbar scattering

ki Gain factor due to back sheet reflection

ki2 Loss factor due to cell interconnection

ki3 Loss factor due to string interconnection

Table 12. Loss and gain factors as defined by Haedrich et al [22].

When the cells are connected in series, the least producing cell will limit the current of the
whole array. This loss is taken into account by the value Py. This magnitude refers to the sum
of powers of every cell connected in series within the array and adjusted for the current
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mismatch by looking at the IV curves of each cell and estimating of each cell at the point of
the minimum current of the array

8.3. Buck converter design for the foldable module

The prototype is intended to work as a mobile charger; therefore, a USB interface was needed.
With the assumption that the module is to be operated outdoors, under full sun illumination,
only a buck converter was proposed. This allows stepping down the voltage from 15 [V] to
5[V] as required by USB.
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Figure 80. Schematic diagram for the buck converter.

A USB emulator was added to the design to allow the connected device to work in a high-
current charging mode. To prevent damage to this additional integrated circuit (IC), a 5.1 [V]
zener diode limits the feeding voltage of the IC when the buck converter has no load.
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