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ABSTRACT

OPTIMIZATION OF METALIZATION IN
CRYSTALLINE SILICON SOLAR CELLS

Demircioglu, Olgu

M. Sc. Department of Micro and Nanotechnology
Supervisor : Prof. Dr. Rasit Turan )
Co-Supervisor : Assist. Prof. Dr. H. Emrah Unalan

August 2012, 103 pages

Production steps of crystalline silicon solar cells include several physical and
chemical processes like etching, doping, annealing, nitride coating,
metallization and firing of the metal contacts. Among these processes, the
metallization plays a crucial role in the energy conversion performance of the
cell. The quality of the metal layers used on the back and the front surface of
the cell and the quality of the electrical contact they form with the underlying
substrate have a detrimental effect on the amount of the power generated by
the cell. All aspects of the metal layer, such as electrical resistivity, contact
resistance, thickness, height and width of the finger layers need to be
optimized very carefully for a successful solar cell operation.

In this thesis, metallization steps within the crystalline silicon solar cell
production were studied in the laboratories of Center for Solar Energy
Research and Application (GUNAM). Screen Printing method, which is the
most common metallization technique in the industry, was used for the metal
layer formation. With the exception of the initial experiments, 6” wafers, which

are the industry standard today, were used throughout this work.



Typically, screen printing method includes 3 different printing steps on both
rear and front surfaces with operating parameters such as squeegee
pressure, squeegee speed and snhap off. In this study, we have concurrently
studied multiple parameters that would affect the metal functionality like
aspect ratio, uniformity, thickness, resistance and shadow losses. We also
studied the back surface field formation by the aluminum diffusion on the

back side of the cell.

Subsequent to the printing optimization, drying and firing steps of the
metallization were also studied. The improvement in the metallization alone
has led to an increase in the efficiency of the cell and a photon conversion
efficiency of 15.26 % was obtained. Quality control studies conducted with
Ferro GmbH proved the accuracy and the efficiency of the screen printing
process carried out at GUNAM. With the improvements in other processes
like laser edge isolation, we have reached to an efficiency value of 17 % at
GUNAM Laboratories

Recent advances in PV technologies are based on new cell designs such as
back contact solar cells, buried contact solar cells, metallization through solar
cells and selective emitter solar cells. All these new technologies employ new
metallization schemes that enhance the cell performance. These new cell
designs and other new innovative approaches will be the subject of our future
studies.

Keywords: Solar Cell, Metallization, Photovoltaic Technology, Screen
Printing



Oz

KRISTAL SiLISYUM TABANLI GUNES GOZELERININ
METALIZASYON OPTIMiZASYONU

Demircioglu, Olgu

Yuksek Lisans, Mikro ve Nanoteknoloji Bolimu
Tez Yoneticisi : Prof. Dr. Rasit Turan
Ortak Tez Yéneticisi : Yrd. Dog. Dr. H. Emrah Unalan

Agustos 2011, 103 sayfa

Kristal Silisyum tabanli gunes go6zelerinin dretimi asindirma, katkilama,
tavlama, silisyum nitrat kaplama, metal kontak atma ve yakma gibi birgok
fiziksel ve kimyasal islemlerden olusur. Bu islemler arasindan metalizasyon,
g6zenin enerji ¢evrim performansi acgisindan buyik 6nem tasimaktadir.
Atilan metallerin kalitesi ve Uzerine altlik ile arasinda olusan elektriksel temas
yuzeyinin kalitesi gdze tarafindan Uretilen enerji miktari Uzerinde oldukga
etkindir. Ylksek performansa sahip bir glines gozesi yapilabilmesi igin tim
bu metal kontaklarin elektriksel direncleri, kontak direncleri, kalinliklari, atilan

elektrotlarin en ve boylari dikkatli bir sekilde optimize edilmelidir.

Bu tez galismasinda, Giines Enerjisi Arastirma ve Uygulama (GUNAM)
laboratuarlarinda kristal silisyum glnes goézelerinin metalizasyon islemleri
optimize edilmistir. Bu ¢alismada metalizasyon yontemlerinden endustride en
sik kullanilan serigrafi (elek baski) yontemi kullaniimistir. Yapilan ilk deneyler
digindaki tum optimizasyon calismalarinda endustriyel boyut olan 6 ing

(156x156 mm) ebatlarindaki silisyum dilimler kullaniimigtir.

Serigrafi yontemi genel olarak 6n ve arka yuzeyde 3 baski asamasindan

olusur ve her bir agsama rakle baskisi, rakle hizi ve maske yuksekligi gibi
Vi



farkh calisma degiskenlerini igerir. Bu optimizasyon galismalari kapsaminda
eszamanl olarak yukseklik orani, tekduzelik, kalinlik, diren¢g ve golge

kayiplari gibi farkli metalizasyon islevlerinin basarili olmasi igin ¢alisildi.

Basi optimizasyonuna muteakip olarak kurutma ve yakma islemleri Uzerine
calismalar yapildi. Bu c¢alismalar sonucunda GUNAM laboratuarlarinda
%15,26 verime ulasildi. Ferro sirketi ile ortaklasa yapilan deneyler
neticesinde GUNAM laboratuarlarinda yapilan serigrafi iglemlerinin

hassasiyeti ve kalitesi kargilastirmali olarak kanitlandi.

Fotovoltaik Teknolojilerde arkadan kontakli glines gozeleri, gébmull kontakl
gunes goOzeleri, metal delikli gines gozeleri ve segici yayicl gunes gozeleri
gelistiriimis metalizasyon temelli gbze tasarimlaridir. Bu g¢alismanin devami
olarak verim artisi saglamak Uzere bu tip yenilikgi tasarimlarin deneysel

olarak caligiimasi gerekmektedir.

Anahtar kelimeler: Gunes Gozesi, Metalizasyon, Fotovoltaik Teknoloji,

Serigrafi
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CHAPTER 1

INTRODUCTION

1.1. Increasing Energy Demand of the World

The world’s increasing energy demands causes several economic,
environmental and political problems. Natural gas, petroleum and coal are
the major energy sources that are readily available today. Figure 1.1
summarizes the increasing consumption of energy sources up to date
along with the future projections. As a result of increasing demand, unit
price of electrical energy are also increasing in liberal economy. Usages of
carbon based energy sources also promote global warming. CO, emission
rate into the nature is more than natural CO; to O, conversion and this
situation causes greenhouse gas depletion and an increase in the average
temperature of the atmosphere each year. While these economic and
environmental problems are growing, social and political problems arise in

the energy dependent countries.
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Figurel.l Increasing energy demand of the world [1]

Not only as an alternative but also as our responsibility for the next
generations, new ways of energy production should be provided. Indeed
there are several energy sources such as solar energy, wind energy, wave
energy, geothermal energy, etc. However, the critical point is the
convertibility of these energies to a common energy type, namely electrical
energy. In addition to convertibility by technology, conversion cost should be
also competitive with existing electrical energy sources.

Although all other alternative energy sources are available in different
geological parts of the world, solar energy attracts more attention because of
its abundance, availability and cleanness. With decreasing costs, increasing
efficiency and reliability of technology over the few years, it has become even

more promising for the future of our society.



1.1.1. Photovoltaic Technology and the Photovoltaic Market

Photovoltaic (PV) Technology is a semiconductor technology mostly based
on silicon (Si) material. The most important characteristic of the PV
technology is the conversion of solar energy directly to the electrical energy
without any intermediate phase. Some other advantages of Photovoltaic
Technology are:

» No moving parts: PV panels are static elements and don’t have
any moving parts such as gears or pistons found in tribunes or
wind energy generators. This difference keeps PV systems’
operating cost lower than others. For the same reasons,
systematical failures are less likely than mechanical systems.

» Environment friendly technology: during the operation of PV
panels, CO,/CO emission does not occur. In addition to zero
carbon emission, PV panels based on Si do not contain any

poisonous materials in it. Si is derived from pure sand.

» Noise free systems: PV systems do not have any noise. So it
makes PV panels usable on roof tops or city centers without any

noise pollution.

» Large/Small scale applications: there is not much economical
threshold to build up a PV system. They can be installed as a roof
top (5-6 KW scale) to supply the demand for a household or can be
installed as large scale power stations (10-200 MW scale) to

supply the demand for the city electricity.

Photovoltaic technology is known as an “expensive investment”. However,
recent reports show that the raw material prices have decreased dramatically
in recent years. Figure 1.2 shows the decrease in the cost of the raw

materials and PV Systems.



Crystalline PV Module and Polysilicon Prices
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Figurel.2 Direct relations between the decrease on both raw silicon material
and PV prices [2].

Not only solar grade Si prices but also silver metal paste prices, and
production equipment prices are also decreasing. As mentioned before,
compatibility with other electricity production cost rates is the most important
point. Figure 1.3 presents the past evolution and future estimation of the PV
electricity price in comparison with the conventional energy sources as

reported by Prof. Sach.
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Figurel.3 Projection of PV electricity prices with respect to existing grid parity

[3].

We see that photovoltaic costs decreased with the developments in the
production methods, such as application of screen printing for metallization
and some optimized chemical processes during the past 30 years. Today PV
cost per kWh is about $0.22 while retail Natural Gas electricity cost is $0.18
and wholesale Coal electricity is $0.07 in US. In Turkey, PV cost per kWs is
about $0.07-0.08 while Natural Gas electricity cost is $0.069 and coal
electricity cost is $0.01. According to the projection given in Figure 1.3, PV
electricity will be cheaper than natural gas electricity in 3-4 years and
cheaper than Coal Electricity by 2020. This projection overlaps with the
European Commission’s 2020 projection, which includes the production of

20% energy demand of Europe from renewable energy sources [4].



Increase on demand can be also seen on the amount of installed PV capacity

given in Figure 1.4.
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Figurel.4 Installed PV capacities between 2000-2011 through the world.
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The race on PV installation has continued in 2011 with an unpredicted
record. In 2011 totally 27.65 GW PV system installed all over the world. As
shown in Figure 1.4, 33% of this installation was in Italy followed by Germany

with an installation rate of 27%.
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Figurel.5 PV installation in 2011 in top countries [5].

2011 European Photovoltaic Industry Association (EPIA) Market Report
shows that Italy is number one on the PV installation in 2011, while Germany
is still pioneering in cumulative. It is interesting that Slovakia and Ukraine
have also started to install PV systems although their solar irradiation is
much less than Turkey. Despite its high solar radiation, Turkey is still not

among the major PV installing countries.

1.1.2. History and Future of Photovoltaic Technology

Light-Matter interaction has always been an interesting subject in physics. It
was first observed by Edmund Becquerel in 1839 [6]. However, this
phenomenon was first described by Einstein in 1923 as Photoelectric Effect
[7]. Although first single crystalline structure was produced from Si in 1918,
first p-n junction was fabricated on germanium crystal. First prototype Si solar
cell was produced in Bell Laboratories in 1955. In the following years
Hofmann Industry started to produce first solar cells to use them in space
industry. In the next 20 years, space industry was the only target for
photovoltaic industry [6]. Only after the start of the new century, PV cells
were seen as an alternative to the conventional fossil fuels for large scale
7
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energy production. Thanks to the various incentive mechanisms introduced
by developed countries and intensive research and development activities

that have led to dramatic cost reduction.

In this journey many milestones were reached and new ones were set up.
For instance, reducing the thickness of wafer enhanced the V. (Open Circuit
Voltage) of cells. By this way, first crystalline thin film Si solar cell and
amorphous Si solar cells were fabricated. First commercial amorphous Si

solar cells were in the market by 1981 [8].

Today, with the help of material science, a lot of photovoltaic materials and
devices have been designed and produced. Some of them have found
shares in the commercial market. The market shares of the present PV
technologies are shown in Figure 1.6. As seen from this figure, solar cells
based on, crystalline or amorphous Si, heterojunction structures, CIS(Copper
Indium Selenium), CIGS(Copper Indium Gallium Selenium) are available in
the commercial market In addition to those shown in Figure 1.6, new
materials based on dye sensitized composites and polymers are being
heavily studied to fabricate so-called Dye Synthesized Solar Cells (DSSC)
and organic solar cells, respectively. Some of these new designs have

already been commercialized in recent years [8].
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Figurel.6 Solar Cell Shipments in 2010

The crystalline Si (c-Si) solar cells overwhelmingly dominate the PV market
today due to proven reliability, stability in harsh environment for many years
and high efficiency. Intensive research efforts have been spent on the
improvement of c-Si solar cells. In spite of these improvements created by
scientific and industrial research activities, there is still a room for further
improvements. Present world record for Si solar cells is at around 25%,
which is well below the theoretical limit (known as Schockley-Quessier limit)
of 35% for c-Si. This difference can be reduced with research focused on
reducing loss of carriers generated by the solar radiation. One of the issues
is to eliminate the losses due to the metal contacts to collect the charge
carriers. Metal contacts cover the front side and the back side of the cell and
provide the connection between the solar cell and the outside world. They
play a critical role in transferring the generated carriers to the outside
circuitry. Any problem caused by the metal contacts such as excessive series
resistance, and shadowing effects on the front side, may lead to a reduction
of the cell efficiency.



1.1.3. Photovoltaic Technology Types

Over the past 30 years, different photovoltaic technologies have been
developed. While c-Si solar cells are still dominant in the market, thin film
technologies, organic and dye sensitized solar cell are also promising. Some
of them have been commercialized and some of them are still under research

in laboratories and waiting for further developments.
1.1.3.1. Crystalline Silicon Photovoltaic Technology

c-Si cells dominate most of the world market by more than %85 [9]. Reliability
of the technology, low production investment and slowly increasing
efficiencies make this technology popular. c-Si PV cells are divided to in sub
categories based on the crystallinity of the wafer: mono-crystal and multi
crystal. Mono-crystalline wafer means that the entire wafer is in a single
crystal form edge to edge. Multi-crystalline wafer consist of different
crystalline domains with different crystal orientation. Although the boundary
regions between crystalline domains decrease the cell efficiency, low
production cost of multi crystalline wafers makes this material competitive to

the mono crystalline wafers.
1.1.3.2. a-Si Thin Film Photovoltaic Technology

Instead of using bulk Si crystal, thin film Si is also a good alternative to
convert solar energy to electrical energy. Si crystal is the major cost item in
solar cell production. For this reason reducing the amount of Si is necessary
to reduce the solar cell costs. The reduced thickness of the Si brings some
disadvantages such as low light absorption. For this reason p-i-n structure is
developed including intrinsic Si layer between classical p-n junction. By
optimizing the crystallinity of the deposited thin film Si layers, it is possible to

adjust band gap of the material between 1.7-2.1 eV [10]
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1.1.3.3. CIS and CIGS Solar Cells

With the development of thin film technology, different thin film photovoltaic
devices have been developed. Copper Indium Selenide (CIS) and Copper
Indium Gallium Selenide (CIGS) solar cells are also known as chalcopyrite
solar cells because of their chemical structure. Today the most efficient thin
film solar cells in the market are CIGS solar cells [11]. Direct band gap of the
CIGS make them special with respect to Si solar cells. In addition, since
CIGS solar cells can be deposited onto flexible substrates, new application

areas are possible for this PV type.
1.1.3.4. CdTe Thin film Solar Cells

Cadmium Telluride (CdTe) material is another popular material which is used
in PV industry. Low cost and high solar absorption with a band gap 1.5 eV
makes it a popular commercial product in the market. CdTe solar cells
consist of CdTe substrate and Cadmium Sulfide (CdS) emitter layer to create

p-n junction.
1.1.3.5. Dye Sensitized Solar Cells (DSSC)

Dye sensitized solar cells are excitanic solar cells with very low production
costs. Although their efficiencies and lifetimes are very low, ease of
production makes this technology commercially attractive. It is possible to
make those cells semi-transparent and colorful. So, DSSC technology has an
esthetic advantage for variable applications.

1.1.3.6. Organic Solar Cells

As it is in all R&D branches, polymers are convenient to produce photovoltaic
devices. Although they have a major problem like light induced degradation,
organic solar cells provide a promising technology for the near future of
photovoltaic industry. There are different types of organic device designs with
different polymer materials. Main problem about organic solar cells are their
low quantum efficiency and instability problems of the materials [12].

11
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1.1.4. Summary of the thesis

This work focuses on the various aspects of the metallization processes used
in the production of c-Si solar cells. In Chapter 2, we summarize the basics of
solar cell operation, basics production steps of c-Si solar cells and basic
knowledge about the metal contacts to c-Si solar cells. In Chapter 3,
experimental setup, equipment and their technical properties are introduced.
Optimization studies on screen printing processes and firing processes are
given in Chapter 4 in details. Results of optimization studies and cross
experiment which are performed in Germany and GUNAM are also
discussed in Chapter 4. In Chapter 5, conclusions based on the results

obtained from the experiments and future works are presented.
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CHAPTER 2

PROCESS OF METALLIZATION IN THE C-SI SOLAR CELL
TECHNOLOGY

2.1. Basics of Solar Cell operation

A solar cell device is a large area electronic diode formed by combining p-
type and n-type Si materials [13]. The formed p-n junction creates a built-in
electric field which plays a key role in the diode operation. The current-

voltage (I-V) characteristics of a p-n junction diode under illumination is given

by

I=1, eV ™ —1 — [, Eqgn. (2.1)

where |y, is the photocurrent generated by illumination. The I-V curves

corresponding to dark and illuminated conditions are given in Figure 2.1.
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Figure 2.1 Ideal |-V curve of a diode under dark and illuminated conditions
[14].

The 1-V curve shifts under illumination because of the photogenerated
carriers inside the semiconductor material. These photogenerated carriers

are the basis for the power generation in a solar cell.

In order to characterize a solar cell, the 4™ quadrant of I-V curve is studied.
When this quadrant is reversed and sketched seperately, the classical solar

cell I-V curve is obtained as shown in Figure 2.2.

Basic electrical parameters of a solar cell are open circuit voltage (Voc), short
circuit current (Isc), maximum power point, maximum power voltage (Vimp) and
current (Imp), fill factor, efficiency, series resistance and shunt resistance. All
of these parameters can be seen or derived from the I-V curve of the solar

cell.
Basically these properties are;

» Open circuit Voltage (Voc): Voc is the voltage obtained from the cell
when there is no current flow over the cell and load [15]. Voc of a
14



standard c-Si solar is between 0.61-0.62 volts. However, this voltage
decays with increasing current as seen Figure 2.2.

» Short Circuit Current (Isc): This is the current obtained when the solar
cell is short circuited [15]. The voltage difference between the
terminals of the cell is zero under this condition. Short circuit current
can be found from the intersection of the curve with vertical axis.

» Maximum power point: Electrical power of the cell is the multiplication
of output voltage and output current. The maximum power point is the

point at which IxV has the maximum value.
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Figure 2. 2 An example of a solar cell I-V curve [16].

» Maximum power point voltage (Vwp): It is the voltage when maximum
power is obtained from the cell. This voltage is important when the cell

is connected to a load.
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» Maximum power point current (lyp): It is the current when maximum
power obtained from the cell.

» Fill Factor(FF): Fill factor is the ratio of peak power to (VocXlsc) [16].
Fill factor is a measure of the quality of the solar cell. Fill factor

approaches 100% when the solar cells approaches ideal conditions.

Max. Output Power Ve x 1
= P x 100 = 22— + 100 Eqn. (2.2)
Voc x Isc Voc x Isc

» Efficiency: There are different efficiency definitions; but, most basic
definition is the ratio of the electrical output power to the optical
ilumination power. Efficiency of a solar cell is usually given under
specific radiation conditions. The most widely used standard for the
radiation is so-called AM1.5 condition which correspond to a total
power of 1000 W/m?. The spectral distribution of the light source used
for this purpose should have the same properties as the solar
radiation. Solar simulators, which are used in this study are calibrated
to AM1.5 conditions.

Max. Output Power

Eff = Eqn. (2.3)

Illuminated Optical Power

» Series Resistance (Rs): Seri consist of three different resistance
mechanisms: contact resistance in metal-semiconductor interface,
ohmic resistance in metal contacts and ohmic resistance in

semiconductor material [16]. It is defined as

Rtotal = ZXRC + Rm + Rsemi Eqn (24)

where R. is contact resistance, Ry, is the resistance of metal contacts

and Rsemi is the resistance of the semiconductor material.
16



» Series resistance of a cell can be calculated from the vertical part of
the 1-V curve as shown in Figure 2.3.

» Shunt resistance (Rsp): Shunt resistance is the resistance of the cell
against reversed leak currents. Reason of the leak currents are edges
of the cells, interruptions in p-n junction or overdiffusion of front metal
contacts through the junction. Shunt resistance of a solar cell can be
calculated from the relation:

Rsy = A at V=0 Eqgn. (2.5)

» It can be calculated from the horizontal part of the I-V curve as shown
in Figure 2.3.
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Figure 2. 3 Effect of Rs and Rsy on solar cell I-V curve [17]

2.2. Basic Production Steps of Crystalline Silicon Solar Cells
In this section a summary of basic process steps in c-Si solar cells is given

for the sake of completeness. A more detailed description of the metallization

is provided as a background of the topics studied in this thesis work.
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Figure 2.4 Process chain of c-Si.

The process flow chart for the c-Si solar cell fabrication is shown in Figure
2.4. All of these processes can be carried out at the GUNAM facilities. Most

of them have been optimized to obtain high efficiency solar cells.

2.2.1. Saw Damage Etching

At the beginning of the production, c-Si is grown as ingots by either so-called
Czochralski or float zone technique. To obtain wafers, these ingots should be
cut into thin slices. Generally wire cutting method is used to obtain wafers.
However, this cutting process damages the wafers surface in micro level.
Sodium hydroxide (NaOH) or potassium hydroxide (KOH) based chemical
solutions are commonly used these damages after the wire cutting process
[18].
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2.2.2. Surface Texturing

Light trapping is needed to enhance the light absorption in the bulk Si. The
most common light trapping method is the surface texturing by creating
pyramids on the surface. Reflected light from the surface of a pyramid,
travels to another pyramid instead of reflecting directly into the air as it is on a
flat surface. Second reflection of the light increases the amount of absorbed

solar energy.

Creation of surface pyramids are done by wet chemical process: anisotropic
KOH etching. KOH etches (100) and (110) surfaces of the Si crystal with and
higher rate with respect to (111) surface. By the anisotropy of this etching, it
IS SO easy to create pyramids with (111) surfaces. Density of these pyramids
should be optimized with KOH solution, etching time and etching

temperature.

2.2.3. Doping

Doping is the main step of solar cell production. Si is 4A group element.
Doping Si with boron (3A Group) makes it p-type, while doping with
phosphorous (5A element) makes it n-type. By the junction formation with p-
type and n-type regions in Si, an electrical field forms. This electrical field
separates the generated electron-hole pairs from each other and creates the
generated photo carriers. A schematic representation of p-n junction
formation and the energy band diagram are shown in Figure 2.5 and Figure
2.6, respectively. The flow of photo-generated carriers is also indicated in

Figure 2.5.
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In c-Si solar cell industry, generally p-type wafers are used initially and p-n
junctions are created by the phosphor diffusion in thermal PVD systems.

Rarely solar cells based on n-type solar cells are produced.

2.2.4. SiN coating

In this step, the front surface os the doped Si wafer is covered by SiNx layer
(x can be varried depending on the required referactive index). There are 2
main functions of SiNx layer on the front surface. The first one is to reduce
the reflection from the surface, providing further light trapping. Since
refractive index of the SiNx is between refractive indexes of Si (3.4) and air
(1), this layer reduces the reflection of sunlight. For the optimum absorption
of solar irradiance, reflection coefficient of the SiNx should be in the range of
1.8-1.9 [19]. Since this coating is not successful to trap the light with blue
wavelengths, we see the solar cells in blue color. Second function of the SiNx
layer is front surface passivation. Dangling bonds on the surface generate
energy states that cause recombination of excited charge carriers.
Recombination reduces the electrical current obtained from the absorption of
the sunlight. This loss can be reduced by filling these dangling bonds by the
atoms of a passivation layer. SiNx acts as a good passivation layer for n-type

front surfaces.

2.2.5. Metallization

Metallization creates electrodes on p-type and n-type layers of the cell.
Different metallization methods and materials are applicable for the c-Si solar
cell production. However, most common metallization method in solar cell
industry is the screen printing method. Different metals and patterns can be
used to create front and rear metal contacts. Firing step should be applied
after all printings to induce diffusion of metals into the Si and removing
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solvents inside the paste and solidification. Details of the equipment and
metallization processes will be covered in Chapter 3.

2.2.6. Edge Isolation

Edge isolation is a necessary step to prevent shunt currents throughout the
edge of the Si wafer. Since doping process applied on the front side, back
side and edges of the wafer, electrons generated from the emitter layer can
flow to back electrode through n-type doped wafer edges. However, the main
purpose of the cell is directing the electron flow to back electrode through the
circuit. To block shunt currents, front side and rear side of the cell should be
isolated. There are several ways to make this isolation. Laser scribing,
chemical edge etching and plasma edge etching are common methods for
edge isolation.

2.3. Metallization of c-Si Solar Cells

Metallization provides electrical contacts between the solar cells and external
load. The most common metallization method is screen printing, which is a
suitable method for industrial scale mass production. Rear side of the cell is
fully coated by aluminum (Al). With the diffusion of Al (which is a p-type
dopant for Si) from the printed Al layer, n-type doped region is converted to
p-type again. By this way, p-n junction remains only on the front side. Also
diffused Al on the back side of wafer creates Back Surface Field (BSF) to
reduce recombination rate on the back side. In addition to the Al coverage,

silver/Al bars are printed to enable soldering for external connections.

Front side metallization is a little bit more complicated. A silver (Ag) paste is
used instead of Al to keep front side n-type. Full coverage of the surface is
not possible to allow light entrance into the cell body. For the front surface

metallization, different metal patterns have been used. The most common
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pattern, H-bar pattern, consists of fingers and busbars (see Figure 2.9). All
dimensions of fingers and busbars should be optimized to minimize series

resistance, contact resistance and shadow effect.

Firing step should be applied after all printings for the diffusion of metals into
the Si and removing solvents inside the paste and solidification. Firing
temperature profile is very sensitive and hard to obtain with convenient

furnaces. So, generally belt type furnaces are used for firing.

2.3.1. Metallization Methods

2.3.1.1. Screen Printing

Screen printing is one of the oldest printing methods. Several industries such
as textile and glass manufacturing also use screen printing method. Solar cell

industry requires more complex and accurate printing than other industries.

Screen printing method consists of a screen with a pattern formed by regions
transparent to the paste applied to it. To print a pattern on a substrate, a
squeegee is used to force paste through the screen onto the substrate.
Details of the system basics can be seen Figure 2.7.
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Figure 2.7 Schematics of screen printing method. General view of the screen

(a), Cross section view of screen printing system before (b) and after (c).

Squeegee pressure, squeegee speed, snap off between screen and
substrate, operation temperature and separation speed are some of the
parameters used for the optimization of the printing quality. This process

should be done in a climatically controlled room.
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Disadvantage of this method is low aspect ratio. Cross section of a screen
printed finger (line) on a substrate looks like the one shown in Figure 2.8 (a).
To reduce the shadow effect, line width should be small. To reduce series
resistance, the line cross section area should be high. For this reason, lines’
height should be high while the width is small. However, it is usually not
straightforward to obtain both conditions in the same system and in most

cases, an optimum process condition is used.

<&
Y
4.$_V
Substrate Substrate
(a) (b)

Figure 2.8 Cross sectional view of a screen printed line. (a) Realistic cross
section. (b) Ideal cross section to reduce both series resistance and shadow
effect.

Aspect ratio of a finger is the ratio between height of the finger and width of
the finger. Average aspect ratio that can be obtained with screen printing is

maximum 0.20-0.30 levels.

height y
== Egn. (2.6
width x an. (2.6)

Aspect ratio =
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2.3.1.2. Electroless Plating

Electroplating is a common method for semiconductor device fabrication.
However, in mass production applications, electroless plating is more
convenient. Contrary to the screen printing, electroless plating is a chemical
method. Solar cells are dipped into a solution where a reduction reaction
takes place. In this way, dissolved metals are plated on the surface of solar
cell. Patterned plating is possible by scribing SiN layer by laser. Plating occur

only on scribed Si surfaces, not on SiN surface.

This method is used for filling the grooves of buried contact solar cells.
Buried contact solar cells provide high aspect ratios. By electroless plating

method, silver and Ni/Cu plating can be done for front contact metallization.

Disadvantage of this method is the difficulties in the control of chemical
reactions. Due to its low cost and good electrical resistivity, copper is
preferred for plating applications. However, because of high diffusivity of
copper, nickel layer is first plated under copper as a diffusion barrier.
However pinholes in the Ni barrier may cause high copper diffusion through

the junction causing loss of generated carriers.

2.3.2. Front Metallization

In metallization process, there is room especially for improvement for front
metallization design. Different metallization patterns, metal contact formation
styles and innovative approaches are available. In this section, some of these

will be covered briefly.

a. Standard H-Bar design

H-Bar design is the most common design used in c-Si solar cells. As
shown in Figure 2.9, it consists of fingers (thin lines) and busbars (thick
lines). Number of fingers varies between 65 and 75, while number of

busbars can be 2 or 3.
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Figure 2.9 Different schematic versions of H-bar front contact designs. (a)
Standard H-bar design with 2 busbars, (b) Standard H-Bar design with 3

busbars, (c) H-bar design with busbars at edges.

b. Metal Wrap Through design

Metal Wrap Through (MWT) structure doesn’t include linear fingers or
busbars on the front surface. Fingers and busbars in standard H-Bar
design cover approximately 8% of the total cell surface. This covered
surface blocks the light on metals and reduces the cell efficiency. Purpose
of MWT design is to remove the busbars from front surface and thus
increase the regions exposed to the sun radiation. In MWT design, the
current collected by fingers are carried to back surface through the holes

on the wafer. These holes are generally opened by laser pulses.
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Figure 2.10 Metal Wrap Through Design, (a) Photograph of a MWT Solar
Cell manufactured by Solland Solar [20]. (b) Schematic cross section view of
a MWT Solar cell

As seen in Figure 2.10(a), there are no busbars in front of the solar cell.
Fingers are not linear and optimized for minimum shadow effect. In
Figure 2.10(b) it is shown that front metal contacts moved to back side
through a hole on the wafer. Consequently, both negative and positive
electrodes are on the back surface. This design provides a technical
advantage for soldering the cell to each other during the module
production. Furthermore, series resistance losses can be reduced in this

approach.

c. Buried Contact Solar Cell (BCSC) design

As mentioned in Section 2.3.1.1, aspect ratio is the most important issue
in finger printing. Thinner fingers improve the active surface area while
increasing series and contact resistance. Buried contact design provides
higher aspect ratios. BCSC includes a laser or mechanically opened
grooves on the front surface under fingers and busbars as shown in
Figure 2.11.
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Figure 2.11 Schematics for (a) a standard screen printed solar cell cross-

section and (b) buried contact solar cells cross-section

The aspect ratio of fingers in BCSC is higher than standard fingers. In
addition, contact area between semiconductor and metal is larger, leading to
a low contact resistance. Highly doped region under fingers add BCSC a
selective emitter property.

Disadvantage of this design is the alignment procedure needed during the
screen printing step. Unfiled volumes under metal may also cause
recombination of carriers, which can be an important loss. For this reason

electroless plating is chosen to form front contacts of BCSC.
2.3.2.1. Mathematical Description of the Metallization Pattern

There are two main loss mechanisms due to the front metallization: shadow
losses and resistive losses. Antonius Radboud Burgers analyzed these loss
parameters in his Ph.D. thesis [21] and optimized H-Bar grid pattern for test
conditions and yearly yield.

Shadow losses: Front contact grid covers approximately 8% of the full cell
areas both on 4” and 6” wafers. Fingers and busbars of this grid have definite
length and width to reduce the contact resistance. The shadow loss due to
the metal coverage can be calculated easily by considering the total area of
fingers and busbars. As defined by Burgers, the parameters of the
metallization is shown in Figure 2.12.
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Figure 2.12 Dimensions of fingers and busbars on solar cell.

When the full metal contact area is calculated shadow loss due to busbars is:

_ (1 —t)We
Shadow loss due to busbars = pg, = —w Egn. (2.7)
c

,while n; is number of busbars, t, is effective busbar transparency, W; is
busbar with and W, is cell width. Shadow loss due to fingers is defined

similarly:

Eqn. (2.8
S gn. (2.8)

Shadow loss due to fingers = pgr =

,while t; is effective finger transparency, W is finger width and S is finger

distance. Therefore, total shadow loss is:

Total Shadow loss = pgp, + Psy — PspDsy Egn. (2.9)
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Resistive Losses: Resistive losses result from the finger resistance, emitter
resistance and contact resistance. There is a trade-off between resistive
losses and shadow losses. When finger width increases, series resistance
decreases while shadow loss increases. A balanced geometry should be
optimized for the best efficiency. Martin Green formulized the resistive losses

as described in Table 2.1.

Table 2.1: Resistive losses according to M. Green [22]

_ Total Loss
Loss in: 5
(Qm°)
. B?S
Finger Tplf
2
Emitter Ps1S
12
2
Tab Pt ZBLb
3
S
Contact P>
Wy

2.3.2.2. Experimental Approach to Front Surface Metallization

Optimization of front surface metal contacts depends on process parameters
and laboratory conditions such as doping concentration, printing screen,
printing paste viscosity, firing tool, lab temperature, etc. Some of the
requirements are hardly met with the present screen technology and
available metal pastes. For instance, achieving high aspect ratio is the most
important goal and the screen printing technique has limitations in reaching
very high aspect ratios. Maintaining homogenous and continuous finger
printing is another experimental challenge. As D.Erath et al. reported [23],

fingers are not homogenous through the cell due to the inhomogeneous
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mesh structure of the screen. As shown in Figure 2.13, finger height varies.

The region with lower metallization causes high series resistance.
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Figure 2. 13 Finger height profiles of GUNAM cells measured in FERRO
GmbH Labs

Gaps caused by broken Ag lines or defects on the surface are also important
in collecting the generated carriers from the whole surface. Contamination in
the metal paste or on the screen may result in the formation of the gaps in
the finger lines. These gaps can be seen by eye or by electroluminescence
systems. As shown in the Figure 2.14, points at which dark lines start, are the
gaps of fingers. Since there is no contact to busbars, luminescence does not

occur on these lines. Dark fingers can be assumed as not working.
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Figure 2.14 Electroluminescence image of a standard GUNAM Cell with 16%

efficiency.

Another critical issue is the diffusion of Ag paste through the SisN,4 layer.
Front surface of the solar cell is coated by nitrate. Between the nitrate and Si
wafer there is another silicon-glass layer which is created during production
steps. Front contact paste should diffuse through the silicon-nitrate and
silicon-glass layers and reach the n-type region. On the other hand, too much
diffusion will cause the Ag atoms to pass through the n-doped region and
shorts the p-n junction. For this reason, the optimization is critical for the
firing process. In the study reported by G.Schubert et al. [24], optimum firing
temperature is given as 836 °C with an IR belt furnace. However, in this
study, a resistive furnace system was used, and therefore, all firing
parameters such as peak temperature, temperature profiles of zones and belt
speed were optimized. Another detailed research on firing parameters was
done by T.Kwon [25].

In this study, printing optimization steps were extensively studied. As a part
of the study, we collaborated with Ferro GmbH Labs in Hanau, Germany and
visited their Lab in order to do simultaneous experiments. The details of the

experiments conducted in Germany are discussed in Section 4.6.
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2.3.3. Back Surface Metallization

Back surface metal contact printing is the simpler as compared to the front
contact metalization. The most of the back surface is coated by Al paste to
collect charge carriers. However, since Al is not a suitable material for
soldering during module production, two busbars are seperatly printed on
back side. These busbars are generally made from Al/Ag mixture or Ag
paste. Busbars and some problematic points caused by firing furnace belt are

shown in Figure 2.15.

Rear Busbars

Projected pattern
of Firing Furnbace
Low quality belt
printing at the

edge of waf

Figure 2. 15 Back surface metallization of a standard 6 inches c-Si solar cell.
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Metallization with Al has several important functions on the back surface:

Back Electrode: main function of the Al is to collect generated charges

all over the surface. Since there is no light injection, the back surface

is coated with Al.

Removing the emitter surface on back side: Doping process is not

selective. In doping furnace, both front and back surfaces are n-type
doped. However, in solar cell design only front surface should be n-
type emitter. For this reason n-type layer on the back side should be
removed or converted to p-type. Since Al behaves as a p-type
material, when it diffuses into the Si, this unwanted emitter layer

vanishes.

Back Surface Field: semiconductor-metal interface acts as an effective

recombination region on the back surface. The photo-generated
carriers recombine at the interface through the defect states. During
the high temperature firing process, printed Al diffuses into the Si and
creates a gradient of p-type region. This gradient creates an electric
field (called back surface field) that pushes the minority carriers away

from the interface, making the recombination less probable.

Back reflection: to get high energy conversion efficiency, all photons

should be absorbed by the Si wafer. Although Si wafer is thicker than
absorption depth of the light in silicon, some photons can still reach to
back surface without being absorbed. Since Al is a good light reflector,
all of these photons can be reflected back to the bulk Si. The back
reflection increases the quantum efficiency of the solar cell.

There are several problems encountered during the metallization of the back

surface of the wafers. First one is bump creation on the Al layer. After firing

process at about 830°C, bumps on the surface can be observed. This

problem depends on the paste’s bump resistance and temperature profile of

firing furnace. Details of this problem are studied by S.Park [26]. Another
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issue is the homogeneity of the Al layer printed over a large area. An
example of the problem can be seen on Figure 2.15.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1. Metallization System (Screen Printing)

3.1.1. Screen printer

Screen printing is the most common technique for metallization of solar cells.
The basic principle of the technique is explained in section 2.3.1.1. During
this study a lab type screen printer manufactured by ASYS was used in
GUNAM laboratories. The printer is an ASYS X1 SL model screen printer
with manual load and unload, which is also compatible with different size

wafers and adjustable printing parameters.

Figure 3.1 a) Photograph of screen printer used in this work, b) snapshot of

the system software
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The system operation is fully computer controlled. A snapshot of the printer

software is shown in Figure 3.1b. Since the critical processes of the solar cell

production are already completed at this point, the metallization process does

not require a clean room environment.

Screen printing is very important for the fabrication of high efficiency solar

cells. The quality of the printed metal contacts depends on several

parameters such as printing speed, printing pressure, snap off etc. These

parameters are:

Squeegee Speed: Squeegee is the rubber apparatus, which swaps
the metal paste on the screen. Speed of the squeegee is the most
important factor for the quality of the printing. Speed can be adjusted
between 0-200 mm/s.

Squeegee pressure: Squeegee applies a pressure onto the screen for
the diffusion of the paste through the screen. This pressure can be
adjusted between 0-4 bars with our instrument.

Snap off: Wafer and the screen are not in contact position during
printing. There is a gap between them and this gap is called snap off.
(See Figure 3.2) This parameter is important to determine the amount
of paste which will be diffused. Snap off can be adjusted between 0-5
mm.

Separation Speed: After printing the paste, metal fills the gap between
screen and wafer. Since the paste is still in aqueous form in this step,
separation speed is important to keep paste homogenous.
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Figure 3.2 Shematic showing squeegee pressure, squeegee speed

and snap off

3.1.2. Metallization Masks

We have designed the printer masks using a drawing program and
manufactured them at by SSF Company [27]. Generally different masks are
used for a standard solar cell metallization. The metallization process is as
follows: first mask is used for back surface busbars. It consists of parallel
busbars formed by Ag or Ag/Al mix pastes. The purpose of these busbars is
to enable us to solder wires to the back contact of the cell. This will make it
possible to connect cells to each other. The second mask is to cover the
most of the back surface area with Al paste. Since total printing area is very
large for the Al metallization, homogeneity is very important in this step. Final
mask is the front contact metallization mask. It is used to form 65-75 fingers
and 2-3 busbars with Ag paste. Schematic of all these screens are shown in
Figure 3.3. A photograph of a mesh with emulsion is given in Figure 3.4.

39



| ‘ ‘
-

\

/

(@)

(b)

\

Figure 3.3 a) Back busbar mask, b) back aluminum mask, c) front Ag Mask.

Black areas are mesh openings

In addition to mask opening designs, masks’ mesh parameters are also

changing. Variable parameters are mesh count (number of wires per inch),

wire diameter, emulsion thickness, tension, tension angle and photo plot

resolution. The mesh parameters of the masks that are used in this study are

given below:

Table 3.1 Properties of masks which are used in this study.

Mesh Wire Emulsion Tension Tension Plot

Mask Count Diameter Thickness [N/em] Angel  Resolution
[um] [um] [degree] [dpi]
Back 200 40 5+2 2842 225 10000
Silver
Back 200 40 5+2 2842 225 10000
Aluminum

il 280 25 1542 2842 225 16000
Silver
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Figure 3.4 Sample image of a screen printing mesh [28].

3.1.3. Metallization Pastes

Producing the paste form of a metal is a special process and it is out of the

scope of this thesis. Al paste, Ag paste and Ag/Al mix pastes with different

viscosities are being used in the solar industry. Generally, each product has

its own data sheet that includes firing recipes. Throughout this this study, we

have developed some key methods to use with these pastes.

Conservation of paste solvents: Pastes include metal molecules, resin
and some other solvents. These resin and solvents are volatile at
room temperature. To keep these resin and solvents stable, pastes
should be stored in a closed container immediately after printing and
the lid of the box should be sealed with electrical tape.

Homogeneity of the pastes: Especially in university labs, pastes may
wait for a long time between each process. Therefore, separation of
solvents and the metal can be seen. When this happens typically the
metal particles precipitate to the bottom. To avoid precipitation, pastes
should be stirred on a roller over night before the printing process.
Room air conditioning: Optimum room temperature is about 20-25°C
for screen printing. Higher temperatures may cause evaporation of the
resin and solvents of pastes while it is on screen. Especially Ag pastes
are very sensitive to ambient temperature. If any paste dries on the

screen, it blocks the mesh openings and that causes printing failure.
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In this study pastes from Ferro GmbH are used. These pastes are PS 2130
for back Silver, NS 3116 for front silver and AL 5130 for back Aluminum.

Ingredients of these pastes are characterized with Electron Dispersive X-Ray
(EDX). According to EDX results, Al paste include C, O, Al, Si, K, Ti and Co
while silver paste include C, O, Mg, Ag, K, Fe and Pb. It is known that there
are some organic and inorganic volatile compounds in the pastes. It is hard
to detect polymers in the pastes. Generally they are commercial secrets.
Only effect of the firing to the pastes is observed with EDX analysis. Details

of the test will be given in section 4.5.

3.1.4. Drying Furnace

Pastes reach their final solid phase after firing. However, all 3 printing steps
should be done before the firing. To keep printed paste on the wafer without
any damage during successive printing processes, a simple drying step after
each printing should be applied. This step does not require high temperature.
IR belt furnace or box type furnaces can be used for this process. In this
study, we have used a box type furnace made in Turkey. It is capable of
heating up to 250°C. There is a fan inside the furnace to obtain
homogeneous heat distribution and an exhaust to remove evaporated

solvents from the paste.

3.1.5. Firing Furnace

Firing is the most important and critical step of metallization process. There
are several functions of this step such as metal solidification, back surface
field creation and metal diffusion into the emitter layer. Details of these
functions are described in Section 2.3. The key point about the firing is that
the wafer temperature should rise to 850-950°C very rapidly and followed by

a rapid cooling down to room temperature. This kind of rapid heating and
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cooling is not possible with standard tube or box furnaces. Therefore, belt
furnaces with at least 3-4 heating zones are used for the firing process. The
furnace, which we have used in this study, has 7 heating zones. Belt speed
can be adjusted for each zone and the position of the wafers can be

monitored by a computer.

All metallization pastes have their own firing temperature profiles described in
their datasheets. An example of sample firing temperature profile is given in
Figure 3.5. However, these temperatures may not be applicable to all cases
because the performance depends on other parameters like process room
conditions etc. For example, generally solar cell firing furnaces use IR
heaters since control of IR heaters is easier than the resistive heaters.
Moreover, IR heaters heat the wafers by radiation not by convection, so
energy per square meter is constant in IR heaters. In our lab, we used a
resistive furnace shown in Figure 3.6. As a consequence, we had to optimize

all firing parameters from the beginning.

850

800

750

Temperature

700

Zone 1 | Jone 2 | fone 3
Heating Zones

Figure 3.5 Recommended sample firing temperature profile [29]
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Figure 3.6 a) Photograph of firing furnace used in this study and b) a

snapshot of the control software.

3.1.6. Solar Simulator

Electrical characterizations of the cells were done with a solar simulator
manufactured by QuickSun. It is a flash lamp simulator, which is calibrated to
A.M. 1.5 conditions. We can measure 4 inch and 6 inch solar cells with 2 and
3 busbars. Fully computer controlled simulator gives most of the electrical
properties discussed in Section 2.1. Simulator makes self-calibration with its
internal reference solar cell and makes temperature correction according to
the room temperature. Photograph of the simulator and snapshot of the

software can be seen in figure 3.7
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Figure 3.7 Photograph of solar simulator and snapshot of the simulator

software

3.2. Contact Resistance Measurements

At the beginning of the metallization optimization study, contact resistance
measurements were done with both Al and Ag pastes. Details of the theory of
contact resistance measurement methods are given in several graduate
studies [30] [31]. Although other approaches are possible, Transmission Line
Method (TLM) is usually chosen to determine contact resistance between
metal and semiconductor. The contact resistance between a metal layer and
the underlying substrate is given by

R
RC=M ifd> 2 Eqgn. 3.1
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,where Rsheet is resistance of the semiconductor, p. is contact resistivity, L is

width of the metal contact, d is distance and A is penetration length [32].

In the TLM method, the contact resistance is derived from the relation
between measured different resistances from different lengths. TLM pattern
can be seen in Figure 3.8. All data taken from the pattern sketch on the
graph and extrapolated curve gave the twice of the contact resistance where
the curve intersect with y axis. A sample graph is given in Figure 3.8.
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Figure 3.8 a) Contact geometry and b) Sample TLM Graph [32]

To make TLM pattern on Si wafers, screen printing method is applied in order
to study the case for standard solar cell process. We designed and produced
manual screen printing mask and manual printing setup for this purpose. As
shown in Figure 3.9, three different TLM patterns were designed and a
screen printing mask, which includes 30 copies of the pattern was prepared.
The purpose of multi-patterned mask is printing many patterns on 6 inches
wafers. Designed patterns and prepared mask can be seen in Figure 3.9 a
and b respectively. By comparison, it is seen that pattern X and Y give the
same contact resistance value. Since pattern Z is too small, result of this

pattern is not reliable. We decided to do all measurement with pattern X.
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Figure 3.9 Contact resistance measurement used in this work. a) TLM

pattern, b) manual screen printing mask and ¢) manual screen printing setup
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CHAPTER 4

OPTIMIZATION OF FRONT&BACK SURFACE
METALLIZATION OF c-Si SOLAR CELLS BY SCREEN
PRINTING

4.1. Introduction

Throughout this study, many test samples were prepared and measured.
They were prepared by standard solar cell production methods, which
include saw damage etching, surface texturing, doping and anti-reflection
layer (SisN4) coating. Details of these processes can be found in the previous
graduate study carried out at GUNAM [19]. In this work we have studied all

aspects of the screen printing based metallization process.

4.2. Contact Resistance

Contact resistance between a metal layer and the underlying substrate is
found from the expression given by equation 3.1 in previous chapter.
Variables that can affect the contact resistance are drying temperature,
drying time, firing temperature and firing furnace belt speed. After drying and

firing processes, samples were measured by four-point probe method.
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4.2.1. Dependence of Contact Resistance on Drying Process

Al and Ag pastes were studied with different drying temperatures and drying
times. The contact resistance results are shown in Figure 4.1. Data displayed
in these figures represent an average of 5 different measurements. All
samples were fired under 850°C with 100 mm/s conveyor speed. Since firing
process was not optimized in this step, these firing parameters were chosen

arbitrarily.

We see that the resistance values are very low as desired with a small

variation.
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Figure 4.1 Contact resistance of Al paste on Si wafer as a function drying

temperature and time.
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Figure 4.2 Contact resistance of Ag paste on Si wafer as a function of drying

temperature and time

From this result, we can conclude that the temperature and the duration of

the drying process have minor effects on the contact resistance values.

We must however note that excessive drying might cause over evaporation
of solvents from the paste that can result in problems during the firing
process. Based on these observations, we have concluded that 5 minute

drying is enough for both Al and Ag pastes.

4.2.2. Dependence of Contact Resistance on Firing Process

Most of the pastes have their own firing recipe for a standard firing furnace.
Since our firing furnace is not a standard furnace, we optimized all firing
parameters thoroughly. Firing parameters such as firing profile and conveyor

speed might affect electrical properties of the metal layer and its contact
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resistance with the underlying layer. Details of firing optimization are
explained in Section 4.5. In this step, only contact resistance is presented
with respect to firing furnace parameters. Three different firing temperatures
and conveyor speeds were tested to observe the contact resistance

dependence.
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Figure 4.3 Contact resistance of Al paste on Si wafer as a function of firing
temperature and speed
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Figure 4.4 Contact Resistance of Ag paste on Si wafer as a function of firing

temperature and time

Again the effect of firing on the contact resistance is minimal. Although lower
temperatures and higher conveyor speeds seem to be giving low contact
resistance, the variation is not significant to draw conclusion on this effect.
The contact resistance measurements provided a starting point to optimize

metallization.

4.3. Front Surface Metallization

Screen printing parameters are very important for front contact metallization.
Hardness of printed thin fingers, homogeneity of the height and the width of
the fingers and the aspect ratio are critical for a reproducible and reliable
metallization process. Squeegee speed, squeegee pressure, snap off and
separation speed are the computer controlled parameters. Descriptions of
these parameters are given in Section 3.1.1.
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4.3.1. Squeegee Speed

Squeegee speed can be set from 1 mm/s to 200 mm/s with our equipment.
For industrial applications, 200 mm/s is preferable to achieve high throughput
in the production line. In this study, 6 different speeds between 20-200 mm/s
were compared for finger width and heights as measured by a surface
profilometer (Dek-Tak). Each sample was measured from 5 different points
and averages were taken. Results can be seen in Tables 4.1, 4.2 and

Figures 4.5, 4.6, 4.7. All pastes printed on wafers were dried for 5 minutes at

200°C and fired under 850°C with 100mm/s conveyor speed.

Table 4.1 Finger height and width data taken from points A,B,C and D

Squee. Width Height Width Height Width Height Width Height

Speed A A B B C C D D

[mm/s] [pm] [pm] [pm] [pm] [pm] [pm] [pm]  [pm]
25 141 20 133 27 141 26 129 33
50 134 23 138 27 136 25 139 30
75 130 25 130 20 134 29 134 30
100 134 29 126 28 128 21 130 21
150 128 22 123 18 130 25 130 26
200 130 32 130 31 129 31 132 33
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Table 4.2 Average Finger dimensions with respect to Squeegee Speed.

Squeegee Height Average Average
Speed deviation Wwidth Height Aspect Ratio
[mm/s] [um] [um] [um]
25 14 135.2 26.4 0.19527
50 16 136.6 25.8 0.18887
75 15 132.4 25.8 0.19486
100 16 129.6 26.2 0.20216
150 13 129.4 24.8 0.19165
200 13 128.8 32.6 0.25311
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Figure 4.5 Squeegee speed dependence of average finger width.
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Figure 4.6 Squeegee speed dependence of average finger height.
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Figure 4.7 Squeegee Speed dependence of average aspect ratio.
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As seen in the graphs displayed in Figures 4.5 and 4.6, increasing squeegee
speed increases the finger height and decreases the finger width as
expected. 25% aspect ratio was achieved with the highest squeegee speed.
This aspect ratio is a standard value, which is acceptable for all production
lines [33]. After this point, in all experiments squeegee speed was chosen to
be 200mml/s.

4.3.2. Squeegee Pressure

Pressure of the squeegee is another important parameter for screen printing
since the diffusion of the paste through the mask depends directly on the
squeegee pressure. In this part, squeegee speed, drying and firing
parameters were chosen according to the previous experiments. 10 different
squeegee pressure values were tested between 0.2 and 3.5 bars. Finger
heights and widths were measured by surface profilometer (Dek-Tak) from 5
different points of the same sample. Average values are given Table 4.3. As
seen in Figures 4.8, 4.9 and 4.10 the results are similar; but, the observed
trend can be summarized that the aspect ratio decreases with increasing

squeegee pressure.
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Table 4.3 Average Finger dimensions with respect to Squeegee Pressure.

Squeegee Average Average Aspect

Pressure Width Height Ratio
[Bar] [Microns] [Microns]
0.2 119.8 28.4 0.2370
0.5 123.4 28.8 0.2333
0.8 128.8 29 0.2251
1.0 124.6 28.8 0.2311
1.3 125 30.6 0.2448
15 131.8 28.4 0.2154
2.0 129.4 27.4 0.2117
2.5 128.6 25.2 0.1959
3.0 132.4 28.6 0.2160
35 126.8 26.6 0.2097
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Figure 4.8 Plot of average finger widths vs. squeegee pressure.
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Figure 4.9 Plot of average finger heights vs. squeegee pressure.
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Figure 4.10 Plot of aspect ratio vs. squeegee pressure.
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As expected, finger width increases while the average height decreases with
pressure. Consequently, aspect ratio decreases with the squeegee pressure.
In the rest of our study, 1.3 bars squeegee pressure was chosen as optimum
squeegee pressure. In all the following experiments, squeegee pressure was
set to 1.3 bars.

4.3.3. Snap Off

Snap off is the distance between printing mask and wafer. This distance
determines the remaining paste level after squeegee sweep all the wafer.
When the squeegee applies a force on the mask, mask bends downward and
this distance vanishes. If the snap off is too high, mask cannot bend enough
and paste cannot touch the wafer. For this reason snap off should be very
low. In this experiment, 6 different snap off values were tested between 0.1

and 0.6 mm, and the results are shown in Figures 4.11, 4.12 and 4.13.
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Figure 4.11 Plot of average finger widths vs. snap off.
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Figure 4.12 Plots of average finger heights vs. snap off.
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Figure 4.13 Plots of aspect ratio vs. snap off.
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Since the geometry of the finger depends on the gap between mask and
wafer, aspect ratio is very sensitive to the snap off value. Increasing snap off
enhances the aspect ratio. In the present study, it increased from 20% to
24.5% by optimizing the snap off. According to the results shown in Figure
4.13, it is seems to be possible to increase the aspect ratio by higher snap off
values than 0.6. However, when the snap off values are too high, the mask
cannot bend enough and paste does not touch to the wafer. Therefore, 0.6

mm is the max snap off for our equipment and samples.

4.3.4. System Stability Test

After optimization of main printing parameters prior to the firing optimization,
we decided to test the reliability of the system. For this test, we prepared 10
pieces of 6” full wafer samples and printed with the same optimized
parameters. Each sample measured from 2 different points and average data

were evaluated.
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Figure 4.14 Finger height and widths of the samples, which printed with same

parameters.
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During these experiments squeegee speed was 200 mm/s, squeegee
pressure was 1.3 bars and snap off was 0.6 mm as optimized, firing
temperature was 870°C and conveyor speed was 100 mm/s as suggested by
the paste producer company. Results shown in Figure 4.14 seem acceptable
since all finger heights and the finger widths are close to each other. By this
experiment it is seen that printing system is reliable.

4.3.5. Finger Homogenity Test

Another important point about the geometry of fingers is homogeneity of the
finger from one end to busbar. Height profile of the finger was measured by a
surface profilometer with a good alignment as shown in Figure 4.15.
Scanning length was 2 mm. Difference between the minimum and maximum
point of the height is called as “height deviation”. Parameters which are
compared in this experiment and height deviation results are given in Table
4.4,

Figure 4.15 Finger homogeneity test method by Dek-Tak Profilometer.
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Table 4.4 Height Deviation depending on printing parameters.

Sample | Squeegee Squeegee Seperation Snap Height
No Speed Pressure Speed Off Deviation
mm/s bar mm/s mm microns
1 150 1 5 1 NA
2 150 4 5 1 28
3 150 1 5 0.6 17
4 150 3 5 0.6 11
5 150 1 5 0.5 14
6 150 1 5 0.4 15
7 150 1 5 0.3 17
8 150 1 5 0.2 14
9 150 1 5 0.1 15
10 150 4 5 0.1 14
11 150 1 5 0 15
12 150 4 5 14

According to Table 4.4, deviation can be reduced by changing squeegee
pressure and snap off. Minimum deviation, which can be achieved, is 11
microns. Since there is no data about it in the literature to compare, we
measured a commercial solar cell’'s (Big Sun Energy Technology Inc. [34])
finger height deviation. Result was 13 ym. So, 11 or 14 micron deviation
seems to be acceptable for industrial applications. Moreover, we observed a

periodicity in the height profile, as shown in Figure 4.16.
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Finger Height Profile
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Figure 4.16 Surface profile of a finger

When distances between the peaks are measured, they are exactly 90
microns that is same the distance between openings of the printing masks.
So, this periodicity in the profile is just the projection of the mask mesh.
Similar results were also reported by Birger Retterstgl Olaisen et. al. in their

publication [35].

Consequently, with this experiment we found an acceptable height deviation
and understood the reason for the height variations. More results on this

point can be found in Section 4.6.

4.4. Back Surface Metallization

As mentioned above, back surface metallization consists of 2 different
printing steps: first one is back busbar printing with Ag and the second one is
covering the remaining part of the surface with Al printing. Back busbars are

necessary for the soldering of cells to each other during solar module
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production. However, since our samples wouldn’t be used for module
production, we omitted the back busbars and prepared a full back surface Al
printing mask by modification of standard back surface Al mask. Photographs

of modified mask can be seen in Figure 4.17.

Figure 4.17 Photograph of conventional & modified of back Al masks.

Since the back surface metallization does not include fingers, there is no
need for aspect ratio or thickness optimization on the back side. During the
metallization of the back surface the Al film on the wafer should be
homogenous. If Al thick film is not homogeneous, during firing process,
thermal stress cause “lift off” of the Al. In Figure 4.18 photographs from lifted

of samples can be seen.
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Figure 4.18 Non-homogeneity problem of Al contact.

The reason for this problem is the non-homogeneity in bending of the mask
when the squeegee applies pressure on it. As a solution, snap off was set to

zero and squeegee pressure was reduced to 0.6 bars.

Another problem about printing was the sticking of the printed metal layer
onto the surface. Since printing area is too large, Al paste acts as glue and
after printing, wafer sticks under the mask. Although there is a vacuum chuck
system that keeps the wafer on it, when separation speed is standard, wafer
got stuck on the mask. Reducing the separation speed easily solved the

problem.

Another optimization parameter about back surface metallization is the
amount of the Al paste printed on the wafer. Although it is not important
functionally, it is important for the cost of a single cell. In this study squeegee
pressure, squeegee speed and snap off dependence of the Al mass was

tested.
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Figure 4.19 Squeegee pressure dependence of Al metal paste mass.
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Figure 4.20 Squeegee speed dependence of Al metal paste mass.
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Figure 4.21 Snap off dependence of Al metal paste mass.

We see that Al paste mass depends on the squeegee speed and inversely
proportional to the squeegee pressure. Snap off dependence seems to be

exponential.

4.5. Firing Optimization

Firing is the most critical part of the metallization process. Solar cells should
be heated up rapidly and kept at high temperatures for less than 1-2 seconds
and cool down rapidly. This kind of temperature profile cannot be supplied in
a standard box or tube furnaces. For this reason, conveyor furnaces with IR
heaters are used for this application. Generally these furnaces have 3 or 4
heating zones and heater accuracy is 0.1 Celsius degrees. However, our
furnace is a seven zone system with resistive heaters whose accuracy is £5

Celsius degrees. Firing optimization study included several samples and
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parameters. During optimization studies, we have changed the metallization

paste and we had to repeat the optimization study.

As mentioned in Section 2.3, firing steps have several functions such as
removing resins in the pastes, back surface field creation and silver diffusion
into emitter layer. To compare the overall results of the all these physical
phenomena, |-V characteristics of the fabricated solar cells were used as the

characterization method.

4.5.1. Firing Optimization Experiments

Variable parameters of the firing furnace are heating zone temperatures and
conveyor speed. In order to fully understand the firing process 5 main

experiments were performed:

Experiment 1: In this experiment paste A was used to compare different
conveyor speeds. Conveyor speed is separated as “entrance speed” to the

furnace and “hot zone speed”. 3 different experiment sets were tested.

Experiment 2: According to the results of experiment 1, we have performed
second experiment without lower conveyor speeds and low peak

temperatures. Conveyor speed was kept constant during firing.

Experiment 3: At this point, we changed our paste supplier and Paste B was
used. After cross experiments were done in Germany and Turkey, we
planned experiment 3 and 4. Experiment 3 includes optimization of physical
properties of the back Al paste.

Experiment 4: This experiment consists of re-optimization of firing furnace

parameters for paste B that gave us the final optimized firing parameters.

Experiment 5: In this experiment volatile compounds are investigated with

EDX analysis.
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A) Experiment 1

In this experiment, all zones of the furnace were activated and temperatures
were set as shown in Table 4.5. 3 sets of experiments were done. In the first
set, the entrance speed was set to 25 mm/s, peak temperature was 870°C
and hot zone speeds were compared (50-75-100 mm/s). In the second set,
entrance speed was set to 100 mm/s, peak temperature was 870°C and hot
zone speeds were compared (50-75-100 mm/s). In the third set, first set was

repeated for 910°C peak temperature.

Table 4.5 Sample Firing Furnace parameters for experiment 1.

Zonel Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone7

Temp

o) 100 300 650 775 870 775 600
Speed 25 25 25 100 100 100 25
[mm/s]

Table 4.6 Firing parameters of Set 1, Set 2 and Set 3 of experiment 1.

Entrance Hot Zone Peak
Speed Speed Temperature

Sample No [mm/s] [mm/s] [°cy
3 25 50 870
4 25 75 870
5 25 100 870
6 100 25 870
7 100 50 870
8 100 75 870
9 100 100 870
10 25 25 910
11 25 50 910
12 25 75 910
13 25 100 910
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Results of experiment 1, set 1.:
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Figure 4.22 1-V curves of sample 3,4,5 with hot zone speed 50 mm/s, 75
mm/s and 100 mm/s while entrance speed is 25 mm/s. Peak temperature
was 870°C (Cell area was 92.5 cm?).

Table 4.7 Results of experiment 1, set 1.

Conv. Peak

Sa,r\lnople Speed Temp. \[/\(;]C [I;C] [Iz/F Efficoiency R, Rsn
[mm/s] ] 0] [%0] [Q] [Q]

50 870 0.5896  2.258 33.8 4.865 0.180 0.5

75 870 0.5927  2.433 37.2 5.799 0.145 0.6

100 870 0.5773  3.045 51.5 9.787 0.045 1.2
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-V curves measured with the solar simulator with standard A.M1.5
illumination and the cell performance parameters extracted from the |-V
curves are shown in Figure 4.22 and Table 4.7, respectively. Results show
that the cell performance improves with the conveyor speed. For low speed,
the shunt resistance is low and the series resistance is high. It seems that
low conveyor speed causes a shunt between the terminals of the cell. With
increasing conveyor speed, the shunt resistance increases. We also
observed improvement in the series resistance probably as a result of higher
shunt resistance. In the second experiment set, we increased the zone speed

to 100 mm/s.
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Results of experiment 1, set 2:
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Figure 4.23 1-V curves of sample 6,7,8,9 with hot zone speed 25mm/s, 50
mm/s, 75 mm/s and 100 mm/s while entrance speed is 100 mm/s. Peak

temperature is 870°C. Cell area is 92.5 cm”.

Table 4.8 Results of experiment 1, set 2

Conv. Peak

Sa,r\1]10ple Speed Temp. \[/\(;]C [I;C] [I:/F Efficoiency Rs Rsn
[mm/s]  [C] 0] (%] [Q] [Q]

6 25 870 0.5823 1.160 30.0 2.190 0.433 0.8

7 50 870 0.5727 1.407 30.1 2.621 0.368 0.7

8 75 870 0.5787  3.143 54.6 10.736 0.039 1.1

9 100 870 0.5952  3.020 71.6 13.913 0.023 49.3
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In Figure 4.23, we display the |-V curves of the solar cells for four different
zone speeds. Again, the solar cell performance improved with the increasing
zone speed. The cell parameters are displayed in Table 4.8. We see that we
have reached an efficiency of 13.9% and fill factor value of 71% with the
highest speed (100 mm/s). Lower zone speed is probably causing over-firing
meaning that Ag paste diffuses into the substrate and shorts the p-n junction.
At higher speed, the diffusion is not allowed so that the junction quality
improves. In order to verify this prediction we conducted experiment set 3
with higher peak temperatures. Therefore, lower fill factors were attributed to

the increased diffusion of Ag.
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Results of experiment 1, set 3:

In this set, we expected to see lower fill factors because of the over firing.
Sample 10-13 were tested at 910°C with variable hot zone speeds.
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Figure 4.24 1-V curves of sample 10,11,12 and 13 with hot zone speed
25mm/s, 50 mm/s, 75 mm/s and 100 mm/s while entrance speed is 100

mm/s. Peak temperature was 910°C. Cell Area was 92.5 cm?.
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Table 4.9 Results of experiment 1, set 3

Conv. Peak

Sa,ilnople Speed Temp. \[/\(;]C [I;C] [Iz/F Efficoiency Rs Rsh
mmis]  [c] 0 (%] @ [

10 25 910 0.5636  0.497 29.2 0.884 1.160 1.8
11 50 910 0.5692 0.727 31.3 1.400 0.634 1.3
12 75 910 0.5799  2.527 41.6 6.590 0.113 0.8
13 100 910 0.5861 1.749 34.7 3.845 0.236 0.7

As we anticipated, fill factors were low. To avoid this problem, the upper limit
of firing process was established. Results of over firing were discovered with
resistive 7 zone firing furnace. As a next step, in experiment 2, lower

temperatures were investigated.

B) Experiment 2

In experiment 1, we identified the upper limits of firing process by adjusting
peak temperatures and conveyor speeds. In experiment 2, we aimed to find
differences in IV-curves at lower temperatures. In this experiment, we used
paste A again. Since we studied the lower conveyor speeds in detail in
previous section, these parameters were not studied in this experiment.
Entrance and hot zone speeds were kept equal. In the first set, the peak
temperature was 870°C and conveyor speeds were 70, 80, 90 mm/s. In set
2, conveyor speed was kept at 90 mm/s and the peak temperature was
varied between 8607890°C. In the third set, the same experiment was

performed with 70 mm/s conveyor speed.
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Table 4.10 Firing parameters of the samples which are used in experiment 2

Sample no [Srr?gig] T[(g?;]p
2 70 870
3 80 870
4 90 870
5 90 860
6 90 880
7 70 860
8 70 850
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Results of experiment 2, Set 1.:
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Figure 4.25 I-V curves of sample 2, 3, 4 with conveyor speed 70 mm/s, 80
mm/s and 90 mm/s, while peak temperature was 870°C. Cell area was 92.5

cm?.

Table 4.11 Results of experiment 2, Set 1

Sample  SOTV TF:,";‘E_ Voo s FF  Efficiency R,  Ru,
No o e peg M AL e e o)

2 70 870 05937 3033 722 14055 0020 132

80 870 05861 2908 634 11682 0026 121

4 90 870 05918 2660 733 12473 0022 132
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Measured I-V curves and solar cell parameters extracted from these curves
are shown in Figure 4.25 and Table 4.11, respectively. We see further
improvement in the cell parameters compared to previous experiments. We
have achieved an efficiency value of 13.9 % in this experiment set. However,

the variation of the conveyor speed was not significant.

In the second set, conveyor speed was kept constant at 90 mm/s and peak
temperature was changed between 860-890°C.

Results of experiment 2, Set 2:

40 4 Conveyor Speed: 90 mm/s 0
—3860C
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Figure 4.26 1-V curves of sample 5, 4, 6 respectively with peak temperatures
860°C, 870°C and 880°C, while conveyor speed was 90mm/s. Cell area was

92.5 cm?.
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Table 4. 12 Results of experiment 2, Set 2

Sample gg:g’d Tpe?ﬁ; Voo lee FF  Efficiency R Rer
N e pgg Mm@
90 860 0.5883 3.035 643 12411 0024 38

90 870 05889 2.660 733 12413 0022 132

90 880 05883 3.021 733 14083 0019 89

Results of this set are shown in Figure 4.26 and Table 4.12. We see that we
have further improved the cell performance with this set of process
conditions. 890°C degree was found to be the best firing temperature.
However, increasing temperature caused some other problems such as
bumps on the back surface Al. This problem can be seen in Figure 4.27. To
overcome this problem, we planned to reduce temperature and slowing down
the conveyor speed. By this method, we could keep same the firing ratio

while decreasing the temperature.

V-

Figure 4.27 Bump problems on back Al paste.
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Results of experiment 2, set 3:
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Figure 4.28 1-V curves of sample 8,7,2 respectively with peak temperatures
850°C, 860°C and 870°C, while conveyor speed was 70mm/s. Cell area was
92.5 cm?.

Table 4. 13 Results of experiment 2, set 3

Conv. Peak

Sa:lwople Speed Temp. \[/\(;]C [I;C] [I:/F Efficoiency Rs Rsn
[mm/s]  [C] 0] [%0] [Q] [Q]

8 70 850 0.5924 3.150 62.6 12.628 0.024 2.2

70 860 0.5881 2.922 72.1 13.394 0.021 9.9

2 70 870 0.5905 3.033 72.2 13.979 0.020 132
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The results of this set are shown in Figure 4.28 and Table 4.13. We see the
best cell performance was achieved at the highest temperature studied.
However, the bump problem couldn’t be solved. In order to address this
problem, we changed the paste since each paste has a different “bump
resistivity”. In the following experiments, Paste B with a higher bump

resistivity was used.

C) Experiment 3

Before starting optimization of firing with paste B, we visited Ferro GmbH'’s
screen printing lab in Hanau, Germany. The experiments conducted in this
lab are separately discussed in Section 4.6. Following the analysis of the
experiments done in Hanau, we started the optimization of the new paste
with the bump characterization of the Al paste. Purpose of this experiment
was to find maximum firing temperature without any bump. In experiment 3,
seven different peak temperatures and three different conveyor speeds were
tested. Process conditions and results of bump and bow formation can be

seen in Table 4.14.
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Table 4.14 Experimental conditions giving bumps and bows on the back Al
metal layer.

Peak
Temp. Belt speed Bump Bow
0 [mm/s] [mm]
[C]
880 90 0.6
880 70 0.8
880 50 Yes | 1
870 90 0.7
870 70 1.1
860 90 1
860 70 0.9
850 90 1
850 70 1.1
840 90 1
840 70 1
840 50 Yes | 1
830 90 0.7
830 70 0.8
830 50 0.9
820 90 0.6
820 70 1.2

As seen in Table 4.14, bump formation was not observed with the new paste.
Only very slow conveyor speeds (50 mm/s) caused bumps on the Al paste.
This means, over firing limit of the Paste B is higher than Paste A.
Experiments 1 and 2 were repeated with the new paste to see the positive

effect of new paste on the cell performance.
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D) Experiment 4

In this experiment, only three zones were activated to get simpler and
sharper temperature profiles. The obtained temperature profile was close to
the temperature profile of IR furnace used in Germany. In addition, according
to the previous experiences, only the highest speed of the furnace was used:
90 mml/s. Three different firing temperatures were tested in this experiment;
which are 850°C, 870°C and 880°C. Lower temperatures couldn'’t fire paste
and some wet areas were remained on the Al paste. The cell parameters

extracted from the |-V curves are shown in Table 4.15.

Table 4.15 Firing temperatures and corresponding cell parameters obtained
from the I-V curves of the samples fabricated using paste B.

Sample Peak lsc Voc Efficiency
No  Temp[°C] [A] [V] FF [%]
1 880 7.88 0.610 0.705 14.19
2 880 7.66 0.608 0.731 14.27
3 880 7.78 0.612 0.678 13.52
4 880 7.86 0.610 0.709 14.23
5 870 7.96 0.609 0.727 14.77
6 870 7.90 0.609 0.710 14.31
7 870 7.88 0.611 0.711 14.33
8 870 7.89 0.607 0.731 14.68
9 850 7.87 0.609 0.718 14.42
10 850 7.95 0.608 0.729 14.78
11 850 7.93 0.605 0.729 14.65
12 850 8.07 0.602 0.723 14.71

4 different sample sets were fabricated with the same process parameters
and averages of Isc, Voc FF and efficiencies are plotted in Figure 4.29 and

4.30.
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Figure 4.29 Peak temperature dependency of open circuit voltage and short

circuit current.
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Figure 4.30 Peak temperature dependence of fill factor and efficiency.
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It is seen that the short circuit current decreases while the open circuit
voltage increases with the firing temperature. This means that the collection
efficiency decreases while the overall quality of the diode improves with lower
firing temperatures. This can be understood by looking at fill factor values.
We see that the fill factor decrease with the firing temperature. It can be
explained by the increase in the shunt resistance due to over diffusion of Ag
paste. Decrease on the V. can also be explained by the decrease in the p-n

junction quality and series resistance.

As a result, we conclude that the short circuit current is more dominant in
determining the studied solar cells. Correlated with the short circuit current
we see that fill factor and efficiency decreases with increasing firing
temperatures. In this experiment set, we have achieved an efficiency value of
%14.65 at a firing temperature of 850 "C. Lower firing temperatures left wet
spots on Al layer, which is not preferred. In later experiments, 850°C firing
temperature with 3 active zones and 90 mm/s conveyor speed was employed

as the standard firing recipe.

E) Experiment 5

In this experiment, ingredients of Al and Ag pastes are investigated. Since
chemical formulas of the pastes are commercial secrets, it is hard to find
polymers which are used as binders. In this experiment we investigated the
effect of firing on the pastes. We expected removal of some elements inside
the pastes. Especially organic compounds are volatile at high temperatures.
As seen in figure 4.31 K, Ti and Co completely vanished after firing in Al
paste. K and Fe were also vanished in firing process in Ag paste. As

expected Carbon concentration decreased with firing process.
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Figure 4.31 EDX results of pastes a) Al paste before firing b) Al paste after
firing c) Ag paste before firing d) Ag paste after firing
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4.5.2. Back Surface Field optimization

One of the main functions of firing is to create “Back Surface Field” (BSF) on
the back side of the cell. However, it is also very important to reduce the
carrier recombination at the back surface. In this study, three different firing
temperatures and three different conveyor speeds were tested to
characterize BSF created by the Al layer printed on to the back surface.

As a characterization method, two different tests were applied, namely Sheet
Resistance and SIMS (Secondary lon Mass Spectrometry) measurements.
Sheet resistance provided electrical data, while SIMS results give information

about the atomic concentrations.

For the sheet resistance measurements the Al film was removed from the
back surface after diffusion and the sheet resistance of the doped surface
was measured by a four point probe technique. As can be seen in Table 4.16
and Figure 4.31, the sheet resistance decreases with increasing firing
temperature. As expected, more Al atoms diffuse into the substrate and
results in a lower sheet resistance at higher firing temperatures and lower
conveyor speed. This is well correlated with the SIMS results shown in
Figures 4.32 and 4.33. SIMS data proves that the amount of Al is less for
high conveyor speed and low firing temperatures. So, we can conclude at
this point that the BSF is successfully created on the back surface of the cell
by the Al diffusion process during high temperature firing.
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Table 4.16 Applied recipes and obtained sheet resistances.

Conveyor  Firing Sheet
Speed Temp. Resistance
[mm/s] [‘'C] (Q/Sq)
T1 90 900 °C 19.85
T2 50 900 °C 13.49
T3 20 900 °C 8.36
T4 90 830 °C 21.03
T5 50 830 °C 16.58
T6 20 830 °C 12.61
T7 90 750 °C 83
T8 50 750 °C 61
T9 20 750 °C 16.12
90
__ 80
3 70 —O0— 900
E 1 —— 830
S 60+ —/— 750
8 50+
% ]
5 40+
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Figure 4.32 Firing dependence of back surface sheet resistance.
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Figure 4.33 Conveyor speed dependence of back surface field depth.
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Figure 4.34 Firing temperature dependence of back surface field depth.



We see that the higher the temperature we use the better the BSF formation.
However, it is not possible to make firing with 900°C and/or 20mm/s because

of over-firing effects on front surface metallization.

4.6. Cross Experiments in Ferro GmbH

The purpose of the cross experiments was to perform the same processes
with same materials in Ferro Facility in Germany and GUNAM and compare
the results. Ferro is a well-known company producing metallization pastes.
The company has a well-equipped R&D laboratory in Hanau, Germany. We
visited Ferro facility and did the same experiments there together. This visit

contributed also to our overall process experience.

The experimental study in Hanau included printing, drying, firing, cell testing,
finger geometry characterization and laser edge isolation. Laser edge
isolation is out of the scope of this thesis; but, it was a supportive study to
compare our edge isolation process with the same process done in
University of Aachen. After one week study in Ferro Labs, same optimization

processes were performed in GUNAM Laboratories.

There were two main processes we focused on, namely screen printing and
firing. In order to get detailed results and compare with our lab, we prepared
3 different sample sets. All production processes such as etchings, doping,
anti-reflection coating were done in GUNAM Labs before cross experiments.
Corresponding labs to different sets of samples and achieved efficiencies are
given in Tables 4.17 and 4.18.
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Table 4. 17 Sets of cross experiment with Ferro GmbH and GUNAM

Printing Lab Firing Lab

Set 1 Hanau Hanau
Set 2 Hanau GUNAM
Set 3 GUNAM GUNAM

Table 4.18 Average efficiency results of cross experiments

Average

Efficiencies
Set 1 15.12%
Set 2 14.83%
Set 3 15.26%

After these cross experiments, we exceeded the 15% photovoltaic

conversion efficiency. We also proved that our printing quality after the

optimization study carried out during this study is as good as Ferro Lab’s. It

was also shown that there is no important difference between IR furnace of

Ferro Lab and our resistive firing furnace performance.

Finger homogeneity was another output of this cross experiment. A laser

surface scanner in Ferro Labs was used to scan samples from set land

representative scan is provided in Figure 4.34
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Figure 4.35 Finger homogeneity characterization of a sample from Set 1.

Finger scanning showed that height deviation on the samples, which are
optimized in Ferro has 28 microns of deviation on height. As given in section
4.3.5, we achieved 13-14 microns of deviation, which is even better than

Ferro’s values.

4.7. Fabrication of a High Efficiency Solar Cell at GUNAM

Laboratories

This optimization study included metallization quality and effects of firing on
the paste diffusion. As a result of this study, the efficiency of a 6 inch c-Si
solar cell was improved from 10.09 % to 15.25 %. Parallel to these

experiments, other production steps (surface texturing, doping process, anti-

93



reflection (SisN4) coating and edge isolation processes) were also optimized
by GUNAM researchers.

As a result of surface texturing step, homogenous and regularly distributed
pyramids were obtained with minimum reflection. Optimization of doping
process yielded homogenously doped wafer surfaces. The anti-reflection
coating was also studied to obtain best condition for the refractive index,

absorption coefficient and the homogeneity.

When all optimization results are combined, highly efficient mc-Si solar cell
was obtained with an efficiency of 17 %. Images of this cell are provided in
Figure 4.35. Electrical parameters and I-V curve of the cell is given in Figure
4.36.

Figure 4.36 Front and back view of 17 % efficient solar cell fabricated in
GUNAM Laboratories.
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Figure 4.37 I-V Curve of highly efficient c-Si solar cell.

Parallel to this study, other processes (etching, texturing, doping, SisN4
coating, edge isolation) were optimized. Combination all of these optimization
studies yielded the high efficiency c-Si solar cell with a photovoltaic
conversion efficiency of 17%. The milestones during this collective
optimization study are shown in figure 5.1. We see that the progress in the
metallization process had important impacts on the efficiency of fabricated
solar cells.
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Figure 4. 38 Progress in the efficiency values of c-Si solar cells fabricated at
GUNAM Laboratories
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CHAPTER 5

CONCLUSION

The aim of this study was to understand the effect of metallization on the cell
performance and optimization of this process towards the fabrication of highly
efficiency solar cells. For the metallization process, we have used screen
printing technique, which is the standard technique in solar cell production
lines. 6 inch standard mono crystalline silicon wafers were used during this
study. All process steps were carried out at GUNAM Facilities. Since
metallization is the last production step, sample preparation included saw
damage etching, surface texturing, doping and SiNx coating were completed
prior to metallization experiments. The edge isolation step was replaced with

an edge removing step to ensure the reduction of edge shunts.

In the first part of this work, drying and firing dependence of the contact
resistance of metallization pastes were studied. It was observed that contact
resistance is not sensitive to the drying or firing parameters.

In the second part, effects of the screen printing parameters to the front
surface metallization were studied. The purpose of this study was to obtain
the best aspect ratio for fingers. It was observed that, increasing squeegee
speed decreased the finger width while increasing the finger height.
Consequently, the aspect ratio increased with higher squeegee speeds.
However, 200mm/s squeegee speed caused some disconnection on fingers.
Therefore, 100 mm/s squeegee speed was chosen as the optimum

squeegee speed.
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Another printing parameter, squeegee pressure was also effective on finger
aspect ratio. Squeegee pressure was studied between 0 to 3.5 bars. This
study showed that increasing pressure decreases the aspect ratio. However,
lower pressures caused some discontinuities in the fingers. At the end of this
optimization study, 1.3 bars squeegee pressure was chosen as the

processing parameter.

As a result of optimization of first two parameters, 23.7% aspect ratio was
achieved. Snap off, which is the gap between cell and printing mask was
found to have a minor effect on the aspect ratio. It was noticed that,
increasing snap off increases the aspect ratio slightly. However, we
determined that larger snap off prevents metal paste to stick on wafer, and

for this reason, 0.6 mm snap off gave the pest printing quality.

Screen printed fingers were not as homogeneous as evaporation. There was
always a thickness fluctuation on printed thick films. This fluctuation was
characterized with surface profilometer and a fluctuation of 14 pum was
observed with optimized parameters. It was found that the fluctuation is

acceptable and similar to that seen in the fingers of commercial solar cells.

Optimization of back surface metallization was aimed to obtain the best
homogeneity in thick Al film over the back surface. Since printed area was
too large, non-homogeneity of printing caused stress problem. This problem
was solved by decreasing snap off to zero and squeegee pressure to 0.6
bars.

Dependence of the amount of metal paste used on squeegee speed,
squeegee pressure and snap off were also investigated. Although metal
amount used on the back side was not important for cell performance, this
can have a significant effect on the production cost. While increasing snap off
and squeegee speed increased the amount of paste on wafer, increasing
squeegee pressure had an opposite effect on the amount of paste as
expected. When optimized we have reached mass values that are within the

acceptable industrial range.
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During this study, we found that the most sensitive factor on the efficiency
was the firing process. We used two different pastes and optimized firing
parameters twice. After having used different metal pastes, we found that,
firing parameters are specific to the type of the paste and firing furnace.
Results showed that 3 zone firing with 830°C peak temperature was optimum
for our furnace system. Higher temperatures caused over diffusion of Ag and
shunt resistances decreased rapidly. Another hazard of the over firing is
bump creation on Al paste. Since bump resistivity of Paste A was not
enough, we started use Paste B to overcome bump problem.

Lower temperatures resulted in low efficiencies because of two possible
reasons. First, lower temperatures were not enough to evaporate solvents
and resins in the metals paste. Therefore, Al paste’s resistivity couldn’t
decrease enough and created series resistance. Second possible problem
with low firing temperatures was low back surface field creation. We
observed that Al concentration on the back surface is directly related with the

firing temperature.

Conveyor speed affected the results in the same way as the firing
temperature. Lower conveyor speeds caused over firing. For this reason, we
determined the maximum possible conveyor speed (100mm/s) is the best
speed. 4 different experiments were performed with different sample sets and
it was shown that 100 mm/s conveyor speed with 830°C peak firing
temperature yielded best metallization process. It is important to note that the
similar optimization experiment should be repeated if another paste from a

different manufacturer is going to be used.

For the further studies, new screen printing masks should be designed and
thinner fingers about 80-90um should be achieved. To be able produce high
efficiency solar cell designs, such as back contact or buried contact solar
cells, alternative metallization techniques should be studied and optimized.
Although it is not as practical as screen printing, electroless plating method

can be superior for these innovative designs.
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