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Abstract

This paper discusses some challenges that need to be tackled when designing a photovoltaic module using a shingled cells
structure. We derive a simple analytical model to determine the conditions needed to avoid interconnection joint failure. It is
found that interconnection materials with a low ratio of shear modulus G over shear strength 1, . is preferred for good
interconnection joints reliability. As a result, solder joints appear inappropriate for the application, while electrically conductive
adhesives (ECA) with low G/ 14, ¢ can better fulfill the requirements. An interconnection approach is also proposed which
makes use of a combination of adjacent ECA and a non-conductive adhesive materials in a shingled configuration to help achieve
string robustness and reliability.
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1. Introduction

The traditional technique to interconnect solar cells in a module is to solder Cu ribbons onto Ag busbars present
on the front and the rear of solar cells. This approach has proved to be cheap and, if the soldering process, stringing
process and ribbon parameters are well designed and controlled, it is robust and reliable. However, there are several
problems associated with this technology. First, the ribbons and front busbars cause substantial shading losses.
Moreover, the busbars cover a significant area of the solar cells and are made of almost pure Ag, which is an
important cost. Further, as the large cell current is forced into ribbons with a small cross-section, resistive losses are
high. Another limitation of ribbon soldering is the differential contraction of the copper ribbons and the silicon,
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which can result in high stress in the metallization and silicon. Moreover soldering local heating and pressure and
can contribute to additional stress and micro-cracks in the silicon. As a result soldering interconnection prevents the
evolution towards thinner wafers because stress-related yield losses soar when going thinner. Finally, the types of
solder materials that are mostly used contain a large amount of Ph, which causes a regulatory concern for the future.

Several new module concepts, which make use of new interconnection technologies and new cell types, are
presently being developed and introduced in the market, for instance multiwire interconnection on busbarless cells
and conductive backsheet interconnection with back-contact cells. In this paper, we discuss one of these concepts,
namely the shingled cells module.

2. Shingled cells module structure

In the shingled cells module structure, the cells that are used are rectangular (Fig.1). The long side usually has
the length corresponding the side length of a standard solar wafer, i.e. 15.6 cm. The short side is only a few cm
long. Usually, these solar cell strips have been cut out from a processed device with standard size 15.6 x 15.6 cm?.
The cells have busbars or rows of solder pads along the long edge, one on the front and one on the back (opposite
edge).

a)

b)

Fig. 1. Schematic drawing of a cell for shingled cells interconnection. (a) top view ; (b) bottom view

To create a cells string, an interconnection material is applied to connect the rear busbar of a cell with the front
busbar of the next cell (Fig. 2). The cells overlap each other slightly, so that the front busbars are covered by the
edge region of the adjacent cell, just like shingles on a roof (Fig. 3). Because there is no spacing between cells as in
conventional modules, because the cell area that is shaded by the front busbar is covered by an active area of another
cell, and as there is no ribbon covering the cells’ front surface and causing shading, this structure results into
modules with extremely high active area to total area ratio, allowing in principle very high module efficiency. One
also saves on ribbon cost, but there is the extra cost of cutting the cells into strips. The cell cutting process may
cause some cracks and related failures and therefore needs to be well-controlled.
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Fig. 2. Schematic drawing of the cells shingling principle

a) b)

Fig. 3. Schematic drawing of a shingled cells string : a) top view ; b) cross-section. Note that in the drawing, for clarity, the y-direction is very
much expanded compared to the x-direction. In reality the cells lie almost flat in a module.

Solar cells shingling is not new. In the early days of photovoltaics, such structures were developed for space
modules (e.g. [1]). Later on, in the 1990’s, high efficiency shingled cells modules were made for use in race solar
cars [2-4]. Recently, there has been a new surge of interest for this type of modules. First, technological start-ups
started developing modules based on shingling [5], [6], [7]. Subsequently, those technologies were acquired or
licensed and are being further developed and commercialized by large PV companies [8], [9].

3. Analytical model
3.1. Preliminary considerations

Because photovoltaic modules consist of several different materials, which all have their own coefficient of
thermal expansion, it is expected that, as temperature varies, there will be some relative movement between
components within the module, which will induce mechanical stress if constrained. We have the same situation in
standard modules with soldered ribbons interconnection. However, traditional interconnection, featuring several mm
between the cells and Cu ribbons that can easily bend, is quite forgiving in terms of relative movement. This is

117



118

Guy Beaucarne / Energy Procedia 98 (2016) 115 —124

illustrated in Fig. 4. If the thermomechanical situation is such that two cells are pushed towards each other, the
ribbon will deform slightly to allow the movement. The encapsulant is generally soft in comparison with the other
materials and will also allow the movement. With shingled interconnection, the cells movement is much more
constrained and the joints between the cells have to allow some movement by deformation while bearing some
stress.

a) b)
. High
oh - = T
Low Low

T —1 === T

Fig. 4. Schematic illustration of thermomechanical difference between traditional interconnection and shingled cells interconnection: a)
deformation of copper ribbon allows relative cell movement ; b) Interconnection in shingled structure requires some deformation of joint material
and shear stress bearing capability

A full study of stress during thermal cycling would require numerical finite elements thermomechanical

modelling of a complete module, which is beyond the scope of this paper. Here, we just establish a simple
analytical model to identify the parameters that are important for internal stress.

3.2. Model

Fig. 5 shows the shingled strings structure that we aim to model in cross-section. There are n cells and therefore
n-1 joints.

1 Axy, i Ax,, n
Dxyy, Bxip

Fig. 5. Modelled shingled cells structure

Although the y direction has been expanded in the drawing for clarity, the structure is in reality much flatter, and
cells and joints are essentially horizontal. For simplicity, it is assumed that the overlap region corresponds to the
joint width. The right end of the i" cell has a position xi,(To) at the reference temperature. When temperature
change, that point will move to x;(T). The change in position is Axi,. The left end of the i+1™ cell will also move
and result in a change in position Ax;,, but these changes will not necessarily be equal. The difference will give a
relative displacement which causes strain and stress in the joint (Fig. 6). In our model, we determine this relative
displacement and use it to derive strain and stress in the joint.



Guy Beaucarne/ Energy Procedia 98 (2016) 115 —124

Fig. 6. Interconnection joint under strain in shingled cells structure

Let us assume that the joints were formed at high temperature, e.g. 150 °C. At that temperature, there is no stress
in the structure. When the string is unrestrained and cooled down to say — 50 °C, the silicon cells will shrink and the
whole string will become shorter. Because it is unrestrained, the movement will not be opposed, and no stress will
be created. In a module however, the strings are restrained because the components are mechanically bonded to
each other. Now, we make a first main assumption. We assume the glass panel dominates the thermomechanical
behavior of the assembly as a whole, as it is by far the largest and thickest component, and one of the stiffest. This
assumption seems justified based on experimental measurements of component displacement when modules are
cooled down in climate chambers [10], [11].

Making that assumption, we conclude that the total deformation of the string in the x direction will be equal to
the deformation of the glass panel above it.

AL = Loagqs5AT (1)

Here, L, is the length of the cells string (and of the part of the glass panel covering the string) at the stress-free
temperature, agiss is the Coefficient of Thermal Expansion (CTE) of glass, and AT is the difference in temperature
between the temperature considered and the stress-free temperature. Since silicon has a lower CTE than glass, it is
going to shrink less. As a result some stress will build up, and that shear strain will appear at the joints.

In order to continue the discussion analytically, we make the simplifying assumption that there is no shear force
working on the string, and that the string is constrained by two longitudinal forces, equal but opposite and applied
on the first and last cell. We will see later that this leads to underestimation of the maximum joint stress, but it is a
useful case to get order of magnitude values and gain insight in the important factors.

Basic statics tells us that the two joints on each cell are applying equal but opposite shear forces on the cell
(Fig.7), and that those forces are the same for all cells. To be totally correct, one should mention a force couple
present in the joint region and which ensures that there is no rotation. However, those forces are comparatively
small and do not change anything to the reasoning and outcome of the model.
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Fig. 7. Situation of forces applied to a cell in the string in the simplified model

Shear forces are correspondingly applied by cells on each joint

F

e

Fig. 8. Situation of forces applied to an interconnection joint in the simplified model
Now we introduce another assumption: we assume that all the strain in the string is occurring in the joints and
not in the silicon. This is reasonable as long as the Young’s modulus of the joint material is much lower than that of
silicon, which is true for all relevant potential joint materials. Additionally, we assume that the cells do not bend
and that the cells string does not buckle, that is deforming by going out of plane.
Hooke’s law states that :
=Gy 2

with t the shear stress in the joint, G the shear elasticity modulus of the joint material, and y the shear strain.
Note that we assume that we have a situation with only shear strain and shear stress.

Trigonometry tells us that (see Fig.8) :

tanf = % (3)

with s the relative lateral shift of the two joint surfaces caused by the strain, t the joint thickness and 6 the angle
between the edge of the joint and the normal.

Now, 6 is equal to the shear strainy. Moreover, 6 is small, so tan 6 =~ 0. As a result,
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T=Ge=Gtan9=$ (4)

The total length of the string at a given temperature can be expressed as
n—-m—Dw—-(n-1)s (5)
with | the cell length in the longitudinal direction and w width of the overlap region (equal to the joint width).

The difference between the total length at the stress-free temperature and the length at a given temperature is given
by

nlyag; AT — (n — Dwyag AT — (n — 1)s (6)
or:
agAT[nly — (n — Dwy] — (n — 1)s @)

Equating the total deformation of the string in the x direction to the deformation of the glass above it (equation
(1)) gives:

Lo@giassAT = agAT[nly — (n — Dwy] — (n — s
Isolating s, we find :

—AT{Lo@giass—asi[nlo—(m—1)wo}

s = (8)

(n-1)

We fill that expression in (4) and find

T = G(_AT){Loaglass_aSi[nlo_(n_l)wo]}

t(n-1) ©)
The joint will fail when shear stress t will reach or exceed the material shear strength 4, g, SO When
G(_AT){LOaglass_aS'[nlo—(n—l)wo]}
t(n_ll) = Tsn. str. (10)
So the condition one should maintain to avoid joint failure is
G(—=AT){Loagiass—asilnlo—(n—1)wol} <1 (11)

Tsh. str. t(n—1)

We now come back to the assumption of no external shear force on the string. Assume that there is locally an
external shear force (for instance applied by the encapsulant on the string). In any case, the total string deformation
is the same, since it is determined by the shrinkage of the glass panel. If an additional shear force is working in a
region of the string, causing a higher string compression, which will cause a higher stress in the joints than in the no
external shear force case. It will be compensated by regions of the string where there is less string compression than
in the no external shear force case. The shear stress expression in (9) therefore provides a lower bound for the
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maximum shear stress occurring in a joint at a given temperature differential compared to the stress-free
temperature.

Another remark that needs to be made regarding this equation is that it assumes that failure will always occur
cohesively. So implicitly, we assume that the joint material has an excellent adhesion to the busbars. If the joint
material shows some adhesive failure on the busbar material, another expression than (11) is required to adequately
describe the conditions under which failure will not occur.

4, Discussion

It is clear that the left hand side of (11) should be minimized to avoid joint failure. Some parameters are fixed
and cannot be changed either by module design of joint material selection. The CTE of glass, or the maximum
temperature differential are fixed by material properties or application demands that cannot be changed. However,
the design and the nature of the joint material are parameters than can be chosen.

4.1. Design aspects

For a given Lo, equation (11) tells us that it is better to have a high n, which means that many small cells
connected with many joints is better than longer cells with fewer joints. This is because there are more places where
relative displacement is allowed. However, in practice, the length of the cells is dictated by practical and economic
considerations (smaller cells implies more cutting, more complicated handling and higher edge losses).

Another design parameter than can be varied is joint thickness t. By choosing a thicker joint, the maximum stress
is decreased and the probability of failure occurrence is decreased. Here again, there may be practical and
economical aspects that limit freedom when selecting joint thickness (for instance material cost considerations).

4.2. Material aspects

The joint material turns out to be critical. There are two joint material parameters in (11) : G the shear modulus
and T4, &, the shear strength. Equation (11) tells us that the ratio G/ 14, s Should preferably be as low as possible to
minimize the chances of joint failure. Therefore this ratio should be taken in consideration when selecting the joint
material. Table 1 lists different material types that can be considered for this application, a SnPb solder alloy and
two types of electrically conductive adhesives (ECA). The table gives ranges of values for G, 1t &, and G/ g, st
It should be mentioned that the ranges correspond to the lowest and highest values that the author found in the
literature and technical information documents. There may be other materials within each material types that have
values outside those ranges. Nevertheless general statements can be made.

Table 1. Parameters of some potential materials to be used in interconnection joints in shingled cell modules

Eutectic tin lead solder Epoxy ECA Silicone ECA
G (MPa) 11000 - 14000 200 - 2000 10- 100
Tsh. sr. (MPa) 23-48 5-10 03 -1
G/ toh s 230 - 600 20 - 400 10 - 300
Resistivity (ohm cm) 0.15x 10* 1-25x10* 2-30 x10*

Tin lead solder alloy is very stiff, and the ratio G/ ¢, & iS Very high. That material therefore appears unsuitable
for the application. It should be noted that the depicted situation is too simple for the reality of solder mechanical
behavior. In reality, solder undergoes plastic deformation well before it fails cohesively. That plastic deformation
relieves some of the stress. However, repeated occurrence of plastic deformation may ultimately lead to failure. An
analysis of this phenomenon in shingled cells modules is beyond the scope of this paper.



Guy Beaucarne/ Energy Procedia 98 (2016) 115 —124

Epoxy-based ECA tend to be rather stiff but show a high shear strength. Silicone ECAs on the other hand are
much more flexible (very low G) but usually have lower shear strength. Depending on the composition of a
particular ECA, the G/ 14, . Of that ECA ratio maybe low or high. ECASs can be engineered to achieve a good
compromise between the key different properties (shear strength, elasticity modulus and resistivity). This
formulation flexibility is an advantage for ECAs.

Silicone ECAs are attractive in this application, not only because of the relatively low G at room temperature, but
also because the mechanical properties vary little over the whole operating temperature range of PV modules
[12],[13]. Organic ECAs in contrast go through their glass transition temperature within that range and are in their
glassy, brittle state at strongly negative temperatures (- 10 °C and below). This even applies to those epoxy ECAs
that have been engineered for a reduced Tg (around 0 °C).

It should be noted that the present study only dealt with thermal mismatch-induced stress, which is a static load.
If one starts adding weight, module bending and dynamic loads, stress in the interconnection will be modified. It
will depend on the module structure (for instance, a double glass module typically will fare better than a glass-
backsheet module), but generally, it can be expected that stress and risk of failure will increase.

4.3. Two materials solution

ECAs are highly filled materials, typically more than 70 w% and often higher than 80 w% conductive filler
particles. This is needed to ensure multiple percolation paths and provide good electrical conductivity and low
contact resistance. Conductive filler particles however typically do not provide reinforcing properties and do not
contribute to material cohesion. As a result, ECAs’ intrinsic mechanical strength is much poorer than the same
materials without filler. In order to obtain an interconnection that gives both good electrical contact and
mechanically strong bond, we suggest combining an ECA with a much stronger non-conductive adhesive. These
materials could be a silicone ECA and a non-conductive, flexible but strong silicone adhesive. Effectively, this
creates a hybrid material with adequate conductivity and lower G/ 4, & ratio, which would enhance interconnection
robustness particularly in extreme conditions. Although the drawing shows alternating dots of ECA and NCA, other
configurations could be implemented, such two parallel lines.

ECA, i Non-Conductive Adhesive

/'

Busbar

Fig. 9. Suggested “hybrid” interconnection structure combining ECA and non-conductive adhesive

5. Conclusion

We discussed the shingled cells interconnection concept and presented a simplified analytical model for the
thermomechanics of such structures. It is found that interconnection materials with a low ratio of shear modulus G
over shear strength tq, . is preferred for good interconnection joints reliability. As a result, solder joints appear
inappropriate for the application, while electrically conductive adhesives (ECA) with low G/ 14, 5. can better fulfill
the requirements.  An interconnection approach is also proposed which makes use of a combination of adjacent
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ECA and a non-conductive adhesive materials in a shingled configuration to help achieve string robustness and
reliability even in extreme conditions .
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