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Abstract

Improving the yield performance of commercial solar cells has been a major topic of interest for
many research studies as different processing parameters are extensively explored. Screen printing
metallization is the most widely-used technique to form the metallic contacts in commercial silicon
solar cells. Among various process parameters in screen printing technology, firing step is
considered to be a major cost-determining stage as a high amount of thermal budget is consumed
during high temperature sintering process. Bending of the cell (deflection) due to residual stress
produced in firing step is also considered as a very serious problem for reliability of the module.
Another important concern in conventional metallic pastes used in screen printing technique is the
presence of lead which is not an environmentally friendly material.

Lead free Electrically Conductive Adhesives (ECAs) which have been of particular interest in
electronic packaging applications are considered as an interesting alternative and their possibility
to replace conventional metallic pastes in screen printing technology is systematically investigated
in this research. In addition to be environmentally friendly, ECAs provide low processing
temperature which is beneficial for developing ultra-thin solar cells, decreasing cost and increasing
the yield performance of the solar cells.

After establishing the screen printing process to print conductive materials, different conductive
nanocomposites were synthesized using ECA and silver nanowires. Conductivity measurements
revealed that addition of even a very small amount of silver nanowires could improve the
conductivity of the nanocomposite for around 70%. Morphology characterization analysis
confirmed the influence of silver nanowires in improving the electrical properties of the paste by
tunneling effect. Despite the significant improvement in conductivity of the nanocomposite which
made it an appealing alternative for printed electronics, its conductivity was still lower than the
conventional metallic pastes used in the solar cell fabrication. To reach a comparable conductivity,
two dimensional graphene sheets that have outstanding electrical and structural properties were
used. Material synthesis and curing profile are optimized to improve the electrical property of the
developed nanocomposites which resulted in the highest boost in conductivity, over 2 orders of
magnitude of ECA. Different characterization techniques were utilized to study the curing kinetics

and thermal stability of the developed materials.



A detailed residual stress analysis was also conducted on all developed nanocomposites as well as
the metallic paste printed substrates and results revealed that the amount of residual stress induced
in substrates was one order of magnitude lower in nanocomposite printed wafers in comparison
with the metallic printed ones. Also, the amount of increase in residual stress by decreasing the
wafer thickness was small in the case of using nanocomposite paste. It was also shown that the
amount of bending increased with decreasing the thickness of substrate in all samples; however, it
was much lower in nanocomposite printed wafers confirming that the developed nanocomposites
could be a promising alternative in screen printing metallization of ultra-thin wafers.

Effective Work Function (EWF) was introduced for the multi-phase nanocomposite being used as
electrodes in electronic devices. Based on the theoretical studies on tunneling phenomenon and the
potential barrier height measurement analysis on MOS devices, IV method was illustrated and used
for the first time to measure the EWF of the multi-phase graphene-decorated nanocomposite. The
results were verified using two other technigues: UPS spectroscopy and TLM. The results from all
measurements were in reasonable agreement confirming the accuracy of results obtained from all
three methods. However the existing small difference between the EWF values was attributed to
the heterogeneous nature of the nanocomposite at the interface confirming the necessity of using
the effective work function definition.

Finally, highly conductive graphene-decorated nanocomposite as well as the evaporated Al were
used as the back contact of two solar cells. Solar cells were fabricated and characterized using
different techniques. Quantum efficiency, illuminated IV and Dark IV results from both cells were
in an excellent agreement with each. In general, the obtained close performance results as well as
the equal obtained efficiencies for both cells confirmed a very satisfactory achievement for a

standard technology baseline development.
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Chapter 1
Introduction and Motivations

1.1 Crystalline Silicon Based Solar cell Technology

Since 1839 that Alexandre-Edmond Becquerel first observed the photovoltaic (PV) effect 0,
crystalline silicon (c-Si) is proved to be the best energy source to replace fossil fuels due to its long
term sustainability, being more environmentally friendly and its lower cost compared to the other

solar cell technologies shown in Fig. 1.1[2-4].

solar cell

3rd generation

UL s 2nd generation-

crystalline Thin flim new emerging
silicon technology
. Amorphous Si
mono-crystalline L | hiln il solar | | Nanocrystal
solar cells Cells based solar cells
Polycrystalline || CdTe thin film Polymer based
silicon solar cells solar cells solar cells

Pervoskite based
solar cells

Dye sensitized

solar cells

Concentrated
solar cells

Fig 1.1: Different types of solar cell technologies[2]

Photovoltaic (PV) market has grown almost exponentially in the last 15 years and as shown in
Fig.1.2 (a), the estimated global growth of cumulative PV capacity is going to reach 650 GW in
2019 [5]. The worldwide growth of the PV industry and the fact that crystalline silicon based

photovoltaics dominate more than 90% of this market (Fig. 1.2(b)) reflect the importance of this

1



technology among the others. The main driving force in scientific and industrial developments of
Silicon photovoltaics has been reducing the cost to be able to compete with fossil fuels.
Fortunately, there has been a big cost reduction due to significant advances in conventional
crystalline silicon solar industry. The average prices reported in August 2018 were around $0.13

per watt while in 1977 prices for c-Si cells were about $77 per watt [5].
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Fig 1.2: (a) Global cumulative PV capacity (b) C-Si share in the PV market[5]

A typical crystalline silicon solar cell is in fact a PN junction diode as shown in Fig. 1.3. When this
diode is exposed to light, if the light photons have enough energy, Electron-Hole (EH) pairs can
get generated and collected by the front and back contacts creating a current and voltage across an
external load.



front contact
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Fig 1.3: A typical c-Si solar cell[6]

Depending on how a solar cell is exposed to light and the way EH pairs are generated and collected,
different configurations of crystalline Si solar cells could be defined such as monofacial solar cells
with front surface metal contact which is shown above, bifacial solar cells as well as back contact
solar cells, etc.,. Despite all the differences in the c-Si solar cell technologies, front and/or back
contact deposition for the EH collection is a vital step which is mainly conducted by screen printing
technology. As front and back contacts play a very important role in collecting the carriers and
transferring the current, their influence in the efficiency and cost of the crystalline Si solar cells is
highly important. Since developing a highly conductive material to be used as front or back contact
is one of the main objects of this research, the available conventional conductive pastes are going

to briefly reviewed in the next session.

1.2 Conventional Conductive Pastes

Aluminum or silver based pastes are usually considered for printing metal contacts in crystalline
Si solar cells. As aluminum is normally alloyed with silicon at temperatures above 557°C (eutectic
temperature), the surrounding silicon would be doped p-typed. Therefore, Al is usually used to

form back surface field (BSF) as well as the rear contact [7]. On the other hand, Silver paste is
3



normally being used to form front contacts which typically contain following ingredients: ~80 wt%
silver powder or flake, ~5 wt% Glass frit, ~5 wt% binder material, ~10 wt% vehicle material (a
mixture of butyl carbitol acetate, terpinol, ethyl cellulose, butyl cellusolve) [8].

Silver and Al form electrodes at the surface of the solar cell and provide conducting pathways for
transferring electrons. The conductivity mechanisms of the conductive paste are going to be
reviewed in detail in the next chapter but in summary, aluminum alloy and silver particles formed
at the interface during the firing step play the main role in the current transfer.

Decreasing the yield losses of commercial solar cells has been a major topic of interest for many
research studies as different processing parameters, contact resistivity, metallic grids design
optimization as well as emitter properties are extensively explored [9][10] . As mentioned, screen
printing metallization is the most widely-used technique to form metallic contacts in commercial
silicon solar cells. Among various process parameters in screen printing technology, firing step is
considered to be a major yield-limiting and cost-determining stage as a high amount of thermal
budget is consumed during high temperature sintering process. The bowing phenomenon caused
by high temperature firing process is also considered one of the most important problems affecting
the yield performance of the current solar industry.

Another important concern in conventional metallic pastes used in screen printing technique is the
presence of lead which is not an environmentally friendly material. By increasing the
environmental awareness, the universal attention on the toxicity of lead has increased and overall
adverse effects of lead containing materials are being precisely monitored. Even small quantities
of lead can affect the functionality of brain, kidneys and liver as well as nervous system when
ingested. As a result, eliminating or minimizing the use of lead in electronic industry is rapidly
growing. Therefore, developing a lead free alternative for currently available metallic pastes and
conventional Sn/Pb solders has drawn attention in recent years.

Lead free metallic pastes containing metal oxides are the primary alternative for screen printing
metallization but another interesting alternative would be electrically conductive adhesives (ECA)
which have been of particular interest in electronic packaging applications since 1956 [11].
However, their possibility to replace conventional metallic pastes in screen printing technology has
never been studied before and is going to be systematically investigated in this research. In addition
to be environmentally friendly, ECAs provide low processing temperature comparing to the firing

profile of conventional metal pastes which results in lower amount of deflection and bending
4



during the firing/curing and would enable PV technologies to use thinner substrates. Electrically
conductive adhesives (ECAS) and their electronic properties are going to be thoroughly reviewed

in chapter two.
1.3 Motivations for This Research

1.3.1 Developing a novel highly conductive nanocomposite

As reviewed above, electrically conductive adhesives (ECA) has been of particular interest in
electronic packaging for a while but, their possibility to replace conventional metallic pastes in
screen printing technology has never been studied before and is going to be thoroughly investigated
in this research. In addition to being environmentally friendly, ECAs provide low processing
temperature compared to the firing profile of conventional metal pastes. During high temperature
firing in industrial silicon solar cells, residual stress will be produced in the cells which result in
bending (deflection) of the substrate. This phenomenon is considered as a serious problem for
assembly process and reliability of the fabricated modules especially in ultra-thin solar cells which
normally cannot tolerate high stress levels and might cause failure. Therefore, Low temperature
firing of ECAs could be very beneficial for developing ultra-thin solar cells to lower cost and
increase yield performances.

Along with all the advantages of ECAs, they suffer from low conductivity comparing to other
conventional metallic pastes/inks. Several methods have been proposed and studied in recent years
to improve conductivity of ECAs; one latest way is using nanoparticles or nanowires in the
polymeric matrix. Nano-sized materials could be included solely or with another micro-sized
conductive particle to establish a more conductive network.

In this research, several approaches are taken to develop a highly conductive epoxy based
nanocomposite using different nano-sized particles. The synthesizing recipe and curing profile of
the nanocomposites are optimized to give the highest conductivity without degrading the

mechanical properties of the material.

1.3.2 Residual stress analysis of the newly developed conductive nanocomposite

As mentioned above, high temperature firing in industrial silicon solar cells would produce residual

stress in the cells which result in bending (deflection) of the substrate. Cell deflection is considered



as a serious problem for assembly process and reliability of the fabricated modules especially in
ultra-thin solar cells which normally cannot tolerate high stress levels and might cause failure.
Therefore, Low temperature firing of ECAs could be very beneficial for developing ultra-thin solar
cells to lower cost and increase efficiency performances.

In this work, several developed highly conductive nanocomposites as well as a conventional silver
pastes are screen printed, cured/fired and the amount of deflection as well as induced residual stress

in the cured printed wafers are measured and compared to each other.

1.3.3 Device Fabrication using the newly conductive nanocomposite

The new developed conductive nanocomposite is intended to become an alternative material in
many applications such as Printed circuit boards (PCBs), TFT electrodes and bus-bars in flat panel
display backplanes, EMI Shielding in plasma display, LCD, RFID tags, electroluminescent lighting
as well as touch screens. However, in this research the developed conductive nanocomposite is
used in solar cell fabrication which has never been considered as an application for these materials.
Increased probability of failures in ultra-thin solar cells due to residual stresses induced during
firing stage has been major obstacles in their industrial production. However, substituting the back
contacts by the developed conductive composite which has a very low firing/curing temperature
will reduce the induced residual stress. Thus, ultra-thin substrates could be used in the new
advanced solar cell designs.

In this research, solar cells are fabricated from scratch and evaporated Aluminum as well as the
developed conductive nanocomposite are used as the back contact. Different electrical and optical
properties of fabricated solar cells are characterized in CAPDS lab and cell performances are

compared to each other.

1.4 Objectives of this PhD research

e Developing an environmentally friendly conductive alternative material for printed
electronic applications

¢ Introducing a low processing temperature solution for screen printed metallization in
PV technology to increase the yield performance values

e Establishing a process for screen printed structures to develop deflection measurements

and residual stress analysis



e Introducing an effective work function definition for multiphase conductive
nanocomposites

e Establishing a new method for measuring the effective work function of
nanocomposites being used as an electrode in electronic devices

e Fabricating screen printed solar cells utilizing low temperature processes

nanocomposites as the rear contact

1.5 Organizations of This Thesis

Chapter one:

A brief summary of different types of PV technologies is introduced in this chapter and crystalline
silicon solar cells are reviewed in more detail. As the structure of a typical crystalline solar cell
was reviewed, the importance of front and back contact in the performance of a cell is discussed.
Then, the main conventional conductive materials being used as the front and back contacts are
thoroughly reviewed. In the next session, the main motivations for this PhD research are

categorized and explained and at the end, the principal objectives of this work are listed.

Chapter Two:

This chapter summarizes the main principles and methodologies of the conventional screen
printing process. Fabrication sequences of the most conventional screen printed solar cells are
explained briefly. Contact formation during firing step of screen printing is reviewed and contact
microstructure and current transport mechanisms are investigated in detail. The bowing
phenomenon in the deflected solar cells caused during firing the front and back contact is discussed
and compared. Then the main conventional metallic pastes are introduced and compared with each
other. The main ingredients of the metallic pastes and their roles in the paste are also mentioned in
this chapter. Electrically conductive adhesives (ECAs) are introduced and suggested as an
alternative for conventional metal pastes in screen printed solar cells. Chemical ingredients of
ECAs as well as their different types are reviewed and compared to conventional metallic pastes.
Two main conduction mechanisms in ECAs, percolation theory and tunneling effect, are explained

theoretically and analytically. Furthermore, different pathways to improve electrical properties of



ECA are summarized. Effect of silver nanoparticles, nanowire and graphitic nanofillers in the ECA
is reviewed and compared to each other briefly.

Chapter Three:

Development of Screen Printing Process and all the equipment required in this regard such as
screen printing machine, screen specific properties, Drying oven and IR belt furnace are briefly
explained in this chapter. The curing profile of the belt furnace is measured and plotted. Two
different screen patterns considered for the front and back sides of the wafers are also illustrated.
A conventional silver paste was screen printed, dried, fired and thoroughly characterized using

scanning electron microscopy.

Chapter Four:

In this chapter, a primary simulation study was conducted to compare the amount of bending
(deflection) in solar cells with metallic and ECA back contacts. Simulation results showed a
significant decrease in the amount of bowing after replacing the metallic paste with ECA.
Preparation procedure of two different conductive nanocomposite using silver nanowires is
described in this chapter. The developed nanocomposite containing silver nanowires are printed on
the silicon wafers and electrically and microscopically characterized. Electrical behaviour of the
conductive nanocomposites is investigated using Dark IV and compared to each other. The
nanocomposite with 0.1 wt% cured for 10 min gives the largest conductivity. Microstructure of the
printed nanocomposite is characterized using Scanning Electron Microscopy. Due to low amount
and small size of silver nanowires, their role in physical connecting of silver flakes is negligible.
Therefore, the conductivity improvement after adding the silver nanowires is considered to be from
tunneling effect mechanism. A through residual stress analysis was performed on the ECA,
metallic pastes and the developed nanocomposite printed substrates and their amount of induced
deflection was compared to each other. Results showed that nanocomposite printed wafers bend
much less than metallic printed ones. Also, it was shown that adding silver nanowires improves
the conductivity of the nanocomposite for around 70% which makes this nanocomposite a very
good alternative for printed electronics applications. However, more conductivity improvement is

required to compete with conventional conductive materials in PV technology.



Chapter Five:

In this chapter, a highly conductive nanocomposite was developed using graphene nanopowders
as the second filler. Due to the large volume fraction of the graphene nanopowders and to achieve
the best filler dispersion, the mixing procedure was optimized. Also, Graphene’shigh volume
fraction would affect the polymer chains and post-printing curing reactions and therefore, the
curing kinetics of the synthesized nanocomposite was studied using isothermal and dynamic
Differential Scanning Calorimetry (DSC).A high degree of curing was obtained when samples
are sintered at 150°C for 10 min.Thermogravimetric Analysis (TGA) was also used to study the
thermal stability of the nanocomposite and results showed that the temperatures for onset of
decomposition in graphene decorated nanocomposites are higher than their corresponding Tq
showing their excellent thermal resistance. Compared to the printed ECA and nanocomposites with
silver nanowires, the graphene decorated nanocomposites resulted in the highest boost in
conductivity, over 2 orders of magnitude of ECA, bringing it comparable to metal pastes.A through
residual stress analysis was performed on the developed graphene decorated nanocomposite
printed substrates and the amount of induced deflection was compared to results from chapter 4.
Considering the aspects of low curing temperature, good thermal resistance, high conductivity, and
low residual stress, graphene decorated nanocomposite could be a promising alternative in screen

printing metallization of thin substrates such as photovoltaics.

Chapter 6:

In this chapter, the electrical behavior of the developed graphene decorated nanocomposite with
potential applications as electrodes in electronic devices is studied by measuring the work function
of the nanocomposite. Since work function is inherently defined to be a property of a single
material, in the case of nanocomposites where multiple materials are presented at the interface,
inevitably, an Effective Work Function (EWF) definition was introduced. Three methods were
utilized to measure the effective work function of the nanocomposite: IV method, UPS and TLM.
IV method, which is based on the theoretical studies on tunneling phenomenon and the potential
barrier height measurement analysis on MOS devices, was illustrated and used for the first time to
measure the work function of a nanocomposite. The results were verified using two other

techniques: UPS spectroscopy and TLM. The results from all measurements are in reasonable
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agreement however a small difference between the UPS technique and the other two exists. The
difference is attributed to the heterogeneous nature of the nanocomposite and the difference in the
sensitivity of each measurement method to the surface structure. These observations indicate that

a possibly device-dependent effective value for the work function is worthy to be expected.

Chapter Seven:

In this chapter, two Solar cells with different back contacts (Ref-Cell and NCOMP-GN-Cell) are
fabricated using 4 inch wafers. All the fabrication processes are explained in detail and they were
kept same and consistent except for the back contact material and deposition technique.
Evaporated Al was used as the back contact for Ref-Cell while a newly developed graphene
decorated nanocomposite (NCOMP-1wt%GN) was used as the back contact for NCOMP-GN-Cell.
Cells were completely characterized using different techniques such as UV-VIS spectroscopy,
Dark and Illuminated IV measurements systems as well as Internal and external Quantum
Efficiency machine. Quantum efficiency results from NCOMP-GN-Cell were in an excellent
agreement with the Ref-Cell while both cells showed slightly large ideality factors and low Fill
Factors (FF). The large ideality factors and low Fill Factors (FF) are mainly related to the quality
of the starting wafers specially their low carrier life time as well as front contact designs and
process limitations. In general, the obtained performance results for both cells were very close to
each other and both devices showed almost equal efficiencies which is a very satisfactory

achievement for a standard technology baseline development.
Chapter Eight:

This chapter is the last chapter summarizing all the conclusions obtained in this PhD report. Some

more reliability experiments and applications are suggested to be studied as the future work.
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Chapter 2

Literature Review

2.1 Screen Printing Technology

Screen printing is originated from China similar to many other inventions and the first prints are
reported to be from almost two thousand years ago. Then in 1850, the first modern form of the
process was used in textile printing industry in both England and France. The first rubber bladed
squeegee was designed and used by Albert Kosloff in 1920 but the major breakthrough occurred
in the early 1940’s by developing the first photographic stencil [14]. Screen printing has also been
used in the electronic industry for more than 40 years to apply dielectrics as well as thick film
conductors on different substrates to fabricate circuits [15]. The next session summarizes the main

principles of the conventional screen printing process.

2.1.1 Screen Printing Principles and Methodology

The essential items required for making a screen print are as follow:

e Screen including a frame with a mesh containing a required design stretched upon it

e Squeegee fitted in to a holder

e Ink or paste
In this technique, a thick film of paste is transported through an aperture in the screen. There is an
impenetrable emulsion layer on the screen which is stretched across a steel or aluminum frame.
Contact patterns are defined by determined openings in the emulsion layer. The screen could be
made of stainless steel, Nylon or polyester. To make the openings in the emulsion layer, the
emulsion layer which is covered by a positive photo mask and contains the required patterns is
exposed to light which hardens the lit area. Then screen is washed to remove the emulsion from
the shaded area and form the openings [16]. During the printing process, as squeegee moves across

the screen, the mesh of the screen is brought to line contact with the substrate and ink/paste is
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pushed into the open areas and the extra material is removed by the edge of the squeegee [10, 13].
The basic steps of screen printing process are depicted in Fig. 2.1.
Amount of screen tension (high tension is preferred to help the screen to peel off the printed
patterns just after the squeegee blade), rheology of the printed paste and printing parameters such
as squeegee durometer, print stroke speed, attack angle, squeegee pressure and snap-off distance
are important factors affecting the print volume and quality of the printed lines [9,14-15]. Mesh
count of the screen (threads/cm), diameter of the wires and emulsion thickness define the maximum
wet thickness of the pastes as follow [13]:

tw = tnd, + te eq.2.1
Where t,,, is the maximum wet thickness, t,,, is mesh thickness, A, is the fractional open area and
t. is the emulsion build-up thickness as indicated in Fig. 2.2.
A, is calculated as:

(meshopening)?

x 100 eq.2.2
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Fig 2.1: The screen printing methodology [14]
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The greater fractional open area (4,) of the mesh makes the passage of the paste easier through the
screen. There are two useful rules to choose a proper mesh named as “rules of thumb”. According
to the first rule, the minimum line width of the printed pattern would be three times the mesh thread

diameter. Thus, Small thread diameter should be used to print narrow lines.
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Fig 2.2: Cross section of screen mesh and emulsion layer [13]

The Second rule is that the mesh opening ought to be at least three times the size of the particles
in the paste or ink [14].

Screen printing versatility in being able to print almost all materials has made this process very
popular and attractive. Although many terms are considered to define the printing medium such as
ink, paste, resist, die, conductive epoxy, adhesive, ceramic enamel or rubber latex, most of
mediums could be defined as two general terms: ink which is used for materials with low viscosity
and paste applied for more viscous mediums.

One of the most important features in electronic devices is the conductive structure forming by
depositing metallic pastes that connects various components. Metallic contacts in commercial
silicon solar cells is considered to be the most widely application of screen printing technique

which is going to be covered thoroughly in the following session.

2.1.2 Screen Printing Application in Solar Cells

As mentioned above, screen printing metallization is the most widely used technique to form the
metallic contacts in commercial silicon solar cells [16-17]. Photolithography (PL) and buried

contact technology (BC) are also two other well established metallization techniques for solar cell
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fabrication. Low metal contact resistance, very fine gridlines (around 8um) and no shunting effect
are major advantages of PL method leading to high energy conversion efficiency in cell
performance [18-20]. However, patterning the photo resist mask and evaporating metals under
vacuum in PL technique have made it a time consuming and expensive technology. Buried contact
(BC) technology also enables the cells to have selective emitter or emitter region with lighter
doping level among the grooves leading to lower surface recombination, good metal conductivity
and low contact resistance [25]. Nevertheless, BC technique is also much more expensive than
screen printing technology (screen printing module is almost $0.38/W cheaper than a BC
module) [26]. Therefore, screen printing is still considered a more rapid and cost-effective process
compared to PL and BC technologies. Producing less chemical waste and being practical and
modular for actual industrial facilities are other major advantages of screen printed
technologies [27]. Fabrication sequence of the most conventional screen printed solar cells is

shown in Fig. 2.3. Each sequence is briefly explained in the following sessions.

Chemical etching

P-N junction formation

Parasitic junction removal

ARC deposition- TiOx

Screen printing of contacts

J
J
J
Passivation ]
)
]
]

Co-firing of contacts

Fig 2.3: Production stages of the conventional solar cells

2.1.2.1 Chemical etching

The main purpose of the chemical treatment is eliminating the saw damage and removing
contamination as well as native oxides from wafers. Several etching methods have been reported

so far [13-14]; however, a typical example of chemical procedure applied before the donor doping
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process would be RCA 1 and 2 to remove organic and metallic contaminations followed by 2% HF

dip to remove the native oxide.

2.1.2.2 P-N junction formation

Developing the emitter is considered to be one of the most important steps in solar cell fabrication
process which is obtained by simple diffusion process. High concentration of dopants near to
screen printed contacts reduces the contact resistance; however, it forms a dead layer reducing the
blue response of the cell [28]. The cell blue response would be improved though by forming

shallower emitters in newer cell designs.

2.1.2.3 Surface Texturing

Surface texturing is performed by etching pyramids with a chemical solution at the surface of
wafers to reduce light reflection. Several other methods of texturing are developed such as
mechanical texturing with laser or cutting tool [29], isotopic chemical etching based on the
defects [30], isotropic chemical etching combined by photolithographic mask [31] as well as

plasma etching [32].

2.1.2.4 Passivation and ARC

Surface passivation of the solar cells reduces surface recombination and increases carrier lifetime
and significantly improves the efficiency of solar cells. Passivizing the surface of Si- SiO; in solar
cells could be performed by growing thermal oxide films at high temperatures or depositing silicon
nitride at low temperatures [33]. Thermal oxidation has several advantages such as developing an
oxide layer with excellent resistivity to most common impurities (B, As, p, Sb), high electrical
resistivity as well as stable and reproducible surface passivation quality. However, in spite of its
advantages, carrier life time would be degraded by high processing temperature in this method [34].
Investigations has revealed that deposition of SiN layer through plasma enhanced chemical vapour
deposition (PECVD) which requires lower processing temperature could form a better passivation
layer in solar cells [35]. Low temperature deposition, higher passivation quality and adjustable
refractive index have made silicon nitride layer a proper choice for more applications in solar cell

processing as ARC or passivation layer for front and rear side [30, 32].

15



To reduce light reflection, antireflection coatings (ARC) are deposited on the surface of solar cells
(especially for multi-crystalline materials which are difficult to be textured). Titanium dioxide
(Ti02) and silicon nitride (SiN) are two common antireflection coatings using in industrial solar
cells[33]. Coatings are mainly deposited by simple techniques such as spraying or chemical vapor
deposition [33].

After surface passivation and applying the antireflection layer, cells are stacked one on top of the
other for edge isolation to remove the junction at the edge. This process is performed by various
techniques like plasma etching, laser cutting or covering the edges to prevent diffusion of dopants
at the border in the first place [28]. Next step would be depositing the front and back contacts

which is reviewed in more detail in the next session.

2.1.3 Metallization in Silicon Solar Cells

Process of metallization has three steps:
o Paste deposition
e Drying
e Firing
The main stages in paste deposition are same as basic steps of screen printing process explained in

session 2.1.1. Another configuration of the process is shown in Fig. 2.4.
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Fig 2.4: The screen printing methodology [37]
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2.1.3.1 Drying

Drying is basically conducted at temperatures less than 200°C to evaporate some of solvents and
remove the air bubbles from the paste. Solvents that have failed to be burnt off even in firing step
could initiate cracking in the contacts while air bubbles trapped in the paste decrease the

conductivity of the electrodes [38].

2.1.3.2 Firing

Firing is a particular thermal processing in which contacts are formed in a short time at around
800°C. Conveyor belt furnaces (infrared furnaces) with a typical firing profile depicted in Fig. 2.5
are normally used for this sintering process. As shown in Fig. 2.5, solvents and organic ingredients
of the paste are burnt off at temperatures below 600°C and only metal and glass components are
remained. Main part of firing and contact formation involving glass softening and metal sintering
happens between 600°C and 800°C which is much below the eutectic temperature of Ag-Si
(835°C) and silver melting point (961.9°C) [35-36]. It should be noted that a slightly lower firing
temperature could cause a significant increase in series resistance of the cell while a slightly higher
temperature decreases the lifetime of the minority carriers and degrades the output current [41].

The mechanisms of contact formation are fully explained in the following session.
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Fig 2.5: Firing profile of a commercial silicon solar cell
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2.1.4 Screen Printing Yield Loss in PV devices

As it was mentioned in the previous chapter, reducing the cost and decreasing the yield losses has
been in main concern in PV industry. Module manufacturing cost takes around 80% of the total
price while silicon raw material occupies almost 55% of the PV module price and considering that
crystalline silicon solar cells dominate the photovoltaic power generation, decreasing the raw
material usage plays a vital role to reduce the PV production cost. Decreasing the thickness of the
solar cell is considered to be the easiest way of reducing the silicon raw material usage; however,
thinner crystalline solar cells usually lead to higher yield losses due to higher chances of breakage
problems caused by bowing phenomenon [43].

Bowing is caused by the residual stress induced in the solar cell during the firing step. Residual
stress is caused due to the difference between thermal expansion coefficients of front and backside
electrodes and the c-Si wafer. The bowing phenomenon in a partially processed solar cell is shown
in Fig. 2.6 [44].

Fig 2.6: Bowing phenomenon in a partially processes solar cell[44]

Finite element simulation method (FEM) was used by researchers to help with understanding the
problem of bowing [41-43]. Chen et al modeled a conventional Si solar cell with the geometry
shown in Fig. 2.7 while the amount bowing was measured as maximum distance between the plane
containing the bottom of the corner edges and the plane containing the top edge of the solar
cell [45].
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Fig 2.7: Typical Model Geometry of a solar cell for FEM simulation of bowing[45]

As the simulation results show in Fig. 2.8, the deformed cell is very similar to the real bowed cell
meaning that the cell is bent downward as the Al back contact is on the inner side. This shows that
the AL inner contact is dominating the bowing phenomenon in the solar cell which is make sense
due to its coverage area. JR Lim et al. [44] also compared the cell bowing in two cells: one with
the front contact and one without it and as it is shown in Fig. 2.9, the contribution of the front
contact in the total bowing amount is almost negligible compared to back contact induced.
Controlling the Al-paste formulation, decreasing the thickness of the AL back contact as well cell
heat treatments are suggested to be the ways to reduce the bowing which has reported to affect the
cell performance and increasing the cost [44-46]. However, the other way to reduce the bowing is
reducing the firing temperature for back contact firing by replacing Al with a low processing

temperature conductive material which is going to be addressed in more details in this research.
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Fig 2.8: FEM simulation results of (a) cell bowing (b) stress distribution induced by firing process [45]
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Fig 2.9: Front and back contact contribution in bowing phenomenon [44]
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2.1.5 Contact Microstructure

Contact formation and current transport mechanism in screen printed contacts is not fully clear and
a few mechanisms are proposed in this regard. All the proposed mechanisms agree on one
important fact that glass frit plays a critical role during contact formation. The first theory was
suggested by Cheek et al [52] proposing that the firing process was liquid phase sintering while
Ballief et al [53] suggested that silicon and silver would be dissolved in the glass frit during firing
and recrystallization of silicon occurs during cooling and then silver nucleate and grow on silicon.
It was further suggested that only silver particles are dissolved in glass frit and would be
recrystallized subsequently upon cooling [50, 51]. Then, Schubert et al [56] suggested that PbO in
glass frit react with Si and would be reduced to Pb which makes an alloy with Ag. The <100>
silicon planes are dissolved by the generated alloy and Ag crystallized on the <111> planes of the
dissolved silicon surface [56]. Interface microstructure of optimally fired screen printed contacts
is thoroughly studied by Lin et al (Fig. 2.10) [36, 53]. As it is shown in Fig. 2.10(a)-(c), three
different microstructures could be found in the optimally-fired contacts: (a) Ag/thin glass layer/Si
(b) Ag/thick glass layer/Si (c) Ag/glass layer/ARC/Si. Ag/thin glass layer/Si microstructure is
suggested to be the main path for current conduction while in the case of having large glass frit
clusters or big voids at the interface plane, a thicker glass layer could be formed (Fig. 2.10(b)).
Also, at some part of the interface, residual antireflection coating could be remained between the
glassy phase and Si (Fig. 2.10(c)). This residual ARC layer reduces the surface recombination;
however, Ag embryos can’t form because ARC inhibits Ag diffusion toward Si substrate. The
amount of residual ARC layer is higher in under-fired samples compared to optimally-fired ones
[36, 53].
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Fig 2.10: Three important interface microstructure (a) Ag/thin glass layer/Si (b) Ag/thick glass layer/Si
(c) Ag/glass layer/ARC/ Si [40]

2.1.6 Current Transport Mechanism

Current could be transported from silver precipitates and silver bulk by three possible mechanisms
[36, 50, 53]:
1. Direct connection between Ag precipitates and silver bulk
2. Tunneling through thin glass layer from Ag embryo serving as current pickup points
to silver bulk (Fig. 2.11(a)).
Ag embryos which play an important role in transporting current at the interface originate from the
silver dissolved in the glass phase during firing and are in direct with silicon bulk. Developing high
densities of Ag embryos and keeping the glass layer as thin as possible improves the conductivity
of electrical contact in this mechanism [40].
3. Current transport through thick glass layer via multi step tunneling between Ag
precipitates in the glass layer (Fig. 2.11(b))
In thick glass layers, Ag precipitates form saturated glassy layer during firing and act as charge
storage centers. Charge could be transported between these precipitates by quantum-mechanical
tunneling of electrons. In addition, the dissolved silver in the glassy phase acts as trap point and
increases the charge transportation rate [57]. The breakdown voltage is less at the interface of Ag

precipitate/glass layer due to small radius of curvature at the interface[58]. The curved interface
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effect as well as proper conductivity of Ag-supersaturated glassy phase provides charge transport
through the thick glass layer by multistep tunneling and thermally excited electrons jumping from
one precipitate to the other [57].

(a) —— e

Si bulk

Ag-supersaturate

glass layer Ag embryo

Ag precipitates Si bulk

Ag-supersaturate
glassy phase Ag embryo

Fig 2.11: Possible current transport mechanism in (a) Ag/thin glass layer/Si (b) Ag/thick glass layer/Si[57]

As mentioned above, current cannot transport in those parts of the interface containing Ag/glass
layer/ARC/ Si layers as silver diffusion into Si is prohibited by residual ARC and Ag embryos

wouldn’t be able to nucleate.

2.1.7 Conventional Metallic Pastes

Aluminum or silver based pastes are usually considered for printing metal contacts. As aluminum
is normally alloyed with silicon at temperatures above 557°C (eutectic temperature), the
surrounding silicon would be doped p-typed. Therefore, Al is usually used to form back surface
field (BSF) as well as rear contact in p-type cells or a rear emitter in n-type cells [7]. Silver paste

is also used to form contacts in n-type doped surfaces like phosphorus doped silicon. A typical
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silver paste contains following ingredients: ~80 wt% silver powder or flake, ~5 wt% Glass frit, ~5
wt% binder material, ~10 wt% vehicle.

Silver forms electrodes at the surface of the solar cell and provides conducting pathways for
transferring electrons. Hilali et al. showed that electrical performance of the cell depends on the
size of the silver particles[12]. Glass frits (metal oxides like PbO or ZnO [60]) are responsible for
adhesion to the silicon substrate. Binder materials such as ethyl cellulose, polyvinyl alcohol (PVA)
and methyl methacrylate improves the strength of the printed patterns before firing step. Vehicle
materials containing organic solvents are used to carry the solid components of the metallic
paste [13]. Both binder and vehicle which would be burnt off at temperatures less than 600 °C,
control paste rheology.

Increasing the efficiency of solar cell has been a main topic of interest for a long time and different
factors are considered in this regard such as: processing parameters, contact resistivity, metallic
grids design optimization as well as emitter properties. Among processing parameters, firing step
is considered to be a major efficiency limiting and cost determining stage as a high amount of
thermal budget is consumed during high temperature sintering process [57-58]. One other
important concern in conventional metallic pastes is the presence of lead in glass frit which is not
an environmentally friendly material. Developing a lead free alternative for currently available
metallic pastes and conventional Sn/Pb solders has drawn attention in recent years [59-60]. Lead
free metallic pastes containing metal oxides are the first alternative for screen printing
metallization [65] but another interesting alternative for metallic pastes would be electrically
conductive adhesives (ECA) which has been topic of interest for electronic packaging applications
since 1956 [66]; however, their possibility to replace conventional metallic pastes in screen printing
technology has never been studied and is going to be investigated in this research work. Next
session would give a brief summary about different properties electrically conductive adhesives
(ECAS).

2.2 Electrically Conductive Adhesives (ECAS)

ECAs have been used for electronic packaging applications such as hybrid, die attach and display
assembly [11] and as also mentioned above, they are an environment friendly solution for
interconnections in electronic applications. In addition to be environmentally friendly, They

provide low processing temperature comparing to the firing profile of conventional metal pastes
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which is the most energy consuming step in screen printing methodology. The main parts of ECAs
are an Organic/polymeric binder matrix and conductive metal fillers. ECAs are mainly divided into
two different groups based on conduction direction: anisotropic conductive adhesives (ACAs) and
isotropic conductive adhesives (ICAs). The electrical behaviour of ACAs and ICAs is deferent
from each other based on percolation theory as depicted in Fig. 2.15 [15]. For ICAs, the volume
fraction of fillers exceeds the percolation threshold (V) leading conductivity in all x, y and z
directions while the conductivity of ACAs is provided only in one direction. Percolation threshold
is typically in the order of 15-25% volume fraction [11, 60]. It should be noted that the resistivity
shown in Fig. 2.12, is representing the bulk resistivity of the ECAs.
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Fig 2.12: Typical percolation curve of conductive adhesives[15]

Higher resistivity of ACAs compared to ICAs, voids or open circuits resulting from the random
distribution of conductive particles in ACAs as well as the necessity of applying heat and pressure
simultaneously during hardening the matrix, has restricted application of ACAs in high-end
electronic applications. Many studies are conducted on ECA development, discussing their benefits
and drawbacks and investigating their main technological applications [11, 60, 64-65]. The most
important advantages and disadvantages of ECAs over Conventional metallic pastes are shown in

Table 2.1.
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Table 2.1: Advantages and disadvantages of ICAs

Advantages Disadvantages

Offering an environmental friendly alternative Lower conductivity

Low processing temperature Unstable contact resistance
Low thermo-mechanical fatigue Poor impact performance

Can be used on a wide range of surfaces
Can be utilized for finer pitch applications
Shorter and quicker assembly time (fewer processing time)

Low cost

2.2.1 Composition of ECAs

ECAs are composed of an adhesive matrix (polymeric binder) which provides mechanical strength
and conductive fillers used for charge transport. The main characteristics for an ideal polymeric
matrix for ECAs are long shelf life, relatively high glass transition temperature (Tg) - conductive
adhesives with low Tg lose electrical conductivity during aging- fast cure, low moisture
absorbance, and good adhesion [69]. Thermoplastic resins like polyimide can be used for the ECA
matrix However, despite their good reworkability, the adhesion of thermoplastic ECAs degrades
at high temperature which makes this material not a good choice in many applications. Therefore,
the most commercial ECAs are based on thermosetting resins like epoxy resin because of their
superior mechanical and thermal properties as well as processability [67-68]. Regarding the
conductive filler, silver (Ag), Gold (Au), Copper (Cu) and carbon are used in ECA formulations.
However, Silver is the most common filler because of its high room temperature electrical and
thermal conductivity as well as the unique characteristic of its conductive oxide (Ag20). The most
popular morphology of conductive fillers is flake because of their higher aspect ratio, more contact
spots and consequently more electrical paths in comparison to spherical particles. The filler size

generally ranges from 1 to 20 um [15].

2.2.2 Conduction mechanisms in ECAs

Although percolation theory predicts the conductivity of ECAs, this theory neglects the role of

polymer matrix and type of the filler and is only based on the geometric characterization of the
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filler. Thus, tunneling effect or field emission theory is developed to avoid these flaws and is
defined as penetrating electrons from one filler in to the potential barrier and reaching to the next
filler at some distance. According to this theory a conductive network is formed among the
adhesive without filler particles contacting each other. Both percolation theory and tunneling effect

mechanisms are depicted in Fig. 2.13 (a) and (b) schematically.

(b)
Fig 2.13: Conductivity mechanisms (a) percolation theory (b) Tunneling effect [72]

Bulk resistance of the ECAs decreases dramatically after the adhesive is cured [70-71]. It is not
completely clear what happens during curing the ECAs but a few researches are conducted on
investigating the conduction mechanism [72, 74]. Conductivity improvement during thermal cure
is suggested to be the result of lubricant removal [75] as well as the compressive force induced by
cure shrinkage [72, 74]. However, D. Lu et al. showed that resin cure shrinkage plays a more
important role during conductivity establishment in a conductive adhesive [77].

The total resistance of particle-particle contacts in percolated linkages in conductive composites
has two important contributions: constriction resistance and tunneling resistance. Constriction
resistance (R,,) is the consequence of the current flow being constricted through small conducting
contact spots and can be calculated as:

R, =pi/D eq.2.3

Where p; is the intrinsic filler resistivity and D is the diameter of the contact spot.
Moreover, when thickness of the thin film layer coated on the surfaces of the particles is in the
order of 100A or less, quantum mechanical tunneling with a lower resistivity occurs [72, 75]. In

electrically conductive adhesives containing Ag filler, three different films could exist on the filler
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surface: Tarnish films which are basically Ag20 and Ag.S, some organic material that has been
applied as lubricant to help dispersion of flakes in the epoxy as well as a thin film of epoxy which
could cover the silver flakes. Tunneling resistance depends on tunneling resistivity (p,) and the

area of the contact which is covered by the thin film (4,) and can be derived as:

R, = p:/A, eq.2.4

Thus, the total particle-particle resistance (R,) is equal to:
R.=pi/D+p:/A;  €q.25

During thermal curing, the resin shrinks and compresses the particles bringing them closer to each
other and both, particle- particle contact area (A.) and contact diameter (d) increases as well
causing both R, R; and R, to decrease (Fig. 2.14) [11, 75].
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Fig 2.14: Particle-particle contact resistance in ICAs

There is also discontinuity of crystal lattice order in the contact spot which could reflect electrons
and produce a resistance; however, such resistance is very similar to the resistance of the grain
boundaries in the poly crystalline materials and could be neglected [79].
As it is depicted in Fig. 2.15, the overall resistance (R;,¢q;) 0f ECAs will have three main parts: 1)
resistance of particle-particle contacts (R.) 2) bulk resistance of fillers (R;) and 3) resistance
between filler and substrate (R;) [66, 77] :

Riotar = Rc + Rf + Ry €q.2.6
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Fig 2.15: Electrical paths in ICAs[81]

2.2.3 Pathways to improve electrical and structural Properties

One way to improve the conductivity of ECAs is by removing the lubricant layer on the silver
flakes which is an electrically insulating material. It is revealed that using lubricant removals like
short-chain acids such as adipic acid, high boiling point ethers like diethylene glycol monobutyl
ether or diethylene glycol monoethyl ether acetate could improve the conductivity of conductive
adhesives [75].
The second way, as mentioned in the last part, would be increasing the curing shrinkage by adding
a small amount of multifunctional epoxy resin to the formulation of the adhesive. The
multifunctional resin increases cross linking density, shrinkage and therefore conductivity [82].
Although the silver oxide is a good conductive material compared to the other metal oxides, its
conductivity is still inferior to metal itself. So, incorporation of reducing agents such as aldehydes
is considered as the third approach to improve the conductivity of ICAs [83]. The oxidation
reaction can be shown as:

R-CHO+Ag:0—~R-COOH+2Ag
The other way is using nanoparticles or nanowires in the polymeric matrix. Nano-sized materials
could be included solely or with another micro-sized conductive particle. ECAs with nanomaterial

have been a point of interest for researchers and are briefly explained in the next session.
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2.3 Nanoparticles and Nanowires in Polymer Media

As mentioned above, due to the special electrical mechanical, chemical, optical and magnetic
properties of nanoparticles and nanowires, ECAs containing nanomaterial have been studied in the
last few years to achieve finer pitch and high performance interconnection in advanced electrical
packaging. Nanoconductive particles, nanowires, or graphitic nanofillers are considered in the

developing nano conductive adhesives and will be reviewed in the following sessions.

2.3.1 ECAs with silver nano particles

Silver nanoparticles have been considered as an alternative for micro-sized silver flakes in ECAs
in recent researches. The main advantage of using nano-sized particles or wires is that they would
disperse in the areas where bigger fillers cannot scatter and contact each other and then a more
conductive network would be developed via tunneling effect. Effect of substituting micro-sized
silver particles by nano-sized filler in PVAc matrix either in part or as a whole is studied by Lee et
al [84]. This work showed that adding silver nano particles would increase the resistivity of the
material in all the conditions except when the amount of micro-sized Ag was a bit lower than the
percolation threshold. The reason was the fact that the micro-sized Ag particles are not
continuously connected to each other before percolation threshold concentration and by adding the
small amount of silver nano particles, a continues conductive network would be formed. In other
cases, adding silver nanoparticles degrades the electrical properties due to the fact that a large
number of small particles included in the nano-sized silver colloid inevitably increase the contact
resistance. Similar results were also obtained by Ye et al [85] as well as Fan et al [86] while Ye et
al proposed that the conductivity of the ECA’s containing micro—Sized fillers is controlled by
constriction resistance (R..), while the conductivity of nanoparticle containing adhesive is
dominated by tunneling resistance (R;).

It was also shown by Lee et al that the material’s resistivity improved significantly by sintering the
ECA (at 190°C for 30 minutes). As it is shown in Fig. 2.16, during sintering, due to high surface
activity and diffusion of silver nanoparticles toward each other coarsening happens which reduces

the contact resistance significantly (resistivity of 5x10° Qcm was achieved) [84].
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Fig 2.16: (a) ECA with silver flake (b) ECA with both flakes and nanopatrticles (c) ECA with sintered
nanoparticles among fillers[87]

Jiang et al also studied the sintering behaviour of ECAs containing both silver flakes and
nanoparticles and showed that the electrical resistivity reduced after sintering due to fewer contacts
between fillers after sintering coupled with the effect of having surfactants on the surface of silver
nanowires. The absorbed surfactant helps nanoparticles to disperse in the epoxy resin enabling
higher filler loads in the ECA. The surfactant is also deboned from the Ag nanoparticles at a certain
temperature and reacts with the silver oxide layer covered on the silver nanoparticles. This
reduction process helps the sintering of silver nanowires which decreases the resistance of the
ECA [87].

2.3.2 ECAs with silver nanowires

Due to the outstanding physical and chemical properties of one dimensional nanostructures like
nanowires, many of recent studies have been focused on these materials [85-87]. In addition to
improving the impact strength and adhesion strength [91], silver nanowires provide more perfect
conductive networks compared to silver particles as slender nanowires could form a continuous
conductive network at a lower amount of filler loads [92]. Wu et al developed and ECA containing
silver nanowires and compared it with two other ECAs containing 1um and 100 nm sized silver
particles and found that the ECA exhibited higher shear strength and lower bulk resistivity at lower
amount of fillers (56 wt%) compared to two other samples [78]. Fig. 2.17 compares conductive
schematic models for different samples where Fig. 2.17(a) illustrates the conductive path for
samples containing micrometer sized silver particles and Fig. 2.17(b) stand for the sample with

silver nanowires.
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Fig 2.17: Conductive path of ECA containing with (a) micrometer Ag particles (b) Ag nanowires[78]

Comparing the two possible conductive paths in Fig. 2.17 (yellow and blue lines), it is revealed
that the yellow line needs more silver particles to form conductive network rather than blue line
in the sample containing Ag nanowires. For ECAs containing micrometer sized silver particles,
particle-particle resistance (R.) provides the main part of material resistance due to too many
contact points small contact areas between spherical particles. On the other hand, R, is still the
main part in ECAs with silver nanowires however, it is much lower due to larger contact area and
fewer contact points. It can also be seen in Fig. 2.17that the tunneling resistance (R;) is contributed
to the total resistance in the ECAs filled with silver nanowires [78].

Functionalizing the surface of nanoparticles/wires with organic surfactants has been studied in the
last few years and it has been revealed that it can improve the conductivity of the ICAs significantly
[84, 91-92]. The polarities of polymer matrix and inorganic filler is often different which result in
particle aggregation during blending of particles/wires with polymer while surface functionalizing
of the particles makes the surface of the particles more compatible with the matrix and lets the
nanoparticles/wires disperse more homogenously through polymer [87]. Moreover, the surfactant
stays on the surface of metallic fillers and prevents the fillers from oxidization during mixing and
sintering [95]. Zhang et al used a diacarboxylic acid (pentanedioic acid) to functionalize the

nanowires and 3.5% of the pentanedioic acid was remained on the surface of Ag nanowires. TGA
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result revealed that the desorption of the acid on the silver surface occurred from 150°C to
250°C [95].

2.3.3 ECAs with graphitic nanofillers

The application of graphitic nanofillers, i.e., carbon nanotubes (CNTs) and Graphene
nanopowders, in electrical conductive adhesive field has recently drawn a lot of attention. CNTSs,
discovered first by lijima [96], are sheets of graphite which is rolled in to a seamless tube and are
classified in to single wall (SWCNT) and multi wall (MWCNT) carbon nanotubes as shown in Fig.
2.18(a) and (b) [97]. Also, graphene is a two dimensional honeycomb flat layer of densely packed
carbon atoms while the thickness of the monolayer is around 0.335 nm [98]. Due to the very large
surface area and high aspect ratio of CNTs and Graphene nanostructures, a percolated electrical
network can be formed with low amount of fillers which lead to low density conductive
ECAs [100].
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Fig 2.18: (a) Single wall (SWCNT) (b) multi wall (MWCNT) carbon nanotubes [97] (c) Graphene

monolayer [99]

Research conducted on ECAs filled with graphitic fillers has shown that when graphitic fillers are
used as the main filler, the fabricated nanocomposite suffers from low conductivity compared with

advanced ECAs filled with metal fillers [101]. However, due to their large surface area and high
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aspect ratio, that would be a very good idea to use them as auxiliary filler in a matrix containing
epoxy and silver as the main filler. Xuechun and Feng [102] and Marcq et al. [103], studied the
effect of adding MWCNTSs to an ECA containing Ag flakes and their results showed a decrease in
resistivity down to 1.3 x 10° Q.cm and 2 x 10™* Q.cm; respectively. Luan et al., investigated a
nanocomposite containing Epoxy, silver nanowires and 2-D graphene sheets and they obtained an
acceptable resistivity of 10 Q.cm at very low percolation threshold (20%) [104]. Decreasing the
tunneling resistance between the Ag nanowires as a result of graphene nanosheets was reported to
be the main reason for the conductivity improvement of the nanocomposite.

As mentioned in session 2.2, the bulk resistance of the fillers (R;) and the particle-particle
resistance (R.) have the main role in electrical conductivity of the system. Thus, some research has
been conducted on using metallic nanoparticles to decorate the graphitic fillers which reduces both
Rf and R, [102-104]. Oh et al. also investigated the effect of functionalizing the decorated CNTs
with a di-carboxylic acid which resulted in a very significant improvement in conductivity of the
nanocomposite [107]. It is reported that the metallic nanoparticles used as the decorating agent
help sintering and coalescing the CNTs to the neighbouring Ag flake while the decorated CNTs
act as electrical bridges between separated flakes (Fig 2.19).
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Fig 2.19: The decorated CNTSs acting as electrical bridges between separated flakes [107]
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As graphene nanosheets have higher aspect ratio along with larger surface area in the matrix
compared to CNTs, they are reported to be more effective in improving the conductive
network [108]. However, obtaining a homogeneous dispersion of graphene sheets in the epoxy
matrix and preventing the agglomeration of the fillers is a challenge which has been tried to be
solved by either modifying the surface of graphene sheets using organic materials or decorating
the surface of the fillers by inorganic nanoparticles. Both methods are effective in improving the
filler dispersion in matrix but the former technique weakens the conductivity of the nanocomposite
due to its effect on m electrons delocalization on the surface of the filler [106-109]. The later method
was investigated by Peng et al. which revealed an improvement in the conductivity of the
nanocomposite, although the final results were not promising [113]. The improvement in the
conductivity of the nanocomposite after the addition of Ag NPs-decorated graphene was
contributed to the reduction of the tunneling resistance after the addition of the filler; however, this
improvement would be cancelled out by the increase in contact resistance due to the extra contacts
formed between silver nanoparticles. The contact resistance could be decreased by optimizing the
sintering process and coalescing the Ag nanoparticles. Amoli et al. investigated the effect of
sintering on conductivity improvement of a hybrid ECA containing silver flakes as well as Ag NPs-
decorated graphene [114]. A very low resistivity (4.6 x 10°Q.cm) was reported for the hybrid
nanocomposite cured at 220 °C for 2 hrs which was due to a proper sintering of Ag nanoparticles
and a significant reduction in the contact resistance (Fig. 2.20).
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Fig 2.20: The effect of sintering on conductivity improvement of a hybrid ECA [114]
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2.4 Findings and Prospects for Applications in Advanced Devices

The above studies on nano inks/composites reveals that they are a very promising option in
conductive materials from the aspects of resistivity and fabrication processing. Highly conductive
and high resolution patterns could be developed using conductive polymers containing nano-sized
fillers. Different conductive materials with their processing techniques are compared to each other
in Fig. 2.21. As it is shown in Fig. 2.21, conductive polymers containing nano-sized particles
belong to the printable category which is considered a very important advantage of these materials
as printing is a low-cost and roll-to-roll process.

Vacuum Processed

Evaporated Metals [:|

Printable Metal Nanoparticle Inks l:
Silver Micro-Powder Pastes :l

Carbon ST D
Nanotubes l:[_____________________________________,'

Conductive
Polymers l:l
Resistivity 10 10° 10" 102 102 10 10° 10% (Ohm-cm)

N T

Conductivity 191 100 10 102 103 104 105 106 (S/cm)

Fig 2.21: A comparison between electrical properties of printable and vacuum processed conductive

materials

Conductive inks containing nano-sized particles having low processing temperature and high
conductivity are finding a wide range of application in the market such as:
e Printed circuit boards (PCBs)
TFT electrodes and bus-bars in flat panel display backplanes
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e EMI Shielding: plasma display, LCD, etc.
e RFID tags

e Electroluminescent lighting

e Touch screens

e High efficiency screen printed solar cells
One other important application for nano conductive materials which has never been considered
so far is photovoltaic and particularly in screen printed solar cells. Due to the low processing
temperature of the developed conductive nanocomposite, it will cause low amount of bending in
firing step allowing generating ultra-thin solar cells. In this research, highly conductive
nanocomposites containing silver nanowire and graphene nanopowders are being investigated and
developed. The sintering process of the new developed nanocomposite will be thoroughly studied
to optimize the electrical property of the material. Work function of the developed conductive
nanocomposite will be measured experimentally and will be evaluated theoretically. The new
synthesized conductive nanocomposite is used to fabricate screen printed solar cells and will be

compared with the conventional cells with Al back contacts.
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Chapter 3
Establishing the Basic Screen Printing
Process

MSP-485 screen printer in the CAPDS lab was set up by me after going through its manual and
designing and ordering the screens as well as calibrating the machine by conducting several runs
and printing a conventional metallic paste in trial runs. The metallic paste is a highly conductive

silver composition purchased from DuPont Company.

3.1 Screen Printer System

Metallic patterns are printed by the AMI model MSP-485 screen printer accommodating screen
frames with the maximum size of 12" x12" and maximum print area of 8" x8". Machine was
aligned according to manual each time before printing. Other specifics of the machine are given in
the Table 3.1.

Table 3.1: Specifics of MSP-485 screen printer

Feature Description

Screen Frame Maximum 12" x 12"
Print Area Maximum 8" x 8"

Part Size Maximum 8" x 8"
Power 110/115V; 50/60 Hz; 1 phase
Air min. 80 psi clean, dry air
Width 32"

Length 32"

Height 51"

Weight 550 Ibs.

Print Mode Contact/Off Contact
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Squeegee Drive Aqueous Hydraulic
Squeegee Speed Up To 10 ips
Squeegee Holder Up To 8.5, 3/8" Square

Print Head Mark Il Torsion Bar with flood blade
Controls PLC, flat membrane user interface

Stage X, Y, @ micrometer with vacuum lock

Print Cycles Print/flood, flood/print, alternate, print/print
Counter Print cycle

After each set of printing, printer machine as well as screens should be cleaned with Isopropanol
(IPA), acetone and clean room wipes. Pastes shouldn’t remain on the screen for more than 10 min
otherwise it will be dried in the screen and won’t come off. MSP-485 screen printer located in
CAPDS lab is shown in Fig. 3.1.

Fig 3.1: MSP-485 Screen Printer Machine in the CAPDS lab

A Yamato DX 600 Oven is used for drying the metallic printed paste. Metallic pastes were dried

at 180°C for 10 min and an L-9010 RTC belt furnace equipped with Newport controllers also used
39



to fire the metallic patterns (Fig. 3.2). The belt furnace was used with its maximum speed (41
inch/min) and the temperature profile of the furnace was measured by a thermocouple attached to

a USB data logger. The temperature profile result is shown in Fig. 3.3.

-

Fig 3.2: IR belt furnace in the CAPDS lab
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Fig 3.3: Temperature profile of the IR belt furnace
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3.2 Design of Screen and Pattern

Two different screen patterns are designed by Corel Draw software for front-side and back-side
printing of the wafers (Fig. 3.4 (a) and (b)). Screens are fabricated by SEFAR Company based on
the designed patterns using 12" x 12" aluminum frames and stainless steel mesh type. Stainless
steel mesh types could give the largest percent open area as well as the best stability of the print
size compared to nylon and polyester mesh types. They also peel from large areas easier than other
mesh types. The amounts of mesh count and wire diameter are 360 wire/inch and 16 pm (0.0006
inch), respectively. A large number of mesh counts is considered in the ordered screen to make it

suitable for extra fine pattern.
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Fig 3.4: Screen patterns (a) front-side (b) back-side designed for 4 inch wafers

3.3 Description of Metallic Paste

To finalize the setting up of the screen printer, a conventional highly conductive metallic paste was
utilized to print on silicon wafers. The purchased metallic paste have several benefits such as fast
drying and firing, excellent fine line capabilities, high finger line aspect ratio, high electrical
conductivity after firing, being suitable for shallow emitter designs (up to 85 Q) as well as very
good shunting control especially for shallower junctions. Typical physical properties of the

metallic paste are given in Table 3.2.

41



Table 3.2: Physical properties of metallic paste

Feature Description
Viscosity (Pa-s) 240-300
Solids (%) at 750°C 90-92
Fineness of Grind (4th/50%) <17um/<5um
Resistivity (m /sq/10um) <5

Metallic paste was screen printed using the screen for the front side. The printed patterns were
dried at 180 °C in the oven and then fired in the IR belt furnace. The printed metallic paste after

firing is shown in Fig. 3.5.

Acc.V  Spot Magn Det WD
700KV 3.0 500x SE 6.2 CAPDS

Fig 3.5: Printed metallic paste after drying and firing

Printed patterns were then characterized by Scanning Electron Microscopy (SEM) and Energy-
dispersive X-ray spectroscopy (EDAX) analysis. To prepare the SEM samples, printed wafers were
cut to small pieces and mounted. Steel clips were used to hold the wafer in the mounting cup.

Mounted samples were polished by sand papers and diamond pastes up to 1 micron and then gold
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coated with a Cressington 308R coating systems. Silver precipitates formed during firing as well

as glass phase are pretty clear in the SEM result depicted in Fig. 3.6.

Silver Bulk Silver Precipitates Glass Phase

Width=12.71 pm Mag= 3000KX WD=98mm
File Name = metal paste06.tif |—| EHT =10.00 kV Signal A=BSD

Fig 3.6: Silver precipitates and glass phase in fired metallic paste obtained by Scanning electron

microscopy (scale bar is 1 um)

It can be seen in Fig. 3.6 that three different interfaces are present in the fire sample:

e Ag/thin glass layer/Si

e Ag/thick glass layer/Si

e Ag/Si
To get a better understanding about the chemical composition of metallic phase and perform a
quick comparison with glass phase, Energy Dispersive X-ray Spectroscopy (EDAX) analysis is
conducted on the sample at two different points: one on the metallic paste and one on the glass
phase; results are shown in Fig. 3.7 and 3.8, respectively. As it is shown in the Fig. 3.7, the main
phase is silver in the metallic areas far from the interface and small amount of Pb contributed to
the glass frits also present. However, comparing to Fig. 3.8, it can be seen that not only the amount
of silver in the dark gray phases are reduced significantly, but also there is a notable increase in the

amount of Pb confirming the existence of glass phase close to interface.
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Fig 3.7: EDAX analysis performed on bulk silver of screen printed and fired metallic paste (EDAX is
conducted in UW Chemistry Department)
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Fig 3.8:EDAX analysis performed on the glass phase of screen printed and fired metallic paste (EDAX is
conducted in UW Chemistry Department)
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3.4 Conclusion

A screen printing process was established by designing masks compatible to both conventional
metallic pastes as well as ECAs. To set up of the screen printer, a conventional highly conductive
metallic paste was utilized to print on silicon wafers. The Printed patterns were characterized and
results confirmed the proper printing quality. A microstructural analysis using Scanning Electron
Microscopy (SEM) as well as Energy Dispersive X-ray Spectroscopy (EDAX) was done on the
interface to investigate the curing profile. The presence of the three different interfaces Ag/thin
glass layer/Si, Ag/thick glass layer/Si and Ag/Si confirmed that all the required chemical reactions
and phase transformation have happened during the curing.
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Chapter 4
Developing a Conductive Hybrid
Nanocomposite Containing Silver NPs and

Silver flakes

4.1 Introduction

As it was reviewed before, the major efficiency limiting and cost determining step in screen
printing technology is considered to be metallization part as during the high temperature sintering
step, a high amount of thermal budget would be consumed. Presence of the lead is the other concern
in the conventional metallic pastes. Therefore, developing an environmentally friendly alternative
containing no lead for currently available metallic pastes and conventional Sn/Pb solders has been
the topic of interest recently. As it has mentioned in chapter 1 and 2, one alternative for screen
printing metallization would be electrically conductive adhesives (ECA) which has drawn attention
for electronic packaging applications. Important advantages of ECAs compared to conventional
metallic pastes could be summarized as they are more resistant to thermo-mechanical fatigue,
applicable for fine pitch patterns and as mentioned above, they are environmentally friendly and
have low processing temperature. They are also low price and their processing time is short leading
to high efficiency technologies. However, low conductivity and unstable contact resistance are the
main disadvantages of these materials.

In this chapter, a brief simulation study is presented to show the bending phenomenon in silicon
solar cell during the firing step. The simulation also compared the amount of bending in metallic
and ECA printed substrates. Moreover, different conductive adhesives are developed using a
polymer medium containing silver flakes as the matrix and silver nanowires as auxiliary conductive
filler. Developed nanocomposites are then thoroughly characterized microscopically and

electrically. A detailed residual stress analysis was also conducted on the printed substrates.
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4.2 Primary Simulation Study

For industrial silicon solar cells, bending of the cell (deflection) due to residual stress produced in
firing step is considered as a serious problem. The main reason for the residual stress is the thermal
expansion coefficient mismatch of the conductive contacts and the silicon substrate which causes
residual stress during cooling in firing step. A schematic illustration of deflection caused by
residual stress induced in solar cell during firing is shown in Fig. 4.1 The different expansions
force the substrate to bend and the conductive films with the normally higher coefficient of thermal
expansion is on the inner side when cooled after firing. Deflection resulted from this residual stress
is measured at the center of the silicon wafer from the middle of the substrate to the plane

connecting the edges of the wafer as it is shown in Fig. 4.1.

Metal — Silicon

contact

Deflection

Fig 4.1: A schematic illustration of deflection caused by residual stress induced in solar cell during firing

The amount of bending due to the materials in contact (Si and Ag gridlines in this case) can be
represented by a bimetallic strip model and deflection formula can be obtained as [112-113]:
3(ap — ap)(Tf — Tpy) (h + H)L?

6= 2 E\ (H E\ (H
an? 6244 (2) +(2)(3) + (B

eq.4.1

where H is the thickness of Si wafer, h is the thickness of conductive film, a; and «,, are the
thermal coefficient of expansions (TCE) of Si wafer and conductive film respectively, Ty is the
firing temperature, T, is the ambient temperature, E; and E,, are the elastic modules of Si wafer
and conductive film respectively and L is the length of the cell.

The effect of contact thickness and firing temperature on the bending of Si solar cells is modeled
based on the Eq. 4.1. Two different conductive materials, silver (Ag) and resin based conductive
pastes are considered in the modeling calculations. The simulation results are shown in Fig. 4.2 (a)

and (b). The simulation results in Fig. 4.2 (a) show that the amount of bending in Si solar cells
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decreases significantly by substituting conventional metallic pastes with ECAs. It also shows that
Si solar cells bend more by increasing the metal/resin thickness; however, the amount of deflection
is much lower in ECA-printed cells. The effect of wafer thickness on the amount of cell deflection

after firing is shown in Fig. 4.2 (b).
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Fig 4.2: Simulation results for bending in metal- and ECA- printed Si wafers
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As shown above, the amount of residual stress as well as deflection is directly related to the
difference between room temperature and firing temperature, the thickness of the film and
substrate. However, it should be noted that the above design of deflected solar cell (Fig.4.1) is a
simplistic illustration of the real condition based on the bimetal strip model and the amount of

residual stress and deflection also depends on the film area coverage as well.

4.3 Experimental Procedure

Three different conductive pastes, “silver metallic paste”, “ECA paste” as well as a
“nanocomposite material” are printed by an AMI model MSP-485 screen printer. Silver metallic
paste which is a highly conductive silver composition is purchased from DuPont and was
previously introduced in chapter 3.ECA paste including resin and hardener is ordered from
Transene Company. The resin part contains a thermoplastic copolymer matrix with 65-70 wt%

silver flakes. More details on the ingredients of the resin and hardener are given in Table 4.1.

Table 4.1: Resin and hardener ingredients

. (C15H1602.C3H5CIO)
Thermoplastic copolymer
) (C36H7206)

Resin i
n-Methylpyrolidone (CsH9NO)
Silver Ag
Triethanolamine (CsH15sNO3)
Piperazine (C4H1oN2)

Hardener | n-Aminoethylpiperazine (CeH15N3)
2,4,6-Trix (Dimethylaminomethyl)
Phenol [(CH3)2NCH2]3C6H20H

eno

Before Mixing the Polymer media and Ag nanowires, the ECA is printed on silicon wafers and is
microscopically characterized with SEM. To prepare the SEM samples, printed wafers were cut to
small pieces and mounted. Steel clips were used to hold the wafer in the mounting cup. Mounted
samples were polished by sand papers and diamond pastes up to 1 micron and then gold coated

with a Cressington 308R coating systems. Microstructure of the ECA is depicted in Fig.4.3.
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Fig 4.3: ECA microstructure by Scanning electron microscopy (scale bar is 200 nm)

Energy-dispersive X-ray spectroscopy (EDAX) analysis is also conducted on ECA samples shown

in Fig. 4.4. EDAX results reveal the chemical composition of the ECA and also confirm that the
ECA is lead free.
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Fig 4.4: EDAX analysis performed on the screen printed ECA
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Silver nanowires are purchased from Blue Nano Company. The average size of the Ag nanowires
is 35 nm x 10um and they are solved in the Isopropanol solvent with the standard density of 10
mg/ml. Specifications of the purchased nanowires are given in Table 4.2 in more detail.

Table 4.2: Specifications of the silver nanowires

Property Specification

Average Dimensions 35nm x 10 um

Solvents Ethanol Isopropanol

Standard Concentration 1.25wt% (ethanol) for sample quantities
Standard Density: 10mg/ml (ethanol) for sample quantities
Molecular Weight 108

Elementary Analysis (not including Silver  (99.5%+), Carbon (0.03%),
solvent) Hydrogen (0.23%), Oxygen (0.14%)
Appearance Gray suspension dispersed in solvent
Polymer Content Less than 0.5%

The purchased Ag nanowire is characterized by scanning electron microscopy (SEM) as well as
Energy-dispersive X-ray spectroscopy (EDAX). A drop of Ag nanowire solution is inserted on a
SEM sample holder and dried at room temperature under vacuum for 24 hours. SEM and EDAX
analysis results are shown in Fig.4.5 and 4.6, respectively.
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Fig 4.5: Scanning electron microscopy of Ag nanowires morphology (scale bar is 100 nm)
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Fig 4.6: EDAX analysis performed on Ag nanowires

Silver nanowires with a weight fraction of 0.05% and 0.1% were added to the resin part of the
ECA. It was experimentally observed that the viscosity of the final nanocomposite containing 0.05
wt% Ag nanowires was proper for printing fine and clean patterns but the nanocomposite

containing 0.1 wt% nanowire wasn’t viscous enough so in the case of the nanocomposite with 0.1
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wit% nanowires, Ag nanowire solution was centrifuged with an Eppendorf Centrifuge model 5810
before the mixing step and half of the solvent was removed from the top.
After adding the Ag nanowires to the ECA, the new nanocomposite was stirred manually for two
minutes and then mixed for 10 minutes using a Cole-Parmer ultrasonic bath. For mixing the new
resin and hardener before printing the nanocomposite, the ratio of the mass of developed
nanocomposite to the ratio of the hardener is 100 to 2.5 and the mixture is stirred manually for one
minute.
To sinter the printed metallic patterns, an L-9010 RTC belt furnace was used while ECA and
nanocomposite films were cured at 100°C in an oven for two different curing times: 10 minutes
and 1 hr.
Conductive patterns were analyzed and compared to each other electrically, mechanically and
microscopically. Conductivity of the printed patterns was calculated from the bulk conductivity of
the screen printed material which was measured using dark 1V and following equation:
o=LI/Vwt eq.3.2
Where L, w and t are length, width and thickness of the printed film. Vand I are also the values of
voltage and current defined by the source measure unit (SMU). Dimensions of the printed patterns
were measured by a Dektak 150 surface profiler. The surface profiler was also utilized to measure
the amount of deflection as well as induced residual stress in the cured printed wafers. Finally,
Scanning electron microscopy (SEM) is performed to study and compare the microstructure of

different conductive films.

4.4 Results and Discussion

4.4.1 Morphology and electrical characterization

Based on the concentration of silver nanowires and curing time, several printed films are developed
as depicted in Table 4.3. After synthesizing the samples and screen printing the patterns, SEM
samples were prepared from cross section of the printed films. SEM results of ECA paste as well
as nanocomposite samples containing 0.05 wt% and 0.1 wt% of silver nanowires (NCOMP-
0.05wt%Ag and NCOMP-0.1wt%Ag) are shown in Fig. 4.7(a) and (b).

Table 4.3: Specifications of the printed films
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Samples Ag nanowire (Wt%) Curing time (min)

Metallic Paste - -

ECA 0 10
ECA-2 0 60
NCOMP-0.05wt%Ag 0.05 10
NCOMP-0.05wt%Ag-2  0.05 60
NCOMP-0.1wt%Ag 0.1 10
NCOMP-0.1wt%Ag-2 0.1 60

According to Fig. 4.7, silver flakes have the main role in developing the conductive network in
both samples. In nanocomposite samples, silver nanowires are not very clear in the epoxy matrix
due to their significantly lower concentration in nanocomposites in comparison with the
concentration of silver flakes in the ECA paste (0.05 wt% and 0.1 wt% compared to 65-70 wt%,
respectively); however, a few of them are shown in Fig. 4.7 (a) and (b) by the red circles. Also,
during the nanocomposite synthesis, sonicator is used to mix the nanowires and epoxy which
causes the breakage of the nanowires in to very small pieces. This could be another reason for not
being able to see nanowires clearly in the nanocomposites. Although, in the nanocomposite

containing 0.1 wt% nanowires, these small broken conductive particles are more clear.
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Fig 4.7: SEM analysis of (a) NCOMP-0.05WT%AG and (b) NCOMP-0.1WT%AG

In order to characterize samples electrically, conductivity measurements were performed on the
printed patterns using dark IV and surface profiler (Table 4.4).Comparing the conductivity of
printed patterns cured for 10 min ((ECA, NCOMP-0.05wt%Ag and NCOMP-0.1wt%Ag), it can
be seen that after adding 0.05 wt% and 0.1 wt% of Ag nanowires to the ECA, conductivity of the
nanocomposite improves significantly (61% and 69% respectively). Table 4.4 also reveals that
increasing the curing time in the nanocomposite filled by silver nanowires decreases the

conductivity of the material.

Table 4.4: Measured conductivity of different nanocomposites

nanocomposite Bulk conductivity (Sm-1)
ECA 5.95 x 10*
ECA-2 1.19 x 10*
NCOMP-0.05wt%Ag 1.55 x 10°
NCOMP-0.05wt%Ag-2 1.15 x 10°
NCOMP-0.1wt%Ag 1.93 x 10°
NCOMP-0.1wt%Ag-2 2.99 x 104
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Both main theories for conduction mechanism, “percolation threshold theory” and “tunneling
effect or field emission™, are considered to analyze the effect of silver nanowires on conductivity
behaviour of the nanocomposite. Percolation threshold theory is based on forming a conductive
network in the matrix due to the contacts between flakes at a critical amount of the filler content.
As it was shown in Fig. 4.7(a) and (b), because of the low concentration of silver nanowires as well
as their small sizes, their impact in physical connecting of silver flakes is negligible. Therefore, the
second theory (tunneling effect) is utilized to explain the conductivity improvement of the
nanocomposite after adding the silver nanowires. In tunneling effect theory, electrons in one filler
can diffuse in to the potential barrier and get to the next particle forming a conductive channel in
the matrix. So, in our nanocomposite samples, the tunneling effect of the scattered silver nanowires

located between the silver flakes could be responsible for the improvement in the conductive.

4.4.2 Residual Stress Analysis

The amount of residual stresses and bending induced in the wafers after firing of Metallic paste,
ECA as well as NCOMP-0.1wt%Ag printed samples are measured and compared to each other.
The study was also extended to wafers with different thicknesses in the range of 100 - 600 um.

Values of residual stress induced in metallic, ECA and as NCOMP-0.1wt%Ag printed wafers after
firing processes are measured using the surface profiler and plotted in Fig.4.8. As it is shown in
Fig.4.8, the amount of residual stress in ECA and nanocomposite is close to each other; although,

their residual stress is much lower than the metallic paste one.
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Fig 4.8: Residual stress in metallic, ECA and NCOMP-0.1wt%Ag printed wafer

The maximum and average values for measured residual stresses are shown in table 4.5. It can be
seen that both maximum and average values of the residual stress induced in the metallic printed
wafers are significantly higher than the ECA and NCOMP-0.1wt%Ag ones.

Table 4.5: Average and maximum of residual stress values

Printing material Max. residual stress (MPa)  Ave. residual stress (MPa)
ECA 14 8
NCOMP-0.1WT%AG 6 9
Metal 109 97

In order to analyze the effect of substrate thickness on the induced residual stress in printed wafers,
the evolution of residual stress is measured in all the samples using the surface profiler and results
are shown in Fig. 4.9(a) and (b). Results reveal that the smaller the thickness, the induced residual
stress would be significantly higher in metallic-printed wafers while the difference between

residual stresses in ECA as well as NCOMP-0.1wt%Ag printed wafers is very small and effect of
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thickness is almost negligible. This result confirms one important advantage of ECAs as well as
the novel nanocomposite which would enable solar cell manufacturing to use ultra-thin wafers.

Using thin wafers in manufacturing has drawn attention to use the expensive Si material more
efficiently. More proper cell designs with higher efficiencies would be achieved with decreasing
cell thickness. However, one important limiting issue regarding the use of thin cells is that thinner
solar cells tend to present higher amount of bending after firing process. So, considering above
results on the amount of residual stress in NCOMP-0.1wt%Ag printed wafers, the novel

nanocomposite could be a promising alternative for high efficiency ultra-thin substrates.
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Fig 4.9: Effect of thickness on the amount of residual stress

The amount of bending in printed substrates is also measured using the surface profiler. Profiler
gives the radius of curvature for printed wafers. The amount of bending (d) is calculated as

d =R X (1—-cos(L/2R)) eq.4.1
Where R is radius of curvature and L is arc length (Fig.4.10).
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Fig 4.10: Arc geometry
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The amount of bending in ECA, NCOMP-0.1wt%Ag and metallic printed wafers is depicted in
Fig.4.11. It can be seen that by increasing the thickness, the amount of bending decreases in all
three samples; however, the deflection is significantly lower in ECA and NCOMP-0.1wt%Ag
samples compared to the metallic printed one. The breakage was high in metallic printed wafers
with thicknesses below 200 um and they broke during the sintering due to excessive amount of
bending while ECA and NCOMP-0.1wt%Ag printed wafers with thicknesses up to 100 um made
it successfully through the curing process. Therefore, the novel nanocomposite induces less amount
of stress and bending on the cell and could enable industry to use thinner wafers in solar cell
modules. In the case of NCOMP-0.1wt%Ag nanocomposite, not only its conductivity is higher
than ECA, but also the amount of bending and also residual stress are even lower than ECA and
metallic paste which confirms that the new developed nanocomposite could be a promising

alternative in electronic packaging as well as screen printing metallization.
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Fig 4.11: Bending in ECA, nanocomposite and metallic printed wafers

61



4.5 Conclusion

Different conductive adhesives were synthesized and screen printed on silicon wafers. Two
different curing times (10 and 60 minutes) were considered to dry and sinter the adhesives.
Conductivity measurements revealed that addition of even a very low amount of silver nanowires
(0.05 wt%) could decrease the resistivity and improve the conductivity of the nanocomposite for
around 62%. Morphology characterization analysis confirmed the influence of silver nanowires in
improving the electrical properties of the paste due to their breakage and scattering among silver
flakes. SEM images as well as conductivity measurements also suggested that the conductive
mechanism could be tunneling effect between small silver particles. Comparing the values of the
resistivity of the samples cured at different times did not show an improvement in the conductivity
of the nanocomposites which could be due to the presence of coarsening and lower number of
small particles would remain in the matrix to be involved in tunneling effect theory. Thus,
decreasing the conductivity by increasing the curing time could also show that tunneling effect is
the dominant mechanism for transferring the electrons in the paste.

Residual stress analysis also revealed that the amount of residual stress induced in substrates is
much lower in nanocomposite and ECA printed wafers in comparison with metallic printed ones.
Also, the amount of increase in residual stress by decreasing the wafer thickness was small in the
case of using nanocomposite and ECA paste compare to the metallic paste. Moreover, it was shown
that the amount of bending increased with decreasing the thickness of substrate in all three cases;
however, it was much lower in nanocomposite printed wafers confirming that the new developed

nanocomposite could be a promising alternative in screen printing metallization.
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Chapter 5
Developing a Highly Conductive Graphene

Decorated Nanocomposites

5.1 Introduction

As it was reviewed in chapter 2, developing alternative conductive printable materials to currently
available metallic pastes and conventional Sn/Pb solders have been the topic of interest in
electronic packaging and solar industry. In silicon solar cell industry a shift towards ultra-thin
wafers is a seriously considered option for cost reduction. As illustrated in chapter 4, stress induced
by conventional printed metal electrodes can cause wafer “bowing” and breakage during module
lamination process, limiting the scope of using ultra-thin wafers in solar cell manufacturing. Also
flexible and large area electronic applications will require new, low thermal budget schemes for
electrode formation. Moreover, alternate electrode materials can also contribute to the ongoing
effort to achieve lead-free metallization schemes. As it was shown in chapter 4, electrically
conductive adhesives (ECA) which have drawn attention for electronic packaging applications can
provide a possibility to replace conventional metallic pastes in screen printing technology. In fact,
their low firing temperature will reduce the induced residual stress as well as diffusion rate of
conductive material into semiconductor material. These characteristics of ECAs have the potential
to enable them for use in thin substrate devices. However, their low conductivity is considered to
be the main disadvantage of these materials. As depicted, two different nanocomposites were
developed in the previous chapter using an ECA as well as Ag nanowires and experimental results
showed a significant improvement in the conductivity of the nanocomposite; however, it was seen
that increasing the amount of the silver nanowires couldn’t improve the conductivity anymore.
Also, the lower amount of induced residual stress and deflection in the substrate after curing and
firing of the printed materials compared with the results from conventional metallic paste
confirmed that the developed nanocomposites could be a promising option for ultra-thin electronic

devices. However, despite the fact that conductivity of the nanocomposite got improved for around
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60%, its value still lower than the conductivity of the conventional silver paste and Aluminum used
in the solar cell fabrication or printed electronics. Two essential ways to improve the conductivity
of ECAs is by optimizing the curing profile and increasing the curing shrinkage as well as
introducing nanomaterials in the polymer matrix. Many studies have been focused on one
dimensional nanostructure fillers like silver nanowires as it was experimented in the previous
chapter. On the other hand, as reviewed in the background, two dimensional graphene sheets with
outstanding electrical and structural properties have attracted researchers during the last few years
and could be used to improve the electrical properties of the ECAs.

In this chapter, screen printable nanocomposites are developed by introducing graphene
nanopowders into the ECA to achieve higher conductivity. Material synthesis and curing profile
are optimized to improve the electrical property of the developed nanocomposites. Different
characterization techniques are utilized to study the thermal stability and conductivity of the
developed materials. Also, the amount of bending and induced residual stress on wafers printed
with the nanocomposite are studied and compared with the previously obtained results in chapter
3.

5.2 Materials Used

For the preparation of nanocomposites, the commercial ECA paste from Transene was used as
the base material. Graphene nanopowders with an average flake thickness of 12nm were used
as additives for the preparation of the Graphene decorated nanocomposites (NCOMP-GN).
The scanning electron microscope image in Fig. 5.1 show the graphene used. P-type Si wafers
with the thicknesses in the range of 100 - 600 um as well as glass slides were used as substrates

for printing the nanocomposites.
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Fig 5.1: Scanning electron micrographs of graphene nanopowders

To synthesize the NCOMP-GN nanocomposite, graphene nanopowders with weight fractions of 1
wit% and 3 wt% were added to the base resin. To mix the graphene and resin, mechanical mixing
using a Vortex mixer as well as sonication in a Cole-Parmer ultrasonic bath were considered but
due to the large weight fraction and volume fraction of the graphene nanopowders, the mixing
procedure needs to be optimized. The nanocomposite with larger amount of graphene (NCOMP-
3wt%GN) was picked to analyze and optimize the mixing procedure. This way, the optimized
mixing procedure would be proper for the nanocomposite with lower amount of filler (NCOMP-
1wt%GN) graphene. To optimize the mixing procedure, mechanical stirring and sonication was
performed for different duration times and the material was doctor bladed on a clean glass and
cured. To keep the optimization condition consistent, all samples were cured at 150°C for 10
minutes and then 20 minutes of Vortex plus 1hr of sonication was selected as the starting point.
4point probe technique was used to measure the electrical resistivity of the samples. Table 5.1
shows effect of different sonication times on the resistivity of the samples.

Table 5.1: Sonication time optimization
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Sonication time (hr) Electrical Resistivity

1 2.65E-05
5 3.14E-05
10 2.61E-05
15 3.44E-05
20 3.15E-05

As shown in the Table 5.1, increasing the sonication times doesn’t have a positive effect on
improving the conductivity of the material and consequently, 1 hour of sonication is selected as
the optimized sonication time. Also, the effect of increasing the Vortex (mechanical stirring) time
on the resistivity of the sample was investigated and as Table 5.2 shows, 20 mins of vortex is giving
the best results. It should be noted that the reported results are the average of three repeated tests

performed at the same condition.

Table 5.2: Mechanical mixing time optimization

Vortex time (min) Electrical Resistivity

0 4.63E-04
20 2.65E-05
40 3.61E-05
60 3.751E-05

As per the above results, nanocomposite samples were mechanically stirred for 20 minutes in the
Vortex mixer and then sonicated for 1 hour in a Cole-Parmer ultrasonic bath. To help with the
dispersion of graphene in the matrix, high purity isopropanol was added at 0.2 ml / 1wt% of
graphene. Hardener was then added to the nanocomposites right prior to printing. Despite the low
weight percentage of graphene, it is expected that its high volume fraction would affect the polymer

chains and post-printing curing reactions, as would be shown by the curing kinetics studies.

5.3 Preparation of Test Structures

A screen-printing system (AMI model MSP-485) accommodating screen frames with the

maximum size of 12" x12" and maximum print area of 8" x8" was used to print the films on 4-
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inch silicon wafers. To print smaller patterns onto glass substrates, an in-house built mold with
dimensions 7mmx7mmx100um was used. Samples with printed ECA and NCOMP-GN patterns

were dried and cured in a Yamato DX 600 oven.

5.4 Characterization Methods

Differential Scanning Calorimetry (DSC): DSC is a useful method to analyze the chemical or
physical transformation processes by measuring the exothermic or endothermic heat flow which
could determine the reaction kinetics, i.e., corresponding temperatures and reaction times. The
differential heat flow between the sample and a reference material is monitored in this method.
The DSC measurements on 10-15 mg samples of NCOMP-GN nanocomposites were performed
using a Modulated DSC-Q-2000 (TA Instrument) system. Isothermal DSC was performed at three
different temperatures of 100°C, 125°C, and 150°C to investigate the curing kinetics. Thermal
stability of the ECA and NCOMP-GN samples was also studied in dynamic-mode DSC with a
heating rate of 10°C/min.

Thermogravimetric Analysis (TGA): For the TGA measurements, a TGA-Q500 thermogravimetric
analyzer with a heating rate of 10°C/min was used. TGA, by determining the weight change in
response to temperature variation, allows studying the thermal decomposition of materials. A
derivative thermogravimetric (DTG) loss is normally used to determine the temperature range with
the most apparent weight loss. The measurement and analysis were performed on the
nanocomposite samples with the temperature varied from 25°C to 650°C.

Electrical Conductivity: To measure the electrical conductivity of the nanocomposites, 100 um
thick films with different compositions were printed on glass substrates and cured. Measurements
were done in a Jandel RM2 four point probe. A shape correction factor of 4.0095 was applied to
calculate the sheet resistivity as described in [118].

Wafer deflection and Stress: The Dektak 150 surface profiler was utilized to measure the amount
of deflection induced on 4-inch diameter Si wafers printed by ECA and NCOMP-GN. Wafers with
different thicknesses chemically etched to different target thicknesses (100 — 600 um) were used.
In the measurement, carried out in a fixed-stylus, moving-sample mode, the curvature of the
substrate was recorded along the same locations before and after film deposition and thermal
treatment. The profiler gives the radius of curvature and the amount of bending (d) is calculated

asd = R X (1 — cos(L/2R)) where R is radius of curvature and L is arc length.
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5.5 Results and Discussion

5.5.1 Curing kinetics in Material Synthesis

The isothermal DSC results performed on the synthesized NCOMP-GN samples (NCOMP-
1wt%GN and NCOMP-3WT%GN) are shown in Fig. 5.2(a) and 2(b) revealing that for both weight
percentages, nanocomposites cured at 150 °C have the highest degree of curing. Since curing
causes shrinkage in the network and decreases the tunneling and constriction resistances, the
nanocomposites cured at 150 °C are expected to have relatively lower resistivity. One can also
observe that no heat is generated after a period of 10 minutes which means that the curing process
is complete. Also, the maximum heat flow of the curing peak is higher in the 1wt% graphene
samples than 3% ones. This is because of the higher amount of fillers in NCOMP-3wt%GN

interfering with the polymer branches and leading to a lower degree of curing.
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Fig 5.2: Isothermal DSC results of, (a) NCOMP-GN (1wt %) and, (b) NCOMP-GN (3wt %) materials
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The dynamic-DSC curves of ECA, NCOMP-1wt%GN and NCOMP-3wt%GN samples are shown
in Fig. 5.3. It is clear that the majority of curing happens between 100 °C and 150°C which is in a
good agreement with isothermal-DSC results. The specific cure reaction enthalpy (AH:) was
calculated from integrating the area under the exothermal peaks in Fig. 5.3 according to ASTM
E2160-04. Also, the glass transition temperature (Tg) of the ECA and nanocomposite samples was
determined from dynamic-DSC curves, using the methodology described by ASTM E1356 — 08.
The results are presented in Table 5.3 which shows cure reaction enthalpy (AHy) is decreased after
graphene addition and this is due to the intervention of the nanopowders in the cross-linking
process between the polymer chains. As per table 5.3, the glass transition temperature (Tg) which

also depends on the degree of cross-linking shifts to lower temperatures with increasing the filler

amount.
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Fig 5.3: Dynamic DSC curves of the ECA, NCOMP-GN (1wt %) and NCOMP-GN (3wt %) materials.
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Table 5.3: Thermal analysis data for the prepared NCOMP-GN nanocomposites.

Parameter ECA NCOMP-1wt%GN NCOMP-3WT% GN
AHt (J/g) 45.87 38.48 37.39
Tg *°C) 220 206 193
1t step weight loss % 114 12.92 13.45
2¢d step weight loss % 5.16 6.609 7.16
Total weight Loss % 23.42 26.64 29.37

The results of thermogravimetric analysis for the ECA and NCOMP-1wt%GN and NCOMP-
3wt%GN samples are shown in Fig. 5.4(a) and (b). For temperatures up to 300°C all the samples
are thermally stable without notable mass loss. The temperatures for onset of decomposition of all
three samples in Fig. 5.4(a) and (b) are higher than the corresponding T4 values in Table 5.3,
implying the samples have excellent thermal resistance. The TGA thermographs also show that the
samples show a characteristic two-step decomposition behaviour; the first step starts at around
300°C, and it is due to the oxidative thermal decomposition of the network organic segments and
the second one, initiating at around 450°C, can be attributed to the oxidative decomposition of the
formed char[119]. Referring back to table 5.3, nanocomposites exhibit slightly more weight loss
in both first and second steps which could be due to the excess graphene oxidation in both samples;
however, it can be stated that the effect of graphene on the thermal decomposition of the
nanocomposite is almost negligible and the developed materials have suitable thermal properties
for use as a printable electrode. The total weight loss in all three samples suggests that all the

organic components burn out at 650 °C and only metallic phase remains after that.
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5.5.2 Electrical Properties of the Printed Films

The resistivity (p) measurement results of the printed NCOMP-1wt%GN and NCOMP-3wt%GN
are presented in Fig. 5.5. In Fig. 5.5, the p values of both NCOMP-1wt%GN and NCOMP-
3wt%GN samples decrease with increasing curing temperatures confirming that the enhanced
shrinkage by curing increases the contact area and consequently decreases the tunneling and
constriction resistances. Also, comparing the incorporated amounts of graphene in the
nanocomposites, increased amount of graphene tends to increase the resistivity, which can be due

to the higher number of contact points between the fillers leading to a larger constriction resistance.
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Fig 5.5: Effect of curing temperature on the resistivity of the ECA, NCOMP-1wt%GN and NCOMP-
3wt%GN printed film

Electrical resistivity of all the materials studied in chapter 3 and 4 are compared to each other in
Fig. 5.6 which shows the resistivity of NCOMP-GN samples are much lower than that of ECA

samples.
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Fig 5.6: A comparison of the resistivity measured on different materials

Also, as it can be seen in Fig. 5.6, adding 0.05 wt% and 0.1 wt% of Ag NWs to the ECA improves
the conductivity of the nanocomposite by 60% and 70% respectively; however, addition of
graphene nanopowders increases the conductivity of the ECA by two orders of magnitude which
can be due to the very low density and high specific area of graphene sheets. It should also be
mentioned that increasing the Ag NW concentrations to more than 0.1 wt% may not be time and
cost efficient due to the additional centrifuge step required to remove the solvent from the Ag NW
solution which could also increase the chance of agglomeration as well as the cost of the material.
Thus, nanocomposites containing 1wt% of the graphene nanopowders (NCOMP-1wt%GN) cured
for 10 min at 150 °C represents the most suitable choice as printable nanocomposite on the Si

substrate.

5.5.3 Residual Stress Analysis

Fig. 5.7 shows the values of residual stress induced in 4-inch Si substrates printed with ECA,
NCOMP-1wt%GN and NCOMP-0.1wt%Ag; for a better comparison analysis, the residual stress
results of Ag-paste, ECA, NCOMP-0.1wt%Ag are also added to the graphs. The substrate
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thickness was in a comparable range (300-345um) for all cases in Fig. 5.7. It is clear that the
residual stress values of ECA and nanocomposite samples are close to each other while the Ag-
paste sample has much higher residual stress. The maximum and average values of the measured

residual stresses are given in Table 5.4.
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Fig 5.7: Residual stress induced by printed Ag paste, ECA, NCOMP-0.1wt%Ag and NCOMP-1wt%GN

films on Si wafers. (The wafer thicknesses were within comparable range, 300-350 pm).

Table 5.4: Average and maximum residual stress values.

Printing material Max. residual stress (MPa) Ave. residual stress (MPa)
Metal 109 97
ECA 14 8
NCOMP-0.1wt%Ag 6 9
NCOMP-1wt%GN 14 9
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In order to analyze the effect of substrate thickness on the induced residual stress, measurements
were carried out after printing the nanocomposites on Si substrates having different thicknesses.
The results are shown in Fig. 5.8(a) and (b). The stress values for both NCOMP-1wt%GN and
NCOMP-0.1wt%Ag printed substrates are within the same range and only very small dependence
on wafer thickness was observed. However, for metallic-printed wafers the smaller the thickness,
the induced residual stress would be significantly higher. As mentioned before, stress data on metal
printed wafers of thickness below 200um was not possible due to wafer breakage after sintering
process. The result confirms that ECA and nanocomposite materials have the advantages of
requiring lower curing temperatures (compared to metal pastes) but also inducing much less stress
even for thin wafers.

The degree of bending of Si wafers printed with ECA, NCOMP-1wt%GN, NCOMP-0.1wt%Ag,
and metallic film printed substrates are depicted in Fig. 5.9 as a function of wafer thickness. As
would be expected, the bending increases with decreasing wafer thickness. But the deflection is
significantly smaller in ECA and nanocomposite samples compared to the metallic printed ones.
The higher amount of bending in NCOMP-1wt%GN compared to the ECA is due to optimizing
the curing process and increasing the temperature to 150°C. The ECA and nanocomposite printed
samples with wafer thicknesses down to 100 um made it successfully through the curing process
without any breakage. Considering the resistivity results shown in Fig. 5.6 and the wafer bending
values in Fig. 5.9, both NCOMP-1wt%GN, NCOMP-0.1wt%Ag nanocomposites could be a
promising alternative for printable electrodes for ultrathin substrates. Since the resistivity of the
NCOMP-1wt%GN is very close to that of conventional metallic pastes and its induced residual
stress is much lower, this nanocomposite can be an attractive alternative for screen printed
electrodes thin-wafer devices. A near-future application could be Si solar cells where the industry

is moving towards thin wafer technologies.
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SEM results of ECA paste andNCOMP-GN-1wt% samples are shown in Fig. 5.10(a) to (d).
According to Fig. 5.10, silver flakes have the main role in developing the conductive network in
all three samples. It can also be seen that the graphene sheets mostly fill the gap between the silver
flakes (Fig.5.10(b) and (c)), but the conductive network is much weaker in ECA-AgQ-0.1wt%
sample as it was seen in Fig. 4.7 due to their specific shape and lower volume concentration of the

silver nanowires.
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Fig 5.10: SEM analysis of (a) ECA , (b) ECA at higher resolution, (c) NCOMP-GN-1wt%, (d) NCOMP-
GN-1wt% at higher resolution

Main theories for conduction mechanism, “percolation threshold theory” and “tunneling effect or
field emission”, are considered to analyze the effect of graphene nanopowders on conductivity
behaviour of the NCOMP-GN nanocomposite. As it is mentioned before, percolation threshold
theory is based on forming a conductive network in the matrix due to the contacts between flakes
at a critical amount of the filler content. As it is shown in Fig. 5.10(c) and (d), because of the large
surface area of graphene sheet, there is either a high chance of direct physical contact between
graphene sheets and silver flakes or they are most likely at the tunneling distance from the silver
flakes (less than a few nm). Therefore, both conduction mechanisms are utilized to explain the
conductivity improvement of the nanocomposite after adding the graphene nanopowders.

However, as shown in Fig.4.7, the role of silver nanowires in physical connecting of silver flakes
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in NCOMP-0.1wt%Ag is negligible and only the tunneling effect of the scattered silver nanowires
located between the silver flakes could be responsible for conductivity improvement of the

material.

5.6 Conclusions

New nanocomposites were synthesized by adding different amounts of graphene nanopowders to
epoxy-based ECA paste to improve the electrical conductivity. For the NCOMP-GN samples a
proper mixing procedure was optimized and then curing profile was developed by conducting a
comprehensive set of dynamic and isothermal DSC measurements and studying the curing Kinetics
of the nanocomposites. A high degree of curing was obtained when samples are sintered at 150°C
for 10 min. The thermal stability of the ECA and NCOMP-GN nanocomposites were investigated
using thermogravimetric analysis and results showed that the temperatures for onset of
decomposition in nanocomposites are higher than their corresponding T4 showing their excellent
thermal resistance. Compared to the printed ECA and NCOMP-Ag nanocomposites, the NCOMP-
GN nanocomposites resulted in the highest boost in conductivity, over 2 orders of magnitude of
ECA, bringing it comparable to metal pastes. Residual stress analysis also revealed that the amount
of residual stress induced in the substrate is much lower in ECA and nanocomposite printed wafers
in comparison with metallic printed ones. The dependence of residual stress and wafer bending on
wafer thickness is much lower in ECA and nanocomposite printed wafers compared to metallic
printing. Considering the aspects of low curing temperature, good thermal resistance, high
conductivity, and low residual stress, the NCOMP-1wt%GN nanocomposite could be a promising

alternative in screen printing metallization of thin substrates such as in photovoltaics.
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Chapter 6
Effective Work Function Extraction of
Conductive Nanocomposite Being Used as

an Electrode in Electronic Devices

6.1 Introduction

As it was mentioned in the previous chapters, printable conductive adhesives play an important
role in manufacturability of industrial scale electronic devices due to their lower processing cost
and large area compatibility compared to vacuum deposited metallic films. Low temperature
processability, short processing times, resistance to thermo-mechanical fatigue, compatibility with
fine pitch printing, and environmental friendliness are among the other advantages that epoxy
based conductive adhesives. Most investigations on such materials have so far focused on the
mechanical and electrical properties in the bulk; however, there is yet a lot to be learnt about how
these materials behave electronically at interfaces.

Work function is among the most important parameters that helps to characterize the interface.
Since work function is inherently defined to be a property of a single material, in the case of epoxy
based nanocomposites as shown in Fig. 6.1, multiple materials such as graphene nanopowders,
polymer and silver are presented at the interface with the substrate in the device which will affect
the electrical behaviour of the interface. Inevitably, a new definition for the work function need to

be derived.
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Fig 6.1: Heterogynous interface in the electronic devices using nanocomposites as electrodes
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A definition of Effective Work Function (EWF) was first introduced by J. L. Freeoufet al. [121]
for the work function of metallic contacts at the interface of multi-phase semiconductors.
According to Freeoufet’s model, the effective work function would be dominated by the micro-
clusters presented at the interface which are the result of either oxygen contamination or metal
semiconductor reactions. In the case of conductive nanocomposite being used as the electrode in
electronic devices, the multi-phase nanocomposite will be in contact with semiconductors or oxide
layers and therefore, it is predicted that work function of the nanocomposite gets affected by the
electrode’s heterogeneous nature as well as the potential chemical reactions at the interface. Thus,
effective work function (EWF) values need to be derived depending on the interface characteristics
and device structure. Multiphase nature of the conductive nanocomposite limits the methods with
which EWF can be reliably measured; therefore, care needs to be given in choosing the right
measurement method. For instance, the Capacitance-Voltage (CV) method that uses CV
measurements with multiple oxide thicknesses [118-120] can’t be used in this case because the
theoretical model for a MOS capacitor with parallel electrodes does not accurately represent a
device with such a heterogeneous electrode. In this investigation, we chose three techniques to
measure the EWF for the graphene decorated nanocomposite which are going to be reviewed in

the following sessions.
6.2 Effective Work Function (EWF) Extraction Methods

6.2.1 IV Technique

First method, to which we will refer as the 1V technique in this research, relies on the onset of
Fowler-Nordheim tunneling in a conductor-insulator-conductor (CIC) arrangement. The original
theoretical work supporting the 1V technique was introduced by Stratton [126] and Simmons[127],
but more recently, Zafar et al. proposed it as a practical method for the measurement of work
function [125-127]. In short, this technique involves measuring the IV characteristics in a CIC
device at two different temperatures while the electrode of interest is biased as anode. From the

two measurements, two important parameters are then calculated as below:

_J(T) —J(Ty)

Al 1P eq.6.1
_d(In))
Aly = W 6.2
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Where J(T;) and J(T,) are current densities measured at temperatures T; and T,while T; > T,.

As per the theoretical studies on tunneling, if the dominant current conduction mechanism is
tunneling, the maximum of AJr and AJv occurs at the same applied voltage and this voltage is equal
to the barrier height at the anode. This technique can also be applied to a conductor-insulator-
semiconductor arrangement if the polarity of the applied voltage is so chosen to drive the
semiconductor into accumulation. Since silicon dioxide can be grown with exceptionally high
breakdown voltage at ultra-low thicknesses[131], n-type silicon is an ideal substrate to be used
with this technique. The IV technique for extraction of work function has only been applied on
metallic films in the literature; however, in this study, this technique was used for the first time on

a Nanocomposite-oxide-Semiconductor (NCOS) structure.

6.2.2 Ultraviolet Photoemission Spectroscopy (UPS) Technique

The second method is the Ultraviolet Photoemission Spectroscopy (UPS) which is a more
recognized technique for work function extraction at the interface with vacuum [124]. UPS
Spectroscopy is based on the phenomenon of photoemission in which a light source which could
be gas discharge lamp, synchrotron radiation source or an X-ray tube, impinges on a sample. The
light impingement would excite electrons which will be characterized by an analyzer with respect
to their kinetic /binding energy [125]. A typical UPS spectrum is shown in Fig. 6.2.
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Fig 6.2: A typical UPS spectrum

As it is shown in Fig. 6.2, work function (WF) is calculated as:

WF = hv — (EByax — EBuyin)
Where hv is the photon energy that bombards the sample, EB,,, is the maximum measured

binding energy (secondary electron cut-off), and EB,;;, is the minimum measured binding

energy [132].

6.2.3 TLM Method

The last method measures the work function with the aid of specific contact resistance (p.) of the
printed nanocomposite-Gate on a substrates. p.. is measured experimentally using the Transmission
line model (TLM) technique [133] with the structure shown in Fig. 6.3. W is the width of p-type

or n-type layer and Z is the width of contacts. R, is the total resistance between contact i and i+1

which is equal to
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Rynd,
R, = ;’I‘/‘+2RC eq.6.4

R, is the sheet resistance of the n-layer, d; is the distance between contacts and R, is the contact

resistance between the contact and the n-layer. The specific contact resistivity p,.. is calculated using
eq. 6.5 as [134]:

pec = R.L:W eq.6.5
R, R, Ry Ry,
| Ll |
[
Z w
h 2
|
‘l(j_f)l d, dy d, !

Fig 6.3: TLM test structure

By utilizing the theoretical equation for specific contact resistivity in the field emission
regime [134] and finding the contact barrier height, Work function of the nanocomposite gate is

calculated.

6.3 Experimental Procedures

As explained in chapter 4, the nanocomposite was prepared starting from a standard conductive
silver epoxy (ECA) from Transene used as the matrix, and Graphene nano-flakes (Graphene
Supermarket) with an average flake thickness of 12nm were used as the additives to form
composites with 1 wt.% graphene content (NCOMP-1wt%GN). The mixture was mechanically
stirred for 20 min in a Vortex mixer followed by 1 h of sonication in a Cole-Parmer ultrasonic bath

to disperse the graphene flakes uniformly in the paste. Fig 6.4 shows Graphene nano-flakes
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interconnecting silver particles in a cross-sectional SEM image of a printed NCOMP-1wt%GN

film. This has been reported previously in chapter 4 to improve the bulk conductivity of the film.

Width = 18.37 um

File Name = 500x-06.tif

Fig 6.4: Cross sectional Scanning electron micrograph of NCOMP-1wt%GN nanocomposite showing

graphene flakes and silver particles

6.3.1 IV Technique

To make the nanocomposite devices to be used with the IV technique, 4” phosphorous doped n-
type silicon wafers with (100) surface orientation and 4 Q.cm resistivity were first passed through
standard cleaning steps. A dilute hydrofluoric acid dip was done immediately prior to loading the
wafers into a Rapid Thermal Processor (RTP600S, Modular Process Technology Corp.) for thermal
silicon dioxide growth. Oxide was then grown with a 2 min ramp to 850°C in N2 ambient, then a
65 sec hold at 850°C in pure O.. This was then followed by a 60 sec ramp to 1000°C in N2 and a
60 sec hold at 1000C in N2 ambient. Sample was then cooled down to room temperature in N>
ambient in 2 minutes. The oxidation profile is shown in Fig. 6.5. Oxide thickness was determined

using ellipsometer to be 32.5 A.
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Fig 6.5: RTP oxidation profile

The oxide was then removed from the back side of the wafers in 2% hydrofluoric acid solution
using a PTFE holder that seals one side of the wafer using o-rings. A 1um thick aluminum was
then deposited on the back side using an e-beam evaporator (Intlvac, NCII-6EB-T) to form the
cathode. The back contact was then sintered in forming gas at 450°C for 30min. The NCOMP-
1wt%GN nanocomposite pads, with various sizes down to 50pum?, were then screen printed on the
prepared substrates using a Dek 248 screen printer. The nanocomposite was then cured at 150°C
for 10 minutes in an oven in air ambient. The fabricated MOS device is shown in Fig. 6.6

schematically.

87



GN-Gate

Si0;

/ Si-n type

Al

Fig 6.6: A schematic illustration of the fabricated MOS device

Current-voltage measurements of these devices were then performed on an aluminum chuck with
embedded heaters at 25°C and 105°C using an Agilent 4155 semiconductor parameter analyzer.
Voltage on the nanocomposite was swept from 0V to +5V, making it the anode, while the substrate
was held at OV. Each current-voltage sweep was applied on a fresh NCOS device for parameter

extraction as the oxide would breakdown by end of each sweep.

6.3.2 UPS Technique

To prepare the samples for UPS spectroscopy, 5Smmx5mm pads of nanocomposite with a thickness
of around 1mm were doctor bladed through a stencil on a pre-cleaned non-stick PTFE sheet with
smooth surface. The substrate was then cured at 150°C for 10 minutes in an oven in air ambient.
Cured nanocomposite was then detached from the substrate. The UPS measurements were done on
the surface of the nanocomposite that was in contact with the substrate using a Thermo Fisher
Scientific ESCALAB 250Xi that uses a He | (21.22 eV) discharge lamp. The spectrometer was
calibrated using XPS with monochromatic Al Ka (hv = 1486.7 eV) and then samples were sputter
cleaned with 2 keV Ar ion beam for 40 s in the analysis chamber. To separate the sample and the

secondary edge of the analyzer, a bias of —10 V was applied.

6.3.3 TLM Method

To calculate the specific contact resistance (p.) in the TLM method, contacts were printed on a
highly doped p- layer (5x10'° cm™) with the sheet resistivity of 50 Q/o. High temperature quartz

furnaces with thin circular disks of Boron sources were used for P-type diffusion. Current-voltage
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measurements of the devices were then performed on an aluminum chuck using an Agilent 4155
semiconductor parameter analyzer. Nanocomposite was then doctor bladed through a stencil to
fabricate the TLM test structure. Z and W (Fig. 6.3) are considered to be equal to each other (15
mm) to minimize the induced lateral currents.

p. obtained from TLM method is used to calculate the effective work function of the graphene

decorated nanocomposite contacts. p,. is defined as [135]:

= —A*an ex (ﬂpbs)—A—wex <_(pb—cu )]_1 eq.6.6
Pe k sin(mckT) p Eqo ckz P Eyo d >
where
£ h | N 6.7
00_2 65 * eq )
And

1 4
c= In s eq.6.8
2E00 uf

Where A*is Effective Richardson constant, ¢, is the barrier height, k is the Boltzmann constant,
h is the Plank’s constant, u, is the distance between Fermi level and band edge, N is doping
concentration, € is semiconductor permittivity and m”* is the electron effective mass. As it can be
seen in Eqgs 6.6-6-8, p,. is strongly related to the doping concentration, effective mass and barrier

height while effective mass is a function of doping type and doping concentration itself.
6.4 Results and Discussion

6.4.1 IV Technique

Fig.6.7 shows the IV characteristics of nanocomposite devices with 200um? pad size at 25°C and
105°C. IV curves depict a similar trend with two voltages at which sudden increase in the current
is evident. These voltages would manifest themselves as maxima in the AJ,, and AJ; plots as shown
in Fig. 6.8(a) and (b).
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Fig 6.7: 1V characteristics of NCOS devices at room temperature and 105°C

The first peak that appears around 1.8-2V is likely due to a defect level within the oxide band gap.
Note that this peak is also visible on the control structures that were made with pure evaporated
silver as the anode and can’t be attributed to the multi-material nature of the nanocomposite.
However, the second peak that happens at voltages slightly above 3V is an indicative of the onset
of FN tunneling and is the voltage from which the barrier height at the nanocomposite (anode) side
of the device can be deduced.
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Both curves exhibit peaks in the range of 3.21 - 3.28 V which is an acceptable level of agreement
and verifies that tunneling is in fact the dominant current conduction mechanism. A value of
3.25+0.03eV, averaged over many measurements, was taken as the barrier height at the anode (¢;,).
The effective work function of the graphene doped nanocomposite (W) can then be calculated to
be 4.15+0.06 eV which is the sum of the measured barrier height and the electron affinity of the
oxide (Xox=0.9 eV) as shown in the band diagram of the NCOS device in Fig. 6.9.
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Fig 6.9: Band diagram of the NCOS device at the onset of FN tunneling.

6.4.2 UPS Technique

Fig. 6.10 (a) shows the UPS spectroscopy measurements of the graphene doped nanocomposites
(NCOMP-1wt%GN). EB,,,, and EB,,;, are extracted by drawing tangents on base line as well as
the rising and falling cut offs on the UPS spectrum as it is shown in Fig. 6.10 (b) and (c). A value

of 4.52eV was extracted for the effective work function (EWF) of the nanocomposite.
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Fig 6.10: Typical UPS spectroscopy measurement results of the graphene doped nanocomposite

The XPS spectroscopy was also performed on the UPS samples to characterize the components at
the interface with vacuum and as it is shown in Fig 6.11, the amount of carbon at the interface is
much larger than Silver and even though a portion of the signal could represent the graphene
nanoparticles, the majority of it is showing the role of epoxy organic materials in the measured
bulk work function of the nanocomposite. This also confirms the importance of using an effective

work function definition due to the multi-phase nature of the nanocomposite.
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Fig 6.11: XPS spectroscopy of the NCOMP-1wt%GN

6.4.3 TLM Method

Fig. 6.12 shows the measured Ry vs d; based on the TLM test structure and a best linear fit is
generated to calculate contact resistance (R.) and current transfer length (L;). Using Eq. 6.4 and
the generated equations for the linear fit shown in Fig. 6.12, R, would be equal to 0.13 Q. The
generated R;; line is extrapolated (shown in Fig. 6.12 by dashed lines) to determine the point of
intersection at the d; axis which is equal to 2L, and the value of L is measured to be 6.15x1073
mm. Using Eqg. 6.5 and the above determined values for R, and L, the specific contact resistance

(p.) is measured to be 1.19x10* Q.cm?.
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Fig 6.12: Plot of total resistance (R ) as a function of contact spacing (d; ) for NCOMP-1wt%GN

Using the above measured p. and numerically calculated specific contact resistivity using
equations 6.6-6-8 for different barrier heights (¢,) based on doping concentration for highly
doped p-type <100> Si [135], ¢, is obtained to be 0.8 eV. Considering the schematic band
diagram of the Nanocomposite-gate/semiconductor under equilibrium shown in Fig. 6.13:
EWE, = Egsi + Xoi — @ps  €q.6.9

Where Xg; is the electron affinity of the silicon and E g; is the band gap of the silicon (Table 6.1).
By substituting the Xg;and E, g; from Table 6.1 and the obtained value for ¢, in Eq.6.9, EWF, is
obtained to be 4.39 eV.
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Fig 6.13: Schematic band diagram of the Nanocomposite gate/semiconductor

There is a small but notable difference between the extracted EWF values from all three methods
which can be partly attributed to the nature of each measurement technique and the interface
structure. 1V and TLM measurements are giving lower EWF values which could be due to the fact
that both techniques are relying on tunneling current transfer between the nanocomposite electrode
and Silicon oxide/ highly doped silicon while UPS method depends on electron excitement by
photo emission. Therefore, measurement results from IV and TLM techniques are extremely
dominated by the most conductive element (silver with WF of ~4.26 eV) which makes intimate
contact with the oxide and P+ layer but UPS method is insensitive to the conductivity level of the
material and all the components of the nanocomposite contribute to the measured effective work
function value. It should be noted the other main element in the graphene decorated nanocomposite
is carbon with WF of ~5 eV which is potentially the reason in the slight increase in the extracted
EWF from the UPS method.
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Table 6.1: General parameter Values

Parameter Value
Ey s (eV) 1.14
Xs;(eV) 4,05

It should also be noted that dependence of reported values of work function on the measurement
method is not uncommon [144]and a contributing factor could be the sensitivity of each of these
measurement methods to different forms of impurities and potential chemical reactions at the
interface. The observed difference suggests that an effective range of 4.15eV to 4.52 eV for the
work function is to be expected that can possibly be dependent on the type of structure this
nanocomposite is used in. It also confirms the necessity of using effective work function definition

for the electrodes with multiphase nature.

6.5 Conclusion

In summary, Effective Work Function (EWF) was introduced for the multi-phase nanocomposite
electrodes being used as electrodes in electronic devices. Based on the theoretical studies on
tunneling phenomenon and the potential barrier height measurement analysis on MOS devices, IV
method was illustrated and used for the first time to measure the EWF of the multi-phase
nanocomposite electrodes. The results were verified using two other techniques: UPS spectroscopy
and TLM. The results from all measurements are in reasonable agreement however a small
difference between the UPS technique and the other two exists. The difference is attributed to the
heterogeneous nature of the nanocomposite and the difference in the sensitivity of each
measurement method to the surface structure. These observations indicate that a possibly device-

dependent effective value for the work function is worthy to be expected.
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Chapter 7
Solar Cell Fabrication with New Developed
Conductive Nanocomposite as Rear

Contacts

7.1 Introduction

Electronic conductive adhesives (ECA) have been reported to be used in solar industry as an
interconnection between the cells in modules with back contact cells as well as the modules made
by shingling technology [135-139] [138]; however, ECAs have never been used as the main front
or back contact in the solar cell itself to the best of author’s knowledge. This chapter will present
the solar cell fabrication process step by step and the newly developed and characterized graphene
decorated nanocomposite will be used as the back contact. As it was previously reviewed, utilizing
the newly developed nanocomposite in the cell contacts will reduce the processing temperature
and consequently the amount of induced residual stress and cell bowing. This will enable the
industry to use ultra-thin silicon substrates which normally cannot tolerate high stress levels and
might cause failure. Therefore, Low temperature firing of the newly developed nanocomposite
could be very beneficial for developing ultra-thin solar cells to lower cost and increase yield

performances.

7.2 Materials Used

To fabricate the Solar cell, n-type silicon substrate (100) with phosphorus dopant concentration of
5 x 10 cm™® were used. Ag was used for front contact while Al and graphene-decorated
nanocomposite (NCOMP-1wt%GN) were used for the back contact. For the doping step, BN-975
and PH-950 from Saint-Gobain ceramic materials are considered as the P-type and N-type sources,

respectively.
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7.3 Fabrication Process

7.3.1 Primary cleaning and preparation

A diamond scriber was used to engrave sample numbers on the wafers. Wafers are first RCAl
cleaned for 13 minutes in 5:1:1 combination of DI water: Ammonium hydroxide: hydrogen
peroxide at 75-85° C. RCA2 cleaning was performed immediately after RCAL and wafers were
cleaned for 13 minutes in 10:2:1 combination of DI water: hydrogen peroxide: Hydrochloric acid
at 75-85° C. Wafers were washed thoroughly with DI water and they were dipped in 2%
Hydrofluoric acid for 60 seconds to remove the native oxide. After the HF dip, wafers were washed

with DI water and dried with nitrogen.

7.3.2 Developing the n* layer at the back

After the substrates were HF dipped and dried, they were loaded in the diffusion furnace to diffuse
phosphorus at the back to create an n* layer. The purpose of having the n* layer is to keep the
minority careers away from getting recombined at the rear contact. A phosphorus dopant material
on an inert silicon carbide substrate was used as N-type diffusion solid dopant. Furnace was first
ramped up from 400° C to 950° C for 40 mins and then phosphorus was diffused at 950°C for 45
minutes at 3 lit/min N2 flow. After the doping is finished, the furnace is ramped down back to
standby temperature (400° C). Due to the design of the furnaces, the ramp down time is much
longer (around 4 hours). After the diffusion, wafers were etched for 2 minutes in 10% Hydrofluoric
acid to remove the thin glass layer deposited on both sides of the wafer during the diffusion process.
Also, there is some dopant diffusion at the front side of the substrate even though it is not directly
facing the dopant source which is removed by acid etch back. To remove the layer, front side of
the samples were etched for 5 mins using 5%HF and 95% HNO3. A PTFE holder was used to
cover the back side from the etchant. Samples were then dried to be ready for the next step.

7.3.3 Depositing SiONXx at the back

To protect the N+ layer, substrates were loaded in the PECVD to grow SiONXx film on the back
side of the silicon wafers using a standard parallel plate capacitively coupled PECVD system
developed by Trion Technology (Orion I11). The PECVD deposition conditions are shown in Table
7.1.
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Table 7.1: PECVD deposition conditions for SiONx Protection layer

Film Pressure power SiH4 N20 Temp. Duration Film thickness

SiONXx 10 mT 10 15sccm 100sccm 400 13 min 120 nm

7.3.4 Junction formation

After wafers were unloaded from PECVD, they were RCA1 and RCA2 cleaned as described in
section 7.3.1. Wafers were washed thoroughly with DI water and they were dipped in 2%
Hydrofluoric acid for 15 seconds to remove the native oxide and then were loaded in the diffusion
furnace. It should be noted that substrates should not be HF dipped for a long time as HF would
etch the SIONy layer at the back. So, once the front side gets hydrophobic, HF dip process should
be stopped. Junction was formed using dopant diffusion in high temperature quartz furnaces with
solid dopant sources. Boron diffusion sources need to be activated in oxygen ambient to form a
B203 layer on the solid sources which will act as the dopant source for P-type diffusion. For P-
type diffusion, the furnace was ramped up from 400° C to 950° C for 40 mins and then boron was
diffused at 950°C for 30 minutes at 3 lit/min N> flow. After the doping is finished, furnace is
ramped down back to standby temperature (400° C). Due to the design of the furnaces, the ramp
down time is much longer (around 4 hours).

After the diffusion, wafers were etched for 30 seconds in 10% Hydrofluoric acid to remove the
thin glass layer deposited on front sides of the wafer during the diffusion process. Extra care needs
to be taken at this step to make sure back side is still hydrophilic which means it is still protected
by SiONy. Afterwards, front side of the samples were etched for 35 seconds in 0.5%HF and 99.5%
HNO3 to make the emitter layer slightly thinner to reduce the number of electron hole pairs created
in it and decrease the chance of their recombination. Then wafers were etched for 2 minutes in
10% Hydrofluoric acid to remove the SiONy protection layer followed by 25 seconds of etching in
the 0.5%HF and 99.5% HNO3 solution. Now substrates are ready for next step which is Anti-
Reflection Coating (ARC) deposition.

7.3.5 Anti-Reflection Coating (ARC)

SiN is selected to be used as anti-reflection coating due to its proper surface passivation

properties [143]. The same PECVD system mentioned in 7.3.3 was used to deposit the anti-
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reflection coating. First, samples were dipped in 2% Hydrofluoric acid for 1 minute to remove the
native oxide layer and then were quickly loaded to PECVD. The PECVD deposition conditions
are shown in Table 7.2 and a schematic illustration of the device before photolithography is shown
in Fig. 7.1.

Table 7.2: PECVD deposition conditions for ARC layer

Film Pressure power SiH4 NH3 Temp. Duration Film thickness

SiN 10 mT 10 10 sccm 200sccm 400 9 min 80 nm

S\)\\C‘-‘m\

+Layer

N A

Fig 7.1: Schematic Illustration of the cell before patterning

7.3.6 Patterning the Anti-Reflection Coating (ARC)

A negative photoresist (AZ nLOF 2035) and a mask with 1cm x 1cm cells shown schematically in
Fig. 7.2 were used to pattern the ARC layer. Patterning was conducted using the following
conditions:

e Photoresist spin coating at 3000 RPM for 60 seconds

e 1 min of hard bake at 110°C

e UV exposure for180 seconds at 60mWecm™

e 1 min of hard bake at 110°C

o Developing in AZ-MIF Developer for round 120 seconds
Samples were etched in Buffered Hydrofluoric acid (BHF) for 70 seconds to remove the SiN after
the photoresist is patterned. Then Samples were dried and loaded into electron beam evaporation

system to deposit the front contact.
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Fig 7.2: A schematic illustration of the mask used to pattern the cell with negative photoresist

7.3.7 Front Contact Deposition

As mentioned in the previous section, samples were loaded in to the electron beam evaporation
chamber right after they were BHF dipped to deposit the front contact. After chamber reached to
the base pressure of around 10" Torr, first 100 nm of Titanium is deposited to prevent the diffusion
of Ag during the forming gas annealing and then 1um if Ag was deposited afterwards. After the
samples were unloaded from ebeam, the metal lift-off process was performed by submerging the
samples in to high purity acetone for 3 hours. Evaporated Ag front contact on 10mm x 10mm cell

is shown in Fig. 7.3
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Fig 7.3: Evaporated Ag front contact

After the metal is completely lifted off, samples are annealed in forming gas (10% H2, 90% N2)
at 350°C for 10 minutes at 3 lit/sec to improve the quality of electrical contact between emitter and

the metal layer.

7.3.8 Back Contact Deposition

Back side of one sample was etched in 2% Hydrofluoric acid for 1 minute to remove the native
oxide layer and again loaded back into the Ebeam to deposit 1um of Al as the back contact. This
reference sample is going to be used for the comparison purpose to evaluate the properties of the
cell with the NCOMP-1wt%GN back contact.

A screen-printing system (AMI model MSP-485) accommodating screen frames with the
maximum size of 12" x12" and maximum print area of 8" x8" was used to print the NCOMP-
1wt%GN back contact on the samples. Printer setup was prepared first, then back side of the
samples was etched in 2% Hydrofluoric acid for 1 minute and then the NCOMP-1wt%GN was
screen printed on the back side. The nanocomposite printed cell was then cured at 150°C for 10

minutes in an oven in air ambient.

103



7.4 Characterization Methods

Following different characterization methods available in CAPDS lab are used to study the

performance of fabricated solar cells.

7.4.1 Measurement of reflection spectra

This characterization technique will be used to measure the amount of the input light entering the
device as well as the amount being reflected. In this technique, a monochromator is used to produce
light with determined wavelengths. The reflected light is collected and directed to a sensing photo-
detector. The amount of reflected light would be the ratio of the signal at sensing photo-detector to
the signal at the input light monitoring detector. To perform above measurements, a PerlinElmer
Lambda 1050 UV/VIS/NIR spectrometer is used.

7.4.2 Internal and External Quantum Efficiency

Measuring the Internal Quantum Efficiency (IQE) is the most reliable method of evaluating the
performance of the fabricated cells, but this quantity cannot be measured directly. In fact, IQE can
be calculated using the results of the reflection spectra measurement and the External Quantum
Efficiency (EQE) as below:

EQE

IQE =
¢ 1 — Reflection

eq.7.1

The spectral measurement system made by PV measurements, Inc. is used to perform EQE

measurement.

7.4.3 Dark and Illuminated current-voltage measurements

I-V measurements give important information about the junction quality, actual output power of
solar cells and its performance under a standard illumination. Dark 1V is used to extract the junction
parameters such rectification ratio and ideality factors while performed under absolute darkness to
eliminate the effects of carrier generation due to the light. A light-tight housing containing the
sample and the probing station is used for dark IV measurement setup. An Agilent HP4155C
semiconductor parametric analyzer in CAPDS lab is used to measure the dark IV behavior of the

fabricated solar cells
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To study the performance of the solar cells under the standard AML1.5 illumination, illuminated IV
curves are going to be measured using a setup available in CAPDS which was made by PV

measurements, Inc.
7.5 Results and Discussion

7.5.1 Reflection spectrum

The front side reflection spectrum for both reference cell (Ref-Cell) and cell with NCOMP-
1wt%GN (NCOMP-GN-Cell) is shown in Fig. 7.4. As shown in Fig 7.4 the minimum reflection
of 17.33% was observed at wavelengths of 590 nm. As per the optical rules, refractive index of the
ARC layer (n4z.) multiplied by its thickness (d4z¢) should be equal to one quarter of the incoming

wavelength (1) to minimize the light loss due to reflection. This can be shown as below:

d A 7.2
= eq.7.
Anype

nure can be calculated as below:

Nyre = /NsiNi €q.7.3

Where ng; and n; are refractive index of Si and surrounding medium. Assuming ng; and n; are
equal to 3.5 and 1, n g would be calculated as 1.87. Bu substituting the obtained n,z. and the
wavelength at the minimum reflection points in Eq.7.2, the required thickness of the ARC layer
should be around 78 nm which is very close to the thickness of the ARC deposited using PECVD.
It should be noted that reflectance of these cells is slightly large mainly due to the absence of the
texturing in the front side.
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Fig 7.4: Front side reflection spectrum for both cells

7.5.2 Internal and External Quantum Efficiency

The internal and external quantum efficiency graphs of the Ref-Cell and NCOMP-GN-Cell are
shown in Fig. 7.5 (a) and (b). As it is shown in Fig 7.5, both cells are showing a very good
performance as their IQE is higher than 90 % for a large portion of the spectrum and it reaches to
almost 100% at the middle of the spectrum. It should be noted that the thickness of the substrates
used for both cells is more than 500um which has affected the red response of the devices. Also,

the lower blue response could be mainly due to not having texturing at the front side.
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Fig 7.5: EQE and IQE of the (a) Ref-Cell and (b) NCOMP-GN-Cell
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Fig. 7.6 shows a comparison between the IQE of both cells in which it can be seen that both curves
are almost sitting on each other confirming the fact that using NCOMP-1wt%GN nanocomposite

instead of Al for the back contact wouldn’t degrade the performance of the cell.
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Fig 7.6: IQE comparison between Ref-Cell and NCOMP-GN-Cell

7.5.3 Dark and Illuminated Current-Voltage Results

The dark I-V characteristics of the Ref-cell and NCOMP-GN-Cell are shown in Fig 7.7. In dark
IV analysis, both solar cells show typical diode behaviour. Rectification ratio is approximately
7.2x10%nd 3.4x10% at +0.74 V for Ref-cell and NCOMP-GN-Cell respectively. Reverse saturation
current is obtained to be 7.8x10° A and 9.6x10°® for Ref-cell and NCOMP-GN-Cell respectively.
Using double-diode model, the ideality factors ny and n of the solar cells obtained to be 2.7 and
3.12 for the Ref-Cell and 3.21 and 3.40 for the NCOMP-GN-Cell. Despite the fact that ideality
factors in NCOMP-GN-Cell are slightly larger than Ref-Cell, both cells are showing large ideality

factors which is mainly due to quality of the wafer substrate.
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Fig 7.7: Dark 1V comparison between Ref-Cell and NCOMP-GN-Cell

Fig 7.8 and 7.9 show the performance report of the illuminated I-V analysis performed under
100mW/cm? (AM1.5 standard spectrum) for both Ref-Cell and NCOMP-GN-Cell.

A good short circuit current density (28 mA/cm? and 30 mA/cm? for Ref-Cell and NCOMP-GN-
Cell, respectively) is achieved which indicates that despite not having texturing at the front contact,
the anti-reflection layer is very effective and the diffused junction is strong. The Open circuit
voltage is around 590 mV for both cells which is relatively low and is again believed to be due to
the quality of the starting wafers specially their low carrier life time as observed in the obtained
high ideality factors. The same effect has been seen in the previous research works in this
group[145].

The measured Fill Factor (FF) is reported to be around 62% and 67% for Ref-Cell and NCOMP-
GN-Cell, respectively which is also a bit low compared to the conventional high efficiency solar
cells. This could be due to front contact designs and the limitations regarding photolithography and
evaporation processes. All that being said, the main purpose of this cell fabrication is to compare

the performance of cells with metallic and nanocomposite back contacts fabricated with same
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process limitation and material issues. The above cell performance results as well as almost equal
obtained efficiencies (around 11%) for both cells are very close and decent comparable values

which are a very satisfactory achievement for a standard technology baseline development.
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Fig 7.8: Performance report of the illuminated I-V analysis foe Ref-Cell
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Fig 7.9: Performance report of the illuminated 1-V analysis for NCOMP-GN-Cell

7.6 Conclusion

Two Solar cells with different back contacts (Ref-Cell and NCOMP-GN-Cell) are fabricated using
4 inch wafers. All the fabrication process were kept same and consistent except for the back contact
material and deposition technique. Evaporated Al was used as the back contact for Ref-Cell while
a newly developed graphene decorated nanocomposite (NCOMP-1wt%GN) was used as the back
contact for NCOMP-GN-Cell. Cells were completely characterized using different techniques.
Quantum efficiency results from NCOMP-GN-Cell were in an excellent agreement with the Ref-
Cell while both cells showed slightly large ideality factors and low Fill Factors (FF). The large
ideality factors and low Fill Factors (FF) are mainly related to the quality of the starting wafers
specially their low carrier life time as well as front contact designs and process limitations. In

general, the obtained performance results for both cells were very close to each other and both
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devices showed almost equal efficiencies which is a very satisfactory achievement for a standard
technology baseline development.
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Chapter 8
Conclusion and Future Work

8.1 Conclusion

A screen printing process was established by designing masks compatible to both conventional
metallic pastes as well as ECAs. To set up of the screen printer, a conventional highly conductive
metallic paste was utilized to print on silicon wafers. The Printed patterns were characterized and
results confirmed the proper printing quality. A microstructural analysis was done on the interface
to investigate the curing profile. The presence of the three different interfaces Ag/thin glass
layer/Si, Ag/thick glass layer/Si and Ag/Si confirmed that all the required chemical reactions and
phase transformation have happened during the curing.

After establishing the screen printing process, different conductive nanocomposites (NCOMP-
0.05wt%Ag and NCOMP-0.1wt%Ag) were synthesized using ECA as the matrix and silver
nanowires as conductivity reinforce. Conductivity measurements revealed that addition of silver
nanowires could decrease the resistivity and improve the conductivity of the nanocomposite (61%
and 69% for adding 0.05wt% and 0.1wt% of Ag nanowires, respectively). Morphology
characterization analysis confirmed the influence of silver nanowires in improving the electrical
properties of the paste due to their breakage and scattering among silver flakes. SEM images as
well as conductivity measurements also showed the conductive mechanism could be tunneling
effect between small silver particles.

To reach to a comparable conductivity with conventional metallic pastes, two dimensional
graphene sheets that have outstanding electrical and structural properties were used to improve the
electrical properties of the ECAs. Different screen printable nanocomposites (NCOMP-1wt%GN
and NCOMP-3wt%GN) were developed by introducing graphene nanopowders into the ECA to
achieve higher conductivity. Material synthesis and curing profile are optimized to improve the
electrical property of the developed nanocomposites and resulted in the highest boost in
conductivity, over 2 orders of magnitude of ECA, bringing it comparable to metal pastes. A high
degree of curing was obtained when the samples were sintered at 150°C for 10 min. The thermal

stability of the NCOMP-GN nanocomposites was investigated using thermogravimetric analysis
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and results showed that the temperatures for onset of decomposition in nanocomposites are higher
than their corresponding T4 showing their excellent thermal resistance.

A detailed residual stress analysis was also conducted on all developed nanocomposites as well the
metallic pasted printed substrates and results revealed that the amount of residual stress induced in
substrates was much lower in nanocomposite and ECA printed wafers in comparison with metallic
printed ones. Also, the amount of increase in residual stress by decreasing the wafer thickness was
small in the case of using nanocomposite and ECA paste compare to the metallic paste. Moreover,
it was shown that the amount of bending increased with decreasing the thickness of substrate in all
three cases; however, it was much lower in nanocomposite printed wafers confirming that the new
developed nanocomposites could be a promising alternative in screen printing metallization.

To evaluate the electrical properties of the highly conductive screen-printable graphene-decorated
conductive nanocomposite at the interfaces, Effective Work Function (EWF) was introduced for
the multiphase nanocomposite. Based on the theoretical studies on tunneling phenomenon and the
potential barrier height measurement analysis on MOS devices, IV method was illustrated and used
for the first time to measure the EWF of the multi-phase nanocomposite electrodes. The results
were verified using two other techniques: UPS spectroscopy and TLM. The results from all
measurements are in reasonable agreement however a small difference between the UPS technique
and the other two exists. The difference is attributed to the heterogeneous nature of the
nanocomposite and the difference in the sensitivity of each measurement method to the surface
structure. These observations indicate that a possibly device-dependent effective value for the work
function is worthy to be expected.

Finally, highly conductive screen-printable graphene-decorated conductive nanocomposite as well
as evaporated Al was used as the back contact of two solar cells (NCOMP-GN-Cell and Ref-Cell).
Solar cells were fabricated and completely characterized using different techniques. Quantum
efficiency results from the NCOMP-GN-Cell were in an excellent agreement with the Ref-Cell
while both cells showed slightly large ideality factors and low Fill Factors (FF) which is mainly
related to the quality of the starting wafers specially their low carrier life time as well as front
contact designs and process limitations. In general, the obtained similar performance results and
efficiencies for both cells confirmed a very satisfactory achievement for a standard technology

baseline development.
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8.2 Future Work

e In this research a highly conductive nanocomposite was developed and it was utilized as
the back contact in Solar cell. However, this material was not properly studied to be used
as the front contact due to some process and equipment limitations which can be overcome

in future.

e Asa future work, the reliability of the cells could be analyzed by encapsulating one of the

fabricated cells and performing reliability experiments such as:
o Damp test
o Thermal cycle test
o Thermal shock test

e Another interesting application for the newly developed nanocomposite would be using at

as an interconnection between cells in shingled module technology
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