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ABSTRACT

ALAN RODRIGUEZ. Novel Front Grid Designs and analyses for high-Efficiency
Crystalline Solar cells. (Under the direction of DR. ABASIFREKE EBONG)

The efficiency of a solar can be limited by reflection through both the front gridlines
and non-gridline regions. In the later, poor texturing, non-optimum thickness and
refractive index of the antireflection coating (ARC), could be responsible, while wide
front gridlines impacts the former. By utilizing an optimized ARC on a properly
textured absorbing surface, then the implementation of a narrow gridline design can
curtail this unwanted optical and electrical losses. However, the implementation of
narrow screen-printed gridlines is daunting, because the metal powder particle size
in commercial silver paste, dictates the mesh threshold, which places an upper limit
on what gridline width can be printed. Thus, an innovative “tapered finger design”,
where the front gridline gradually reduces in width through three stages and in turn
leads to an overall low silver consumption. It is imperative that the innovative design
overcomes the associated gridline and contact resistances and show an overall superior
or at par performance to the conventional design. Thus, the solar cell electrical output
parameters including, the fill factor, open circuit voltage, reverse saturation current
and efficiency should attest to this fact.

This thesis therefore, focused on the design, modeling and fabrication of com-
mercial size solar cells G1 CZ wafers (158mmx158mm, which was supplied from the
production line after the ARC). Three front grid designs were made and converted
to the printing screens (masks) including (i) a traditional front grid design with 40
um opening, (i) the tapered finger design (50, 40, and 30 pm opening), and (iii)
the tapered finger design (50, 40, and 30 um opening) with the addition of streets
(I mm wide). The experimental results (for the best cells), showed (i) 81.1% fill

factor and 22.6% efficiency for the 40 pum opening; (ii) 79.0% fill factor and 22.0%
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efficiency for the (50, 40, and 30 pwm opening), and (iii) 79.2% fill factor and 21.9%
efficiency for the (50, 40, and 30 pum opening with 1 mm-street width). The slight
loss in performance for the innovative design could be attributed to non-optimum
printing, which would require much fine tuning in particular, the squeegee pressure,
the print-speed and snap-off distance to account for the difference in the design. It
should be noted though that, although the 40 pm traditional gridline gave the best
results, the tapered gridline with 1-mm street width is superior in the use of silver
consumption by 12.5 mg. Such reduction in silver consumption would amount to a
$2M savings if this design is implemented in a Gigawatt factory.

As the PV industry is working to standardize the wafer size to G12 (210mmx210mm
area) , this prompted the extension of this thesis work to include this upcoming
commercial wafer size. Since the innovative design with the streets reduces the silver
consumption, this design was assumed for the G12 wafer size. As at the time of
this work, the G12 wafers were not available for experimental validation, thus only
simulation and extrapolation of the G1 experimental results are presented here. From
G1 result the silver consumption was the major advantage of the innovative design,
which trend was also true for G12, showing a 59.8 mg reduction in silver consumption
compared to the conventional design. This reduction in silver consumption translates
to $7M savings in a Gigawatt factory, which is very significant. Thus, the innovative

design would lead to solar electricity affordability and lower LCOE.
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CHAPTER 1: INTRODUCTION TO PHOTOVOLTAICS

1.1  Energy and the Earth

The majority of energy present on earth originated from the sun. Of all of the
energy incident upon the earth in the form of light or electromagnetic radiation,
30% (approximately 52,200 TW) is reflected back into space via cloud foliage, ocean
water, ice, or the atmosphere. The remaining 70% (approximately 121,800 TW) is the
available energy input into the earth [I]. There are other energy inputs into the earth
such as nuclear, geothermal, and tidal flow however they make up for an extremely

low amount in comparison to the sun as seen in Figure [I.]].

AR

Tidal Motion Due

to Earth and Moon
0.0017%

Figure 1.1: Summary of Energy Inputs Into The Earth [1]

Of the 70% energy input about 64% is consumed via the greenhouse effect [I] as seen
in Figure This is when the earth’s input energy (in the form of infrared radiation)
is reflected downward into the earth’s surface via green house gasses present in the
earth’s atmosphere, which concludes in the heating of the earth [14].

From the 70% energy input about 33% is used in the hydrologic cycle [I] (also



The Greenhouse Effect

Some sunlight that hits Earth
is reflected back into space,
while the rest becomes heat

Greenhouse gases
prevent heat from
escaping into space,
warming the planet

Figure 1.2: The Greenhouse Effect [2]

known as the water cycle) as seen in Figure The hydrologic cycle begins at the
heating of the oceans by the sun which results in the evaporation of water. This water
travels around the earth’s atmosphere as clouds which dispose of the stored water as
precipitation. This precipitation can take the form of rain or snow and is responsible
for the stored water on the earth’s landscape. This stored water makes its way back
into the oceans via rivers or precipitation and the cycle continues [3].

From the remaining energy input about 1% is dedicated to the motion of wind
and water throughout the earth. This is from the kinetic energy resulting from the
photon collisions on the molecules [1]

Unexpectedly, only about 0.11% of the Sun’s energy input to the earth is used by
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Figure 1.3: The Water Cycle [3]

plants for photosynthesis [I]. Given that plants are typically the basis of every food
chain, most of the energy responsible for life on earth stems from the sun. When other
species consume plants through digestion, they are breaking the chemical bonds in
their molecular structure. Thus, releasing energy that is translated into movements
or the essential functioning mechanisms of the consuming species.

Table [I.1] and [I.2] summarize the energy allocation of the incident energy from the

sun.
Table 1.1: Summary of Incident Energy on Earth.
Percentage (%) Incident Energy Allocation Power (TW)
100 Total Energy Incident on the Earth 174,000
30 Energy Reflected 52,000
70 Energy Input from the sun onto the Earth 121,800

The Sun has been the Earth’s main source of energy for billions of years. Life on



Table 1.2: Summary of Input Energy Allocation.

Percentage (%) Incident Energy Allocation Power (TW)
100 Energy Input from the sun onto the Earth 121,800
64 Greenhouse Effect 78,300
33 Hydrologic Cycle 40,00
1.4 Wind and Water Motion 1,700
0.11 Photosynthesis 140

earth has also been dependent on the Sun to thrive and evolve. It is self-evident
that this must be mankind’s main source of energy due to its proven consistency and
sustainability to the macrobiome. This must occur not only because of its logical
natural sequence, but also due to the catastrophic effects of global warming. Fossil
fuels are a limited resource while the Sun’s energy is essentially unlimited. To do so

humanity needs a technology capable of harnessing the Sun’s energy while:

Being efficient

Having low production costs

Having a long lifespan

Being sustainable

1.2 Solar Cell Energy Conversion

The main functional mechanism of a solar cell is the photoelectric effect. First
discovered by German Physicist Heinrich Rudolf Hertz when he shined ultraviolet
light on two metal electrodes with a voltage applied across them [15]. The light
changed the voltage at which sparking also took place. This is because the incident
light excited the electrons in the metal, giving them the kinetic energy to flow through
the circuit. An example of this can bee seen in Figure [1.4]

In the case of solar cells, the abundant expulsion of photons from the Sun is used

to excite the electrons in the semiconductor body of the cell, producing the energy



Figure 1.4: The Photoelectric Effect [4]

required to power the modern world; however, this technology is not without its
drawbacks.

In order to have current flow from the solar cell into the circuit, electrons must be
excited from the conduction band to the valence band as seen in Figure[I.5|. This is

done via the energy from the Sun’s photons.

- [PIN] -

Depletion Region

!

Fermi Level —

P-N Junction

Figure 1.5: Conduction and Valence Band of a P-N Junction Semiconductor [5]

In some instances this does not happen and the photon’s energy is lost. This loss
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mechanism is referred to as recombination. There are various types of recombination
but the three most common instances are radiative, auger, and defect assisted. as

seen in Figure [1.6].

1 Heat
o o o0 o

E

v A\ v

V10O O O O

Radiative Auger Defect-Assisted
Recombination Recombination Recombination

Generation

Figure 1.6: The three main recombination mechanisms [6]

Radiative recombination occurs when an electron in the conduction band degrades
to the valence band by giving off its excess energy in the form of light [16]. Auger
recombination occurs when an electron and hole recombine, similar to radiative re-
combination; however, in this instance the recombining electron gives its energy to
a neighboring electron in the from of heat [16]. This electron eventually thermalizes
back to equilibrium. Finally, defect-assisted recombination involves a impurity be-
tween the conduction and valence band. This causes recombining electrons to rest in

the new impurity level before finally recombining to the valence band [16].

1.3 Electrical Equivalent Circuit of a Solar Cell.

I= Iph _ID _IRsh
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Figure 1.7: Single Diode Model of Solar Cell [7]

(1.1)

The single diode model arises from the fundamental mechanisms of the solar cell
and is mathematically described by Equation . n is the ideality factor of the solar
cell under observation. V7 is simply the thermal voltage arising from the p-n junction
described mathematically by Vp = %. I, is the photon current originating from the
sunlight incident on the solar cell. The diode in the circuit is the solar cell, which
its self is simply a p-n junction device. The shunt resistance Ry, is derived from
manufacturing defects. This loss mechanism is more prevalent at lower operating
voltages, because it gives the current a less resistive path to dissipate energy which
could better be utilized in the load [I7]. R; is the series resistance which is a function

of three main factors [§]:

e The movement of charge carriers from the emiiter and base of the device.
e Contact resistance between the metal contacts and the Silicon.

e The top metalization pattern.

A more detailed breakdown of the series resistance arising from the top metalization

patterns can bee seen in Figure [I.8]



n-type emitter

Figure 1.8: Series Resistance Arising from Top Metalization Pattern [8]

Solar cell I-V curves provide a method to extract valuable information about the
device in a simple fashion. The I-V curved is derived by piloting Equation ([1.1}).
The most notable points from this plot are the short circuit current I,., the open
circuit voltage V,., and the maximum power point, denoted on the graph as P,q;.
I, is impacted by the shunt resistance while V. is influenced by the series resistance.
Consequently, both the series and shunt resistance determine the maximum power
point due to their relationship to I,. and V,,. respectively.

One of the most important characteristics of an I-V curve is its ability to determine
the efficiency of a solar cell. Given that I.,V,., and P, are know, the fill factor
(FF) can be calculated as seen in Equation The fill factor is the ratio of the area
generated from the maximum power point to the area arising from I,. and V,.. This

is best depicted in Figure [1.10

Pmam

FF =
%C‘ISC

(1.2)

Efficiency determines how much of the incident sunlight in converted into viable
energy into the load. It should be noted that according to the Shockley-Queisser

limit [18] the maximum achievable efficiency for a solar cell is 30% for the p-n junction
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Figure 1.10: Fill Factor from I-V curve [10]

approach. The mathematical definition of solar cell efficiency can bee seen in Equation

3).
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1.4 Computational Modeling of Front Grid Designs For Series-Resistance

Approximations
1.4.1  Introduction

Several grid models have been proposed and improved on, mainly by [19] 20, 21].
Thus, the methods by which the grid design impacts the series-resistance of a solar
is cell is understood. The grid model implemented in the simulation of the solar cells
in Chapters [2| & [3| was adopted from the works of [I1]. This model was expanded to
accommodate the use of streets and tapered busbars by [11]. It is highly recommended
to visit his dissertation in order to have firm grasp of this model, for this section is
only meant to bring light to the technique utilized in the simulation of novel grid

designs.
1.4.2  Mathematical Model
The foundation of the model for streets, tapered fingers, and busbars is based on

the unit cell seen in Figure|l.11] The entire solar cell is composed of iterations of this

unit.

Unit
Cell

Figure 1.11: Unit Cell [IT]
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Table 1.3: Unit Cell Parameters

Parameter Defenition
a Length of Gridline
b Half Length of Gridline Spacing
d Half Length of Street Spacing
w Width of Gridline
w’ Width of Busbar
n Number of Gridlines

As seen in Figure the dimension of this unit are d + a + w’ units long and
n(2b 4+ w) units wide. Furthermore, a summary of the definition of each of the unit

cell parameters can be found in Table

2(2b + w)

— 2h = W

L

[
[
[
[
[
[
I__Zd_ ________ e

Figure 1.12: Unit Cell Dimensions [11]

Power dissipation originates from the simple equation P = I? R. By expanding this
equation to accommodate the cell’s dimensional parameters, the equations often take
the shape of P = J;2 RA or P = J;? pl A. In these scenarios A is an area, p is some
resistivity, and [ is some length. After evaluating the dimensions of the equations,
one can make a facile deduction that they all reduce to P = I? R; however, these
expansions allow for valuable information to be extracted about each of the cell’s

components. This is the case for Equations (1.4)),(1.6)),(1.7)), and (1.8 that describe

the power dissipation of the emitter. Rgpe; is the sheet resistance of the solar cell
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and Jp, is the current density flowing through the cell.

JL2 Rsheet b3 (a - %)
3

PEmitterl = (14)

_ 1lezrw 61

= 1.
/ 25 * 1000 (15)

2 JL2 Rsheet (b - d>3 (2 d + lU) + JL2 Rsheet (2 d + w)4
3 2w

(f (22;;5)@ n 1) <1n (MJ“’) n (lefwy - 4(25”1 o Z) (1.6)

PEmitteTZ =

2J1° Raneet (b= d)* (2b+w)  J1” Repeet (20 + w)"
3 2m

(f (szb;jd) B 1) (ln (2b;rw) . (2b”‘fw)2 - 4(2;‘:4_ i Z) (1.7)

PEm'itterQ’ = -

PEmitter =2n (PEmitterl + %)7 if b Z d
PE‘mitter = (18)
PEmitter =2n (PEmitterl + W% if b S d

Lt is the transfer length of the contacts and p. is the resistivity of the contacts.

Pe
Lr = 1.9
’ Rsheet ( )

401 Ly Rypeancoth (1) (ab+d (b+ %))’

Peontact = (110)
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The power dissipation of the gridlines arises from the adoption of the Gaussian
structure gridline |2I], which results in the scaling factor ¢q. Furthermore, H; is the
height of the gridline and py is the resistivity of the gridline.

10141204801825835211973625643008

— ~ 1.6844
9 6020642731622919963880511771577 08

qJi*nps (@+ad2(2b+w)2+2a2bd (2b+w)>

Pri ine — 111
gridl Hw (1.11)

Equation ([1.12]) describes the power dissipation for even busbars, where H, is the
height of the busbar; however, for the uneven case Equation (1.13]) is the suitable
description of power dissipation. Here w; is the width of the major part, ws is the

width of the minor part, and s is the ratio of major part length to total busbar length.

Tt oy (b+%) (a+d - 53)”
3wal

Pbusbar -

(1.12)

Tty (o - ) (0 9) (o d - g)’
3 Hy

Pousbarve = — (1.13)

For the base power dissipation p,, is the resistivity of the base and t,, is the thickness

of the base.

4T nputy (ab+d (b+2))°

Pase:
k 2b+w) (a+d+w')

(1.14)

In order to normalize the power dissipation to a unit cell, the summation of all
power components is divided by the normalization factor Ny in Equation (|1.15]) which

is the unit cell area. Doing so concludes to the power dissipation of the series resistance
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Prs in Equation ((1.16).

Ny=n(2b+w)(d+a+ w') (1.15)

o PEmitter + PContact + Pgridline + Pbusbar + pbase

Prs
R Nf

(1.16)

Finally, one can arrive at the normalized series resistance R, (2 —cm?) in Equation

(1.17) by deviding by J;*

_PRS

R
J?

(1.17)

1.4.3  Implementation and Application

In order to utilize the aforementioned equations, they were implemented into the
MATLAB software. MATLAB allows for facile manipulation of these equations by
inputting them into functions, which automate the calculation process of power dis-
sipation. Moreover, beautiful and legible graphs can be generated with this software;
however, MATLAB will not suffice in deducing more specific solar cell parameters,
such as efficiency for solar cells with these novel front grid designs. To solve this
issue, the series resistance measurements from MATLAB will be input into the PC1D
simulation software. PC1D is widely accepted in the photovoltaics community for its
simplicity and transparency. The marriage between these two programs will allow for
the accurate simulation and comparison to experimental results of novel front grid

designs.
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CHAPTER 2: NOVEL FRONT METALIZATION PATTERNS ON G1 CELLS

2.1  Introduction

The photovoltaic community has made tremendous strides since the inception of
the first solar cell in 1883. The days of low efficiency and high cost are slowly fading.
Clever fabrication methods and selection of materials have made this a reality; how-
ever, front grid designs are just as important and a simple method to contribute to the
innovative nature of solar cell design. Some primitive front grid designs encompass a

single busbar with ~ 100um finger width as seen in Figure [2.1

Figure 2.1: Simple solar cell design

At first glance one can conclude that these designs suffered heavily from low fill
factor, primarily due to the power loss from shadowing. This is because choosing
between high metalization for low resistance and low metalization for high fill factor
is a hard bargain. On one hand it is beneficial to use more metal to decrease the series
resistance , but this comes at the cost of more of the emitter being deprived of incident
photons. Luckily, thoughtful designs such as seen in Figure [2.2] attempt to address
these constraints by lowering the amount of front metal used while maintaining or

increasing the fill factor
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—Street— 1 —Strect 1 —Street 1 —oureet

Figure 2.2: 4 Street 5 Busbar design [12]

The innovation proposed in this thesis wishes to expand on [12] by coupling the
tapered finger design with 4S-5BB and analyzing the impacts of it on fill factor, effi-
ciency, and series resistance. The tapered finger design as seen in Figure [2.3] decreases
the power losses due to shadowing by decreasing the area covered by the gridlines. As
the gridline approaches the other busbar it decreases in width twice. This results in
a fraction of the typical power loss due to shadowing in traditional designs. Further-

more, this design maintains a high fill factor and efficiency while consuming less silver.

Figure 2.3: Tapered Finger Design
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2.2 Experimental Procedure

To achieve the aforementioned aim of this thesis, screen designs must be produced
in such a way to encompass the novel grid designs. This is easily accomplished through
the use of the AutoCAD design software. This software allows for the detailed in-
ception of line patterns, which proves beneficial in solar cell design. Through the use

of AutoCAD, three screen design were made and their specification summarized in

Table 2.1] and seen in Figures 2.4] 2.6 and 2.8

Table 2.1: Summary of Experimental Solar Cell Parameters.

Cell Parameter Cell A Cell B Cell C
Finger Width 40 pm | 50 pum,40pum,30um | 50 pum,40um,30um
Number of Streets 0 0 4

[ |
Figure 2.5: Cell A Zoom

Figure 2.4: Cell A
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Figure 2.7: Cell B Zoom

Figure 2.6: Cell B
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Figure 2.9: Cell C Zoom

Figure 2.8: Cell C

Cell A is the control group of the experiment, for it is contains a traditional front
grid design found in industry. Cell B and C are the experimental group and aim to
find the advantages of the new screen design. All of the cells were printed using the
EKRA screen printer, dried using the TP solar dryer, and fired through the TP solar
annealing furnace. After a successful printing session, the cells were placed in the

IV tester in order to determine their characterization parameters. The experimental
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procedure is best depicted by Figure

. G1 Wafer with Wet G1 Wafer with
G1 Wafer Wlth AR Screen Printer Ag Front Grid Drying Furnace Dried Ag Front
Coating Design Grid Design
Fully. G1 Wafer with
Characterized . Zone Furnace
Dried Ag Contacts
Solar Cell

Figure 2.10: Solar Cell Fabrication Procedure

2.3  Results

First and foremost, the width of the gridlines were measured to ensure the printing
screen produced the right dimensions onto the wafer. Looking at Figure [2.11] one

can easily note the transition between the 50um and the 40um tapering.

A124 1280x960 2022/04/15 17:27:45 Unit: um Magnification: 514.5 x ahrar

=39.677 um

100.0 um

Figure 2.11: Transition between 50pm and 40um

Looking at Figure the transition is not so clear. This could be due to the large
metal particle size inhibiting a print that well defines the tapered design. Furthermore,
such defects could be attributed to a larger series resistance, which would degrade

the fill factor of the cell.
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A132 1280x960 2022/04/15 18:16:15 Unit: um Magnification: 514.5 x ahrar e

=38.787 um

£32.847 um
.

3 =31.496 um

-
% [=29.200 um

100.0 um

Figure 2.12: Transition between 40pm and 30um

Table 2.2: Summary of Series Resistance Results

Cell ID Series Resistance (2 — cm?)
Cell A | Cell B Cell C
0.538 | 0.798 1.310
0.932 | 0.792 0.916
0.684 | 1.054 0.910
0.719 | 1.113 1.044
0.540 | 0.821 0.911
0.366 | 0.792 1.568
0.555 | 0.826 0.701
0.590 | 0.930 0.999
0.492 | 0.662 0.985
10 0.521 | 0.778 0.872
Average 0.594 | 0.857 1.021
Theoretical | 0.589 | 0.841 1.090
% Error 0.820 | 1.850 6.240
Average AR, | 0.501 | 0.263 0.165

OO0 | O O = W DN —

As mentioned in Section [I.4] of the introduction, the mathematical model devised
by [11] was implemented into MATLAB. This model was used in this experiment to
simulate the effects of novel front grid designs on the series resistance of solar cells.

Furthermore, this experiment will help validate the mathematical model. On the same
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note, Table summarizes the experimental series resistance results, which closely

matched the theoretical calculations. Figures[2.13][2.14] and [2.15|depict graphical dis-

tribution of the data. the increasing value of series resistance is due to the narrowing

gridlines and decreased consumption of Silver.

6

Number of Cells
Cd

0 0.2 0.4 0.6 0.8 1
Series Resitance (ﬂ—cm2)

Figure 2.13: Series Resistance Distribution of Cell A

Number of Cells

0.4 0.6 0.8 1 1.2 1.4
Series Resitance {Q—cmz)

Figure 2.14: Series Resistance Distribution of Cell B
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Figure 2.15: Series Resistance Distribution of Cell C

As can be seen, the data fit a normal distribution with most of the data points

falling with the theoretically calculated values.

Table 2.3: Summary of Cell A’s Experimental Results

Cell ID Voe(mV) | Joo(25) | FF (%) | Efficiency (%) | n-factor
CAl 670 41.49 80.45 22.39 1.001
CA2 673 41.77 78.24 21.99 0.992
CA3 674 41.82 79.62 22.46 0.983
CA4 674 41.72 79.29 22.31 0.986
CA5 670 41.49 80.58 22.42 1.001
CA6 669 41.56 81.10 22.56 1.004
CA7 669 41.55 79.95 22.22 1.006
CAS8 672 41.65 80.00 2241 1.000
CA9 670 41.51 80.53 22.41 1.007
CA10 671 41.57 80.32 22.42 1.005

Average 671 41.61 80.01 22.36 0.999
Theoretical 676 39.90 79.93 21.55
% Brror | 0.67 | 4.29 | 0.10 3.75 -

The experimental results for the performance parameters of Cell A seen in Table
[2.3] closely matched the theoretical calculations. CA6 was the distinguished cell from

the batch, reaching a fill factor of %81.10 and an efficiency of %22.56. Being the
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industry standard, the process for making cells with this front grid design has been
perfected, which allows for such favorable results to be achieved. Furthermore, the
graphical distribution of Cell A’s fill factor and efficiency data can be see in Figures

[2.16] and [2.17] respectively.
5 T T T T T
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Figure 2.16: Fill Factor Distribution of Cell A
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Figure 2.17: Efficiency Distribution of Cell A

The experimental results for the performance parameters of Cell B seen in Table[2.4]
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closely matched the theoretical calculations. CB2 was the best cell from the batch,
reaching a fill factor of %79.02 and an efficiency of %21.95. As mentioned earlier,
the defects found in the measurements of the gridline can be attributed the lower fill
factor and efficiency. The graphical distribution of Cell A’s fill factor and efficiency

data can be see in Figures and respectively.

Table 2.4: Summary of Cell B’s Experimental Results

Cell ID Voe(mV) | J,o(25) | FF (%) | Efficiency (%) | n-factor
CB1 663 41.34 78.64 21.55 1.020
CB2 668 41.60 79.02 21.95 0.995
CB3 667 41.78 77.07 21.48 1.013
CB4 667 41.39 76.72 21.16 1.013
CB5 668 41.76 78.58 21.92 1.004
CB6 665 41.33 78.15 21.47 1.035
CB7 665 41.60 78.44 21.70 1.014
CB8 665 41.55 78.11 21.62 0.996
CB9 663 41.35 79.47 21.80 1.011
CB10 663 41.36 78.70 21.60 1.011

Average 665 41.51 78.30 21.63 1.011

Theoretical 676 39.90 78.52 21.18
% Error 1.57 4.03 0.3 2.10 -

Number of Cells

76 77 78 79 80 81
FF (%)

Figure 2.18: Fill Factor Distribution of Cell B
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Figure 2.19: Efficiency Distribution of Cell B

The experimental results for the performance parameters of Cell C seen in Table[2.5]
closely matched the theoretical calculations. CC7 was the best cell from the batch,
reaching a fill factor of %79.16 and an efficiency of %21.91. The addition of streets
further increased the series resistance of cell, which can be attributed to the lower fill
factor and efficiency . The graphical distribution of Cell A’s fill factor and efficiency
data can be see in Figures [2.20] and respectively.

Table 2.5: Summary of Cell C’s Experimental Results

Cell ID Voe(mV) | J,o(25) | FF (%) | Efficiency (%) | n-factor
CC1 667 41.87 75.94 21.22 0.987
CcC2 663 41.54 77.79 21.45 1.025
CcC3 667 41.67 77.94 21.68 1.017
CcC4 664 41.58 77.47 21.38 0.991
CCh 664 41.62 78.40 21.66 0.983
CcCo6 665 41.60 73.32 20.30 1.006
CcC7 665 41.61 79.16 21.91 1.000
CcC8 667 41.74 77.55 21.59 0.999
cC9 668 41.87 77.59 21.70 0.998
CC10 665 41.52 77.92 21.51 1.037

Average 665 41.66 77.31 21.44 1.004

Theoretical 676 39.90 | 77.19 20.82
% Error | 1.55 | 4.42 | 0.15 2.98 -
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Figure 2.20: Fill Factor Distribution of Cell C
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Figure 2.21: Efficiency Distribution of Cell C

2.4 Monetary Impact

The price of Silver was indexed [22] (04/17/2021) to asses the monetary impact
of the tested front grid designs and justify their advantages. The price of the Silver

consumption was divided by their power output in order to arrive at the metalization
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cost per Watt (%) figure. The results of this analysis can be seen in Table

Table 2.6: Silver Consumption Summary

04/17/2022 [22] Cost of Silver () 825.00
Power Output of G1 Cell (W) 5.2
Reference Cell Weight (g) 9.7800
Cell A | Cell B | Cell C
Weight (g) 9.8500 | 9.8455 | 9.8375
Silver Consumption (mg) 70 65.5 57.5
Silver Cost (¢) 5.78 5.40 4.74
Metalization Cost per Watt (%) 1.111 | 1.039 | 0.912

The metalization cost per Watt was scaled to fit the demands of a Gigawatt factory
in Table 2.7} It is here where the novel front grid designs flaunt their advantage. By
simply implementing Cell C’s design, a Gigawatt factory would be able to save around
$2M in Silver costs alone.

Table 2.7: Possible Savings if Implemented into a GigaWatt Factory

Silver Cost ($) | Savings with Respect to Cell A ($)
Cell A | $11,105,769.23 $0
Cell B | $10,391,826.92 $713,942.31
Cell C | $9,122,596.15 $1,083,173.08

These designs are not limited to G1 cells, but can expanded into the settling stan-
dard of G12. By making a projection about the metalization to area ratio of G1, the
silver consumption of G12 can be approximated. the results of the projection can be
seen in Table 2.§]

Table 2.8: G12 Projection

Cell A | Cell B | Cell C

Projected Silver Consumption (mg) | 123.7 | 115.8 | 102.3
Silver Cost (¢) 1021 | 955 | 8.44
Metalization Cost Per Watt (=) 1.46 1.36 1.21

Sle

By scaling the metalization cost per watt of G12 onto a Gigawatt factory in Table

[2.9) the benefit of these designs is further cemented. By adopting Cell C’s design a



the factory would be able to save approximately $2.5M .

Table 2.9: G12 Projected Savings

Silver Cost (%)

Savings with Respect to Cell A ($)

Cell A | $14,584,351.34 $0
Cell B | $13,646,785.90 $937,565.44
Cell C | $12,058,375.32 $2,525,976.02

29
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CHAPTER 3: PROPOSED METALIZATION PATTERNS ON G12 CELLS

3.1 Introduction

G12 cells have piqued the attention of the photovoltaics community due to their

large size as seen in Figure [3.1]

—_——
——
—— T ———— —— T ——

%::::

Figure 3.1: G1 vs G12 Cell

Such large area benefits from the shingling of solar cells into modules as seen in Fig-
ure[3.2] This allows for various smaller cells to be produced while only manufacturing
one large cell, making the manufacturing process much more efficient. Furthermore,
shingling yields better results than using a single large area cell, because it lowers
the I?R losses by having a lower current per section. This allows for a higher fill
factor and efficiency. With that being said, it is the aim of this chapter to address
a front grid design which provides a low metalization cost and is suited for shingling

technology.
3.2 Experimental Procedure

The experiment begins with the design of the screen on the AutoCAD software. The

front grid design was inspired by the works of [12], in which the total shading area due
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Figure 3.2: Shingled Solar Module [13]

to the busbars was kept constant as the number of busbars increased. Furthermore,
the choice of 12BB was based on a prediction from [23] for the optimum number of
busbars on G1 cells. The outstanding performance of tapered fingers on G1 cells
prompted their adoption into the G12 cell design. The aim of this section is to
address the effect of streets, even busbars, and uneven busbars on the characterization
parameters and monetary impact of G12 cells. With that in mind a control group
composed of G12 cells with no streets, tapered fingers, and 12 busbars will be split
into a set of cells with even busbars and uneven busbars. The experimental group
has the same attributes as the control group with the addition of streets. The control
group is best depicted in Figures [3.3] & Similarly, the experimental group is best
described in Figures 3.7 & [3.9] Finally, the experimental parameters are summarized
in Table B.1]

Table 3.1: Summary of Experimental Solar Cell Parameters.

Cell Parameter | Cell D | Cell E | Cell F | Cell G
Busbar Design Even | Uneven | Even | Uneven
Number of Streets 0 0 11 11
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Figure 3.6: Cell E Zoom
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Figure 3.9: Cell G
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Figure 3.10: Cell G Zoom

3.3  Results

Simulations of the control and experimental group were performed through the

cooperation of the grid model mentioned in Section[I.4]of the introduction and PC1D.
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Figure 3.11: Series Resistance Results

As can be seen in Figure [3.11] the series resistance increases with the addition of
streets. This is mainly due to the fact the there is less Silver available to facilitate
the motion of the charge carriers, increasing the resistance; however, the addition of

uneven busbars helps to slightly lower the series resistance.
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Experimental Cells Experimental Cells
Figure 3.12: Fill Factor Results Figure 3.13: Zoom of Fill Factor Results

The high series resistance has a detrimental effect on the fill factor as seen in Figure
[B.13]of designs with streets; however, the addition of uneven busbars on Cell G slightly

increases the fill factor due a lower series resistance.

The efficiency follows a similar trend to the fill factor shown in Figure results.
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Figure 3.14: Efficiency Results
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Table 3.2: G12 Projected Silver Consumption

Cells D& E | Cells F & G
Projected Silver Consumption (mg) 101.6 63.9
Silver Cost (¢) 8.39 5.28
Metalization Cost per Watt (%) 1.198 0.754

3.4

Monetary Impact

Cell G

Figure 3.15: Zoom of Efficiency Results

In order to justify the advantages of the aforementioned designs a similar monetary

analysis was made on the G12 designs. This analysis is also based on a projection

from the silver consumption of the G1 Cells. Furthermore, since the busbar area was

maintained constant for all four designs, the only aspect that changed from a Silver

consumption point of view was the streets. Table depicts the projected Silver
p p P proj

consumption of the new designs.

By scaling the metalization cost per Watt of the designs into a Gigawatt factory

environment, the advantages of Cell G’s design is solidified. The adoption of this

design could potentially save up to $7M in comparison to Cell A’s.

Table 3.3: G12 Proj

ected Savings

Silver Cost ($)

Savings with Respect to Cell A

Cells A

$14,584,351.34

$0

Cells D & E

$11,9800,002.89

$2,604,348.45

Cells F & G

$7,535,801.80

$7,048,549.54
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CHAPTER 4: CONCLUSIONS

Cost effectiveness is key to adoptability of solar electricity at a competitive rate
with other sources of electricity. Thus, both efficiency and cost should be the major
factors for assessing a solar technology as well as the associated processes. It has
been shown in this thesis work that, through an innovative front grid the efficiency
of the commercial solar cells can be preserved while reducing the production cost.
In particular, the innovative front gridline design has shown superior cost savings in
the second most expensive layer of a solar cell, the metallization. For the upcoming
G12 standardized commercial wafer size, for one GW factory, cost savings of $7M has
been identified. This was projected from the experimental results obtained from the
G1 commercial wafer size, that showed $2M for the same factory size. It is apparent
that once the printing of the front gridline with the innovative screen designs, the
efficiency will be at least at par with the conventional grid design in addition to cost
savings in the amount of silver consumed.

Further advantage of the innovative design includes the fabrication of the new
modules to match the cell efficiency using the shingling design. The ability to produce
various cells from a single larger cell is unprecedented, especially for designs such as
Cell G’s. Typically, when these shingled cells are produced, the dicing saw cuts
through the gridlines. This results in higher edge recombination and thus lower
efficiency; however, Cell G implemented 11 streets. This means that the cell can be
cut into 12 pieces while the dicing saw cuts through the streets and not through the

gridlines. This will result in better performance among other advantages.
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