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DEGRADATION OF A BI-FACIAL SOLAR PANEL UNDER THE SUN

ABSTRACT

Bi-facial solar cells are able to produce 30% more solar electricity compared to
conventional solar cells. In this project, Platinum (Pt)-reinforced Sn-3.0Ag-0.5Cu
(SAC) solder was used as interconnection material in bi-facial solar cells. Pt was used
as reinforcement as it is expected to increase conductivity of the solar panel and reduce
excessive growth of intermetallic compound (IMC) layer in the solar ribbon-solder-
solar cell sandwich structure. Two sets of samples were prepared, one with 0.40 wt.%
Pt inclusion and the other without. These samples were exposed under the sunlight for
a duration of up to five weeks. An additional set of samples were heat-treated at 80°C
for up to 48 hours to study the effect of accelerated aging on the solar cells. All samples
were prepared for metallographic examination before imaging using optical and
scanning electron microscope (SEM). The IMC layer was identified using Energy-
dispersive X-ray (EDX) spectroscopy analysis. It was found that the IMC layer
decreased 19.43% when 0.40 wt.% Pt was added to the solder even after five weeks of
exposure under the sunlight. It was observed that there are noticeably less Kirkendall
voids and micro-cracks in the Pt-containing samples. This observation is supported by
the resistivity results, whereby samples containing Pt have resistivity of about 77%
lower than that without Pt inclusions. It is believed that Pt shows the diffusion rate of
other species in the solar cell sandwich structure, thus reducing the IMC layer
thickness and also presence of Kirkendall voids and micro-cracks. As a result of a less
disordered structure, the electrical conductivity of the solar panel is improved via

inclusions of Pt particles to the SAC solder in the bi-facial solar panel.
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CHAPTER 1

INTRODUCTION

1.1 Background

Most energy supply worldwide are derived from non-renewable energy such as
petroleum, oil, coal and natural gases. Due to the rapid depletion of non-renewable
energy, scientist and engineers are constantly trying to develop renewable energy in

order to meet the global energy demand and also to minimise the environmental impact.

Renewable energy is defined as energy that comes from resources which are
made up by human timescale such as sunlight, wind, rain, waves and also geothermal
heat. The renewable energy replaces the fossil fuel in four major areas, namely
electricity generation, hot water heating, motor fuels and rural energy (stand-alone
power systems). The types of renewable energy available in Malaysia include
hydropower, wind energy, solar energy, geothermal energy and also bio-energy. The
main renewable energy used in Malaysia is hydropower, due to plenty of ocean
available in Malaysia. Solar energy ranked as the second main renewable energy as
Malaysia enjoys sunny weather. A photovoltaic system is required to generate solar

energy in the form of electrical energy.

The solar cells used in the solar panels are always connected by copper (Cu)
ribbons held together by interconnection materials. The interconnection materials are
usually solders and sometimes electrical conductive adhesives. The Sn-36Pb-2Ag
solder is the most popular interconnection material in the world due to its low

processing temperature, relatively cheap price and is usually coated on the Cu ribbon



for the ease of processing. The main disadvantages of lead (Pb)-containing solders are
its environmental and health hazards. Arise from that, several types of Pb free solder
were introduced to the market, among which the Sn-Ag-Cu solder is most popular to
date. The main benefits of Sn-Ag-Cu solder is its relatively low melting temperature,
superior mechanical properties and good solderability when compared to Pb based
solder. In this project, the SAC is used as interconnection material in the bi-facial solar

cells.

The photovoltaic module is made up of monocrystalline silicon solar cells (bi-
facial), Pb coated Cu ribbon and Pb-free solder paste containing flux. Pt particles were
added to the SAC solder paste as it is expected to increase conductivity of the solder
paste. Addition of Pt is also expected to supress excessive growth of the IMC layer as
well as Kirkendall voids. According to Matthiesen’s rule, presence of impurities and
defects will impair electrical conductivity. The addition of Pt into the SAC solder, a

lower resistivity and thus higher energy yield is expected.

1.2 Aims and Objectives

The aim of this research is to study the degradation of the bi-facial solar cells under
the sun.

Problem Statement: How the platinum reinforcement in solder improve the

performance of solar panel?

The objectives of this research are:
1) To fabricate an effective bi-facial solar cell with platinum reinforced solder of
Sn-3.0Ag-0.5Cu-0.40Pt (SAC-0.40Pt).
2) To study the microstructures of SAC and SAC-0.40Pt solder on bi-facial solar
panel after exposure to sunlight.
3) To study the microstructures of SAC and SAC-0.40Pt solder on bi-facial solar

panel after heat treatment at 80°C.



4) To measure the resistivity for the solar cell of SAC and SAC-0.40Pt solder on

bi-facial solar panel after heat treatment at 80°C.



CHAPTER 2

LITERATURE REVIEW

2.1 Solar Cells

2.1.1  Types of Solar Cells

The most popular and efficient solar cells are crystalline silicon solar cells and thin-
film solar cells. Crystalline silicon solar cells have percentages of efficiencies in the
range of 15% to 25%. The crystalline silicon form the basis of the monocrystalline and
polycrystalline silicon solar cells. Due to their relatively different manufacturing
process, these two types of crystalline silicon solar cells yield different silicon crystal
growth. It relies on the cell cooling speed after carbothermic reduction. The size of the
silicon crystals are controlled by using the speed of cooling after the 1700°C heating.
The resulting crystals size were found to be larger with reducing cooling speed. The
monocrystalline are made up of larger single crystal size. Besides that, monocrystalline
solar cells are made out of silicon ingots in cylindrical shapes. In order to optimize the
performance and lower costs of a single monocrystalline solar cell, the four sides of
the cylindrical ingots are cut out into silicon wafers. On the other hand, as the result of
fast cooling, polycrystalline solar cells are made up from many tiny silicon crystals
(Trowbridge, 2013). Unlike monocrystalline solar cells, polycrystalline solar cells do
not require the Czochralski process (Us and Maehlum, 2012). The Czochralski process

is a method of crystal growth used to obtain single crystals.

Both of the polycrystalline and monocrystalline have their advantages as well
as disadvantages. Monocrystalline solar cells have the highest efficiency rates since


http://en.wikipedia.org/wiki/Crystal_growth
http://en.wikipedia.org/wiki/Single_crystal

they are made out of the highest-grade silicon (15-20%). These cells are more efficient
in warn weather and efficiency decreases with ambient temperature. Besides that,
under standard operating condition, monocrystalline solar cells have been proven to
be more efficient as they require least space. Also, the lifespan of the monocrystalline
solar cells is the longest. This can be observed whereby most solar cells manufacturers
have a 25-year warranty period on their monocrystalline solar cells. However,
monocrystalline solar cells are less affordable due to their most expensive pricing

among all solar cells.

The production cost of polycrystalline cells is less as the process to produce
polycrystalline silicon is simpler. Unlike monocrystalline solar cells, polycrystalline
solar cells have greater efficiency with increasing ambient temperature. Despite that,
the overall increased efficiency is still of 3-4% less than that of the monocrystalline
solar cells. Thus, more space will be required to produce the same amount of power

compared to monocrystalline solar cells.

Thin-film solar cells are produced by a way of depositing one or several layers
of electrical conductive or photovoltaic material onto a substrate by a method called
chemical vapor deposition (CVD) process. The different types of thin-film solar cell
can be categorized by which photovoltaic material is deposited onto the substrate:

e Amorphous silicon (a-Si)

e Cadmium telluride (CdTe)

e Copper indium gallium selenide (CIS/CIGS)
e Organic photovoltaic cells (OPC)

The substrate deposited with amorphous silicon (a-Si) are also known as the
amorphous silicon cells and are able to absorb light easier compare to crystalline solar
cells as they do not have crystalline structure. Thus, the cell fabricated can be thinner.
However, the overall conversion efficiency is lowest among other mentioned solar
cells (Us and Maehlum, 2012).



2.1.2  Advantages and Disadvantages of Solar Energy

The photovoltaic system using solar panels provide clean and green energy unlike
other energy sources. During electricity generation for photovoltaic panels, there is no
greenhouse gas emissions harmful to the environment, thus the solar PV is more
environmentally friendly compare to other renewable energy. Besides that, the solar
energy is a natural energy produced by the sun and it is free and abundant. The

photovoltaic panels are also totally silent and is able to prevent noise pollution.

Among disadvantages of the solar energy, is its inability to outperform in terms
of energy production when compared to other renewable sources. This is because the
conversion of light energy from the sun to generate electricity through the photovoltaic
effect is not perfect due to frequency of incident light on the solar modules. The
effectiveness of the solar cell is related to the conversion rate of the sunlight, and the
conversion rate for the mono-facial solar cell are in the range of 10% to 20%. Each
side of the bi-facial solar cell have the same conversion rate as mono-facial solar cell.
The current best achieved sunlight conversion rate for solar module is about 21.5% in
a new commercial product by SunPower cooperation (SunPower €20 Module, 2013).

The efficiency of the photovoltaic system relies on solar intensity level, types
of solar cell, materials used in manufacture of solar cells, solar modules, solar panel,
and also arrays pattern. The wiring connection method between the individual solar

cells will also affect the performance of the PV system.

The effectiveness of the solar cell is calculated by applying the following
equations which is power output of the solar cell over power input from the sun (Emery
& Osterwald, 1986). The incident power from the sun mainly depend on the climate,

location and also season whereby the system is located.

Maximum Power Generated,Py,

% Efficiency = ( ) x 100 (2.1)

Incident power from Sun,Pi,

where:

The maximum power generated by the solar cell is in units of W/m?2.



Voltage,VxCurrent,I
g (2.2)

P =
m Area,A

2.2 Bi-facial Solar Cells

2.2.1 Fundamentals of Bi-facial Solar Cells

The bi-facial solar cells is a two-sided device capable of converting solar radiance from

sun into electricity at each surface.

The first two p-n junction solar cell with p*-n-p* structure was firstly proposed
by H. Mori. It is to generate a p-n junction at every side of the silicon wafer surfaces
to form bi-facial double junction solar cells. The rear side p-n junction was used to
intensify the solar irradiance collection efficiency for long-wavelength photons
(Cuevas, 2005).

Other than p*-n-p* structure, many researches also work on the solar cells with
n*-p-n* (Ohtsuka, et al., 2000). Researches of Ohtsuka, et al. (2000) at Polytechnical
University of Madrid uses n*-p-n* structure with a 4cm? area and low quality material
to fabricated a solar cells device with an efficiency of 12.7%.

The bi-facial back surface field (BSF) solar cells consisted of single p-n
junction and a high-low junction. The ideal of creating this kind of solar cells is
proposed by the passivation effect of the floating n* diffusion into n*-p-n™ structure.
These cells have a homopolar junction on the other surface of a heteropolar p-n
junction. The heavily doped region was doped with chemical element through
diffusion method, such as p* type layer is doped with boron while n* type layer is
doped with phosphorus. This region reduces the crossing over at the rear surface and
thus enhances open-circuit voltage. In year 1970, the first BSF cell was actually a bi-

facial cell which produced at Russia and patented by Bordin et al.



2.3 Degradation of Solar Modules

The sustainability of the solar modules is mainly determined by the stability and
resistance to corrosion of the materials used to build the solar modules. The most
common degradation and failure modes on solar module are caused by water ingress
and temperature cycling. All external factors of degradation will causes the solar
module efficiency to decline over time. The degradation can be caused by increases in
surface resistance caused by decreased adherence of contacts or corrosion which is
usually caused by water vapour, decreases in shunt resistance due to metal migration

through the p-n junction and antireflection coating deterioration.

Besides that, potential induced degradation (PID) often occur in the solar
modules once operation starts. PID is an undesirable occurrence in solar modules
which occurs when the module’s voltage potential and leakage current drive ion
mobility within the module between the semiconductor material and other components
in the module. The speed of ion mobility occurring within the module increases with

humidity, temperature and also voltage potential.

Antireflective _«
coating #

7

contact

Migrating
Backsheet electrons

Figure 2.1: Leakage Current and Voltage Potential (negative potential shown)
Cause Negative (-) lons to Migrate Away from the Semiconductor, as Positive (+)
lons Migrate Toward the Semiconductor from the Glass and Package, and the
Module’s External Environment (Advanced Energy, 2013)



Pingel, S., et al. (2009) reported that the base doping of element was varied by
almost two orders of magnitude. The Figure 2.2 shown that the increase on base
resistivity leads to PID because a lower base doping would lead to a wider depletion

region at the junction.
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Figure 2.2: Base Resistivity Dependence of PID (Pingel, S., 2009)

Extended defects, such as grain boundaries and dislocations, might carry
electrical charge and then act as efficient recombination centres. The electrical activity
of these defect centres is largely influenced by their interaction with impurity atoms

and usually increases with increasing impurity concentration (Thompson et. al., 1999).

Metal resistance also influences the performance of solar modules. According
to Matthiesen’s rule, the total resistivity of a metal specimen are contributed by thermal
vibrations, impurities, and plastic deformation where it could be represented in a

mathematical form of

Ptotar = Pt + Pi + Pa (2.3)
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where pt, pi, pqg represent individual thermal, impurity and deformation resistivity
contribution respectively (William and David, 2010).

2.4 Lead-Free Solders

The tin-lead (Sn-Pb) solders are widely used as the interconnecting material in
electronic devices due to its reliable and robust solder joint. Besides that, Sn-Pb solder
also have low melting point property and good wetting behaviour which lead to good
solder joint with the substrate plating on the ribbon. Other than that, Sn-Pb solders also
creates metallization layer for soldering on substrate plating and create strong
intermetallic bond between the solders and substrate plating. Due to the environmental
and health issues on the society, the Sn-Pb solder is being replaced by a variety of new

Pb free solders.

A common problem due to application of the Pb free solder is the increase of
thickness of the IMC layer which will reduce the electrical conductivity. Kirkendall
voids form from the CusSn layer of the IMC, compromising the solder joint reliability
(Y.W. Wang & Lin, 2008). This causes the strength of the solder joint and drop test
performance to be significantly reduced. Masazumi Amagai (2008) found that
Kirkendall voids under the IMC layer can reduced by adding Nickel (Ni) and also
Indium (In) to the solder. Besides that, the combination of Cu and Phosphorus (P) will
significantly reduce the IMC layer thickness. Amagai also found that by adding Cobalt
(Co), Ni, or Pt which located at the left of Cu in periodic table into tin-silver (Sn-Ag)
based solder alloys, the IMC thickness and grain size of the solder did not increases
significantly after the solder reflow process and thermal aging.

Kim & Kim (2004), conducted a study whereby Pt was added into the Sn-Ag
based solder alloys because it has a dismissing rate similar to Ni and has a great

oxidation resistance when compared to other metal although it is more expensive.
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2.5 Intermetallic Reaction and Growth of Solder Paste with Pt

During the reflow process, the IMC structure will be formed between the solder
particles and metal layer by interdiffusion kinetics. The interdiffusion kinetics is

shown in Equation 2.4
d=d, +VDt (2.4)

where do is the initial thickness, D is diffusivity, and t is time. The diffusion component

can be described by an Arrhenius equation as such

()
D = D,e" kT (2.5)

where Do is a constant independent of temperature, Q is activation energy, k is the
Boltzmann constant, and T is absolute temperature. Holding the peak temperature
during reflow for longer durations increases the initial IMC layer thickness and

changes the morphology (Crandall, 2011).

The interfacial reaction of Sn-3.8Ag-0.7Cu solder paste and Pt was studied
after reflow process. This is due to the detection of IMC at the solder paste or Pt
interface containing CusSns, PtSns, and AgsSn inside. The AgsSn phase was formed
when the compound were dispersed throughout the solder alloy. As reflow time
increases, these phases will increase in size. Besides that, the interfacial IMC thickness

also increases with the reflow time.

CusSns was found to be randomly distributed inside the solder alloy after the
reflow process or thermal aging. This type of intermetallic phase consists of long and
larger compounds which form by the mixing of Cu and Sn in the solder paste. This
phase can only be formed in the solder pastes containing of Cu element. This
compound was not found near the Pt interface before reflow process. However as
reflow process prolongs, it tends to move away from the Sn-Ag-Cu interface. Lastly,

contact angle between PtSns and CusSns was increased when the reflow time increased.
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The PtSns IMC grows fast in the Sn-Ag-Cu solder. The PtSns IMC structure
forms even more rapidly when there is fewer Cu content in solder when compare to
Sn element. This is because solder has low melting point and there are more Sn content
in facilitating the PtSn4 phase formation. Under the identical reflow condition, PtSn4
IMC formed at the interface between solder which contains a small amount of Cu and
Ni substrate has higher growth rate compared to the compound formed at the Pt
interface. Therefore, slow growth rate of PtSns is one of the advantages of Pt as a
metallization layer (Kim & Kim, 2004).

In this research, CusPt phase is formed through the interdiffusion between the
two material of Pt and Cu in thin films. It is difficult for diffusion of Cu into Pt,
therefore Pt-Sn intermetallic formation would be more favored. Besides that, a
parabolic relationship between the thickness of the Pt-Sn intermetallic and reaction
time indicates the intermetallic formation in the solder/platinum interface is diffusion
controlled (Kim & Kim, 2004). Lastly, in the research of S.J. Wang and C.Y. Liu,
dissolution of the Pt will cause the Cu to be less soluble on the molten solder (Wang
& Liu, 2007).

[
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2um
Figure 2.3: The Intermetallic Microstructure of Sn-3.8Ag-0.7Cu Solder after
Reflow at (a) 30°s, (b) 90 s, (c) 360 s, and (d) 600 s (Kim & Kim, 2004)
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2.6 Addition of Different Elements to Solder Paste

The addition of rare earth elements into solder paste can significantly enhance the
properties of solder paste such as wettability and spreading properties, melting
temperature, mechanical properties of soldered joints, and the reaction interface of

solder paste.

Lili Gao & Songbai Xue (2010) reported that the wetting and spreading
properties can be improved by adding cerium (Ce), Bi, gallium (Ga), In and Ni as it
increases the wettability and spread rate of the solder paste. The wetting force and
wetting angle is also important in order to produce a good metallurgical bonding. The
wetting force of conventional Sn-Ag-Cu solder pastes will increases when the
appropriate amount of rare earth elements are added. When the wetting force increased,
the wettability will also increases. Thus, the solder paste easily wets and bonds with
the substrate it is applied onto. The wetting angle can also be reduced by rare earth

elements.

The addition of rare earth elements on Sn-Ag-Cu solder paste does not have a
significant effect on the melting temperature on the solder alloys. S. Lu & Y. Chen
(2008) reported that addition of magnesium (Mg) in the Sn-Ag-Cu solder paste will
reduce the melting temperature of the solder. Besides that, it is also found that the more
the Mg is added in the solder paste, the more the melting temperature decreased.

The mechanical properties of the solder paste will also be reduced when the Co
and iron (Fe) rare earth elements. The tensile strength between the solder paste and
substrate will be increased when the Co and Fe are added on the solder paste. The high
the tensile strength the high structural reliability of the solder joints. Whereas, from
the research of L.W. Lin & J.M. Song (2009), the addition of manganese (Mn) and
titanium (Ti) will lowered down the strength of solder paste but improved the ductility
of the solder paste. Lastly, the addition of zinc (Zn) in solder paste have an effect of
reducing the undercooling efficiency and restrict the growth of AgsSn IMC layers at

the interface of solder-silver (Ag) busbar.
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Lastly, the addition of cerium (Ce) can refine the microstructure and reduce the

amount of AgsSn phase besides control of the IMC layer thickness.

2.7 Reflow Soldering

In preparing the solar cells, a solder paste is used to attach the Cu ribbon used as
conduct of the bi-facial solar cells and the entire assembly is subjected to controlled
heat. This is known as reflow soldering. Controlled heating is required to melt the
solder paste and to form the metallurgical bonding. The heating can be accomplished
by pass of assembly through reflow oven, or using infrared lamp or hot air pencil to

individually soldering the joints.

The busbar of the bi-facial solar cells is coated with solder paste by screen
printing. The screen printing is a manual method to apply the solder to the busbar of
solar cells by using squeegee and stencil. The Cu ribbon will then be placed according
to the area of busbar with solder. After that, the Rosin Mildly Activated (RMA) flux
is applied between the solder and the Cu ribbon. The whole assembly is then to be

heated in the oven in accordance to a pre-determined reflow profile.

2.7.1  Reflow Specification

The reflow specification is crucial to obtain a good quality and high reliability of solar
cells. Thus, the reflow profile of solder paste is used for soldering process. The high
quality of soldering and lower rate of defects are required to be supplemented by an
optimal reflow soldering profile. It can be described using reflow profile provided by
RedRing Solder. Normally, the profile consists four different zones or phases, which
are the preheat zone, soak zone, reflow zone and the cooling zone. Thus, every zone
will have their own heating rate, duration and also maximum temperatures which are

setting according to the solder paste properties.
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Figure 2.4: Reflow Profile for Lead Free Solder Paste (RedRing Solder, 2013)

In the preheat zone, heat rate must undergo changes from 1°C per second to
3°C per second. Meanwhile, peak temperature should achieve in the range of 100-
150°C. The changing heating rate must be low to avoid the splatter of solder paste
which will causes the formation of solder balls. Lastly, a gradual and slow temperature
ramp must be supervised and controlled to avoid of exposing solar cell to thermal

shock.

In soak zone, which is known as the flux activation zone, changes in
temperature must be slowed down to diminish the temperature gradients. The ramp
rate is nearly even with the temperature increasing near to the melting point of solder
as shown in figure below. The fluxing activation was carry out in the solder paste at
this zone. If the heating temperature is too much excess of the required temperature,
there will be inadequate fluxing in solder paste and the solder splatter due to
unnecessary oxidation on the solder paste. This zone usually carried out in the
temperature range between 150 °C to 180 °C for 80 to 120 seconds.

Next, in the reflow zone, the temperature of heating is adjusted beyond the
melting point of the solder for about forty to sixty seconds is to ensure sufficient flux
action in the solder and to obtain good wetting properties. Typically solder paste has
the melting point from 215 °C to 225 °C. However, peak temperature must monitored

in order to avoid excessive heat which will cause damages on the solar cells. Besides
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that, high temperature will promote oxide growth which reduces the solder wetting

properties.

Lastly, the assembly of the Cu ribbon with solar cell will be left to cool, this
part is known as the cooling zone. In cooling zone, the cooling rate was bought to 1 to
3 °C per second. Smaller gain sizes of solder will induce rapid cooling hence increases
solder joint’s fatigue resistance. However, rapid cooling rate will causes mismatch
between residual stresses and thermal coefficient of expansion. This would also affect
the mechanical properties of solder joints since the cooling rate are directly related to
the growth of microstructure. Therefore, it is important to maintain and monitor the
cooling rate for the reflow soldering process to produce high reliability solar cells
(Anadigics, 2001).



CHAPTER 3

METHODOLOGY

3.1 Materials and Methods

3.1.1 EarthON Bi-facial Solar Cells

EarthON monocrystalline bi-facial solar cells manufactured by PhotoVoltaic Global
Solutions Inc. are used in this study. The solar cell metallization is made of Ag on both
sides. Solar cell metallization forms several thin fingers and three white thick busbars
which is perpendicular to thin fingers on both sides of the solar cells. The three thicker
busbars are used for soldering with Cu ribbon to conduct electricity. The front side of

solar cell consists of p-type layer, while the rear side has n-type wafer and n* layer.

Figure 3.1: EarthON Bi-facial Solar Cell
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Front side

Ag(height of electrode = 20-30um)
ARC(SINXx)

P type layer

< N type wafer ~ ~ Cell thickness 180um

N* layer

ARC(SiNx) ~
Ag(height of electrode = 20-30um)

Rear side
Figure 3.2: Cross Section of p-n-n* Bi-facial Solar Cell (PVG Solutions Inc, 2011)

Usually, the monocrystalline solar cell has dark colours, such as dark blue. As
a result of manufacturing method and normal trait of the monocrystalline silicon, the
cells do not have pointy corners (Martin, 2012). Besides that, the bi-facial solar cell
has identical front and rear faces, but can be distinguished through observing middle
finger on each side of the solar cell. The middle finger of rear side has a vertical line
that forms “T” shape. Whereas, the middle finger on the front side has a vertical line

that forms “+” sign with the finger (PVG Solution Inc, 2011).

FRONT REAR

has a vertical line that oml

The middle finger of Front side
has a vertical line that forms
“+” (plus) shape with the finger.

Figure 3.3: EarthON Bi-facial Solar Cell

The middle finger of Rear sid

T

“T” shape with the finger.



Dimensions of the EarthON Bi-facial Solar Cell are shown as figure below,

REAR [mm]
1.5
’ 26‘ 52 ’ / 52 ‘ 26 & Material:
\ v Silver
(Screen printing
and firing)
@ Busbar width:

Front: 1.2 mm
Rear: 1.5 mm

156

@ Busbar Length:
152 mm

*Tip of busbar design

#Busbar distance from
edge of cell:
2 mm

Figure 3.4: Dimension of EarthON Bi-facial Solar Cell

19

Table 3.1 shows the recommended soldering condition provided by PhotoVoltaic

Global Solutions Inc. In order to maximize the conversion of light to electrical energy,

it is important to match the band gap energy with the spectrum of light. Figure 3.5

shows the spectral response of EarthON bi-facial solar cells on both sides to

wavelength of light.

Table 3.1: Recommended Soldering Condition for EarthON Bi-facial Solar Cell

Item Condition

Tabbing ribbon Solder plated copper strips
Core Cu thickness 0.15-0.20 [mm]

Core Cu width 1.2-1.5[mm]

Solder plated thickness

10-30 [um] per side

Solder content

Sn 60 % / Ag above 2 % / Pb

Flux RMA type

Low solid content type.

Preheating

100-140 [<C] *depends on equipment and flux

Soldering temperature

190-290 [ <C] *depends on equipment and flux

Soldering process

Both front-side and rear-side soldering simultaneously
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Figure 3.5: Spectral Response Data

3.1.2 Lead Coated Ribbon

The soft Luvata Sunwire Pb coated Cu ribbon was used to be soldered onto the busbars
of the bi-facial solar cells. It has quicker throughput and lower yield strength. Lower
yield strength will prevent tension to be created in the solar cells during reflow (Luvata,
2010).

Figure 3.6: Luvata Sunwire of Lead Coated Copper Ribbon
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3.1.3 Solder

The solder used in this study is SAC. 0.40 wt.% of Pt particles were added to the solder
paste. The solder used has minimal residual flux production and is translucent,
therefore does not hinder the surface of the solar cell from absorbing the sun rays. The
solder paste has a melting range between 217-225°C (RedRing Solder, 2013). The

solder paste is stored in the refrigerator which have a temperature range from 0-10 °C.

Figure 3.7: RedRing Solder Paste

3.1.4 Rosin Mildly Activated (RMA) Flux

Rosin Mildly Activated (RMA) flux is used in the production of the bi-facial solar
cells. It has high thermal stability, excellent fluxing ability with instant wetting and
low surface tension. The RMA flux also leaves behind little flux residue, is non-
corrosive and non-tacky after soldering process (RedRing Solder, 2013).
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3.1.5  Weifo Microprocessor Controlled Programmable Oven

Reflow soldering was carried out in the Weifo OV200S Oven. Temperature calibration
was done during the first 20 minutes using a thermometer until the temperature

stabilises. This is to ensure accuracy of the oven temperature.

3.2 Inclusion of Platinum into Solder Paste

0.40 wt.% of Pt particles were dispersed into the SAC solder and stirred until
homogeneous. Equation 3.1 and Equation 3.2 shows calculation of amount of Pt

particles to be added to the solder paste.

Mp¢

At = t-0 31

Mpt+Msnagcu we - % ( )
(Wt%)(Msn u)

Mp. = 1—WiW?gC (3-2)

where, Mp; is mass of Pt particles, Msnagcu is mass of SAC solder paste and wt.% is

weight percentage of Pt in the solder paste.

3.3 Pre-Soldering Preparation

Paper stencil as shown in Figure 3.8 is used for reflow soldering. The Pt particles will
be stirred into the SAC solder paste and applied onto busbar with the help of paper
stencil. The Cu ribbons were cut into lengths of 17cm each from the roll of Luvata
Sunwire Cu ribbon and manually straightened and flattened to ensure precise placing
on the busbar. RMA flux was brushed onto the busbar before application of solder
paste to ensure optimum solderability. Cu ribbons was then applied onto the solder

paste located at busbar. These steps were repeated for the rear side of the solar cell.
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Figure 3.8: Sample of Custom Made Paper Stencil

The dimension for the custom made paper stencil used in the resistivity test for
the bi-facial solar cells is same as the custom made paper stencil for reflow soldering
with the transfer length dimensions added in. The transfer length of the custom made
paper stencil for resistivity test consists of thirteen squares with the dimension of

1.5mm x 1.5mm. The distance between each square is different. The Cu ribbons were
cut into squares of 1.5mm x 1.5mm each from the roll of Luvata Sunwire Cu ribbon

followed by straightening and flattening. After that, the flat Cu squares were allowed
to adhere on the busbar with the solder paste on it. Flux is added to improve

solderability.
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Figure 3.9: Sample of Custom Made Paper Stencil for Resistivity Test

3.4 Bi-facial Solar Cell Soldering

After the Cu ribbons were held in place by the solder paste, the solar cell is placed on

a clean ceramic tile and reflowed in a microprocessor controlled programmable oven.

The reflow temperature profile for reflow soldering of bi-facial solar cell
process is shown in Figure 3.10. Initially, the temperature was set at 225°C for the first
one hour and the next temperature set point was at 25 °C from one hour to three hours
and twenty minutes. This is indicated by the red line in Figure 3.10. The first
temperature set point is known as the heating phase, whereas the second temperature
set point is known as the cooling phase. The actual temperature inside the oven was
slowly increased up to 240°C and left constant for five minutes to initiate the soldering
flux reaction and solder reflow reaction respectively. After that, the oven was allowed
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to be cool down to room temperature. The steady cooling was designed for reduce
large thermal shrinkage which will damage the solar cells.

The solar cell then removed carefully from the ceramic tiles using hard Ag
ribbon. This is because the solar cell may stick on the ceramic due to excessive solder
paste or flux.

=4— Actual temperature
188 1 Temperature set point

Temperature (°C)
R
NWE
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“‘
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Figure 3.10: Reflow Temperature Profile (Weifo, 2013)

Figure 3.11: Soldered Bi-facial Solar Cell
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35 Encapsulation Process

The purpose of the encapsulation process is to protect the cells and their
interconnections from the environment. The encapsulation will prevent the solar cell
metallization and the interconnecting ribbons from oxidation due to the exposure to

rain and water vapour.

In this project, acrylic was chosen as encapsulation material since it has high
resistance to weather changes, low UV sensitivity, and optical clarity. Acrylic also has
lower weight, thus is able to reduce the overall weight of the solar panel.

Acrylic

Solar cell

Sectting block

Figure 3.12: Schematic of the Encapsulation Process

The solar cells were encapsulated in a sandwich of acrylic with setting blocks
made up of rubber located in between to create space for the solar cells to be placed
and also avoid contact of the two pieces of acrylic with the solar cells. Before the
encapsulation is done, silica gels must be placed in the encapsulation panel to absorb
residual moisture trapped in the solar panel once the acrylic is sealed. The silica gels
were prepared by heating in the furnace to remove their moisture content and wrapped
in a medical dressing gauze bandage. The silica gel package is attached to the acrylic

panel by using glue.



27

Lastly, clear silicon sealant was applied to all sides of the acrylic and block
setting to seal the solar panel with the used of G-clamp. This process is to avoid any

water or air entering the solar panel and causing damage to it.

3.6 Solar Cell Microstructure Study Preparation

For microstructural studies, the soldered joints of the solar cell would need to be
broken down into pieces in order to obtain the sandwich. The sandwich was made up
with copper ribbon, bi-facial solar cell and solder paste in between. This is the initial
preparation step for the solar cell microstructural study. The soldered joint sandwich
structure is critical for observation of the IMC layer formation at the soldered joints of

solar cell.

Figure 3.13: Soldered Joint from the Solar Cell
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3.7 Specimen Preparation

The first set of sample involves exposure of SAC and SAC-0.40Pt solar cells under
the sun for a period of five weeks. The second set of samples were heat treated at 80°C

for 1,3,5,12,24 and 48 hours respectively.

Both set of samples were prepared for metallographic examination. Segments
of samples were cross-sectioned, mounted, grinded and polished to a mirror-like
surface before etching in 98% ethanol-2% hydrochloric acid (HCI). Microstructural
studies were carried out using optical and SEM. Phase identification was carried out
using the EDX spectroscopy. A separate set of samples were also prepared and heat
treated at 80°C for resistivity test.

3.7.1  Resistivity Measurements for Solder Contact

The solder contact resistance is measured using a high sensitivity multimeter. Samples
were prepared by soldering 1.5mm>1.5mm square pieces of copper ribbons onto the
bi-facial solar cell busbar containing SAC and SAC-0.40Pt solder paste with the
helped of custom stencil. The contact resistance of the bi-facial solar cell is measured
using the transfer length method. The contact resistance of a section of the busbar and
two solder joints with distance dy in between is measured. The Figure 3.14 shows the
stencil used for soldering onto the bi-facial solar cells and the points used to measure
the solder contact resistance.
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Figure 3.14: Custom Made Paper Stencil for Resistivity Test and Points Use to
Measure the Resistivity of Bi-facial Solar Cells

The resistance of a section on the bi-facial solar cell is measured by connecting the DC
power supply with constant current to the solar cell and measuring the voltage across
the solar cell connection. Figure 3.15 shows schematic of the electrical circuit used to
measure the resistance of a section of the busbar and two solder joints with distance dn

in between.
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Supply
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Figure 3.15: Electrical Circuit Use to Measure Resistivity of the Bi-facial Solar

Cells after Heat Treatment

The voltage of the solar cells were measured twice for each samples for the variation
in Cu ribbon surface quality when the measuring probes were placed at different
contact points on the solder joints. The total contact resistance is calculated by using

Ohm’s law.

Ohm’s Law, V = IRy
Rearrange: R; = % (3.3)
Where: V is the voltage measure from solar cells (mV)

I is the current which set at DC power supply (mA)

Ry is total contact resistance (Q2)

The solder contact resistance of one section with a pair of solder joints is measured

and modelled using the calculation model shown in Figure 3.16.
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Figure 3.16: Illustration of the Solder Joints Resistance Measurement Procedure

The values of total contact resistance, R for all sections with different value
of distance between two solder joints,d can be plotted and linear equation of Ry =
P;d + P, is inserted into the curve as illustrated in Figure 3.16. By comparing the

Equation 3.4 below with linear equation shown in Figure 3.16,
Ry ==25b9rq 4 2R, (3.4)

where,

Ryuspar = Resistance per unit square of the busbar (€/square);

R, = Effective solder contact resistance under the copper ribbon (Q);
d = Distance between copper ribbons (m);

W = Width of the busbar (m)

The values of R, and Ry,,5pqr Can be calculated by Equation 3.5 and Equation 3.6

respectively from the value of P; and P,.

R, =2 (3.5)
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Rpuspar = PLW (3.6)

The transfer length, L can be calculated by solving the empirical formula for

the effective solder contact resistance in Equation 3.7 below using Matlab.

R = 2usbariT copp () (3.7)

w T

where,
Ly = Transfer length of the solder contact (m);

L = Length of the copper ribbon/solder contact (m)

Lastly, the specific solder contact resistivity,ps,;q4e fOr €ach solar cells can be

calculated by using Equation 3.8 below.

Psolder = RbusbarLT2 (3-8)

where,

Psorder = SPecific solder contact resistivity (-m?)



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Microstructure of SAC and SAC-0.40Pt Solder Solar Sandwich

Structure

The solar sandwich is made up of Pb coated Cu ribbon, solar cell with the solder paste
in between. Therefore, the solar sandwich will be categorised into three parts, which
are the Pb coated Cu ribbon on the top layer, the solar cell at the bottom layer and the
solder paste is sandwiched between the Pb coated Cu ribbon and solar cell. Figure
4.1A and Figure 4.1B shows the sandwich structure for solders: (A) SAC and (B) SAC-
0.40Pt. From Figure 4.1A, the solar sandwich is made up of the IMC layer, Ag busbar
from solar cell and SAC solder paste. For Figure 4.1B, the solar sandwich is made up
of IMC layer, Ag busbar from solar cell and SAC-0.40Pt solder paste.

Al CuRibbon - - |B]. 7 CuRibbon -

Figure 4.1: Optical Micrograph for (A) SAC and (B) SAC-0.40Pt Solder Solar
Sandwich
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The main difference between the SAC and SAC-0.40Pt samples are the amount
of voids present. The hollow areas shown in the micrograph below are known as
Kirkendall voids. Kirkendall voids would form is due to different vacancy
concentrations during the interdiffusion process. It is also known as difference in the
diffusion rates of the metal atoms, assuming all the atoms in the solder paste diffused
by a vacancy mechanism. Voids form when the total outgoing atomic flux is greater
than the total incoming atomic flux for the atom within a controlled volume system.
Besides that, when the vacancy concentration is higher than a certain critical value for
the nucleation of the voids to occur, the voids would occur during the process. Other
than that, the impurities and crystal imperfections from the Cu ribbon would also
assisting in the void nucleation. These impurities and imperfections would serve as
heterogeneous nucleation sites for void nucleation, thus lowering the critical vacancy
concentration value. Thus, the nucleation of voids would occur more easily (Y.W.
Wang & Y.W. Lin, 2008). The Kirkendall void might also form when there is an
insufficient solder amount, excessive amount of flux, humidity in the flux or incorrect
soldering temperature and insufficient wetting between copper ribbon and busbar of
solar cell (Schmitt et al., 2011).

The Kirkendall voids forming at the IMC layer would significantly reduce the
total contact area between the Cu ribbon and busbar of the solar cell with the solder
paste. Besides that, the voids would act as stress concentrators which causes the
mechanical attachment between the solar cells, solder paste and Cu ribbon interfaces
to be brittle and weaken. The excess amount of the Kirkendall voids in the solder paste
region is likely to increase the brittle interfacial facture and limit the flow of the
electricity through the solder joint. Therefore, electrical conductivity of the solar cells
containing many Kirkendall voids would be reduced. Lastly, the presence of
Kirkendall voids may also increase the working temperature of the device. When the
temperature increases, the thermal resistance of the device also increases causing the
degradation due to heat dissipation of the device. All this factors will cause the

efficiency of the solar cell to be lowered (Calabrese et al., 2014).

From Figure 4.1A and 4.1B, it can be observed that the amount of voids in
SAC solder paste are much more than SAC-0.40Pt solder paste. This is because the Pt

reinforcement in the SAC solder paste would reduce the formation of the Kirkendall
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voids during the solder reflowing process. Amagai (2008) reported that, Kirkendall
voids under the IMC layer can be reduced by adding Ni, Co or Pt.

Figure 4.2 shows the EDX analysis of the IMC layer formed between the Pb
coated Cu ribbon and SAC solder paste. Figure 4.3 shows the EDX analysis and the
elemental composition of the IMC layer formed between the busbar of bi-facial solar
cell and SAC solder paste.
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Figure 4.2: EDX Spectroscopy Spectrums and Elemental Composition Analysis
for the IMC Layer Formed between the Interface of SAC Solder and the Pb
Coated Cu Ribbon
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Figure 4.3: EDX Spectroscopy Spectrums and Elemental Composition Analysis
for the IMC Layer Formed between the Interface of SAC Solder and the Ag

Busbar of Bi-facial Solar Cell

From Figure 4.2 and Figure 4.3, sharp and uneven scalloped-shaped IMC layer

structures are formed at the Cu ribbon/solder and Ag busbar/solder interface of the

solar sandwich in the samples without Pt reinforcement. The CuesSns IMC layer is
formed at the interface between SAC solder and the Pb coated Cu ribbon. The AgaSn

IMC layer is formed at the interface between SAC solder and the Ag busbar of the bi-

facial solar cell. The AgsSn IMC layer thickness is thicker than the CugSns IMC layer

(Figure 4.2).
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Figure 4.4 shows the CueSns IMC layer is also formed between the Pb coated
Cu ribbon and SAC-0.40Pt solder paste. From the EDX result, it shows that Pt is
present in the CusSns IMC layer when the solder paste is reinforced with 0.40 wt.% Pt.
The AgsSn IMC layer is also formed at the interface between the Ag busbar of the bi-
facial solar cell and SAC-0.40Pt solder as shown in Figure 4.5.
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Figure 4.4: EDX Spectroscopy Spectrums and Elemental Composition Analysis
for the IMC Layer Formed between the Interface of SAC-0.40Pt Solder and the
Pb Coated Cu Ribbon



38

SAC-0.40Pt

cledax32\genesis\genmaps.spc 19-Mar. 2015 09:38:50
LSecs: 8

“ SN Eiement - Wi At% |
Pt 03.22 01.83

s AgL 65.81 67.71
SnL 2012 2723
Matrix Correction | MThin

20+

147+

Bhdlhd ab ) o ik "

] ] ¥ 1 1 1 1 \
1.‘00 2.0 1‘00 400 500 600 700 800 900 1000 1100 1200 1}
Energy - keV

Figure 4.5: EDX Spectroscopy Spectrums and Elemental Composition Analysis
for the IMC Formed between the Interface of SAC-0.40Pt Solder and the Ag

Busbar of Bi-facial Solar Cell

The smooth and more evenly distributed CusSns IMC layer structure is formed
at the interface between SAC-0.40Pt solder and the Pb coated Cu ribbon (Figure 4.4).
The AgsSn IMC layer is formed at the interface between SAC-0.40Pt solder and the
Ag busbar of the bi-facial solar cell (Figure 4.5).

By comparing the IMC layers for SAC and SAC-0.40Pt solder in Figure 4.2 to
Figure 4.5, it is obvious that the CueSns IMC layer in Figure 4.4 is more even compared
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to the CusSns IMC layer in Figure 4.2. For the AgsSn IMC layer in Figure 4.5 has more
rounded rectangular edges and continuous compared with the AgsSn IMC layer in
Figure 4.3.

Pb is present in the solder region as shown in Figure 4.6. This is because the
Pb coated-ribbon dissolved into the solder paste during reflow soldering. Pb appears

as bright silver when viewed under the SEM.
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Figure 4.6: EDX Spectroscopy Spectrums and Elemental Composition Analysis

for the Pb Element on the Solder Paste Region

Figure 4.7 shows the CusSns IMC layer at the solder-ribbon interface of solar
sandwich with SAC and SAC-0.40Pt solder paste. Micrograph A in Figure 4.7 is the
microstructure of solar sandwich with SAC solder paste without Pt reinforcement.
Micrograph B is the microstructure of solar sandwich with SAC solder paste with 0.40
wt.% of platinum reinforcement. The CueSns IMC layer in micrograph A is unevenly
distributed along the copper ribbon interface and with more thick and spiky
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compounds growing above the scalloped layer. The spiky structures present will act as
stress concentrators which reduces the joint reliability. The CusSns IMC layer in
micrograph B is more evenly distributed.

&
SAC Voids / SAC-0.40Pt

Uneven & Spiky Structure of CusSns

CusSns : CusSns +.0.40 wt %Pt

Figure 4.7: SEM Micrographs at Solder-Ribbon Interface of Solar Sandwich

The average thickness of IMC for the CueSns layer in SAC solder paste was

calculated as shown in Figure 4.8 and Table 4.1.

Figure 4.8: IMC Thickness Measurements of the CusSns Layer Formed at the
SAC Solder-Ribbon Interface
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Table 4.1: IMC Thickness of the CusSns Layer Formed at the SAC Solder-Ribbon
Interface

No. of IMC Thickness
Thickness (pm)
1 4.63
2 7.28
3 6.36
4 6.61
5 5.42
6 5.56
7 5.16
8 4.63
9 5.43
10 5.03
Average Thickness 5.61

Figure 4.9 and Table 4.2 are used to calculate the average of IMC thickness of
CueSns layer at the SAC-0.40Pt solder-ribbon interface.

15.0kV 7.6mm x1.50k BSECOMP 30Pa

Figure 4.9: IMC Thickness Measurements of the CusSns Layer Formed at the
SAC-0.40Pt Solder-Ribbon Interface
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Table 4.2: IMC Thickness of the CusSns Layer Formed at the SAC-0.40Pt Solder-

Ribbon Interface

No. of IMC Thickness
Thickness (pm)
1 4.63
2 4.37
3 3.40
4 5.42
5 6.48
6 3.31
7 5.03
8 5.16
9 4.03
10 3.97
Average Thickness 4.52

The CusSns IMC layer thickness for the solder alloy without platinum
reinforcement is greater than that in the 0.40 wt.% Pt sample. The average IMC layer
thickness for solder alloy without platinum is 5.61pm, while the Pt containing sample
has IMC layer thickness of 4.52pm. This means that there is a reduction in IMC layer
thickness by 19.43%. Pt has a lower dissolution rate compared to Cu. Presence of Pt
in the solder paste would reduce solubility of Cu and slow down the Cu growth in the
molten solder during reflow soldering process (Wang & Liu, 2007). This results in the

CusSns IMC layer becoming more even and flat.

Figure 4.10 shows the SEM micrographs of solder-Ag busbar interface for
solar sandwich with SAC and SAC-0.40Pt solder paste. The AgsSn IMC layer at SAC
solder paste has a block-like structure at the surface of Ag busbar of the bi-facial solar
cell and needles structure in the solder paste region. The AgsSn IMC layer in the Pt-
containing sample have a flatter, evenly distributed and rounded structures. Sample
without Pt show discontinuous and block-like structures (Figure 4.10A) while the Pt-

containing sample have continuous layer with less gaps.
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Figure 4.10: SEM Micrographs at Solder-Ag Busbar Interface of Solar Sandwich

4.2 Microstructure of Samples after Exposure Under the Sun

Figure 4.11 and Figure 4.12 shows the SEM micrographs of samples with and without
Pt additions in the solar cell exposed under the sun from zero to five weeks. The IMC
layer thickness is measured using the analytical programme attached to the SEM. The
average IMC layer thickness for every micrographs was calculated and recorded in
Table 4.5 and a graph of IMC layer thickness against times is plotted for both SAC
and SAC-0.40Pt solder solar cells as shown in Figure 4.15.
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Figure 4.11: SEM Micrographs at the Solder-Ribbon Interface for SAC Solder
for Different Weeks
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SAC-0.40Pt

CusSns

Cu

5.0kV 5.7mm x1.50k BSECOMP 30Pa

Week 4 Week 5

Figure 4.12: SEM Micrographs at the Solder-Ribbon Interface for SAC-0.40Pt
Solder for Different Weeks

Figure 4.13 along with Table 4.3 was used to determine the average IMC layer
thickness for the SAC sample while Figure 4.14 along with Table 4.4 was used to
determine the average IMC layer thickness for the SAC-0.40Pt sample. IMC layer
thickness for different exposure times are calculated in the same way.
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Figure 4.13: IMC Thickness Measurements of the CusShs Layer Formed at the
SAC Solder-Ribbon Interface (Week1)

Table 4.3: IMC Thickness of the CusSns Layer Formed at the SAC Solder-Ribbon
Interface (Week 1)

No. of IMC Thickness
Thickness (pm)

1 7.01
4.63
5.95
4.50
8.73
5.82
5.82
4.37
5.82
7.01
Average Thickness 5.97
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30.0um

15.0kV 8.1mm x1.50k BSECOMP 30Pa

Figure 4.14: IMC Thickness Measurements of the CusShs Layer Formed at the
SAC-0.40Pt Solder-Ribbon Interface (Week 1)

Table 4.4: IMC Thickness of the CusSns Layer Formed at the SAC-0.40Pt Solder-
Ribbon Interface (Week 1)

No. of IMC Thickness
Thickness (pm)

1 4.23
3.84
4.50
3.04
5.56
6.35
5.56
4.10
5.82
3.17
Average Thickness 4.62
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The CueSns IMC layer thickness increases as the exposure time under the sun
increases. This is due to the growth of the IMC layer. The growth rate of IMC layer
thickness layer depends on the temperature of exposure. Higher temperatures will
result in higher IMC layer thickness. The Pt-reinforced solar cell has slower rate of
growth for the IMC layer thickness as observed from the slope of the curve from the
graph (Figure 4.15). The resistivity of the bi-facial solar cell increases as the IMC layer
thickness increases due to more hindrance to the electron mobility. As a result, the
performance and efficiency of the solar module would be reduced when the resistance
of the solar cell increases weekly due to the growth of IMC layer thickness. Lastly, the
excessive growth of IMC layer will affect thermal and structural reliability of the

solder joints.

More Kirkendall voids are present in SAC sample. The Kirkendall voids
increases when the exposure time at high temperature increases. Y.W. Wang & Y.W.
Lin (2008) reported that the growth of CusSn IMC layer would induce the formation
of Kirkendall voids, while the growth of the CusSns IMC layer does not. The relatively
rapid diffusion of Cu out of the CuzSn IMC layer could be the major contributing factor
for the formation of these voids. It was shown that although both Cu and Sn were
mobile within CusSn IMC layer, the Cu flux was greater than that of the Sn flux. Thus,
Kirkendall voids will increase with exposure time. The formation of Kirkendall voids
accompanying the CusSn IMC layer growth raises serious reliability concerns because
excessive void formation increases the potential for brittle interfacial fracture. This
would further increases the resistance between the conduction layers with solder, thus
reduces the performance and conductivity of the solar cells. Lastly, the voids present
between the Cu ribbon and solder paste tend to act as a stress concentrators which
weaken the mechanical strength of the joint, in turn, affecting electrical conductivity

due to impaired joints.
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Table 4.5: IMC Layer Thickness for SAC and SAC-0.40Pt Solder Solar Cells at

Different Weeks

Solder Composition

IMC Layer Thickness (jum)

Week 0 | Week 1 | Week 2 | Week 3 | Week 4 | Week 5
SAC 5.61 5.97 6.54 6.90 7.32 8.09
SAC-0.40Pt 452 4.62 4.69 4.89 5.65 5.90
9
8
5
@ 7
[<B]
2
= —8—SAC
5 6 —e—SAC-0.40Pt
=
5
—t—
4
0 1 2 3 4 5
Time (Week)

Figure 4.15: CusSns IMC Layer Thickness for SAC and SAC-0.40Pt Solder Solar

Cells at Different Weeks

The other IMC layer at the solder-Ag busbar interface is the AgsSn. It is thicker
compared to the CueSns IMC layer. Figure 4.16 and Figure 4.17 shows the micrographs
for IMC layer of AgsSn at the Ag busbar surface from week 0 (without exposure) to
week 5 for SAC and SAC-0.40Pt samples respectively. The AgzSn IMC layer is more
continuous and has round edge when Pt was present in the solder paste. Besides that,

the voids present in the solar sandwich reinforced with Pt is less. The number of

Kirkendall voids formed increases with the solar cells exposure time increases due to

the growth of AgsSn IMC layer.
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Figure 4.16: SEM Micrographs at the Solder-Ag Busbar Interface for SAC Solder
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Figure 4.17: SEM Micrographs at the Solder-Ag Busbar Interface for SAC-
0.40Pt Solder
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4.3 Microstructure of Samples after Heat Treatment

It can be observed that the IMC layer thickness increases when the heat treatment time
increases. In general, Pt-containing samples have slower IMC layer growth rate
compared to SAC samples. Besides, growing rate of the IMC layer for both SAC and
SAC-0.40Pt samples is higher than that of samples exposed under the sunlight. This is
mainly due to the heat treatment temperature (80°C), compared to the temperature

under the sunlight at approximately 35-40°C.

Based on the micrograph obtained, the number of Kirkendall voids developed
in SAC solder solar cell is greater compared to SAC-0.40Pt solder solar cell after heat
treatment at 80°C. The Kirkendall voids increase as the heat treatment duration
increased. Besides that, the CusSns IMC layer in SAC solder solar cell consists of many
micro-cracks. The micro-cracks are also one of the factors affecting the performance
and reliability of the bi-facial solar cells. Micro-cracks in the IMC layer will reduce
the structural integrity of the solder joints and disrupt the mean free path for electron

movement in the solar cell thereby lowering electrical conductivity.



5 Hours 12 Hours

Cu

KV 11.6mm

24 Hours 48 Hours
Figure 4.18: SEM Micrographs at the Solder-Ribbon Interface for SAC Solder

after Different Periods of Heat Treatment
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Figure 4.19: SEM Micrographs at the Solder-Ribbon Interface for SAC-0.40Pt
Solder after Different Periods of Heat Treatment
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Table 4.6: IMC Layer Thickness for SAC and SAC-0.40Pt Solder Solar Cells for
Different Heat Treatment Times

Solder Composition

IMC Layer Thickness (jum)

1 hours 3 hours 5hours | 12 hours | 24 hours | 48 hours
SAC 5.82 6.47 7.15 7.40 8.65 8.96
SAC-0.40Pt 4.90 5.47 5.67 5.85 6.19 6.48
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Figure 4.20: CusSns IMC layer Thickness for SAC and SAC-0.40Pt Solder for
Different Heat Treatment Times

Figure 4.21 and Figure 4.22 shows micrographs at the solder/Ag busbar

metallization interface after heat treatment for various times for SAC and SAC-0.40Pt

samples respectively. Comparing the two sets of samples, the Pt-containing sample

have rounder and smoother IMC layer structure.

AgsSn IMC layer is formed at the beginning of the eutectic reaction. The

primary driving force of the growth of AgsSn IMC phase is due to the degree of

undercooling after reflow soldering. During the solidification process, the bulk of

AgsSn IMC experienced minimal degree of undercooling. As such, the solar cells
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exposed to sunlight and also heat treatment will not display excessive increase of the
AgsSn IMC layer thickness (Schmitt et al., 2012).

1 Hour 3 Hours

15 0kY B;2mm 27,50k BSECOMP 30P<

» 3
N O S PV e L1, W

5 Hours 12 Hours

30.0um 150KV 11 emm ¥ TEOBSECCIIAS

24 Hours 48 Hours

Figure 4.21: SEM Micrographs at the Solder-Ag Busbar Interface for SAC Solder
after Different Periods of Heat Treatment
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Figure 4.22: SEM Micrographs at the Solder-Ag Busbar Interface for SAC-
0.40Pt Solder after Different Periods of Heat Treatment
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4.4 Resistivity of Samples after Heat Treatment

From microstructural studies, it is observed that number of Kirkendall voids and IMC
layer thickness increases when exposed to sunlight or undergo heat treatment. As the
voids and IMC layer develop in the solder, it is expected that the electricity
conductivity of the solar cells would decrease.

Voltage is measured for each pair of solder joint using high sensitivety
multimeter. The total contact resistance of the each points can then be calculated using

Ohm’s law.

Sample Calculation:

By using SAC solder solar cell without heat treatment as a sample. The resistivity at
point 1 is calculated by using constant current of 98.4 mA and measured voltage of

0.239 mV. The sample calculation is shown in the below.

Ohm’s Law, V = IR

%4
Rearrange: R = -

_ 0.239mV

98.4mA

R =0.00243 Q

The calculated resistance is presented in a table form as shown (Table 4.7).

Solar Cells without Pt Reinforcement

Table 4.7: Resistance Value for Each Point on the Bi-facial Solar Cell (Without

Heat Treatment)
Point Current (mA) Voltage (mV) Resistance (Q)
1 98.4 0.239 0.00243
2 98.4 0.491 0.00499
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3 98.4 0.802 0.00815
4 98.3 1.095 0.01114
5 98.3 1.285 0.01307
6 98.3 1.500 0.01526
7 98.3 1.770 0.01801
8 98.3 2.071 0.02107
9 98.3 2.225 0.02263
10 98.2 2.470 0.02515
11 98.2 2.860 0.02912
12 98.2 3.050 0.03106

Solar Cells with 0.40 wt.% Pt Reinforcement

Table 4.8: Resistance Value for Each Point on the Bi-facial Solar Cell (Without

Heat Treatment)

Point Current (mA) Voltage (mV) Resistance (Q)
1 98.8 0.209 0.00212
2 98.8 0.435 0.00440
3 98.8 0.669 0.00677
4 98.9 0.931 0.00941
5 98.9 1.184 0.01197
6 98.9 1.359 0.01374
7 98.9 1.606 0.01624
8 99.0 1.969 0.01989
9 99.0 2.127 0.02148
10 99.0 2.316 0.02339
11 99.0 2.528 0.02554
12 99.0 2.878 0.02907

Tables for resistance of bi-facial solar cells after heat treatment for 1,3,5,12,24 and 48

hours are shown in the appendix.
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Values for total contact resistance, Ry are calculated for all sections with different
value of distance between two solder joints, d. The graph of total contact resistance
against the different value of distance between two solder joints,d can be plotted and
the linear equation of Ry = P;d + P, can be found on the curve as illustrated by
Figure 4.23.

3

Figure 4.23: Graph of Total Contact Resistance () against Distance between

Two Solder Joints

After that, the values of R, and R,spqr Can be calculated by Equation 4.1 and

Equation 4.2 respectively from the value of P; and P,.

Rpuspar = AW (4-1)

R, =2 (4.2)

Sample Calculation

By using 0.0 wt% platinum reinforced solder solar cell without heat treatment as a
sample. The values of P, and P, from the linear equation of the graph are 1.713986
Q/m and 0.000986 Q respectively.

Ryuspar = (1.713986 — x 0.0015m)
= 2571 x10% Q

where, W is 0.0015m for front side solar cell



_0.000986 Q1

2

=4.93 <10 Q
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The values of resistance per unit square of the busbar, Ry,s,q and effective solder

contact resistance under copper ribbon, R, for SnAgCu solder and Pt reinforced

SnAgCu solder with Pt composition of 0.4 wt% were measured and calculated in the

same way. The Table 4.9 and Table 4.10 shows the values of Ry,,spqr and R, for SAC

and SAC-0.40Pt solder solar cells before and after heat treatment for different

durations.

Table 4.9: Summary of Ry, par and R, for SAC Solder Solar Cells before and

after Heat Treatment for Different Duration

Heat
Treatment | 0 hours 1 hour 3 hours 5 hours 12 hours | 24 hours | 48 hours
Time
Rpusvar | 2571x10° | 2592x10° | 2.630x10° | 2.653x10° | 2.639x10° | 2.939x10° | 3.023x10°
€9
R, () 4.93x10* 6.46x10* 7.18x10* 8.62x10* 1.076x10° | 1.416x10° | 1.633x10°3

Table 4.10: Summary of Ry, spar @and R, for SAC-0.40Pt Solder Solar Cells before
and after Heat Treatment for Different Duration

Heat
Treatment | 0 hours 1 hour 3 hours 5 hours 12 hours | 24 hours | 48 hours
Time
Rpusvar | 2411x10° | 2.432x10° | 2.431x10° | 2.467x10° [ 2.464x10° | 2.651x10° | 2.687x10°
Q)
R, (Q 2.32x10* 2.35x10* 2.72x10* 3.12x10* 3.87x10* 4.29x10* 5.28x10*
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In order to determine the specific solder contact resistivity, ps,q4er fOr €ach of the solar

cells, the transfer length, L must first be calculated using the empirical formula for

Equation 3.6 in Matlab software. The formula for specific solder contact

resistivity, psoiqer requires the value of transfer length, L as shown below.

_ 2
Psolder = RbusbarLT

where,

Psorder = SPecific solder contact resistivity (€.m?)

Table 4.11 and Table 4.12 shows the specific solder contact resistivity values for SAC
and SAC-0.40Pt solder after different heat treatment times.

Table 4.11: Specific Solder Contact Resistivity for SAC Solder Solar Cells before

and after Different Heat Treatment Duration

Heat Treatment Time Specific Solder Contact Resistivity (Q-m?)

0 hour 2.12678 x 10710

1 hours 3.61782 x 1010

3 hours 4.39889 x 1010

5 hours 6.24981 x 1010
12 hours 9.60171 x 1010
24 hours 1.45142 x 10°
48 hours 1.82460 x 10°°

Table 4.12: Specific Solder Contact Resistivity for SAC-0.40Pt Solder Solar Cells

before and after Different Heat Treatment Duration

Heat Treatment Time

Specific Solder Contact Resistivity (:m?)

0 hour

5.02298 x 10

1 hours

5.10922 x 10+

3 hours

6.84755 x 1071
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5 hours 8.87814 x 10!
12 hours 1.36760 x 10710
24 hours 1.56120 x 10710
48 hours 2.33409 x 1010

From Table 4.11 and Table 4.12 the percentage difference for the specific
solder contact resistivity between SAC and SAC-0.40Pt solder solar cell can be
calculated by using Equation 4.3. The specific solder contact resistivity of SAC solder

is set as the reference value.

|Reference Value—Measured Value|

Percentage Dif ference = X 100% (4.3

Reference Value

p . Di _12.12678 X 10710 —5,02298 x 10711 « 100%
ercentage Dif ference = 512678 x 10-10 0

=76.38%

The percentage difference for specific solder contact resistivity between SAC and
SAC-0.40Pt solder solar cell is 76.38%, indicating that Pt-reinforced solder paste
would reduce the resistivity of the bi-facial solar cell by 76.38%. Pt particles can

reduce the thickness of the IMC layer, amount of voids and micro-cracks formed.

The specific solder contact resistivity for SAC and SAC-0.40Pt solder solar
cells without heat treatment act as the reference value for calculation of percentage of
difference in resistivity for different heat treatment durations. The calculated values
are tabulated in Table 4.13 and Table 4.14.

Table 4.13: Percentage Difference for Specific Solder Contact Resistivity for SAC
Solder Solar Cells after Different Heat Treatment Duration

Heat Treatment Time Percentage Difference for Specific Solder
Contact Resistivity (%)
1 hour 70.11%

3 hours 106.83%
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5 hours 193.86%
12 hours 351.47%
24 hours 582.45%
48 hours 757.92%

Table 4.14: Percentage Difference for Specific Solder Contact Resistivity for
SAC-0.40Pt Solder Solar Cells after Different Heat Treatment Duration

Heat Treatment Time Percentage Difference for Specific Solder
Contact Resistivity (%)
1 hour 1.72%
3 hours 36.32%
5 hours 76.75%
12 hours 172.27%
24 hours 210.81%
48 hours 364.68%

Based on Figure 4.24, the increase of percentage difference for SAC solder
solar cells after different period of heat treatment is higher compared to that of SAC-
0.40Pt solder solar cells at 80°C. The rate increase for specific solder contact resistivity
between SAC and SAC-0.40Pt solder solar cells can be obtained. The gradient for SAC
curve is 0.3636 while that for SAC-0.40Pt curve is 0.1944. The gradient of curve for
SAC solder solar cells is used as the reference value. The percentage difference for
rate of increase between SAC and SAC-0.40Pt solder solar cells can be calculated as

shown below.

|Reference Value—Measured Value|

X 100%

Percentage Dif ference =
Reference Value

p . Di |0.1818 — 0.0972| 100%
= X
ercentage Dif ference 01818 0

=46.53%
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Based on the calculation shown, specific solder contact resistivity during solar
cells degradation will slow down by 46.53% in Pt reinforced solder solar cells. This

imply that addition of Pt will improve power yield and thus efficiency of the bi-facial
solar cells.

900.00

800.00

700.00 y = 0.1818x? - 0.1757x

600.00
500.00 ® SAC
400.00 ® SAC-0.40Pt

300.00

Percentage Difference (%)

200.00

y =0.0972x2 - 0.1802x
100.00

0.00
0 1 3 5 12 24 48

Times (Hours)

Figure 4.24: Graph of Percentage Difference for Specific Solder Contact

Resistivity (%) Versus Different Heat Treatment Duration (Hours)
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

Conclusion

From the result obtained, it can be conclude that:

1)

2)

3)

4)

Microstructures for samples containing 0.40 wt.% Pt in the SAC solder have
less Kirkendall voids compared to those of SAC. Amounts of micro-cracks

were also reduced in the Pt-containing samples.

IMC layer in Pt-containing samples are more rounded. IMC layer thickness
reduced by 27.07% when 0.40 wt.% Pt was added for samples exposed under
the sunlight for twenty five days. Addition of Pt is believed to reduce

dissolution of Cu into the molten solder paste.

When time of exposure under the sun and also heat treatment conditions
increased, the IMC layer thickness increased along with number of Kirkendall
voids and micro-cracks. This is because growth of the CueSns IMC layer is

temperature-dependent.

Resistivity of the SAC-0.40Pt sample is 76% less than that of the SAC sample.
After exposure under the sunlight and also heat treatment, the resistivity

increased in general.
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Pt increased the conductivity of the solar cells by supressing excessive growth
of the IMC layer and the numbers of Kirkendall voids form. In turn, there are
less defects in the solar sandwich structure, thus lower resistance to electron

mobility, as stated by the Matthiesen’s rule.

Recommendations

The following recommendations are made based on observation during the project:

1)

2)

3)

4)

The temperature profile for reflow must be strictly adhered to, otherwise a

proper metallurgical bonding cannot be achieved.

The Pb coated Cu ribbon should be straightened before use to avoid airtraps.

This can lead to formation of voids in the solar cell.

Solder pastes have expiry dates and must be properly stored. Frequent improper

handling of the solder paste jar will affect the solder paste quality.

Care must be exercised when applying RMA flux to ensure no excess flux is
added to the solar cell. This would cause the solar cell to stick to the ceramic

tile during reflow soldering.
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The resistivity test was carried out for samples which have been heat treated for 1, 3,

5, 12, 24, 48 hours respectively for the solar cells with and without Pt in the solder

paste. The voltage for each point on the solar cell was measured and resistance was

calculated and tabulated in the tables below.

For Solar Cells without Pt Reinforcement

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 1 Hour)

Point Current (mA) Voltage (mV) Resistance (Q)
1 98.9 0.251 0.00254
2 98.9 0.528 0.00534
3 98.9 0.825 0.00834
4 98.9 1.169 0.01182
5 98.9 1.310 0.01325
6 98.9 1.606 0.01624
7 98.9 1.800 0.0182
8 98.9 2.121 0.02145
9 99.0 2.311 0.02334
10 99.0 2.580 0.02606
11 99.0 2.910 0.02939
12 99.0 3.101 0.03132
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Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 3 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 99.3 0.260 0.00262
2 99.3 0.550 0.00554
3 99.3 0.875 0.00881
4 99.3 1.175 0.01183
) 99.3 1.352 0.01362
6 99.3 1.619 0.01630
7 99.3 1.865 0.01878
8 99.3 2.203 0.02219
9 99.2 2.378 0.02397

10 99.2 2.618 0.02639
11 99.2 3.020 0.03044
12 99.2 3.111 0.03136

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 5 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 99.0 0.279 0.00282
2 99.0 0.610 0.00616
3 99.0 0.889 0.00898
4 99.0 1.211 0.01223
5 99.0 1.384 0.01398
6 99.0 1.666 0.01683
7 99.0 1.906 0.01925
8 99.0 2.236 0.02259
9 99.0 2.398 0.02422
10 99.0 2.645 0.02672
11 99.0 3.110 0.03141
12 99.0 3.152 0.03184
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Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 12 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 99.1 0.311 0.00314
2 99.1 0.669 0.00675
3 99.1 0.912 0.00920
4 99.1 1.265 0.01276
5 99.1 1.410 0.01423
6 99.1 1.703 0.01718
7 99.1 1.965 0.01983
8 99.1 2.267 0.02288
9 99.1 2411 0.02433
10 99.0 2.691 0.02718
11 99.0 3.090 0.03121
12 99.0 3.213 0.03245

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 24 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 89.8 0.348 0.00388
2 89.8 0.702 0.00782
3 89.8 1.051 0.01170
4 89.8 1.311 0.01460
5 89.8 1.451 0.01616
6 89.8 1.711 0.01905
7 89.8 1.989 0.02215
8 89.8 2.313 0.02576
9 89.8 2.467 0.02747
10 89.9 2.712 0.03017
11 89.9 3.210 0.03571
12 89.9 3.323 0.03696
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Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 48 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 88.9 0.373 0.00420
2 88.9 0.747 0.00840
3 88.9 1.113 0.01252
4 88.9 1.389 0.01562
) 88.9 1.486 0.01672
6 88.9 1.751 0.01970
7 88.9 2.126 0.02391
8 88.9 2.389 0.02687
9 88.9 2.512 0.02826
10 88.9 2.756 0.03100
11 89.0 3.280 0.03685
12 89.0 3.459 0.03887

For Solar Cells with 0.40 wt.% of Pt Reinforcement

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 1 Hour)

Point Current (mA) Voltage (mV) Resistance (Q)
1 98.5 0.211 0.00214
2 98.5 0.437 0.00444
3 98.5 0.671 0.00681
4 98.5 0.936 0.00950
5 98.5 1.193 0.01211
6 98.5 1.361 0.01382
7 98.4 1.611 0.01637
8 98.4 1.976 0.02008
9 98.4 2.133 0.02168
10 98.4 2.326 0.02364
11 98.4 2.536 0.02577
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12

98.4

2.881

0.02928

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 3 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 99.0 0.218 0.0022
2 99.0 0.444 0.0045
3 99.0 0.681 0.0069
4 99.0 0.945 0.0095
5 99.0 1.209 0.0122
6 99.0 1.378 0.0139
7 99.0 1.629 0.0165
8 99.0 1.989 0.0201
9 98.9 2.154 0.0218
10 98.9 2.348 0.0237
11 98.9 2.553 0.0258
12 98.9 2.931 0.0296

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 5 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 98.8 0.238 0.00241
2 98.8 0.457 0.00463
3 98.8 0.723 0.00732
4 98.8 0.959 0.00971
5 98.8 1.219 0.01234
6 98.8 1.379 0.01396
7 98.8 1.654 0.01674
8 98.8 2.012 0.02036
9 98.9 2.167 0.02191
10 98.9 2.356 0.02382
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11

98.9

2.573

0.02602

12

98.9

2.963

0.02996

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 12 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
. 98.7 0.236 0.00239
2 98.7 0.476 0.00482
3 98.7 0.758 0.00768
4 98.7 0.975 0.00988
5 98.7 1.233 0.01249
6 98.7 1.371 0.01389
7 98.7 1.679 0.01701
8 98.7 2.03 0.02057
9 98.8 2.179 0.02205

10 98.8 2.374 0.02403
11 98.8 2.622 0.02654
12 98.8 2.989 0.03025

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 24 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 94 0.257 0.00273
2 94 0.500 0.00532
3 94 0.782 0.00832
4 94 1.009 0.01073
5 94 1.265 0.01346
6 94 1.405 0.01495
7 94 1.706 0.01815
8 94 2.056 0.02187
9 94 2.201 0.02341
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10 93.9 2.412 0.02569
11 93.9 2.692 0.02867
12 93.9 3.112 0.03314

Table of Resistance Value for Each Point on the Bi-facial Solar Cell (Heat

Treatment of 48 Hours)

Point Current (mA) Voltage (mV) Resistance (Q)
1 94 0.285 0.00303
2 94 0.544 0.00579
3 94 0.81 0.00862
4 94 1.023 0.01088
5 94 1.295 0.01378
6 94 1.433 0.01524
7 94 1.756 0.01868
8 94 2.078 0.02211
9 94 2.268 0.02413

10 93.9 2.456 0.02616
11 93.9 2.712 0.02888
12 93.9 3.221 0.03430
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The graph of resistance against the point of solar cell is plotted and shown below.
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