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If you're a first time user of Griddler, congratulations! Griddler is an easy to use solar cell simulation
program, and the manual merely serves as an occasional reference. If you have used Griddler already for
some time, we work hard to make sure it continues to serve your practical needs. New features are
continually added (e.g. rear local contact calculator, cell parameter database, from PRO version June 2016;
cell cross sectional diagram with interface to cmd-PC1D emitter calculator, from PRO version October
2017) while other features are made easier to use and standardized (e.g. efficiency improvement diagrams
workflow automated in PRO version April 2018; emitter sheet resistance, cmd-PC1D interface Joe and IQE
calculations benchmarked against EDNA2 in PRO version May 2018). We make Griddler simple and
powerful enough to use in our daily work to design, simulate and understand the limiting factors of solar
cells, and we hope that it is just as easy to use in your specific work.

Griddler was created at the Solar Energy Research Institute of Singapore (SERIS) in 2013. In the years
since, it continually evolved to help companies improve their solar cells, in a development cycle that can be
described by the chain below.

Design  Simulate  Analyze Learn Improve

SolarEYE Luminescence ]
Griddler Imaging with Autoanalysis Griddler Channel

= ridd ﬂ
o —
To0.0000!

|

00 O A

Over time, we made Griddler the platform to design solar cells, calculate solar cell efficiency, quantify
limiting factors, store published cell parameters gathered from all over the world, and predict the rooms for
improvement by employing different design changes. It also works seamlessly with SolarEYE, which is a
luminescence imaging platform that images and analyzes lab based cells and wafer samples, allowing the
researcher to understand what are the main areas to improve in actual cells that are made in the
manufacturing environment.

A lot of thought have been put in to make Griddler easy to use, practical, rigorous, and powerful. We hope
that it suits your needs.
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1.2 GRIDDLER Core Model

Solar Cell Front Plane Solar Cell Rear Plane

Metal Grid Design Metal Grid Design
| } = i i i i
i I Triangular Mesh

.............. neighbour
node j
series series
) resistance
resistance
neighbw .
front plane rear plane

Solve: voltages Reference voltage :

of nodes on of front plane
front plane
: light n=1 n=2 shunt : ¥ light =1 =2 shunt
E induced diode diode conduct- induced diode diode conduct-
current ance current l ance
Reference

Solve: voltages of
nodes on rear plane

voltage of rear
plane

Step and Repeat to solve I-V Curve

40

Voc =669mV

Jsc =38mAJem2
FF =80.76%

Eff =20.53%

Vmp =573mV

Imp =8.69A

Jmp =35.86mA/cm2

Current Density (mmfori2) —
= & 5 5

100 200 300 400 500 600 70C
Voltage (mV)

The core of Griddler is a finite element model (FEM) representation of the solar cell planes as shown above.
Generally there can be 1 to 8 planes: simplest case being 1 plane to describe a simple grid on the front
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side, while the rear side is assumed to be perfectly laterally conductive and at ground potential, which would
be the case if the user chooses “Full Area Rear Chuck Contacting” under the Rear Current Extraction option
in the simulation page, see 2.7.4; most complex case is that for each of the front and rear sides there are
separately the semiconductor plane, metal finger plane (if there is contact resistance between the fingers
and semiconductor), metal busbar plane (if the user chooses dual print to make the busbars “floating”), and
ribbons plane (if the user chooses “Solder ribbons at probe points” under the Current Extraction option. In
the FEM representation, these planes (except the ribbons planes) are finely broken down into triangular
meshes to implement the network model of the solar cell. The above picture shows a triangle element on
each of the meshed front and rear semiconductor planes in green. The corners of the triangles are called
nodes and each node has a voltage. The edges of the triangles connect the nodes together via resistors
whose values depend on the sheet resistance of the region (e.g. relatively high values for semiconductor,
low values for metal fingers and busbars), as well as the triangle shape according to the Galerkin method.

In each of the front and rear planes, if there are ribbons defined, then the ribbons are connected to the
planes below wherever there is a solder/probe point (see 2.7.4). There is either a direct connection with
no voltage drops, or a connection via a resistor if the user chooses nonzero contact point resistance (see
2.7.1). If the busbars are floating, then the busbar plane form intersecting nodes with the metal fingers
plane as points of connection. If there is nonzero metal-semiconductor contact resistance, then each node
on the metal fingers plane is connected to a node at the same position on the semiconductor plane via a
contact resistance. If there is zero metal-semiconductor contact resistance, then the fingers and
semiconductor planes are merged together as one.

Between the front and rear semiconductor planes is a sandwich layer where the photovoltaic properties of
the solar cell are implemented. This sandwich layer provides a small equivalent circuit that connects to
each node of the semiconductor layers, as shown inside the dotted blue boxes above. The equivalent
circuit is also called the two diode model, because it is defined by two diodes of different I-V characteristics
in describing the recombination currents happening inside the node. An additional current source is in
parallel to these diodes to describe the light-induced current, and a parallel shunt conductance is used to
describe shunt currents if any. The |-V characteristics of the equivalent circuit is

QVaiode,i QVaiode,i
1(Vaioaei) = Ii — lor,i€xp (%) — Iy, €xp (#) — Gsnunt,iVaiode,i

Vdiode,i = Vnode,i — Vref,i

Where Viode,i iS the voltage across the equivalent circuit, g is the elementary charge, k is the Boltzmann
constant, T is the cell temperature in Kelvin. I is the light induced current, lo1; and lo2,; are the saturation
currents of the n=1 and n=2 diodes, and Gshunt, is the shunt conductance. Viode,i iS given by Viodei — Vreti,
where Vnode,i IS the voltage of the node i of concern, and Vi is an interpolated value of the voltage on the
opposite semiconductor plane at the position of the node i. With this, we can formulate the current continuity
condition at node i using Kirchhoff's node law:

Vnode,j - Vnode,i
> +1(Vatoge) = 0

Roiois
neighbour series,L]
nodes j

This allows a system of equations to be constructed for the voltages of the nodes to be solved iteratively.
Once the semiconductor node voltages are solved on each plane, Viogei and [(Vdiode,) are also
simultaneously determined. The overall current of the solar cell is then simply the sum of [(Vgiode,i) across
all nodes on either the front or rear semiconductor planes, and the overall voltage of the solar cell is then
the difference between the front node voltage where current is extracted, and the rear node voltage where
current is extracted.
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The operating point of the solar cell is defined by the level of illumination, as given by I, ;, and the terminal
voltage which sets the boundary condition of the front nodes where current is extracted. The rear node
voltage where current is extracted is usually set to zero (ground). By a step and repeat process where the
terminal voltage is varied and then the cell voltage is solved, one forms the overall I-V characteristics of the
solar cell.

2.1 installation and First Time Use

Both Griddler 2.5 free and PRO versions installers can be downloaded for 32 bit or 64 bit windows
computers. The installation process is automatic and easy to follow and is described by the diagram below.
Griddler is written in MATLAB and requires the Matlab compiler runtime (MCR R2013b) to run. The installer
will autodetect the presence of the correct MCR version and download it if it is missing.

B8 Griddler S

Verified publisher: Solar h Institute of
Singapore
File origin: Hard drive on this

Show more deta

Setup - Gridk Setup
3 I ¢ dshe foll ncacant i wan hef =
] Setup - Griddler - x YES Computer NO o Oid youtoow tha
< > (MCR)to be ins
i —_— < already has any installed MC
e 14 be prbormad? MCR R2013b (You'l need to run
BEZ i;r:wtww‘md be performed - >< correct MCR? dmnmm> fou'll need 1o run th
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Finish

By default, you should be able to launch Griddler either from the start menu (below), or from C:\Griddler2_5
\Griddler2_5.exe (free version) C:\Griddler2_5 PRO\Griddler2_5 PRO.exe (PRO version).

G
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If you use the PRO version, Griddler 2.5 PRO needs either a physical USB dongle provided by us or online
activation to run. Either method requires periodic internet connection (for USB dongle about once a month;
for online activation about once a day). The USB dongle looks like the one shown below and needs to be

plugged into the computer while the program is running.
E

When you run the program for the first time, if it doesn’t detect the USB dongle, then a pop up screen will
show up with the following options. Select the appropriate (software bundle = Griddler 2.5 PRO + Griddler
IBC + Module simulation program purchase; standalone = Griddler 2.5 PRO only).

Comm

You Need to Activate Your License Online

I have license for this standalone program

I have license for software bundle

IF THERE IS A TECHNICAL ISSUE,
PLEASE CONTACT

griddlerseris@gmail.com

Then you will be give the option below to enter a product key. Use the one provided to you and you can
then continue to use the program.

H’_& TurboActivate

Activate Griddler now

Your activation period has expired and Griddler is no longer working. To use your software
you must activate this copy of Griddler.

| —> Activate Griddler online now

—» Buy a new product key online

—> Retype your product key

—> Other options...

Cancel
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ERIDPLER

Upon launching Griddler, a splash screen should appear. Wait patiently for the program to launch as for
the first time it may require half a minute or so to load the MCR. The front pages of Griddler 2.5 free and

PRO versions are very similar and have four main options.

<Griddler 2.5>

- X Command  Base Transport  Cell Cross Section  TCO Layers  About  Efficiency Improvement  License  Tandem

B <Griddler 2.5>

CRIDDLER*® | crDDLERaE

THEYHAND Y42 DASO1LA REGELMSIMU AT OR] FOR INDUS

Learn about Griddler Pro

Griddler 2.5 Free Version Front Page Griddler 2.5 PRO Front Page

Griddler work flow is very easy to navigate:

Take me to the

H-Pattern Design Page

-~

Simulation Page

v

Simulation Page

| Meshing Page 3

.....

[ B
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2.3 (Gl LER 2.5 PRO Update Notifications

For Griddler 2.5 PRO, we roll out periodic updates, and you’ll be notified of one when you reach the
simulation page (below). Please be diligent, and click “Take Me to the Download Page” and download the
latest installer. You can simply run the installer and it will overwrite the previous Griddler version from your
computer.

Bl <Griddler 25> — X
Command Base Transport  Cell Cross Section  About  Efficiency Improvement =
e
Front Metallizati Rear _ _ | B L 4_' =5
finger sheet res 2| finger sheet res 2 == e |
3
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nger contact res| 2 nger co res 7 6 1
0 0
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wafer intemal series 2| T ature (C 2l
resistance (mohmcm2) [ 0 3 Temperature (€) 25
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Metal Optical Tmruparenr::j Metal Optical Transp. v
2 7

fingers | @ sbars| O fingers 0

A new version of Griddler PRO (version

Front Current Extraction Rear Curre 250021, May 25, 2018) is available
Extract current at eac .~ Extract cur
20 2
0.1 JE-] Take Me to the Download Page!
contact points 2| contact pon
resistance (mohm) 0 ]‘j resistance No thanks
Front Diode Parameters Rear Diode
1-Sun JL. 5 1-SunJL, 2
non-shadedarea = 39.6 II non-shadedarea | 396 [y
(mAlem2) (mA/cmz2)
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area contact area contact -8 6 4 2 0 2 4 6 8

Jot ) 2] Jo1 z 21
mwemz) | 80 gy 600 [y gwemz) | 60 nj 60 |y
Joz 2 21 Jjo2 2 = Cell Front Side = T00gle Front/Back View

10 3 50 |§ 0 0w
(njcm2) (nAjcm2) Vmpp=mV
Edge Recombination J01 2] 02 =
F‘r’:mllluminadon (Wcm)R ! |||ﬂ|""N:‘m] ¢ “

2| Rear lllumination 1z

(Suns) 1 EI (Suns) 9

The cell parameter database (see 3.2) is also periodically updated, about once each month. Griddler 2.5
PRO automatically searches and downloads the updates the first time you access the database after
launching the program (below).
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You can always check your version numbers by clicking “About” on the top menu bar. Hit “Download
Release Notes” to see the changes made in each version of Griddler 2.5 PRO.

B <Griddler 2.5> - x|

Command  Base Transpert  Cell Cross Section Tcou;.m‘m:out >Efﬁcienc;.\mprc‘.'&ment License  Tandem >
L%.Y

Griddler PRO version 2 50089
Released on April 1, 2023

Parameter Database version 16
Released on May 26, 2020

i ) Griddler 2.5 Change Log from April 1 2023 to now (PRO version 2.50088)

Mow this is fixed.

Griddler 2.5 Change Log from March 26 2023 to March 31 2023 (PRO version 2.50088)

1. Enables zoom in simulation from Module simulations, accepting user defined rinbon end voltages
2. Enables line scan simulations for tandem solar cells,

Griddler 2.5 Change Log from March 2 2023 to March 25 2023 (PRO version 2. 500868)

|
1. Simulation froze when rear plane has no terminals and rear plane is grounded

1. Non-uniform interiayer sheet resistance for tandem solar cell did not work properly. Now that s fixed
2. Non-uniformity screen did not display top cell position correctly if it were shifted. Now that s fixed

Griddler 2.5 Change Log from Feb 25 2023 to March 12023 (PRO version 2.50085)

|

p——
| Download Release Notes , lose ‘
| e |

2.4 Deslgn H Pattern Page

B <Griddler 2.5> — X

Command Base Transport  Cell Cross Section  About  Efficiency Improvement

__| Pattern Display |__

|® 2 & | Wafer Shapeand Size |

Wafer Shape and Size
Wafer Type |Psuedo-sg... v Wafer length | 15.6 cn@

Ingot diameter| 21 | cm Wafer width | 156 | cm I
. . LB 5 N B N B BN | L i
@ [ Shingling Pattern @ Enable Rear Pattern :
S —— () Pattern |Full area metal ... ~ I
Front Busbars — | Rear Busbars i ]
No of BB 5 © |NoofBB 5 1
6 Solder/Probe g E Solder/Probe L _I
Paints O |Points I
BB width 06 |md S | BB width 15 |mm |
5 L J
(6)Style | Two Split = Sty\e@ Round Pad Ta... ~ :
Edit Details | Edit Details L 1
Busbar - ;
Ending Pointed ~ ll Straight I
Edit Details l F -I
l single print I
Front Fingers i _I
Mo of fingers
®pitch o 64 mm) | % 82 :
. . 3 1 1 1 1 1 1 1 H
I Finger width 45 |um 60 G e e vl i el e e S

I [ taper fingers from| g0

©®

Toggle Front/Back View @
UNDO REDO Cell Front Side

nee @ Save to AUTOCAD Dxf © @

s

05
End Joining All v
Edge Gap 1 mm

e

o,

@
- -

@Edge Gap 1 |mm

. WIS S —-

The design phase of the solar cell often begins with the Design H-Pattern Page in Griddler. As most cells
have an H-pattern metal grid, this page suffices for most cell designs. For non H pattern cells such as
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metal wrap through (MWT) structures, you can design an aribitrary shaped metal pattern in AutoCAD and
then import that pattern into Griddler (see 2.6). Above we show the Design H-Pattern Page and below we

illustrate what the various options do.

@ Wwafer Type

Wafer Shape and Size

Wafer Type | Psuedo-sq... ~ w

Ingot diamet Square

Psuedo-square

[ Shingling Circular

Patt

]

1 B 8 '] & 1 2 ] 2 1 & 0

Wafer type is the general shape: square is typical of multicrystalline wafers; pseudo-square is typical of
monocrystalline wafers. Circular is typical of lab sized wafers.

© IngotDiameter

Ingot diameter| 21 | cm

Ingot diameter| 20 | cm

3 . .

3 : : :

4

4

For pseudo-square shape typical of monocrystalline wafers, ingot diameter defines the diagonal of the

wafer.

@ Shingling Pattern
Wafer Shape and Size

Wafer Type |Psuedo-sq._. ~ Wafer length| 3.1 | cm Wafer Type Psuedo-sq... ~

Ingot diameter| 21 | cm Wafer width | 156 |cm
Shingling Pattern

14

12

10

8 One busbar at wafer ed

(A

L L L L L L L |
8 -6 4 -2 0 2 4 6 8

Wafer Shape and Size
Wafer length | 156 |cm
Wafer width

Ingot diameter| 21 |cm 156 [cm

[] Shingling Pattern

If you choose Shingled Pattern, the cell will have only one busbar on each face of the wafer, placed along
the wafer edge. Typically, shingled cells are cut from square or pseudo-square wafers, so that the wafer
length is shorter than the wafer width, as shown in the above left. The above right shows a cell design

with no shingling pattern.

12
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@ Wafer Length and Width

Wafer length| 7.8 |cm
Wafer width | 15.6 | cm

p——————-——-—\
===

Wafer length| 7.8 |cm

A
v

Wafer width | 156 | cm

L L L L L L L
-8 6 4 2 0 2 4 6 8

@ Number of Busbars, solder/probe points, and busbar width

Front Busbars Front Busbars
No of BB 5 No of BB 21
Solder/Probe g Solder/Probe 12
Points Points
BB width 0.6 |mm BB width 0.12 'mm
No of BB 5 No of BB 21
N ~ ] T
i o
Al §
o
2t - @
o} 3 @
[=]
L HO
a E
72 _ E E%
* ¢
o—.
‘ " : sk : : : . 2 BB width 012 |mm
5 5 " > "°[ | - BB width 06 |mm—1 g = o B ¢
64 71 —p—
—> H R
6.2 7
s : tHr .S T T & T & 115 : &

78 76 74 72 7 68 66 64 62 6

The H pattern is made of busbars and fingers. Change “No of BB” and “BB width” to alter the number of
busbars and their width. “Solder/Probe Points” refer to the number of contact points on each busbar. In |-
V testing (simulated by choosing “Extract Current at Each Probe Point” in the simulation page, see 2.7.4),
these contact points are called probe points, denoting the spots where the |-V tester probe pins make
contact to the busbars. In a module (simulated by choosing “Solder ribbons at probe points, extract current
at ribbon ends” in the simulation page, see 2.7.4), these contact points are called solder points, denoting
the spots where the ribbon in a module makes electrical contact to the busbar.
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@ Busbar Style

15[, ] " T T T A T T T T
Style Three Spli}\ i a 52 7‘ b ) [
Straight @) st ] sl ( ]
Rectangle Pad Tapereﬁ @ }

48t E
Round Pad Tapered S E
Digital ABL i
> It i
Two Split @ x
- 44F -
Three Split o
26F E r—
c a= 5 |mm f
ol ] |} b= 0.4 |mm H ]
b Ia c=[0.12|mm
150 ] i
. CLOSE WINDOW
a.ar ]
L L L L L L L L L 1 1 1 1 1 1 1 L 1
4 75 7 65 £ 55 5 45 72 7 68 66 64 62 6 58 56 64
: in y . T . T T T T T T
5.2f ] C ]
c ( *2(d)
of ; 1 _
48 , 1 48 1
a1
46k 3 46F <
2 %
44 1 44 B
— F—
c a= 5 |mm ﬁ 1 : c a= 5 mm T
b= 0.4 [mm || | | b=/ 04 |mm
b Ia ¢ =/0.12|mm ” b Ia c =/0.12 | mm
CLOSE WINDOW " CLOSE WINDOW
“l | 1 *
12 1 68 66 64 B2 6 58 56 54 72 7 68 66 64 62 £ 5B 66 54
48} ]
© ®
s 1 46
48f 1 a4k <
465 1 4.2} 1
i ! 7 af 1
< as 8 mm ¢t a= 8 mm 1
| | b= 06 mm ||| R ‘E’ b= 06 mm
b ]a c=/0.12 mm Ia c= 01 mm
CLOSE WINDOW CLOSE WINDOW _
| 1 ]
7 68 66 64 62 6 68 56 54 62 12 1 68 66 64 6 58 66 54 &

Each busbar comes in unit segments, each segment containing one solder/probe point. Busbar style
controls the shape the unit segment. There are 6 styles to choose from in Griddler 2.5 PRO, with each
described by the corresponding drawing and dimensions indicated in the program. In Griddler 2.5 free
version, there are 3 styles to choose from, and the dimensions related to the shape of the segment cannot
be adjusted.
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@ Busbar Ending
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L
T8 76 T4 T2 -1 68 66

I
64 6.

Each busbar may have ending segments that are different from the unit segments. Choosing “Straight”
busbar ending means that there is no extra ending segment. Apart from this, there are 4 ending styles to
choose from in Griddler 2.5 PRO, with each described by the corresponding drawing and dimensions
indicated in the program. You cannot choose extra ending segment in Griddler 2.5 free version.
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Print Method

Print inal it Print dual orint

Method [3'M9'® PN “| Methog [H48 PN i
14} i‘ i

66 1

e
10 16 74 72 7 60 66 &4 62 4

Single print means that the busbars and fingers are in the same metal layer. The entire metal layer is in
electrical contact with the solar cell semiconductor (emitter), and there is metal induced recombination
under both the busbars and fingers, as defined by metal contact Joi (see 2.7.5). Dual print means that only
the fingers are contacting the solar cell semiconductor and has metal induced recombination; the busbars
are “floating” in the sense that they electrically contact only the fingers, but not the semiconductor.

@ Fingers Definition

Front Fingers BF T T T T T T T =

Mo of fingers 05
(Pitch is1.64 mm)
Finger width 45 |um 6 i
[~ taper fingers from 200 | um
over distance of 0.2 |em ar J
& X
- taper fingers from| 200 | um ]
E
" 77 i
5 © _ _ over distance of
E’E 7.65| Finger width 0.2 |em
=] um
o 2 4 75 45 _
=g
4 755} || |
75f |
6 7.45 J
74t J
-8 . . =
) I 4 T35t J
73t |
56 655 65 645 64 635 63 625 B2 615

The H pattern is made of busbars and fingers. Change “No of fingers” and “Finger width” to alter the number
of fingers and their width. You can also make the segments of fingers near to the busbars wider, by enabling
“taper fingers”. “taper fingers from” defines the widest width of the fingers, and “over distance of” defines
the segment length where the fingers taper from the widest width to the nominal width.
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@ End Joining

End Joining Al

<

@ Edge Gap

Edge Gap 1 mm Edge Gap 2 mm

{ S

g e G LT
—_#

@ Enable Rear Pattern
[+ Enable Rear Patterm []Enable Rear Pattem

[ R

i HiE
NI
|

||

N
Ll
L |

Enable rear pattern to define rear metal “fingers” and “busbars”. Even if the rear pattern is mostly uniform
metal coverage, you might want to nevertheless define the extent of the “finger” layer (which would be the
uniform rear aluminium layer) and the position of the “busbars” (which would be the silver solder pads).
Disabling the rear pattern forces the rear cell plane to be grounded under the assumption of perfect rear
lateral conductance.
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@ Rear Metal Pattern

Pattern |Full area metal ... ~

Full area metal contact e
Line contact, full area metal (b)
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H-pattern @

If rear pattern is enabled, you can select three different kinds of patterns: a) full area metal contact which
resembles that of Al-BSF cells; b) line contact, full area metal which resembles that of PERC or LBSF cells,
where there is full area metal coverage on the rear, but the metal-semiconductor contacts are formed in
periodic line openings. This option can be used to simulate PERC or LBSF cells, although nowadays it is
more common to simulate PERC or LBSF cells using the “full area metal contact” combined with effective

parameters calculated by the local contact calculator (see 4.3); ¢) H-pattern, for bifacial solar cells.

@ Rear busbar style (for full area metal contact)

Style Round Pad ~ @ 5
Straight (@)
Rectangle Pad (b) 6 B E
Round Pad @
Rear Busbars 4
@ No of BB 5
8 (der/Prab
2
Points 4 ﬁ E
. BB width
Style  [Rect i a= 20 [mm
Rear Busbars 4 Edit Details
No of BB 5 a
Solder/Probe 4 2
Points
BB width
0 CLOSE WINDOW
Style  |Str:
2 8 { T T T
£ B 4 2
4 ] P AT
© ’
E
5
8
)
Rear Busbars 4
Mo of BB 5
SolderiProbe [, 2
Paints
BB width 06 |mm
Style  [Round e a= 20 |mm

Edit Details

CLOSE WINDOW

=

-8
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If rear pattern is enabled and “full area metal contact” is chosen as the rear metal pattern, then the rear

busbar style lets you choose where the solder pads are positioned. If “H-pattern” is chosen, then the rear
busbar style options are the same as the front (see number 6).

®

Redo/Undo option is available in the Design H-pattern Page.

Toggle Front/Back View

0 3 8 s 4 2 0 2 4 & &
Toggle Front/Back View | Toggle Front/Back View |
Cell Front Side Cell Rear Side

@ Save to Autocad DXF

B <Gridler2.
| Bl savefile name

T > ThisPC » OS(C) » Griddler25_PRO

v O/ | search Griddler2 5 PRO

o

Organize +  New folder
‘o manuals

L/} website
G OneDrive

I This PC
new_ALBSF_exa

8 30 Objects mple.dd

P2 Desktop
5] Documents
& Downloads
D Music

] Pictures
B Videos

- 05(C)

R
File name; | FEIERRE]

Save as types | (")

I @psT INgers Tom 200 | Taper Tngers o [ G [

~ Hide Folders Cancel
; .

Toggle Front/Back View
02 05

UNDO REDO Cell Rear Side
End Joining Il > Al

Edge Ga Edge Ga mm m
g sap 1 |mm g0 5ep 1 (3 Save to AUTOCAD Dxf OVER/

The H-pattern can be saved as AutoCAD dxf file, for sharing with those from outside. The layers in the
dxf file and the shapes follow a convention that is described in section 2.6.

Hit next once you are finished with the H-pattern definition and ready to move on to the meshing
page.

Hit Start Over to return to the front page (the pattern is autosaved).
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B <Griddler 2.5> - X
Command Base Transport  Cell Cross Section  About  Efficiency Improvement

& &
% N

Front Metallization: click Analyze 8 ! ! ! ! ! A
Front for Griddler to parse the
metallization geometry

Optional Step @) il

Click for post editing

Step@ | i

Analyze Front |

Med

| step@ | il

Med

Mesh | Step@ | 1
|
e e < 1)

Save to AUTOCAD Dxf
BACK OVER/

In this page the defined front and rear planes of the solar cell are finely broken down into triangular meshes
to implement the network model of the solar cell (see section 1.2). Referring to the screenshot above,
going through this page involves little more effort than following the suggested buttons to press (steps 1-
4). The page proceeds to mesh the front planes, and then the rear planes.

There is the optional step 0 if you are interested to do minor post editing of the metal grid. In step 2, you
also have the option to adjust the fineness of the mesh.

(optional) Step 0 — Post Editing

Click on the box that says “Click for Post editing”, and it will reveal additional options.

Create Breaks

Create Extra Rectangles

. - Create Extra Terminals
Click for post editing

in |Fingers v

) Y

UNDO REDO CLEAR

You can select from the drop-down list either to edit the “Fingers” layer or the “Busbars” layer.
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225>

a) Base Transport  Cell Cross Section
- w

Front Metallization: Click on two
points to define the comers of the
break

About  Efficiency Improvement

75
»
Create Breaks >
i
7 i}
p— Create Extra Rectangles I
65 H
: -
Create Extra Terminals I
5 [
in |Fi =
ingers ~
CLICK HERE TO FINISH
"ol B
L .. 5
UNDO REDO CLENR
45
) -5 T 6.5 A AE A < b g
Save to AUTOCAD Dxf
BACK OVER/
v R
1 er2sr - x r ler25> - X
b) Base Transport  Cell Cross Section  About  Efficiency Improvemnent C) 4 BaseTransport Cell Cross Section  About  Efficiency Improvement
v w ]
Front Metallization: Click on two J Front Metallization: Click on a 8
points to define the corners of the spot on the cell to place the
extra rectangle terminal.
75 ‘” Bl 75
I [ 1T
T i) B 7 )
14 i
ff f
65F H B 65
i i
o3 o1 ] £ 7
[u} [u}
CLICK HERE TO FINISH CLICK HERE TO FINISH
— —
5k U Bl 5 U
i i
450 i 1 45 i
, - - - - E , : - - - - E
K3 75 7 65 = 55 = <::| ﬁ E) 75 7 65 = e = <::| m
Save to AUTOCAD Dxf Save to AUTOCAD Dxf
BACK OVER' BACK OVER'

s W
Front Metallization: click Anal

Front for Griddler to parse the
metallization geometry

Create Breaks

Create Extra Rectangles

B command

[PRAWEXTRAFRONTSHAPE 17468225 7.7 4.677| | Batch |

List of Commands @) By Group_() Abphabetical Order

I~ EXECUTION COMMANDS —

£ d) e DRAWEXTRAFRONTSHAPE 1
¢ Base Transport  Cell Cross Secti About  Effi

-4.68225-7.7 -4.67775-7.7 -
4.677757.7-4.682257.7

X

[ 25>
e) Base Transport  Cell Cross Section  About  Efficiency Improvement

SN s
Front click Analyze
Front for Griddler to parse the

Build

Create Extra Terminals
in Fingers <
v

UNDO REDO CLEAR

Analyze Front

Mesh detail

(tangent ta Med v
metal)

Mesh detail
(perpendicular to [Med v
metal)

Mesh

OK

If you click any of the three buttons “Create Breaks

geometry

Create Breaks

TTLESCREEN e
DESIGNHPATTERN
MPORTDXF {filename. dx}
LOADSESSION {filename.mat} {1-go to simulation scree; 2-goto design sc: EEiEBUR FERIT
PARSEPATTERN 7 Create Extra Terminals
MESHDETAILTANGENT {1 to 4} v
< > in Fingers v
6l ]
= nl S,
T @
UNDO REDO CLEAR
551 B
o Analyze Front
sl } I . Mesh detail
(tangent to Med ~
u 0 metal)
i Mesh detail
to Med ~
45 i | metal)
Mesh
4t ]
, . . . oK
8 75 El 65

, . | L
P 5= = <::| 5
Save to AUTOCAD Dxf

” o«
)

a5

- x

8

Create Extra Rectangles”,

e
Save to AUTOCAD Dxf

Create Extra Terminals”,

the cursor becomes a cross-hair that allows you to pinpoint locations on the metal pattern, as shown in the
above. If you choose “Create Breaks” or “Create Extra Rectangles”, then you must aim and click the cross-
hair on two locations of the pattern to define the opposing corners of a rectangle. In a) “Create Breaks”,
the layer of interest will contain no metal inside the rectangle that you defined; In b) “Create Extra
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Rectangles”, the rectangle that you defined becomes an extra metal shape in the layer of interest. In c)
“Create Extra Terminals”, you must aim and click the cross-hair on one position in the pattern to define an
extra solder/probe point.

Alternatively to clicking the buttons and aiming the cross-hairs to define the positions to edit, you can do a
more precise job by using commands (see 5.2). For example, in picture d, | type the command
‘DRAWEXTRAFRONTSHAPE 1 -4.68225 -7.7 -4.67775 -7.7 -4.67775 7.7 -4.68225 7.7” to define an extra
metal polygon in the layer 1 (fingers) with vertices at (-4.68225, -7.7) cm, (-4.67775, -7.7) cm, (-4.67775,
7.7) cm, (-4.68225, 7.7) cm, resulting in the thin finger that bisects the leftmost two busbars in the picture.

Step 1 - Analyze Pattern

When you click on this button, Griddler will merge all the shapes in each layer into one, as shown in the
above picture e.

Step 2 — Choosing Mesh Detail

Front Metalzaton: click Anshyze
Front for Gadder 10 parse the.
melaliztion geometry
Croste Breaks
Create Extra Rectangies
Croals Extra Tormnals

i Fingers

Front Wetalizstion: cick Analyze 12
Front for Griadier 10 parse the
melalization geameiry

Heshing

Croate Breaks
Create Extra Rectangles
Creats Extra Tarminals

n Fingers

n

3
%
Analyze Front etalization: clck Analy e
Fuont o Gidlr o pass he. s;
Mesh deod taliastion gomelsy =
{tangent to Low
meta) 42
Mesh detad L
(papendcuisite Wi+ Gt Brosks
i) 0
Mesh Create Extra Rectangles o = — —= =,
e Croals Extra Tormnals .= Increase node density in o
. b A
TR TR TR i Fingers dlrecthn of Ehe fingers E
L__Mesh detail vy MY = 2 Mesh detail
(tangent to Low ~ uNpo  mEDO qEms (tangent to Med ~
metal) metal)
. Analyze Front , :
Mesh detail e st o Mesh detail
(perpendicular to |Hi... ~ Toge el (perpendicular to | Max ~
metal) retiiato B metal)
ats) .
Mesh
oK = = — =
‘ 08 06 04 02 e <W <:| m
Mesh detail Lo
(tangent to Med ~
metal)
Mesh detail
(perpendicular to |Hi... ~
metal}

Here you can define the mesh detail in the directions tangent to metal, and perpendicular to the metal. After
your choice, you can hit Mesh and then check the mesh details by choosing the zoom in button and clicking
on the mesh. The above picture shows an example pattern that is meshed using three different mesh detail
settings. Generally it is a good idea to have at least 4 nodes along a finger between two busbars (unless
you have numerous busbars and very short fingers), and at least 4 nodes between fingers.

Step 3 - Mesh
When you click on this button, Griddler will mesh the pattern and show it to you like in the above picture.
Step 4-0K

After checking the mesh, if you are OK with it, click OK. If not, then go back to step 2 or edit the pattern in
step O.
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Griddler is not limited to simulating H-pattern designs! You can create your own arbitrary metal pattern
using AutoCAD, save it as dxf and import it into Griddler. The screenshots below show how it's done.

E@D@@LE@

fTHEJHAND Vg -m

(CRIDIDILE[RI2S

JTHERHAND Y42 DESOLARNGEL LS

-—-Eoee

R b L Y

~ over

D
gl swEE>

WL

Click for post editing a5t

. Iy —} | UL E v |

3 ¥ s 7 3 <:]: =0 0% f 5 5 g <:] m
Save to AUTOCAD Dxf Save to AUTOCAD D

BACK oviR BACK OVER

In the above, we press “Import AutoCAD DXF” on the front page and a dialog box appears asking us to
select a .dxf file. We choose as example, “snowflake3.dxf’. Griddler loads this dxf and displays the pattern
in the mesh page. As you can see, the pattern consists of a front finger design that is non H-pattern.
Specifically it is a roughly 3.8 x 3.8 cm unit section of a metal wrap through (MWT) solar cell, where the
metal grid resembles a snow flake pattern with the probe point at its center. Griddler is enable to mesh this
pattern into an appropriate triangular mesh, and subsequent simulation of the cell voltage shows that the
voltage distribution is smooth and continuous which indicates that the mesh is good.

If you are interested in creating your own metal pattern in AutoCAD, be sure to refer to the design rules
below. You can also pop up these design rules by pressing the “help” button below the “Import AutoCAD
DXF” button on the front page.
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AUTOCAD
Design Rules

1. All units are in mm

2. Layers should be
named as shown to the
right

3. Draw all structures as
closed polylines

4. Terminals (front and
rear) should be drawn as
circles

5. Use PURGE and
OVERKILL commands to
clean up your drawing

6. Save as AUTOCAD
DXF 2013 version. If
that doesn’t work, try
other versions.

OK
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After meshing, Griddler now has converted your cell design into a finite element model that is ready to be
simulated. Above we show the Simulation Page and below we illustrate what the various options do.

@ Front and Rear Metallization Parameters

This section defines the finger layer, busbar layer, and semiconductor layer (simply called layer) sheet
resistances on the front and rear cell planes. For the semiconductor layer, e.g. front emitter plane or rear
BSF plane, the sheet resistance is a very commonly quoted unit. For the metal layers, you may use the
following equations to convert known resistance units into sheet resistance. If the metal material bulk
resistivity is known, use

Psheet = pbulk/tlayer

Where psheet IS sheet resistance, pouik is bulk resistivity, tiayer is the metal layer thickness. For instance, ppui
=3 x 10® Qm and tiayer = 10 um = 1 x 105 m yields psheet = 3 mQ/sq. If the metal line resistance is known
(in units of Q/cm), use

Psheet = Riine X Wiine
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Where psheet IS Sheet resistance, Rine is line resistance, wiine is the width of the line. For instance, Rine =
0.333 Q/cm and Wiine = 60 um = 60 x 10 cm yields psheet = 2 MQ/sq.

®Wafer Internal Series/Shunt, Temperature, External Series Resistance

By default the wafer internal series resistance and shunt conductance are both set to zero. Nonzero wafer
internal series resistance inserts an extra resistor in-between the node and the equivalent circuit shown in
section 1.2. Nonzero wafer internal shunt conductance means there is a shunt path presented by the shunt
element in the equivalent circuit. The screenshots below illustrate how the cell I-V characteristics change
when one raises either the internal series resistance or the internal shunt conductance.
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In Griddler 2.5 PRO, the temperature can be adjusted from the default value of 25°C, and the external
series resistance can be set above zero. Both are important for the simulation of modules, as module
temperature is typically above room temperature, and a module’s cables and interconnections are elements
that introduce extra external series resistance.

As shown in the screenshots below, if you choose a temperature different from 25°C, Griddler 2.5 PRO will
offer to adjust the recombination parameters (see point 5) according to
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Joa(T) = Jo1(25°C) x (n;(T)/n;(25°C))?
Jo2(T) = J02(25°C) x (n;(T)/n;(25°C))*

T+273.15)2 ( —6880 )
300 XP\T 27315

Where Jo1 and Jo, are the saturation current densities of the n=1 and n=2 diodes respectively (saturation
current per area values from the lp; and lp2 explained in section 1.2), T is temperature in Celsius, n; is the
intrinsic carrier concentration in silicon. The above equations basically mean that the thermal equilibrium
carrier concentration, and therefore recombination currents, increase with temperature. This leads to open-
circuit voltage (Voc) and efficiency drops as temperature rises. The above equations capture most of the
negative temperature coefficient in solar cell Vo and efficiency. However Griddler does not model the
comparatively minor temperature coefficient in short-circuit current density (Jsc) that is due to increased
absorption of infrared photons as the silicon bandgap decreases with increasing temperature. Griddler also
does not make adjustments to the semiconductor sheet resistance due to changes in carrier mobility with
temperature.

n;(T) =9.15 X 1019<

@ Metal Optical Transparency

This is a number that is used to express the ratio between the physical widths of metal fingers and busbars,
which defines the contact area, and their “optical widths” which indicate the extent to which they shade the
cell from incident light rays. Generally, a finger or a busbar’s optical width is less than the physical width,
because it is possible for light which impinge on the metal element to scatter into the cell. Shown in the
picture below are two possible mechanisms of scattering. In one, the light ray may scatter directly from a
facet of the metal element into the cell; in another, which occurs prominently in modules, the light ray may
scatter from a metal element facet, then experience internal reflection off the glass-air interface and back
into the cell.

light ray

glass

The metal optical transparency = 1 — metal element optical width / metal element physical width. Therefore,
the default value of zero means that the optical width is equal to the physical width.

@ Current Extraction Method

Front Current Extraction Rear Current Extraction

Extract current at eac_.. Extract current at eac... ~

Extract current at each probe point Extract current at each probe point
Solder ribbons at probe points, extract current at ribbon ends Solder ribbons at probe points, extract current at ribbon ends

Floating (Voc calculation only) Full area rear chuck caontacting

Floating (Voc calculation only)

You can choose where current is extracted to the external circuit, or equivalently where the terminal voltage
is applied, for both the front and rear cell planes. The picture below illustrates the difference between the
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two most commonly used methods, “Extract current at each probe point” and “Solder ribbons at probe
points, extract current at ribbon ends”. Choosing “Extract current at each probe point” simulates an |-V
testing setup where each probe point is contacted by a pin from |-V testing probe bar. This situation is
represented by the top half of the below picture, where the red dots are the connection points to the external
circuit. They are also called current extraction points. Choosing “Solder ribbons at probe points, extract
current at ribbon ends” simulates a cell which is interconnected to other cells in a module. This situation is
represented by the bottom half of the below picture, where the red dots are now at the end of ribbons that
draw current from the cell plane down to the edges of the cell. Because current has to flow through an
additional element (ribbon) and traverse a longer distance, this current extraction method leads to higher
series resistance losses and a lower fill factor, as can be seen from the |-V characteristics.

Front Current Extraction .
————————— Rear Current Extraction

Extract current at eac..
Extract current at eac... 40+ -
ET 51746 MV

[ T e
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e £ |
5
a0
H
g 15f 1
o
10+ B
sl ]
0 . . . . . .
0 100 200 300 400 500 600 70

Voltage (mV)

For the rear cell plane, you can also choose “Full area rear chuck contacting”. In this case, it is assumed
that every node on the rear plane is grounded, as would be approximately the case if there is an |-V testing
stage that makes full area contact to the cell rear side.

Finally, the choice “Floating (Voc calculation only)” is very seldomly used. If you choose this option for either
cell plane, that means there is no electrical connection to the external world, and Griddler would prevent
you from running the I-V curve. Use this option only if you are interested to simulate open-circuit conditions
(e.g. as could be the case in photoluminescence imaging) where you do not want electrical contacts to
route current from one part of the cell to another.
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@ Diode Parameters

In section 1.2 we saw that between the front and rear semiconductor planes is a sandwich layer, where the
photovoltaic properties of the solar cell are implemented as an equivalent circuit called the two diode model.
As described in that section, the |-V characteristics of the two diode model is

Vaiode i Viiode.i

1(Vaiode, ) = Ini — Io1,cexp (%) — loz,iexp (%) — Gshunt iVaiode,i
Where Viiode,i IS the voltage across the equivalent circuit, q is the elementary charge, k is the Boltzmann
constant, T is the cell temperature in Kelvin. I is the light induced current, lo1; and lo2,; are the saturation
currents of the n=1 and n=2 diodes, and Gsnun, iS the shunt conductance (not shown in the above). All
these current terms scale with the area of the node (which is related to the area of the triangle elements
bounding the node), so it is naturally more descriptive to speak in terms of the currents per area or current
densities: I =2 Ji, lows =2 Jo1, lo2,i 2 Joz2. Here the J's refer to current densities. In particular, the saturation
current densities related to the two diodes of the equivalent circuit, Jos, Jo2, take on different values in regions
where the wafer is has good surface passivation, as opposed to regions where the wafer has metal-
semiconductor contact. Also, in the passivated regions, it is often customary to subdivide the Jo1, Jo2, into
parts which describe recombination currents in the two sides cut by the pn junction. The below picture
illustrates an example of these divisions.

+ emitter . N
5)0 = 80 fA/em? front metal induced recombination
L=

Joz = 10 nA/cm?

Jox,front metal = 800 fA/lcm?
Jo2 front metar = 50 fAlcm?

Hatched region is base: ) o
n*BSF Jop = 100 fA/cm? rear metal induced recombination

Jo1 rear metar = 2000 fA/cm?

Front Diode Parameters Rear Diode Parameters
1-5un JL, 5 1-Sun.JL, |
non-shadedarea | 39.6 [y non-shadedarea | 386 [y
(mAfcmz2) (mAfcmz2)

passivated metal passivated metal
01 area Jmntan:t 21 01 area ﬂmntan:tﬂ

7 7 . .

(farem2y | 80 M 800 Nl (Alcm2) 100 72000 |y
Jn2 Jed 21 Jo2 ﬂ 2l
(n&lcmz2) 10 [ 50 Ml (navema) 0 il O |

Region 1 has good passivation on both sides of the wafer. The example cell has a p*|n|n* structure, so the
pn junction is where the p* emitter meets the n bulk. As said, it is customary to subdivide the Jo1, Jo2, into
parts which describe recombination currents in the two sides cut by the pn junction. In this case we attribute
Jor = 80 fA/lcm?, Jo2 = 10 nA/cm? to the p* emitter, and Jo1 = 100 fA/cm? to the base. In Griddler, you can
assign the p* emitter values to “Front Diode Parameters” - “passivated area” column, and base values to
“Rear Diode Parameters” - “passivated area” column. Region 2 has metallization contact on the front.
We attribute Jo; = 800 fA/cm?, Joz = 50 nA/cm? to the emitter side of this region, so in Griddler you can
assign these values to “Front Diode Parameters” - “metal contact” column. Finally, region 3 has
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metallization contact on the rear. We attribute Jo: = 2000 fA/cm? to the base side of this region, so in
Griddler you can assign these values to “Rear Diode Parameters” = “metal contact” column.

Putting it together, we have

— gbass pass metal metal contact pass pass metal jpmetal contact
IOl,i - ]01,frontAfront + ]Ol,frontAfront + ]01,rearArear + ]01,TeaTAT€aT

ass ass ass ass
IOZ,i :]p AP +]metal A}netal contact +]P AP +]metal Ametal contact

02,front* front 02,front“*front 02,rear*‘rear 02,rear‘*rear
where AZ'0" is the area of the node which is below front passivation; Ag,, is the area of the node which

is above rear passivation; A}'}‘f,";latl is the area of the node which is below front metal; A7¢%! s the area of

the node which is above rear metal.

You'll also notice that under both front and rear diode parameters there are boxes called “1-Sun JL, non-
shaded area (mA/cm?)". These are the light-induced current densities in the unshaded areas of the cell,
for front and rear incident light respectively. The total light-induced current of a node is then

1Sun
. — qnonshade
IL,l - ]L,fTOTlt Sunsfront( front

1Sun

non shade pass metal
+ L rear SunSyeqr (Arear + AT X metal transparency rear)

AP3SS 4 A]’,’;%il‘ltl X metal transparency front)

1Sun 1Sun
Where ]Z?’Tlosrf‘tade and J'97 sh@de are the 1 Sun light-induced current densities in the unshaded areas of the

cell, for front and rear respectively; Sunsg,on; and Suns,.,, are the intensity of light incident from the front

and rear respectively, in units of Suns; and metal transparency front, rear have been described in section
point 3 of this section.

@ Edge Recombination

»
YT DYy

. Edge Recombination 401 4 J02 Jid | .
9 (fAfcm) 1000 Tt navem) L 12 Tl

The edges of the wafer, or near edge regions of the wafer, in most cases have enhanced recombination.
This can be due to a combination of poorer or no passivation near or on the wafer edges, and damage
introduced by the edge isolation process. For nodes that are at the wafer edges, the enhanced
recombination is represented by two extra n=1 and n=2 diodes in addition to the diodes whose currents
scale with node area. These are drawn in the above picture as big blue diodes. At the edge nodes, the
saturation current densities are given by

— gjbass pass metal metal contact pass pass metal pmetal contact
IOl.i - ]01,frontAfront +]01,fT0ntAfront +]01,rearArear +]01,rearArear +]Ol,edgeLedge

— gbass pass metal metal contact pass pass metal pmetal contact
IOZ.i - ]02,frontAfront +]02,fT0ntAfront +]02,rearArear +]02,rearArear +102,edgeLedge
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where the enhanced recombination terms are written in red. Jo1,edge @nd Jozedge are the additional
saturation currents per unit length of wafer edge, and Ledge is the edge length of the node.

@Illumination

Front lllumination 3
(Suns) 1 1‘

Rear lllumination 2]

(Suns) 0.2 [y

Referring to point 5 of this section, these are the Sunssont and Sunsrear terms that appear in the equation of
I.;. The above picture shows one example of a bifacial solar cell with illumination of 1 Sun from the front,

and 0.2 Sun from the rear.

Run and Save Buttons
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Jsc =38mAJcm2 power Jsc =38mA/cm?2
FF =80.76% point | FF =80.76%
N Er=2053% 1 0 Ef=2053%
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Voltage (V) ~ SWEEP RANGE | &8
. i 20 |to| 669 |step| 20 'mV
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FIND v ; S
B [sne| WRF oo o

) '\ I Y, :1”"' erolk 5
Jsc\{xl\PPP‘ een || AP SAVE

The most often used run button is “Find Jsc Voc MPP” in the above left picture, which prompts Griddler to
hunt for the short circuit current density (Jsc), open circuit voltage (Voc), and maximum power point (MPP)
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and related I-V parameters (efficiency, fill factor FF, voltage and current at MPP Vmp and Imp). This is the
quickest way to obtain the essential I-V parameters. The above example searched only 6 points to find all
these I-V parameters, taking about 12s on a desktop computer.

Next, if you wish to obtain a smooth I-V curve, you can add more calculated datapoints by pressing “JV
Sweep” and then choosing an appropriate range and step size. As long as you don’t change the pattern or
any cell parameters, you can keep adding more datapoints by JV sweep to the already calculated curve.

You can visualize the cell voltage/current density/luminescence intensity by clicking on “Map”. This brings
up a menu bar that allows you to specify what to map (Diode voltage, Front Voltage, Rear Voltage,
Luminescence, Current Density); and at what voltage (below top we show 573 mV which is the voltage at
max power; below bottom, we show that you can also type “OC” to simulate at open circuit conditions).
Click “Run” to simulate the requested spatial distribution. Click the camera icon to save the image.
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After running the 1-V curve by either “Find Jsc Voc MPP” or “JV Sweep”, click “Report” to save a text
summary of some the cell geometry parameters (e.g. wafer area, metal contact area), I-V parameters (Jsc,
Voc, FF, efficiency), loss analysis results (more on that in 2.8), and the I-V curve.

save file name X
« v 4 » Johnson > Google Drive » 010- Griddler LLP » manuals v @ | Search manuals »
Organize = New folder = - @
L manuals 2
40 L website
@ OneDrive
35| Voc
Jsco T ThisPc
sC jBh2dujwtbt
FF = J 3D Objects
I 30 Ef =1 77 Deskiop
Fg Vmp %] Documents
S | ¥ Downloads
[z 25 Imp+
£ D Music
= Jmp
= 57 Pictures
£ 20 B Videos
2 i, 0S(C)
5 NATA M 2
E 15t
& File name: | example_used_in_manual_IV_characteristics.bit “
Saveastype | (%) v
10+
~ Hide Folders Cancel
51 =
f”’
\ Pt
AN Pt
0 . N . . . . -
0 100 2@ 300 400 500 600 70 -
\\ Voltage (mV) ‘,4”
\ -
Cell Front Side Toggle Front/Back View ”’a
~ -
Voc=669mV;Vmp=573mV "\ //‘
-
L~
Tor) | oo L M)
A\ n )
AoV WPP|| | stveER SFHRT)

At any moment, click “Save” to save the entire session (cell design pattern and cell parameters). The

session files have extension .mat. You can always load sessions by clicking “Load Session” at the front
page (see 2.9).

B Load file name x
T » Johnson » GoogleDrive » 010- Griddler LLP > manuals v & | Searchmanuals »
Organize = New folder =+ @
~
40+ s Quick access ‘\ -
P2 Desktop
351 Voo 4 Downloads
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Jsc = = example_used_in
FF =§ | Pictures _manual.mat
I 30r Eff =2) 4, Google Drive
i Vmp L 18-05-03 Griddle
E
5 Camtasia Studic
25+ Imp= <
= L website
2 20+
1 % OneDrive
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t 15t
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10r
M~ Hide Folders Cancel
5F B —
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0 I ~ I 1 1 I e
0 100 ZUB\\ 300 400 500 600 70 ”r’
S Voltage (mV) Ptag
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S i -
Cell Front Side Jgggle Front/Back View -
-
Voc=669mV;Vmp=573mV
FIND JV
Vi PP| | | SWWEER
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After running the |-V curve by “Find Jsc Voc MPP”, a button called “Loss Chart” appears in the bottom left
corner of the I-V curve display. Click on it to reveal a new window that allows you to toggle between four
loss analysis charts using radio buttons at the bottom of the window. The first of these is power loss bar
graphs, which breaks down in mW/cm? the power output at max power point, losses due to shading,

recombination, and resistances.
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o\ \ﬁ __________________________
0 1 1 1 1 1 1 Al
0 100 200 300 400 500 600 70
Voltage (mV)
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The second and third radio buttons lead to pie charts that break down the proportions of different
recombination currents, at maximum power point (MPP) and open circuit (OC) condition respectively, as
shown below. The pie chart showing recombination current densities at MPP is in units of mA/cm?2. The
sum of the recombination current densities, multiplied by the wafer area, is the actual total recombination
current at MPP. The pie chart showing recombination current densities at OC displays the saturation
current densities, which are simply the recombination current densities divided by exp(qVoc/KT). This results
in quantities that have typically units of fA/cm?, and can be compared on an “apples to apples” basis with

the Jo terms that appear in section 1.2, and point 5 of this section.
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Recombination Currents at V = 587.7 in mA/cm2
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Finally, the fourth radio button leads to what’s called a fill factor drops waterfall diagram. This diagram
might take a minute to construct because it is made by simulating a series of scenarios with increasingly
higher FF compared to the baseline. Firstly, edge recombination is turned off (if any). Next, the front Jo1 in
the passivated area is changed to its median value, if the front Jo; in passivated area has been given a
nonuniform spatial distribution (see 3.1). Then, the n=2 diodes are turned off. Then, the enhanced
recombination due to metal contacts is turned off by setting Joi, Joz in the metal areas equal to the
corresponding passivated areas. Then, the shunt conductance is turned off, if any. Finally, at whatever
the total lo; this last scenario, Griddler calculates the resistance-free ideal fill factor by calculating the I-V
curve (V) = I — lo1 (exp(qV/kT)-1) and obtaining the fill factor of this ideal I-V curve. The gap between the
last simulated scenario fill factor and this ideal fill factor, is entirely attributed to series resistance. The
proportions of the contributions of different kinds of series resistance to fill factor erosion, is assumed to be
equal to the proportions of their contributions to power dissipation at MPP.

)] - X
Fill factor drops waterfall diagram
T T T T T
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ideal FF
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You can always load previously saved .mat session files by going to the front page and clicking “Load
Session”. Navigate to your file to open it. You can either go to the H-pattern design page to edit the cell
design or remesh your pattern, or go straight to the simulation page, as shown below.
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There are two video channels: one on YouTube and one on Youku. They both host the same instruction
and other educational videos related to Griddler, SolarEYE, and simulation of solar cells.
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3.1 Nonuniform Cell Parameters

Most cell parameters can be given non-uniform spatial distributions. Below we show two examples. In
the first, we start with a cell with uniform cell parameters. The below screenshot shows that mapping the
front voltage in this case at 500mV reveals a pretty smooth voltage spatial distribution. Click on the il
button next to “finger contact res” under the Front Metallization section of the simulation page.
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A canvas appears which shows the spatial distribution of the front contact resistance, which is right now
uniform. Check Enable to turn on non-uniformity, then click “Import pattern”. This allows you to choose a
picture in either jpg, tif, bmp or txt format. We choose a predrawn txt pattern.
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Upon loading the picture, you can see that the canvas shows the spatial distribution described by that
picture. If you import a txt file that contains a matrix of values, then the exact values are assigned. If you
import jpg, tif or bmp picture files, then the relative values are assigned, and you can define the average

value of the contact resistance in the box pointed to in the below screenshot.
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Click done to exit the canvas. Now in the simulation page the number inside the box of front finger contact
resistance is in blue to indicate that it is non-uniform. Now if we retry mapping the front voltage at 500 mV

we see that the voltage spatial distribution is patchy because of the highly nonuniform contact resistance.
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In the second example, we first map the front voltage at open-circuit to reveal a pretty smooth voltage
spatial distribution. Click on the 2l putton next to “passivated area JO1” under the Front Diode Parameters
section of the simulation page.
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Again, a canvas appears which shows the spatial distribution of the front passivated area Jo1, which is right
now uniform. Check Enable to turn on non-uniformity, then click “Import pattern”. This allows you to choose
a picture in either jpg, tif, bmp or txt format. We choose a predrawn txt pattern.
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Upon loading the picture, you can see that the canvas shows the spatial distribution described by that
picture. If you import a txt file that contains a matrix of values, then the exact values are assigned. If you
import jpg, tif or bmp picture files, then the relative values are assigned, and you can define the average
value of the front passivated area Jo1 in the box pointed to in the below screenshot.
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Click done to exit the canvas. Now in the simulation page the number inside the box of front passivated
region Jo1 is in blue to indicate that it is non-uniform. Now if we retry mapping the front voltage at open-
circuit we see that the voltage spatial distribution is patchy because of the highly nonuniform recombination.
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One of the challenges to users of Griddler is understanding what are typical or sensible cell parameters to
use to simulate the solar cell. To help you (and ourselves!), over time we have compiled a database of cell
parameters and built an interface in Griddler 2.5 PRO that is contextual, easy to use, and automatically
updated. As of May 31, 2018, version 6 of the cell parameter database contains more than 400 entries.
Here we show one example of its use. In the simulation page below, click on the 21 button next to the
“metal contact Jo;” under Front Diode Parameters. The database interface pops up. The top half is an
explanation of what “metal contact Jo1” means, and the lower half is a list of reported or suggested values,
alongside description of how these values came about (e.g. value is reported for p-type multi cell on X
ohm/sq emitter), as well as the sources and authors of the reported values.
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Referring to the series of screenshots below, we can narrow down to results that you are looking for by
using search term. For example, if you are working with n-type cell, then typing “n-type” in the search box
narrows down the results to those whose descriptions contain the search word. In this example, we choose
the row with the value “J01 = 1600 fAcm-2". Upon clicking this row, this value will appear in the box next
to “Apply”. Clicking on “Apply” will transfer this value into the simulation page in the box “metal contact Jo1”
under Front Diode Parameters. For certain parameters like metal contact Jo1, Some reported values comes
paired with other parameters, for example, “J01 = 1800 fAcm-2, J02 = 10 nAcm-2". In this case, choosing
this value pair and hitting apply will update both metal contact Jo1 and metal contact Jo, boxes in the
simulation page.

You can also find out the source of reported parameter values by clicking on the “Get Source” button after
choosing the value. This will pull up your browser to load the link to the cited journal paper abstract.
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4 Solar Cell Diode Parameters Calculations (PRO Version)

4.1 Overview

Griddler relies on the user to provide Joi, Jo2 parameters as inputs and doesn’t perform finite element
simulations to solve these recombination currents. Over time we realized the importance to supplement
Griddler with calculators or to provide it with a coherent interface to other simulation programs that do solve
recombination, base transport, and also optics. Below In this section we will introduce Cell Cross Section

Diagram and related windows that ties all these aspects together.

Umport Page from Optics Simulators ‘

[ umination._optics - X

A

| ‘Griddler Simulation Page ‘

o |

Command Ismhmu«lkachlw Eficiency Improvement |
a9

s s CRICCLERZS

motesa) - |33

42 21cm2; optical shading4 05%

8
Waer area

resistance (mohm-cm2)
mtemal shunt cond-

octance (1/kohm-cm2)

12

fngers| 0 Thusbars 0
Front Current Extraction Rear Current Extraction
Extract cument at eac

20
o7 @

contact ponts o contact ponts 2

resistance (mohm) | O 3| resistance (movn) | 0 3

Front Diode Parameters  Rear Diode Parameters o P + : 2 4 +—

ey Rrery 1 S

nenshadedsres 4177750 2

(maem2)

passicted metat

01 area contact ” area ’Cm’ B 4 4 2 0 2 4 6 8

Tenzy A320CH648990 ey 72 1 73 3

02 10 2 50 22 o Jo 2 Cell Front Side  Toggle Front/Back View

w2 B ey R,

Edge Recombination %01 202 2 b

s wem. 9 Hovem 0 & £ 1

Front lamination "~ =1 Rear llumination 21 E AP 3P0

(Suns) 13 (Suns) o N ) T 01 kel S

In the box below, fillin the substrate absorptance vs wavelength. which can be simulated in one of three ways.
RecommendedPVL's (_OPAL (ree) | with _Light Tragping |) OR _Wafer Ray Tracer (kee) | OR _SunSohe (paid) |
)
T T 3 5./ \
o o 1
- u \
imoteBor | \
= o 2os \
= 3 - *l ranamsance nto aseaae |
Wavelengh i in column |1 | win unds [om 02{— sbsorptonce before FCA |
| — absorptance after FCA \
Substrate absorptance is in columa 4 | with units |abs. v
W w0 w0 w10
filinthe ghincuse Waveieogh (nm)
e R 2 PC1D Caller for metal JOe
or
PasieDaa " calculations
Into the Box
or v 1 Bl coped fayer - x
Select =
Spectum  wavelengthisincolumn 1 v wiunds am — 4
5 B os ® mport Dopant Profle (3 Dséine Dopant Profle | & =
‘Spectral iadiance/photon flux is in column 2+ H e
a A F .
With uaits Wim2m v Upload file 1
= @ & e w1 P H
4 Normalize Jgento | 463 | maem2 Wavelength (nm) Datatothe §
inthe wavelength range | 300 1o 1200 m gox “ E
£ 07 os ue 08
A Degthis coumn [1 | wahunit fum  ~ “ Depth fum)
Donor sensityis comma [2 v winund jcm3 v,
Cell Cross [ or et constnt sacspounacane 15563 m3
Section Diagram Accaptor gensityis column |2 | wimunt [cn3 ~
Base Transport [ or set constant background canc [ sa7e; om-3
Bcetdisgram - x
Calculator for PERC Use ionizabon actoe 31 25C phasphoss
Front lumination
a3 - Optics Mport [ Surface s texiured
P terturea I c,,c" > oum SRY 10000( cmis
Base transport Parameters Base local contact calculator SheetResistance  [42.976] onnsisg BukTau 01 | us
ecature)
) simulae lteral base cuments  contact [0 = . - ] swena Meat scnlzg | nm
Wafer thickness | 180.0 | um geomatry - W Exmectiary ooty o0 Curtent Dénsiy [348.9) i septh
. contact width /5o a{contact pitch | olg 2
Waterresistity | 10 |ohmem GPRE WO |30 'm]d Clear Dopant Profile
Wale [ ] ncton o o6 G e Walertype [p Frontdunton
thickness 4300 Bulk Lifetime (us) 3000 ﬁ S
Base doping | 1506416 ™3 jocal contact resistance | 0.00 g mohm-cm2 (um)
7 update mobilities with Si base bul Base transportiLocal contact calculator .
I etirme i €
base e moblty | 1183 |cm2Vs s ”“ﬂ”":’;;‘;’%i“::i‘/ 21U ror 0y s o oo ol e PC1D Caller for Passivated
contact z . .
base hmobiy| 384 | cm2iVs 4 SR o0 00 (& ouxsss [cuc) [iowy Emitter Calculations
In‘he Grigder patem, (11~
Search e rearcontacts eyt -
List ot reported or suggeste vaiues ) T Cltestred wetal Recombinabon [T -
- € w*
Rear llumination 5 ) e
Effoctive roar 01 731 gy Wem2 optcs | mport > H
e ¥ [y2 8l i JL = J(Si absor) - JFCA) - Jemiter coll Ioss) - J(oase coll1oss) + ofiset [mACm2] Uslosatie. | Al E
Effective base diff length = 3272 4 um front 4177] = 42107 -|0.103¢ - 0.0257 - lotes| +| o0 Apply ?:.‘;"... §
Catculate @ Rsight O Rs.dart rear [3631] = [37.70 -0o69( - 0 - a2l o+ 0 Apoly " v §
| B update JL tront = 41.58; L rear = 36,32 mAIcm2 Jopassivated emitter = 43.20( tAcm2 Apply Depncoum [| Blevmmon B s
Apply | GetSource Jo,emitter metal contact = 648 9| tWem2 Apply Donor deastyis colomn 2 v wihumt cmd ¥ \
s P |
/} J0,passhated BSF = 7,871 tAem2 —> Efecte Base Passhated J01 = 732 ool i [ eostoantatacigemd canc togond g |
€ w
Accoptor densayis couma 2 % winunt omd ¥
J0,BSF metal contact = 529 7( tem2 > Effective Base Metal J01= 732 Aply % s - = 8

2 or set constant background conc 1 saars M3

Use lonization factor at

phosphorus

Junchon Deph = 0.26 um sav  lassao e

SheetResistance 137 04 shmaisq .

(room temperature) ] ]

‘Saturabon Cumrent Densty 43290 tem2 (2 Detne SRY = 0 fomvs] where »
fom-3] 1 suftace concentaton

Clear Dopant Protie. SRY % (0% (16201 S T8N

Use AVOR SV parameter Mn hovonorus onky

400 600 800 1000 1200
Waveleng®iinm)

[ Surtace 1s teures

46



[GRIPPILIER Manual v7.0 Sept 15, 2023

Below we will present the user guide to these windows. If you'll like to understand how Griddler 2.5 PRO
does the background calculations, see Appendix A: Mathematical Formulae used in the Cell Cross
Sectional Diagram and Base Transport Calculator Pages.

4.2 Cell Cross Section Diagram (PRO Version)

In The Griddler 2.5 PRO simulation page, click “Cell Cross Section” in the menu bar to launch the cell cross

section diagram.
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The cell cross section diagram and the base transport calculator (which can be launched either by pressing
“Base transport/local contact calculator” in the cell diagram like below, or directly from the Griddler 2.5 PRO
menu bar) together forms a web of straightforward, analytical equations that tie together different aspects
of the cell cross section (e.g. doped layers, optics, bulk) to produce diode terms that are used in Griddler

1Sun 1Sun
P non shade non shade pass metal pass metal
like ] front ’]L,rear ’]01,front ’ ]Ol,front’ 01,rear ]01,rear (See 2-6-5)-

In The Griddler 2.5 PRO simulation page, click “Base Transport” in the menu bar to launch the base
transport calculator. You can also launch this same page from the cell cross section diagram by clicking
“Base transport/Local contact calculator”.
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The above picture shows the various features of the base transport calculator. We describe them below.

1. Simulate Lateral Base Currents

By default this option is turned off. Referring to section 1.2, Griddler is essentially a 2D simulator where
current only flows laterally in the top and bottom planes, but not in the “sandwich” layer that is represented
by the diodes. Of course, this model does not represent reality perfectly, because electrons and holes can
drift and diffuse in the quasi-neutral bulk, and that can manifest in lateral currents. Turning “simulate lateral
base currents” on will add these bulk current terms, at the expense of the voltage solver’s convergence rate
and overall simulation speed.

Jn = QMnnvgfn

Jo = auppVepp

Here, J, and J, are the current densities in the bulk, g is the elementary charge, p» and |, are the electron
and hole mobilities, n and p are the electron and hole densities, and &¢, and &, are the electron and hole
Fermi levels. There are two important approximations: 1) p, and , are the equilibrium values; 2) n and p
are constant throughout the depth of the wafer.

For most cases, leaving “simulate lateral base currents” off produces accurate |-V results. Let's compare
the |-V parameters with this option on (with) or off (without) for a Voc = 669 mV solar cell:

Commentl Jsc(mA/cm2) Voc(mV) FF Eff Vmp(mV) Jmp(mA/cm?2)
without 37.997627 669.1464 80.76277 20.53472 572.5797 35.863513
with 37.997627 669.3543 80.77673 20.54465 573.0274 35.852824

The |-V parameters are almost the same in the two cases. The penalty in accuracy of leaving “simulate
lateral base currents” off increases as the cell voltage goes up. For example, let’s run the |-V parameters
of the same cell but at 3.6 Suns instead of 1 Sun illumination:

Commentl Jsc(mA/cm2) Voc(mV) FF Eff Vmp(mV) Jmp(mA/cm2)
without 136.79145 702.4682 77.84141 20.77753 578.7787 129.236087
with 136.791451 703.4755 78.12487 20.88309 582.1547 129.139407

Here we can see that the Vo, FF, and efficiency are all slightly higher if we turn on the lateral base
current simulation.

2. Wafer Type, Thickness, Resistivity

Changing these parameters will change the base doping level, which influences the equilibrium minority
carrier concentration and hence the recombination current densities. See Appendix A.

3. Auger and Radiative Recombination

Enabling this will turn on Auger and radiative recombination for silicon (intrinsic recombination). See
Appendix A.
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4. Base Contact Geometry

In this section you can define the geometry of periodic base metal contacts (base usually referring to cell
rear). Griddler 2.5 PRO implements analytical equations to solve the base Jo; for three kinds of periodic
base contact schemes as shown below: stripes, circular points arranged in square pattern, and circular
points arranged in hexagonal pattern.

contact Z point contact point
contact 7 in points ( square v points ( he
geometry stripes jua geometry pattern geometry pattern ..
= contact width / 2|contact pitch [ o5 2| contact width / _2|contact pitch 5 2
gf;f;te:v('gg,' 30.00 COMaCt ;():;th' 0.9002 diameter (um) AN (mm) : diameter (um) 2 (mm) -
J point contact 706.9 point collection 25000 point contact 706.9 point collection 21650
area (um2) area (um2) area (um2) area (um2)

e 6 ¢ 6 o o o
e 6 6 6 6 o o
e 6 ¢ 6 o o o tact width /
contact width / 30,00 "d:;:;nmae':temum) 0 @ © © O
diameter (um) . contact width / W00 © O O
diameter (um) = o ./‘/. e o o
¢ ’/'/‘ L) © e 000 0 00
e 6 ¢ 6 o o o ® ©6 6 06 0 0 ©
contact pitch ® &0 O o o o o &0 0 o6 o o o
(mm) 0.900 |contact pitch [ s |contact pitch [ g5
( (mm]— e o o mm'—0® @ @ @

5. Base Local Contact Resistance

Just like front metal-semiconductor contact resistance, the base periodic contacts may also have nonzero
metal-semiconductor contact resistance.

6. Bulk Lifetime, Contact SRV, Passivation SRV

Bulk lifetime is the carrier lifetime in the bulk silicon material. Surface recombination velocity (SRV) is a
parameter used to describe the strength of recombination current at the cell surface tending to the base
(usually the rear). When there is periodic base metal contacts, then there is a different SRV assigned to
the contacts, as oppose to the SRV assigned to the passivated surface between contacts.

7. Effective Base Jo: and Effective Contact Resistance

Griddler implements analytical equations (see Appendix A) that takes the base doping, mobility, wafer
thickness, base periodic contact geometry, bulk lifetime, contact SRV, passivation SRV, to obtain estimates
of the effective base Jo1 and effective base contact resistance. Hitting “Apply” applies the effective base
Jo1 is to both passivated area Jo1 and metal contact Jo; fields under rear diode parameters in the Griddler
simulation page; and it applies the effective base contact resistance to the “finger contact res” field under
rear metallization.
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4.4 lllumination Optics (PRO version)

In the cell cross section diagram, click “Front lllumination Optics” or “Rear lllumination Optics” to launch the
illumination optics page.
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The illumination optics page needs two data: 1) the absorptance in the cell silicon region in the wavelength
range 300-1200 nm, 2) the illumination spectrum in the same wavelength range. By default, Griddler
supplies an arbitrary simulated PERC silicon absorptance curve. You have the option to import or paste
another absorptance data to override the default one. The default illumination spectrum is AM1.5G with
normalized generation current density of 46.3 mA/cm?.
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Since PRO version 2.50034, Griddler 2.5 PRO will auto-detect whether the imported Si absorptance data
contains information about the transmittance into the wafer. The transmittance curve is the fraction of
incident light which enters into the silicon bulk. If the imported data is higher than 30% at 1200nm, then
Griddler assumes this curve is the transmittance. It then calculates the resultant absorptance curve by
using light trapping formula (see Appendix A2.2, 2.3). The combination of importing the transmittance curve
from external source and Griddler doing the job of calculating absorptance after light trapping is very
effective, because light trapping calculations depend on the metallization pattern (since the metallized
regions of the cell have different internal reflectance compared to non-metallized regions), as well as the
wafer resistivity and doped layers dopant profiles (since the amount of free carrier absorption changes with
these parameters). Because Griddler allows the user to change the metallization pattern and dopant
profiles, it is better for Griddler to automatically update the light trapping calculations every time any of
these aspects are being changed by the user, so that one can readily see how the light-induced current
density in the non-shaded areas are influenced by the cell design.

On the other hand, if the imported data is lower than 30% at 1200nm, then Griddler assumes this curve is
the overall absorptance in the absence of free carrier absorption. It will still make use of light trapping
calculations to deduce the absorptance curve after free carrier absorption in the doped regions and in the
wafer bulk have been accounted for.
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Below we illustrate the workflow of using OPAL2 from PV Lighthouse (a free online calculator) to calculate

the transmittance, and then using Griddler to calculate the absorptance curve after light trapping.

Step 1: In the lllumation Optics window, press the OPAL (free) button

n lllumination_optics
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Step 2: You'll be directed to the OPALZ2 calculator page in PV Lighthouse.

Here, you can define the surface

morphology, and the antireflection coatings properties, to calculate the light interactions on the light incident

side of the wafer.

CALCULATORS

calculator
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'd LIGHTHOUSE

SIMULATION

RESTORE EXPORT

INPUTS

Incident illumination Light trapping model
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4+ reflections 3 6.1%  Absorbed in substrate Je 42.76

Total 7 100.0%

— Reflection _—— Absorption  — Spectrum

RAT (and IQE}

2

Spectral int. (Wim?inm)

&

600 700 800 900 1000 1100 1200 1300
‘Wavelength (nm)

ErrorusTHTeXTC

SunSolve"

now

How do textures impact
angular performance?

Spectral weighted reflectance (%)

Random pyramids

0 10 20 30 40 50 60 70 80
Incident angle (degrees)

53



(IR

ILIEIR Manual v7.0 Sept 15, 2023

Step 3: After running the anti-reflection coating calculations, click “RAT data” tab. Copy all the columns
as shown.

New Tab X @ htps

2pvlighthouse.com. X | +

C @ www2.pviighthouse.com.au/calculators/OPAL%202/OPAL%202.aspx * 0 :

51 Apps Wl NRC-IRAP - Canada.. %) Aurors Solar Techn.

© epostforonlinebil.. ) MGS:Dashboard @ my.access — Univer..

“) LIGHTHOUSE

CALCULATORS SIMULATION RESOURCES CONTRIBUTORS PV LIGHTHOUSE

OPAL 2 RESTORE EXPORT

™
Calculator
TABULATED OUTPUT FOR REFLECTION, ABSORPTION AND TRANSMISSION SunSolve
options

Path data
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Load custom data

About

; Simulate losses in
e 2 £ each HJT layer.

PV Education:
Texturing
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— Collected

o | I i I M|
o win i i s m a

Front fims ear fims

Find out how

Step 4: Paste the copied columns into the top box back in the Illumination optics page. In this case, you
can see that Griddler auto detects the column called “Transmission”, plots it as the green curve, and then
runs light trapping calculations to produce the red curve which is the absortance.

B lumination_optics - X
In the box below, fill in the substrate absorptance vs wavelength, which can be simulated in one of three ways
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301 Q001825 A6A06AE+11 E
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b=l
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E 0s
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o
(0]
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. 400 600 800 1000 1200
Mormalize Jgento | 463 | mAlcm2 Viavelength (nm)
inthe wavelength range | 300 |to | 1200 | nm
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Step 5: Click on Light Trapping and a diagram shows up which allows you to adjust the various light trapping
parameters, including the internal reflectance at various part so the solar cell, and whether you would like
Griddler to account for free carrier absorption at the different doped layers. Here we show the dramatic
example where setting the rear side internal reflectance to very low values of 0.1, results in drastic reduction
in the absorptance in the long wavelength region.

n umination_optics — X
In the box below, fill in the substrate absorptance vs wavelength, which can be simulated in one of three ways

Recommended PyL's ( OPAL (free) | with JLight Trapping §) OR  Wafer Ray Tracer (free) | OR  SunSolve (paid)
e — 1

et Sy el Pererpian Trasmmimzn P
Upload ile o 1 ol -
EE 4958 0 asem ey ‘é -
light_trapping , - *® B 06
o
7 '
2 g4 ]
= E
B o substrate F
bl
textured 5 02
@ orptance after FCA Il
400 600 800 1000 1200
‘Wavelength (nm)

4 2
= E
R=|08 £
doped layer FCA oped layer FCA £ 15
z E
=
R=| 01 R=| 01 g
5
doped layer FCA doped layer FCA £
E 05
2
& !
0

400 600 800 1000 1200 _

O Wavelength (nm) 1
textured

Count Rear Local Contacts as Metal Region (everywhere else as passivated)

Step 6: As per usual, you need to click Apply All in the cell diagram window for the calculated light induced
current in the non-shaded region, Ji, to take effect. Ensure that the “Apply lock” is on. This will cause
Griddler to automatically rerun light trapping calculations (as well as Jo calculations) every time the
metallization pattern is changed, and automatically apply the updated JL in the non-shaded region. You
can force apply lock by clicking on the lock icon.

B cell_diagram - ® B cell_diagram - X
Frant lllumination Front llumination
Optics Import Optics Import
textured ¢ WMetal Recombination | Calc textured ¢ Metal Recombination | Calc
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)
Wafer type p v Wafer type p ~ JL and J0s ar= s
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thickness 4gg g Bulk Lifetime (us) | 300.0 I‘ switch thickness |qgg Bulk Lifetime (us) | 30 : E_E itch %,
fum) (um) dizgram calculations .
Base transport/Local contact calculator Base transport/Local con { | k . tﬂ |'| } .
IR W00 Change .
[] Use rear J0 by base local contact calculator Mo BSF Defined [ Use rear Jo by base local a s
g4 ouctiia | cac | | apoy N 1| Cale | Sppply
ohmisa) H H al K
H H .,
)
5
[ textured Metal Recombination | Cale [ textured jon | Calc .
Rear llumination | Rear llumination — .
Optics = Optics eol S
g -
JL = J(Si absorb)- J(FCA) - J(emitter coll loss) - J(base coll loss) + offset [mAlem2] i o= J(s.ansurm—J(FcA)—J(emmercuu\nss)—J(naséthuss)+nﬁse| [mAlem2]
.
front [3g.71: = [38.85 -|0.000 - 0 - o] o+ 0 ADDly | e font 3g71¢ = [38.85 - 0.000{- 0 < oten T 0 Apply|| e e e,
L and 105 are not 5 JLand Jos are
rear |37.51( = 37.697 -|0.007: - 0 - 0179 + 0 ApDIY | upastes in Grisier rear (37.51( = [37.697 -0.007: - 0 - 0.179¢ | b, Apply |  upsstes as per cen
{gick icon to change) N diagram calculations.
J0,passivated emitter= | 100 | fAlcm2 Apply J0,passivated emitter = | 1pp | fAlcm2 '~,. Apply|  (sick ican to change)
™ ‘e, Y
J0,emitter metal contact= | 100 | /cm2 Apply & J0,emitter metal contact= | 1pp | fAicm2 e apply a
A
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4.5 Doped Layer Calculations (PRO version)

In the cell cross section diagram, click “Calc” next to Emitter, BSF or Metal Recombination to define the
doped layer profile and perform cmd-PC1D-6.2 simulations of the doped layer saturation current density

Joe and internal quantum efficiency IQE.

. cell_diagram

Optics

textured

Wafer t =
Wafer ype P

thickness | 480 o
(um)

[ textured

Optics

Rear lllumination

Front lllumination

T AN A«

Bulk Lifetime (us) = 300.0 il

Base transport/Local contact calculator

Use rear JO by base local contact calculator

JL = J(Siabsorb) - J(FCA) - J(emitter coll loss) - J

Import

Import

Bse coll loss) + offset [mA/cm2]

Depthis column (1 ~ withunit 'um v Depth (um)

Donor densityis column 2 ~ withunit cm-3 +
[ or set constant background conc 1155936 cm-3
Acceptor densityis column 2 « withunit cm-3 v

[ or set constant background conc 1 50478; cm-3

Use ionization factor at 25C phosphorus v

Clear Dopant Profile

. 0.0257
PC1D Caller for metal JOe calculations
.doped,layer -
g
@ Import Dopant Profile O Define Dopant Profile e T
c \
=3 N
[} 2.11e+18 I \
Uploadfile | |/ .. 2 11es13 2 E 10 \
0.0047 338419 \
Or Paste 0.0326 335419 g —_— 1
Datatothe 50814 335419 t Acceptor \
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IS ———2 Mtk — & 0 02 04 06 08
o

E PC1D for Joe j [ surface is textured

Junction Depth = 0.70 um SRV 10000( cm/s

Sheet Resistance 42 978 ohms/sq

(room temperature) BulkTau {01 us

Saturation Current Density 648 93 fAlcm2 Metal etch 29 nm
depth

. Bl doped _layer - X
&
: £ w”
Import Dopant Profile () Define Dopant Profile \:_ ]
S
Pag ] 15320 A=
Uploadile | |; ;s 1532420 =
e OrPaste |29 178ee20 2
L1 Datatothe ;3;32 :'ole;? 8 T
Box 0.0185 1286420 vIE oaplor
AL 103,20 g 0 0.1 0.2
a
Depthis column |1  ~| withunit [um  ~ Depth (um)
100
Donor density is column |2 ~| withunit |[cm-3 ~
[ or set constant background conc |1155936( cm-3 z
Acceptor densityis column 2 | withunit (cm-3 | i
[A or set constant background conc |1 s5p478; cm-3

- X
Apply
Front Junction
switch
No BSF Defined
Ll (bulk 55.6 | Calc | Apply
ohmisq)

Metal Recombination | Calc

0
1%FF’ClD Caller for Passivat mitter Calculations

]
400 600 800 1000 1200
Wavelength(nm)

'DUse ionization factor at 25C |phosphorus

(5)  PCD for Joe and IQE Surface is textured
Junction Depth = 0.25 um SRV 465.40| cmis
Sheet Resistance 127.04| ohmsisq BulkTau 0.1 us

(room temperature)
Saturation Current Density 43.290 Wcr@

Define SRV = f(x) [cm/s] where x
[cm-3] is surface concentration

Clear Dopant Profile SRV = min(10((x/1620)*1.5)*4.21 78 1eT)

Use Abott SRV parameterization (phosphorus only)

@ Import or Define Dopant Profile

You can import the dopant profile in a variety of formats, including tab delimited, comma delimited, space
delimited, etc. You can also define the columns that correspond to depth, dopant concentration, and you
can choose the unit of each. The background dopant concentration is by default set to the base doping.
Check “set constant background conc” to use a flat profile for the opposite dopant concentration. Upon
choosing these, Griddler 2.5 PRO will display the junction depth and the sheet resistance.
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You can also define the dopant profile as an analytical expression, by clicking on the radiobutton “Define
Dopant Profile”:

— Profile

Type |n ~

(3 Uniform
FPeak Dopi 1e+20 -3
caklioping |1+ em (") Exponential

Depth Factor |0.2 um () Gaussian
® Erfc

Peak Position |0 um

Background Doping |4.00e+1{ ©m-3

The expressions for the different kinds of profile are:

Uniform: N(z) =Npforz<zyand N(z) = 0forz >z,

Exponential: N(z) = Np - exp(—|z — zp| | z)

Gaussian: N(z) = Np - exp(—(z — zp)? / z¥ ]

Erfc: N@)=Np-[1l-erf((z—2p)/z)]

where N is the dopant concentration, z is depth, Np is the peak doping, z; is the depth factor, z, is the peak
position.

@ User ionization factor at 25C

Altermatt, Schenk, Schmithusen, and Heiser published two papers in 2006 (ref 8-9 of Appendix C) about
incomplete ionization as a function of dopant concentration for boron, phosphorus and arsenic, which is
widely used. You can select “none” or “phosphorus” if the loaded profile dopant is phosphorus, or between

“none”, “boron”, “arsenic” if the loaded profile dopant is boron.

@ Textured, SRV and Doped Layer Bulk Lifetime

Selecting “Surface is textured” sets the surface to textured in PC1D. You must also set the doped layer
bulk lifetime (“bulk tau”) and emitter surface recombination velocity (SRV) before running the cmd-PC1D-
6.2 simulation.

@ Parameterization for SRV

Different authors have reported empirical trends of emitter SRV when passivated, as a function of the
surface concentration. You can write an expression in the form of SRV = f(x) where x is the surface
concentration in cm3, in the formula box provided. For example, writing SRV = 1le-14*x will cause the SRV
to be 1000000 cm/s when the surface concentration is 10° cm3,

You can also press “Use Abbott SRV parameterization (phosphorus only)” which sets
SRV = min(107((x/1e20)*1.5)*4.2/1.78,1e7)

This is a rough empirical trend that is observed from a study by Abbott and coworkers (M. Abbott, G.
Scardera, K. R. Mcintosh, A. Meisel, “Simulation of emitter doping profiles formed by industrial POCls
processes”, 39" Photovoltaic Specialists Conference (PVSC), 2013), although other groups have published
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other empirical trends (e.g. A. Kimmerle, M. Momtazur Rahman, S. Werner, S. Mack, A. Wolf, A. Richter,
and H. Haug, J. Appl. Phys. 119, 2016).

@cmd-PClD-6.2 Calculations for Jee and IQE

Pressing the button “PC1D for Joe and IQE” will prompt Griddler 2.5 PRO to pass the emitter profile and
simulation parameters to cmd-PC1D-6.2 to simulate the emitter saturation current density (Joe) and internal
qguantum efficiency (IQE). See Appendix C for benchmarking of this cmd-PC1D-6.2 caller to EDNAZ2, a free
online calculator of emitter Joe and IQE.

4.6 Application of Calculated Terms to the Griddler Simulation Page (PRO

version)

Transfer of calculated terms from the cell cross sectional diagram to the Griddler simulation screen.
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Transfer of calculated terms from the base transport calculator to the Griddler simulation screen.

]
Command
LLY )

Front Metallization
finger sheet res

(mohm/sq)
3
finger contact res 0
(mohm-cm2)
layer sheet res
(ohm/sq) 87.9

wafer intemal series
resistance (mohm-cm2
internal shunt cond-
uctance (1/kohm-cm2)

Base Transport  Cell

N

9: 7]
) o
0

EbEbER

Metal Optical Transparency
]

fingers | (0

Front Current Extraction

Solder ribbons at prob...

ribbon width (mm)
ribbon sheet res

(mohm/sg) 0.

contact points
resistance (mohm)

1 2

Front Diode Parameters

1-Sun JL,

non-shaded area |41 8148 ;

(mAicm2)

passivated metal
area contact

J04 =l 2 Jo1 i
tmemz) 759963 108925 (aicma)

Joz |2 21 Jo2 2 2l
wemzy | 10 [l 50 W oz O A o |H
Edge Recombination J01 2]J02 Jd]
89 | R teavcm) 0 lipavem) L0 Tl
Front lllumination 5( Rear lllumination 12
(uns) 09 |2l {gums) ot 12

Cross Section

Rear Metallization

finger sheet res
(mohm/sa)
2
3

finger contact res 2 c
(mohm-cm2) )

layer sheet res z
fohm-sq)  22-54 1‘

i‘ Temperature (C)| 25 -]
2| Bxternal series 21
E‘ res (mohm) 0
Metal Optical Tra

ptical ransparerﬁ
fingers| 0 0
Rear Current Extraction
Solder ribbons at prob._. ~

ribbon width (mm})
ribbon sheet res
(mohm/sq)
contact points
resistance (mohm),
Rear Diode Para
1-Sun JL,
non-shaded areg
(mA/cm2)

EpR

[textured Metal Recombination | Calc
Rearluminaton [
ptics
L = J(Si absarb) - JFCA)- Jlemitter collloss) - J(base collloss) + ofiset [mA/cm2]
= l4z10] -oo7s)- 012 < loosg -0 Apply
= |37.70] -|0.053]- 0 - 6%+ 0 Apply
0 passivated emiter = - acm2 Apply
Jo,emitter metal contact = {1080 ffaiem2 Apply
10.03ssivaled BSF = lnaay Apply -
10,BSF metal contact = g20.4f fAJcm2 —> Effective Base Metal J01= 179.3 Apply

— e

~
!

)] - x

GRICECLER2:

Wafer area =242 21cm2; npt\r,a_\shad\r

Base transport Parameters Base local contact calculator
[ simulate lateral base currents

Wafer thickness | 180.0 | um

contact

geometry stripes ~

square

ohm-cm

Wafer tivity 40

Junction [
is at

contact width / [0 | contact pitch (17502
diameter (um) (mm)

19634 25000

type

Base doping Ge+15  cm-3

point contact resistance | 0.00 i‘mnhm«cmZ
update mobilities

bulk lifetime 2
tion SRV
base e mobility | 1313 (us) zuuu,uj rear passwav\nn
contact SRV 2 6.233 4| cm/s
base h mobility 483 | cm2 temis) 80.065 7y

In the Griddler pattern, stripes v

v Search the rear contact is
List of reported or suggestive values ith line width 500 pitch 173
Listbox o (um) L =220 (mm) L
'm iy Aem2 d
Effective real o
contact resistanc Aol Lot ohm-cm2
Effective base diff length = 6792 .5 um
Calculate @ Rs/light () Rs,dark
v
Apply | GetSource
T
Cell Front Side | T0g9dle Front/Back View
Vmpp= mV
Al e \ m
VPP | Sweep SAVE| ‘over/

58



[GRIPPILIER Manual v7.0 Sept 15, 2023

5 Efficlency Improvement and Command Window (PRO version)

There are some routines such as optimization of number of fingers, running multiple cases with one
parameter being varied within a certain range, and building efficiency roadmaps (efficiency improvement
diagram), that can be easily done by using the commands of Griddler 2.5 PRO. More elaborate routines
like running multiple cases with two or more parameters being varied, or parsing a series of dopant profiles
in evaluating their effectiveness as solar cell emitters, can be done by stringing together multiple commands
in a script. Below we’ll show you how to use the efficiency improvement button and some common usages
of commands. In Appendix D the full glossary of command is shown.

5.1 Efficlency Improvement Diagram (PRO version)

The efficiency improvement diagram is a streamlined workflow that allows you to quickly build a roadmap
diagram of efficiency progression as different cell parameter improvements are implemented. To access it
press “Efficiency Improvement” in the menu bar of the simulation page.
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Pressing “Efficiency Improvement” calls up the command window (see 5.2) and triggers it to guide you
through the efficiency improvement diagram building process. First, a dialog box appears to ask you to
save the present session so that it can be retrieved as the “baseline” case. You may simply use the existing
filename.

Cell Front Side  T08gle Front/Back View
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"ﬁ‘e“" Optica Jransparency, Metal Of oy i 5] 2018-04-03_cell_for_Slavica.mat MATLS
ngers | ( 0 fingers| | 2017-06-12 5t # £ ECN1b-630-1142.mat MATL
Front Current Extraction Rear Cur £ ATL
] 18-05-03 Griddle l egm.mat PN
Extract current at eac... v Extract ¢ ' %) example_for_nonuniformity.mat MATLs
1 manuals \
08 2 E example_used_in_manual.mat 29 MATL
Screenshots
v < >
007 & .
contact points »{ contact pf LLELERPERC_eample mal ¥
resistam.:e (mohm) 0 ﬁ resistar'm Save s type: | MAT-files (*.mat) =
Front Diode Parameters Rear Diot
1-Sun JL, 5 1-SunJL,
non-shaded area 41.73751‘] non-shad{ . pyide Folders Cancel
(mAcm2) (mA/cm2)
passivated metal v T v T
s area contact area conta 6 8
g 2 Filename summary txt
@aem2) | 60 [y 900 i (avemz2) | 712 [y 712 Log ry Plot |
1 Comment comment w
Jo2 15 |2 45 2102 0 ﬁ 0 E
(nAlcm2) i Ml (narcm2) 1w Vmpp=mV
Edge Recombination J01 1000 .H'Joz 30 2
L (fA/cm) (nA/cm) M| FIND v
Front lllumination 2| Rear lllumination |
(Suns) (Suns) 0 e\l SWEEP

After you have saved the present session, the command window starts to build a script for the efficiency
improvement diagram. The four lines that you see below 1) loads the baseline, 2) runs I-V curve of the
baseline, 3) opens a blank file called “summary.txt” and writes the |-V parameters of the baseline into the
first row.

Command Base Transport  Cell Cross Section  About  Efficiency Improvement (B command . qx
(™
Front Rear Eﬁﬁ! Batch |
ﬁ'z?:;:x:;)'“ ﬁ ﬁ"?:;:ﬁ:z;;es 3 ﬁ §———— Listof Commands @ By Group O Alphabetical Order Build
1 ~
3 ﬁ b"?,?‘%'hf:,eszl) =13 ﬁ Wafer area 1 e ecTON CountaNDS —
finger contact res. 2| finger contact res 2 6 -
(mohm-cm2) 3 (mohm-cm2) | 994 ﬂ oe?csnc:'f::wﬂn
layer sheet res 0 & layer sheet res 5556 |21 IMPORTDXF {filename.dxf}
(ohm/sq) (ohm-sa) Ml Lo {filename.mat) {1-go to simulation screen; 2-go to design sc
wafer intemal series > 121 YoUTUBE
T it
resistance (mohm-cm2) 0 ﬁ emperature (C) 25 PARSEPATTERN
intemal shunt cond- ﬂ External series o = MESHDETAILTANGENT {1 to 4) v
uctance (1/kohm-cm2) 0 res (mohm) < >
Metal Op(in:al7 Trnmpamncﬂ Metal Optical Tmmparerg Script
fingers | 0 0 fingers| 0 sbars. 0 Record LOADSESSION "C:\Users\ohnson\Google Drive\Pc2d\18-05-03 A
FINDJSCVOCMPP
Front Current Extraction Rear Current Extraction Stop | (CLEARFLE “summary &t
Extract current at eac... ~  [Extract current at eac._. v = e
ay
og 2 08 2
Delete
007 & 007 &
contact points 2{ contact points 21
resistance (mohm) 0 II resistance (mohm) 0 ol Load
Front Diode Parameters Rear Diode
1-SunJL, 21 1-Sun JL, 21 Save
non-shadedarea  41.737£ ] non-shadedarea 36.0891 |
(malem2) (mAlcm2) Clear 1
passivated metal passivated metal 8 L > >
5t area contact o area l]cunta:tl‘ 8 -6
2 2
awemzy |60 [ 900 [ B ey [71.2 B 71.2 |3 Log | Fiename summary.txt Plot
Yoz 2 B 502 - 21 Ce Comment base line
15 & 15 |2 o 18 o 3
(nA/em2) (nA/em2) Vmpp= mV T
Edge Recombination /01 | 1009 _jIJ]JOZ 30 2 =
R (fA/cm) (nA/cm) ] 2 N
Front 2| Rear lllumi 2 FIND JV W\AF »
1 o 3 |k e +
(Suns) (Suns) ] SWEEP SAVE| over i

Now, go to Griddler and make the first cell parameter change you want to improve the cell. Feel free to
make any change of the cell in Griddler. You can even hit “STARTOVER” to go back to the front page and
then go to “Design H Pattern” to make some changes to the pattern. You can also open the Cell Cross
Section Diagram or Base Transport Window and do some changes there. All of these changes are
admissible and will be logged by the command window.

60



[GIRUPPILER Manual v7.0 Sept 15, 2023

Below | have used the cell parameter database to lookup an improvement for front side finger contact

resistance for PERC, and applied it.

Command Base Transport  Cell Cross Section  About  Efficiency Improvement Ol q
Q9 9 -] - X
Front Metallization Rear X E Batch [l
finger sheet res 21 finger Explanation Lai Order Build
(mohm/sq) _ij (mo| ¥ e Y semicond )
3 12 busbal m BSF at the rear) m-y have smn!n:lnl resistance vor screen print melal\zamn a4
S in Mo [Relatively high values of contact resistance can impact the cell fil factor significantly
finger contact res 3
(mohm-cm2) cx 'mol
layer sheet res 90 2 layer
(ohm/sq) (of jcreen; 2-g0 to design sc
wafer internal series 2] Td
resistance (mohm-cm2) 0
internal shunt cond- ﬂ B v/
uctance (1/kohm-cm2) 0 >

Metal Optical Transparency
=

2
fingers 0 0 fingerg

List of reported or suggestive values Search PERC

v

igle Drive\Pc2d\18-05-03 A |

Front Current Extraction Rear( [5ge;

Extra(

p-type

Extract current at eac... v

A (2017) Low average contact resistivity for 3mi,
of Al0x wrap-around on p-F
firing cempe:

08 A -
21 firing :.mzuun range of €7€
0.07 | 100; 2017) High average contact resistivity for
contact points 2| contag al0x uzap~axnund on p-PERC cells with § BB. At
5 3 £ €7€ 727 OC.
resistance (mohm) 0 Ml resistg s: °x‘51 cell; textured by
Front Diode Parameters Rear [ of 50 ohm sq and Al-BSF.
1-Sun JL, 1-Sun | front Ag paste are v
non-shaded area 41 737‘]} non-sh | ¢ >
(mA/cm2) (mA/cn v
passivated metal >
i area ‘Jcontaa 54 0.1 Apply [ GetSource
2 )] v y
@em2) | 80 [y 900 i qaem2) | TTZ TR T2 TR = y.0d Plot
302 = 21 15 21 02 5 ﬁ 5 2l Cel Comment base line
(nAlcm2) u Al (nwem2) Vimpp= mV
Edge Recombination Jo1 2|J02 0 2 p
o (fA/cm) (nA/cm) I} O
Front lllumination 2| Rear lllumination 21 FIND o (R
(Suns) (Suns) 0 |V SWEEP SAVE| over/ | " '™

The command window will note down this change in the background.

Command Base Transport  Cell Cross Section  About

«®

Front Metallization Rear Metallization

finger sheet res ﬂ finger sheet res ]j
(mohm/sq) (mohm/sa)
2 busbar sheet res
ﬂ (mohm/sq) ﬂ
finger contact res finger contact res ‘J
(mohm-cm2) 0.1 (mohm-cm2) Jﬂ
layer sheet res layer sheet res
(ohm/sq) ﬂ {ohm-sa) 55.56 j
wafer intemal series 2 T ature (C 3]
resistance (mohm-cm2) 0 ]j emperature (C)| 25
internal shunt cond- ﬂ External series 0
uctance (1/kohm-cm2) 0 res (mohm)

Metal Optical Transparency
2 2l

fingers | 0

Front Current Extraction

Metal 0puca| Tmnsparenﬂ
fingers, 0 shars|
Rear Current Extraction

Extract current at eac... v Extract current at eac... v

08 2 08
007 & 007 &
contact points 2( contact points 121
resistance (mohm) 0 j resistance (mohm) 0 ol

Front Diode Parameters Rear Diode P

Efficiency Improvement

gfF—— Listof Commands @ By Group (O Alphabetical Order

; B command = X
‘ Batch |
Build

Wafer ar¢ ~
— EXECUTION COMMANDS —

IMPORTDXF {filename.dxf}
LOADSESSION {filename.mat} {1-go to simulation screen; 2-go to design sc
———3%— |YOUTUBE

== TTERN

—_— MESHDETAILTANGENT {1 to 4} v
< >

Script
Record |LOADSESSION "C:\Users\Johnson\Google Drive\Pc2d\18-05-03 A
|FINDJSCVOCMPP
Stoy op |CLEARFILE "summary txt"

SAVESUMMARY 'summary txt" "base line"
Play

1-Sun JL,
non-shaded area

1-Sun JL,
41.737€ﬁ non-shaded area 36. 0891j
(mA/cm2)

(mA/cm2)

passivated metal passrva(ed metal
i area Jcont act 2 J01 _JcontactAJ
tvem2) | 60 g 900 i acm2) 71 2 a2 _m
Jo2 = 21 Jjo2
owem2) |15 (80 15 W (nvemz) [ © Ej 0 Jﬂ
Edge R bination J01 2(J02 2

ge Recombination icm) 1000 raryY 30

2| Rear lllumination 124

(Suns) |

Front lllumination
(Suns)

Delete
4}
Load
L ==
=== Save
~= E Clear A
8k 11 I 5
-8 6
Log | Fiename summary.txt Plot
Comment comment
Vmpp=mV

o) [ fof |

)

You can make a series of changes to the cell parameter and the command window will log each change
sequentially. At the point that you decide it is time to re-evaluate the I-V parameters, go to “Comment” box

in the command window and write a description of your changes.

Here | write “lower front contact

resistance”. Hit enter and the command window will note that you would like to run the I-V curve and save
the |-V parameters for this case “lower front contact resistance” as a new role in the “summary.txt”.
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Command Base Transport  Cell Cross Section  About  Efficiency Improvement .command _ X
el
Front Metallization Rear Metallization @! Batch | I
finger sheet res 2 finger sheet res 2 Build
(mohmisq) 3 i] {mohm/sa) 3 II 8 ,W—f|— List of Commands  (® By Group (O Alphabetical Order ~
3 Jld buzt:;rhfrr:/eszt) 3 ‘;‘j GIET 814 EXECUTION COMMANDS —
finger contact res 2| finger contact res 2 6 | e
e L0 B “imomcnar 1904 M Mo KR
layer sheet res % ﬂ layer sheet res 5556 ﬁ IMPORTDXF {filename.dxf)
(ohm/sq) (ohm-sa) . sl LOADSESSION {filename.mat} {1-go to simulation screen; 2-go to design sc
wafer internal series —n 18T 2] |YOUTUBE
resistance (mohm-cm2) | 0 jLperEtfe) ©) 25 PARSEPATTERN
internal shunt cond- ﬂ External series 12| MESHDETAILTANGENT {1 to 4} v
uctance (1/kohm-cm2) 0 res (mohm) 2+ < 3
Metal Op(ical,Transparem.;;r‘I Metal Optical T parency Script
fingers | 0 0 fingers| O Tbusbars| 0 ol Record, [LOADSESSION "C:\WUsers\ D 180503 A
: : FINDJSCVOCMPP
Front Current Extraction Rear Current Extraction Stop | [CLEARFLE *summary.txt
Extract current at eac... Extract current at eac... v ::gs:xgeﬁ\;;?:msb;r:au line™
2+ Pl
0g 2 0g 2 2| lempsscvocupe
S CH SAVESUMMARY “summary txt" flower front contact resistance
007 & oo7 @,
contact points 2| contact points 124
resistance (mohm) 0 Il resistance (mohm) 0 ] Load
Front Diode Parameters Rear Diode Parameters
rys =
1-Sun JL, 5 1-SunJL, 21 = Save
non-shadedarea 41 7375ﬁ non-shaded area | 36.0891
(mA/lcm2) — (mAicm2) = =k= | Clear 5
passivated metal passivated metal R ] S——| < 5
area contact area _ contact -8 6
ez | 60 [ 000 B ) [112 [R 12| Log | Flename i Plot
Comment pwer front contact resistancel
Jo2 21 21 J02 2 24 . I’ = I
iacnzy 15 1Rl 15 1R e[ 0 1l 0 J& T Hit Enter
Edge Recombination 01 1000 21902 30 =
R (fA/em) (nA/cm) i FIND
Front lllumination »{ Rear lllumination 121 JV g
(Suns) (Suns) 0 N e Vo SWEEP

Continue to make other cell parameter changes, giving each change case a new description, entering it
into the “Comment” box of the command window, and hitting enter. Repeat this process until you are done
with all changes you have in mind. Hit “Play” to run the efficiency improvement process.

. command

List of Commands

- EXECUTION COMMANDS —

Batch &

® By Group (O Alphabetical Order

'TITLESCREEN
DESIGNHPATTERN
IMPORTDXF {filename.dxf}

YOUTUBE
PARSEPATTERN
MESHDETAILTANGENT {1 to 4}

<

LOADSESSION {filename.mat} {1-go to simulation screen; 2-go to design sc

X

Build

Script

Record

Stop

Delete

CONTACTWIDTH 40
CONTACTPITCH 0.6

FINDJSCVOCMPP

EDGEJ01 0
EDGEJ02 1.72

Load | [FmDJscvocuep

Save
FRONTJO2METAL 0

Clear | [FINDJSCVOCHPP

<

SAVESUMMARY “summary.txt” "lower front contact resistance’ A
POINTCONTACTSRV 440.000
REARPASSSRV 10.000

CALCEFFECTIVEREARJO1

SAVESUMMARY "summary.txt” “optimized rear local contact”

SAVESUMMARY "summary.txt” “ideally low edge recombination
FRONTJOTMETAL 713

SAVFSIIMMARY "summary txt” "lnwer 101 metal”

Filename

Log

Comment

summary.txt
lower JO1 metal

Plot

Griddler 2.5 PRO will now reload the baseline, run the I-V, make the changes in each case, run the I-V in
each case. In each step it will save the |-V parameters in “summary.txt”.
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B <Griddler 2.5>

Command Base Transport  Cell Cross Section

About Efficiency Improvement »

w ey

40&

Front converging to within99.099 %

Voc=665mV

300 400 500 600
Voltage (mV)

Cell Front Side  10ggle Front/Back View

100 200

When Griddler is finished, it will display an efficiency improvement diagram. You can toggle the radio
buttons at the bottom to choose which of the four graphs (Jsc, Voc, FF, efficiency) you'll like to display. You

can also save the screen by pressing “Save”.
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As well, you can open “summary.txt’
improvement cases ran.

H ©

File Home Insert Draw
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Page Layout
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to see the actual numbers logged by Griddler for the baseline and

=

b summary.txt - Excel Johnson Wong = O

Data

Help Q Search

Formulas Review View Developer

Jx

Commentl v

B

Commentl

©

JJsc(mA/crn,Voc(mV)

1
2 base_line

3 lower_front_contact_resistance
4 optimized_rear_local_contact
D
6
7
R

lower_J01_metal

Ready

ideally_low_edge_recombination

39.65634
39.65634

39.7201
39.72011
39.72011

664.6897
664.8337
667.4182
668.4387
670.2685

D
FF
77.84019
78.26543
78.40223
80.01384
80.02183

E
Eff
20.51802
20.63458
20.78437
21.24404
21.30432

F

558.5404
561.4105

566.399
569.9683
571.4376

G

Vmp(mV) Jmp(mA/cm2)

36.73507

36.7549
36.69563
37.27233
37.28198

+ 100%

i (-

To resume normal work, stop the command window from logging your work by hitting the Stop button. You
can save this script to rerun the efficiency improvement or share it with colleagues. If you saved this script,
you can rerun it later by loading it into the command window. Or hitting “Batch” near the top of this window

and load in the script.

To resume normal work,
stop the command
window from logging
your work by hitting the
Stop button

You can save this
script to rerun the
efficiency improvement
or share it with
colleagues

If you saved this script,
you can rerun it later by
loading it into the
command window. Or
hitting “Batch” near the
top of this window and
loadin the script.

.command X

Batch

Build

List of Commands  (® By Group () Alphabetical Order

— EXECUTION COMMANDS —

TITLESCREEN

DESIGNHPATTERN

IMPORTDXF {filename.dxf}

LOADSESSION {filename.mat} {1-go to simulation screen; 2-go to design sc
YOUTUBE

PARSEPATTERN

MESHDETAILTANGENT {1 to 4} v

< >

Script

SAVESUMMARY “summary.txt” “lower front contact resistance’ A
POINTCONTACTSRV 440.000

REARPASSSRV 10.000

CONTACTWIDTH 40

CONTACTPITCH 0.6

CALCEFFECTIVEREARJ01

FINDJSCVOCMPP

SAVESUMMARY "summary.txt" “optimized rear local contact”
EDGEJO1 0

EDGEJ02 1.72

FINDJSCVOCMPP

SAVESUMMARY "summary.txt” “ideally low edge recombination
FRONTJO1METAL 713

FRONTJO2METAL 0

FINDJSCVOCMPP

SAVFSIIMMARY "summarv txt” "inwer .I01 metal”

< >

Record

Play

Delete

Load

VAN

Save

Clear

Filename summary.txt

lower JO1 metal

Log Plot

Comment
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5.2 Command Window (PRO version)
5.2.1 How to Use the Command Windew

@ Load scripts
Y
command - a/x

1 Enter single command lines here | Batch | &

Build

ist of Commands (@) By Group () Alphabetical Order

|icommand = X

List of Commands (@ By Group (O Alphabetical Order

CUTION COMMANDS — - EXECUTION COMMANDS --
TITLESCREEN TITLESCREEN
DESIGNHPATTERN DESIGNHPATTERN
IMPORTDXF {filename.dxf} IMPORTDXF {filename.dxf}
LOADSESSION {flename. mat} {1-go to simulation screen; 2-go to design sc LOADSESSION {filename.mat) {1-go to simulation screen; 2-go to design sc
YOUTUBE 'YOUTUBE
PARSEPATTERN PARSEPATTERN
MESHDETAILTANGENT {1 to 4} v MESHDETAILTANGENT {1 to 4) v
< > < >
_______ Script
————— Record A
B cncder 25> __ee=TC
Command | Base Trancperr = € Cross Section  About  Efficiency Im Stop
3 : i ciency Improvement
W Play
Front Metallization Rear Metallization Emgﬁ
finger sheet res. ? finger sheet res ?
hEmchwsq] 2w bu“tr:mhnxmg — ’ Wafer alrea =242 21cmé‘ optical iy
5031 shest 125 isbar shest res = =242. g . .
(monmiza) 3w (mehmsg) 3 % Script Builder
finger contact res 0 %  finger contact res. 2 6
(mohm-cm2) N mohm-cm2) N =<
layer sheet res = layersheelres oo = Load
{ohmsq) 80 {ahm-sa) N
wafer intemal series 7 T ?
resistance (mohmem2) | O | omPerature (C) 25 Save
intemal shunt cond- 3 Extemal series o
uctance (1kohmem2) | O |m  res (mohm) 2 Clear
Metal Optical Transparency  Metal Optical T c
&
fingers ( |ousbars fingers ( busbars ( 0 <
Front Current Extraction Rear Cumrent Log Filename summary.txt Plot
Extract cumrent at eac... v Exdract cumrent at eac... 2 Co nt '°we’ J01 melal
20 [® 20 [®
01 o1 B,
contact points 5 contact points ?
resistance (mohm) 0 |y resistance (mohm) 0y
Front Diode Rear Diode P $
1-8un JL o 1-SunJL 3
non-shadedarea 396 | non-shadedares 396 |y
(mAlcm2) A/ i i i 1 i
passivated metal passivated metal 8 T T N
0 area . contact - aea contact - 3 & 4 2 o 2 4 6 8
owemz) | 80 [ 800 |y guemz) | 60w B0 |y
J02 10 |2 50 |F J02 a3, = Cell Front Side  1090le Front/Back View
(nAicm2) N N (nAicm2) N N Vimpp= mV
Edge Recombination 01 = Jo2 o
L (fA/cm) N inA/cm) N L
Front llumination > Rear lllumination - FIND JV -
(Suns) N (Suns) 0w e e SWEEP SAVE

Press “Command” in the menu bar of the simulation page to call up the command window. The above
picture shows the various features of the command window, which are discussed below.

@ Single Commands

Here you can write single commands at a time and Griddler 2.5 PRO will execute them as you enter each.
The command is not case sensitive. If you type the first few letters of a command and hit “tab”, for example
“front”, the command windows returns all commands that begin with “front” in the glossary. If you hit the
up and down arrows, you can also scroll through previously executed commands.
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Type “front” and hit tab....

.ccmmand X
front Batch | &

List of Commands  (® By Group () Alphabetical Order Build

— EXECUTION COMMANDS —

TITLESCREEN

DESIGNHPATTERN

MPORTDXF {filename.dxf}

LOADSESSION {fiename mat} {1-go to simulation screen; 2-go to design sc
VOUTUBE

PARSEPATTERN

MESHDETAILTANGENT {1 to 4}

< >

Command windows returns all commands that begin with “front”

. command 8 X
FRONTBBDIMA Batch &

Build
List of Commands () By Group (® Alphabetical Order Sets the dimension A of the front busbars in mm_ if ~
FRONTBBDIMA {mm}

A ‘me busbars are segmented
FRONTBBDIMB {mm} .g. FRONTBBDIMA 2
FRONTBBDIMC {mm}
FRONTBBENDDIMA {mm}
FRONTBBENDDIMB {mm})
FRONTBBENDDIMC {mm}
FRONTBBENDDIMD {mm}
FRONTBBENDSTYLE {1 to 5}
FRONTBBNUM {number}
FRONTBBSTYLE {1 to 6} v M4

< > [[] Do not show this again

@ Glossory of commands

You can view the glossary by group or by alphabetical order. Clicking on any of the commands brings it

to the command line. An explanation window will appear to show you how to use that command.

)

B command - X
) FRONTBBNUM Batch &

QY oo ke B
|e.g. FRONTBBNUM 4 mm

™ FRONTBBDIMB {mm}

FRONTBBDIMC {mm}

FRONTBBENDDIMA {mm}

FRONTBBENDDIMB {mm}

FRONTBBENDDIMC {mm}

FRONTBBENDDIMD {mm}

FRONTBBENDSTYLE {1t0 5

FRONTBBNUM {number’

[ FRONTBBSTYLE {1 to 6}
D Do not show this again <

@ Load Scripts

A script is a series of commands written in a text file as rows. To load it and run, press “Batch” in the

command window and a dialog box appears where you can choose the file.
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.:ommand - x

List of Commands

@) By Group (O Alphabetical Order

— EXECUTION COMMANDS —

[TTLESCREEN
DESIGNHPATTER [l Open batch file X
MPORTDXF {file
t%ﬁ?ig:sm‘- A ||« Pc2d > 18-05-03 Griddl... > v |®| [ Search 18-05-03 Griddler2.5... 0
PARSEPATTERN
MESHDETALTAN Organize v New folder = v M o
s Name Date modified *

o Quick access
1/2018 5:18 PI

B Desktop of ‘,,-:‘-': 2018 5:18 PI
¥ Downloads .
=l Documents * D avaibiier ol
&=/ Pictures *
& Google Drive +
5% i
i L Py
Rk

File name: | script.bt

Cancel

In this example we are loading the same script that was used to build the efficiency improvement diagram
in section 5.1. As you can see, it consists of a series of commands.

| script.txt - Notepad - =] X
File Edit Format View Help
|LoADSESSION "C:\Griddler2_5_PRO\PERC_example.mat" 1
FINDISCVOCMPP
CLEARFILE "summary.txt"
SAVESUMMARY "summary.txt" "base line"
FRONTFINGERCONTACTRES @.11
FINDISCVOCMPP
SAVESUMMARY "summary.txt" “"lower front contact resistance”
POINTCONTACTSRV 440,200
REARPASSSRV 10.000
CONTACTWIDTH 4@
CONTACTPITCH @.6
CALCEFFECTIVEREARJO1
FINDJISCVOCMPP
SAVESUMMARY "summary.txt" "optimized rear local contact"
EDGEJO1 @
EDGEJB2 1.72
FINDISCVOCMPP
SAVESUMMARY "summary.txt" "ideally low edge recombination"
FRONTJ@IMETAL 713
FRONTJO2METAL @
FINDISCVOCMPP
SAVESUMMARY "summary.txt" "lower ]@1 metal"
PLOT "summary.txt" 2 Jsc Voc FF Eff

@ Script Builder

Press “Build” in the command window to reveal the script builder. Turn on “Record” and the command
window will record down every action you do in Griddler as a command in the script. Also, once record

mode is on, then any command you type here will not be executed, but rather logged as a new line in the
script window. Other buttons are explained in the below.
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B command - X

If record mode is on, then any command

I Batch | &

you type here will not be executed, but
rather logged as a new line in the script
below

— EXECUTION COMMANDS —

List of Commands

(®) By Group () Alphabetical Order Build

TITLESCREEN

DESIGNHPATTERN

IMPORTDXF {filename.dxf}

LOADSESSION {fiename.mat} {1-go to simulation screen; 2-go to design sc
WYOUTUBE

Turn on “Record” and the command

PARSEPATTERN
window will record down every action you MESHDETAILTANGENT {1 to 4} v
do in Griddler as a command in the script < >

Press “Stop” to stop the record mode .

Stop

Press play to execute the script Q
Play

Select any line of the script and
T Delete

Script

FRONTJO01 80 A
FRONTJO1METAL 600

REARJ01 60

REARJOTMETAL 60

FRONTLAYERSHEETRES 80

FRONTFINGERCONTACTRES 0

hit delete to delete that line

Load previously saved scripts

Clear the entire script window\
Clear

summary.txt Plot
comment

Log Filename

Comment

There are some commands that an execute actions in Griddler that a single button cannot. Let’s look at
some commonly used ones.

1. OPTIMIZEFRONTFINGERSNUM and OPTIMIZEREARFINGERSNUM

Use these to find the optimium number of front or rear fingers that will maximize efficiency of the cell. The
format of the command is

OPTIMIZEFRONTFINGERSNUM {range from} {range to} {summary filename.txt}
For example, the command OPTIMIZEFRONTFINGERSNUM 50 200 optimize_front_fingers.txt

Will cause Griddler to repeatedly change the number of front fingers 50-200, seeking the highest efficiency.
For every case, Griddler runs an |-V curve and saves the |-V parameters to optimize_front_fingers.txt. At
the end, Griddler will also display plots of Js, Vo, FF, efficiency, against number of fingers.
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n command — *
B Explanation - X OPTIMIZEFRONTFINGERSNUM Batch | &

Repeatedly changes the number of front fingers within
the user defined range, seeking the highest efficiency.
For every case Griddler runs an W curve and saves [OFTIMIZEFRONTFINGER:
the |-\ parameters to the specified text file. OPTIMIZEREARFINGERSNUM {range from} {range to} {summary filename.tx
e.g. OPTIMZEFRONTFINGERSNUM 50 150 OUTPUTORIENTATION {x_stretch} {y_stretch} {x_translate} {y_translate} {r
front_fingers_opt.t<t OUTPUTRESOLUTION {pixels}

OVERLAPPICANDGRID {image._file.tif}

PARAMETERGENUPDATEIL {1-yes 0-no}

PARFOR {var_name} {start} {end} {step}

PARPOOL {num of total workers}

hd PARSEPATTERN

|:| Do not show this again PASSBASEND {fA/cm2} /> )
£

N

OPTIMIZEFRONTFINGERSNUM
50 200 optimize_front_fingers.txt

B command M — *

ONTFINGERSNUM 50 200 0ptimize_fr0nt_ﬁngers.t)d| Batch |

ListofC O By Group (®) Alphabstical Order Build
OPTIMIZEFRONTFINGERSMUM {range from} {range to} {summary filename.b ~
OPTIMIZEREARFINGERSNUM {range from} {range to} {summary filename.tx
OUTPUTORIENTATION {x_stretch} {y_stretch} {x_translate} {y_translate} {r
OUTPUTRESOLUTION {pixels}

OVERLAPPICANDGRID {image_file.tif}

PARAMETERGENUPDATEJL {1-yes O-no}

PARFOR {var_name} {start} {end} {step}

PARPOOL {num of total workers}

PARSERATTERN
PASSBASEID {fAJcm2} - w
< >
)] N/ - X
38.5 668
- \ .
. 3B 666 oy 1
[]
5 . 5 664 . f
< 375 <
= £ 662 1
K
el i 660 i
365 658
50 100 150 200 50 100 150 200
FRONTFINGERSNUM FRONTFINGERSNUM
82 208
L
* 206
81 : 1
Vs £ ™
F . = 204 . ]
g 50 <
w 5 202 1
i
79 20 |
* -
78 193
50 100 150 200 50 100 150 200
FRONTFINGERSNUM FRONTFINGERSNUM
@ Jsc @ Voo @ FF (@ Eficiency @ X-YPlot O Waterfall Plot Save

2. FINDJSCVOCMPP

Use this command to run the I-V curve. If you simply type FINDJSCVOCMPP then Griddler will run the I-
V curve on its present state. If you use the following format

FINDJSCVOCMPP {parameter to vary} {value from} {value to} {step} {summary filename.txt}
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This will cause Griddler to runs many I-V curves, each case varying the desired parameter in the range

defined. For instance,

FINDJSCVOCMPP TEMPERATURE 25 50 5 vary_temperature.txt

will cause Griddler to runs many I-V curves, each case varying the desired parameter in the range 25, 30,
35, ..., 50C. For every case ran, Griddler logs the important I-V parameters as a row in the summary text

file, here named vary_temperature.txt

At the end, Griddler will also display plots of Jsc, Voc, FF, efficiency, against the temperature.

n Explanation —

parameter in the range defined.

For every case ran, Griddler logs the important WV
parameters as a row in the summary text file.

€.g. FINDJSCWVOCWMPP TEMPERATURE 25 50 5 temp_series.txt

[] oo not show this again

u command

FINDJSCVOCMPP

BASEDOPING ~

Close B:

List of Commands O B

FINDJSCWVOCMPP
FINDJSCWOCMPP {parametg
FINDLOSSES {1-power losg
FINDLOSSES {1-power losg
FOR {war_name} {[value1 v
FOR {wvar_name} {[valuel v
FOR {var_name} {start} {en
FRONTBBODIMA {mm}

FRONTBBODIMB {mrm}

FRONTBBDIMC {mm}

<

<)} (ommaW

JMPP TEMPERATURE 20 50 5 vary_temperature txt| | Batch | g

List of Commands

FINDJSCVOCMPP TEMPERATURE
2050 5 vary_temperature.txt

O By Group @ Alphabetical Order

Build

FINDJSCWVOCMPP

FOR {var_name} {[value1 value2 ..J}
FOR {var_name} {[value1 value2 ..J}
FOR {var_name} {start} {end} {step}
FRONTBBDIMA {mm}
FRONTBBDIMB {mrm}

FINDJSCVOCMPP {parameter to vary} {value from} {value to} {step} {summ:
FINDLOSSES {1-power Iosses 2-recombination currents 3-J0s at Voc 4-FF
FINDLOSSES {1-power losses 2-recombination currents 3-10s at Voc 4-FF

Ll

REARFINGERSTAPERFROM
REARFINGERSWIDTH
REARFINGERTRANSPARENCY
REARILLUMINATION

REARJO1

REARJOTMETAL

REARJOZ

REARJOZMETAL

REARJL
REARLAYERSHEETRES
REARPASSSRY
REARPROBEPOINTS
REARRIBBEONSHEETRES
REARRIBBONWIDTH
TEMPERATURE
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WAFERSHUNT
WAFERTHICKMESS
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3. SAVESUMMARY
SAVESUMMARY {filename.txt} {comment}

Saves the important I-V parameters (Jsc, Voc, FF, efficiency, Vimp, Jmp) as a single row of numbers in the text
file that you specify by the name of {filename.txt}. You can add a comment to appear at the left most of the
row. For example, in 5.1 we saw that the efficiency improvement diagram script employed commands such
as

SAVESUMMARY "summary.txt" "base line"

To record the |-V parameters of the base line case and the improvement cases. Below we show again
what the summary.txt file looks like at the end.

[ 9 ~ summary.txt - Excel Johnson Wong 3] s O X
File Home Insert Draw Page Layout Formulas Data Review View Developer Help QSearch &
Al = f\‘ Commentl v
B C D E F G -
1 |Comment1 JJsc(rnA/cm:Voc(mV) FF Eff Vmp(mV) Jmp(mA/cm2)
2 base_line 39.65634 664.6897 77.84019 20.51802 558.5404 36.73507
3 |lower_front_contact_resistance 39.65634 664.8337 78.26543 20.63458 561.4105 36.7549
4 optimized_rear_local_contact 39.7201 667.4182 78.40223 20.78437 566.399 36.69563
5 |ideally_low_edge_recombination 39.72011 668.4387 80.01384 21.24404 569.9683 37.27233
6 lower_JO1_metal 39.72011 670.2685 80.02183 21.30432 571.4376 37.28198
7
= ) -
summary ® ‘ »
Ready 7 B - i + 100%

You can write for loops and nest them (put one for loop inside another) to flexibly run many I-V curves while
systematically changing some cell parameters. Here’s an example that combines several useful commands
in a for loop. The indentation of lines inside the for loop is not necessary. Griddler will parse the lines with
or without the indentation.

DEFINE J02_VALUE 10 40 10
FOR JOe_VALUE 30 60 10

FRONTJO1 JOe_VALUE

FRONTJO2 [J02_VALUE(JOe_VALUE)]

REARJO1 EVAL<[JOe_VALUE]J*1.5>

REARJOIMETAL EVAL<[JOe_VALUEJ*1.5>

FINDJSCVOCMPP

SAVESUMMARY Summary.txt FRONTJO1 JOe_VALUE

SAVESESSION test_cell_with_j01=[J0e_VALUE]_j02=[J02_VALUE(JOe_VALUE)].mat
NEXT JOe_VALUE

In each iteration of the for loop, four cell parameters change: FRONTJO1 (passivated Jo: in the front),

FRONTJO02 (passivated Jo: in the front), REARJOL1 (passivated Jo: in the rear), REARJOLMETAL (metal Jo1
in the rear). Let's see how each is changed.
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First, the values for FRONTJO02 are stored in the first line, DEFINE JO2_VALUE 10 40 10. The DEFINE
command creates an array called JO2_VALUE with the values [10, 20, 30, 40] (according to the format
start=10, end=40, step=10). Then inside the for loop, the line FRONTJO02 [J02_VALUE(JOe_VALUE)]
evaluates the quantity inside the square brackets as J02_VALUE(JOe_VALUE) meaning
JO2_VALUE(iteration number of the for loop JOe_VALUE). So, in the first iteration of the loop, the quantity
int the square bracket is J02_VALUE(1) = 10. This value is passed to FRONTJ02. So throughout the four
iterations of the for loop, FRONTJO02 is assigned the values 10, 20, 30, 40.

Next, the values for FRONTJO1 are passed directly by the variable of the for loop JOe_VALUE, which takes
on the values 30, 40, 50, 60 (according to the format start=30, end=60, step=10). So throughout the four
iterations of the for loop, FRONTJOL1 is assigned the values 30, 40, 50, 60.

Finally, the values of REARJO1 and REARJOLMETAL are passed inside the for loop using the lines
REARJO1 EVAL<[JOe VALUEJ*1.5> and REARJOIMETAL EVAL<[JOe VALUE]*1.5>. The keyword
EVAL<mathematical statement> simply asks Griddler to evaluate the mathematical statement inside the <
> brackets according to the syntax of MATLAB. So here, EVAL<[JOe_VALUE]*1.5> yields a value of
[JOe_VALUE]*1.5 = 45, 60, 75, 90 throughout the four iterations of the loop.

Inside the for loop, after assigning the cell parameter values, the next lines FINDIJISCVOCMPP will run the
I-V curve, SAVESUMMARY Summary.txt FRONTJO1 JOe VALUE will log the I-V parameters (as well as
the J0e_VALUE as a comment) of each iteration in Summary.txt. Finally,

SAVESESSION test_cell_with_j01=[J0e_VALUE]_j02=[J02_VALUE(JOe_VALUE)].mat

Saves the session as test cell with j01=30 j02=10.mat, test cell with j01=40 j02=20.mat,
test_cell_with_j01=50_j02=30.mat, test_cell_with_j01=60_j02=40.mat for the cases.

If you don’t want to define the values of JOe_VALUE and J02_VALUE in regular interval, an alternative
syntax available in the code below.

DEFINE J02_VALUE [5 8 15 40]
FOR JOe_VALUE [30 35 42 60]

FRONTJO1 JOe_VALUE

FRONTJO02 [J02_VALUE(JOe_VALUE)]

REARJO1 EVAL<[JOe_VALUE]*1.5>

REARJOIMETAL EVAL<[JOe VALUEJ*1.5>

FINDIJSCVOCMPP

SAVESUMMARY Summary.txt FRONTJO1 JOe_VALUE

SAVESESSION test_cell_with_j01=[J0e_VALUE]_j02=[J02_VALUE(JOe_VALUE)].mat
NEXT JOe_VALUE

Here, DEFINE J02_VALUE [5 8 15 40] assigns the values 5, 8, 15, 40 into the array J02_VALUE. FOR
JOe_VALUE [30 35 42 60] assigns the values 30, 35, 42, 60 to JOe_VALUE in the four iterations of the for
loop.

Below we show another for loop

FOR DOPANTPROFILENAME [D90_profile E_110_profile F_150_profile]
FOR METALETCHDEPTH_ [10 20 30 50]
LOADSESSION "E:\17-09-15 Griddler 2_5 PRO - PC1D\mono_example.mat" 1
IMPORTDOPANTPROFILE 1 "E:\17-09-15 Griddler 2_5 PRO
PC1D\[DOPANTPROFILENAME].dop"
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DOPEDLAYERSRYV 1
EVAL<mIn(10M(([EMITTERPASSSURFACECONCENTRATION]/1000000000000000000
00)*1.5)*4.2/1.78,10000000)>
DOPEDLAYERLIFETIME 1 100
RUNPC1D 1
IMPORTDOPANTPROFILE 2 "E:\17-09-15 Griddler 2_5 PRO -
PC1D\[DOPANTPROFILENAME].dop"
DOPEDLAYERLIFETIME 2 100
METALETCHDEPTH 2 [METALETCHDEPTH_]
RUNPCI1D 2
APPLYFRONTLAYERSHEETRES
APPLYFRONTJL
APPLYPASSEMITTERJO
APPLYMETALEMITTERJO
FRONTFINGERCONTACTRES
EVAL<2E20*1/[EMITTERPASSSURFACECONCENTRATION]>
OPTIMIZEFRONTFINGERSNUM 50 150 front_fingers_opt.txt
FINDJSCVOCMPP
SAVESUMMARY "2017-09-16_phos_emitter_profile_screening_summary.txt"
[DOPANTPROFILENAME] [METALETCHDEPTH_]
EMITTERPASSSURFACECONCENTRATION FRONTFINGERSNUM
EMITTERPASSSRYV JUNCTIONDEPTH FRONTLAYERSHEETRES FRONTJL
FRONTJLOSSEMITTER FRONTJLOSSFCA FRONTJO1 FRONTJO1IMETAL
NEXT METALETCHDEPTH_
NEXT DOPANTPROFILENAME

In the above code, you can also pass to the for loop not numbers but strings, in this case FOR
DOPANTPROFILENAME [D90 _profile E_110 profile F_150 profile] assigns to the variable
DOPANTPROFILENAME the values of “D90_profile”, “E_110_profile”, “F_150_profile”. Inside the for loop,
the line

IMPORTDOPANTPROFILE 1 "E:\17-09-15 Griddler 2_5 PRO PC1D\[DOPANTPROFILENAME].dop"

Substitues D90_profile, E_110_profile, F_150_profile in place of [DOPANTPROFILENAME] for iterations
1, 2,3 of the DOPANTPROFILENAME for loop, respectively. This makes Griddler open and import three
different dopant profiles in the different iterations of the for loop.

You'll also notice that in the code above, there are two nested for loops. The outer one is for different
DOPANTPROFILENAME and the inner one is for different METALETCHDEPTH_. The inner loop variable
is used in the line METALETCHDEPTH 2 [METALETCHDEPTH_]. This line passes the values of 10, 20,
30, 50 (nm) to the metal etch depth of the front dopant profile under the metallization, for each of the four
iterations of this inner for loop.

Altogether the code will cycle through three different dopant profiles, and for each use four different metal
etch depths, to evaluate the Joe under the passivated region and metal region. For the evaluation of
passivated region Jee, the code also uses EVAL to assign an appropriate front SRV that is a function of the
emitter surface concentration. The code also uses EVAL to assign an appropriate front metal-
semiconductor contact resistance that is a function of the emitter surface concentration. In each iteration,
the line OPTIMIZEFRONTFINGERSNUM 50 150 front_fingers_opt.txt will reoptimize the number of front
fingers to each scenario. The resultant |-V parameters for the optimized number of front fingers is then
recorded in 2017-09-16_phos_emitter_profile_screening_summary.txt.
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You can also use parallel computing mode to execute for loops. Let’s see the previous section for loop
implemented using parallel for loop:

PARPOOL 3
DEFINE J02_VALUE 10 40 10
PARFOR JOe_VALUE 30 60 10
FRONTJO1 JOe_VALUE
FRONTJO2 [J02_VALUE(JOe_VALUE)]
REARJO1 EVAL<[JOe VALUE]J*1.5>
REARJOIMETAL EVAL<[JOe VALUEJ*1.5>
FINDJSCVOCMPP
SAVESUMMARY Summary.txt FRONTJO1 JOe VALUE
SAVESESSION test_cell_with_j01=[J0e_VALUE]_j02=[J02_VALUE(JOe_VALUE)].mat
NEXT JOe_VALUE

The first line PARPOOL 3 asks Griddler to create three parallel processes. The PARFOR JOe VALUE 30
60 10 works exactly like the FOR loop but using parallel processing. Note that you are not allowed to
nest PARFOR loops. Any inner loops must be executed using FOR.

Photoluminescence (PL), electroluminescence (EL), and luminescence imaging in general performed at
different operating points of the solar cell have proven to be invaluable tools for characterisation. Since
2016-2017, Griddler 2.5 PRO has been used to simulate luminescence image data. Let's review a few
examples.

Below are simulations of a cell containing (i) a region of reduced lifetime replicating a grain
boundary/dislocation cluster within a region affected by five finger interruptions, (ii) one finger interruption,
(i) two finger interruptions, and (iv) a rectangular region of reduced lifetime centered over a finger. (a) Line
scan PL image with vertical cell movement and peak illumination intensity of 2.25 Suns. (b) EL image with
650 mV applied bias. It is an excerpt from Zafirovska’s work on using line scan PL imaging to detect finger
interruptions and distinguish them from regions of poor lifetime (I. Zafirovska, M. K. Juhl, J. W. Weber, J.
Wong, T. Trupke, “Detection of Finger Interruptions in Silicon Solar Cells Using Line Scan
Photoluminescence Imaging”, IEEE Journal of Photovoltaics, vol 7, pp. 1496 — 1502, 2017). Line scan PL
imaging differs from conventional PL imaging through the use of a line scan camera, which works by
restricting the field of view to a narrow line spanning the width of a cell. Individual "line" images are
continuously captured in sync with linear motion of the cell, and a complete image is formed by combining
all of the line images acquired. Since only the narrow field of view is illuminated at any time, line scan PL
images appear similar to EL images but with an opposite contrast.
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Below are Griddler-simulated images of V4 for (a) EL and (d) mpp, (b) EL-measured and (e) PL-measured
Va images for EL and mpp, and V4 difference images between measured and simulated data for (c) EL and
() mpp of a multi-crystalline silicon solar cell.
a b c
= Vd,ELg ‘_.5_ '7:"'_ : delta VgeL - |
Griddler simulation = ! = measured minus simulated
[575t0 600 mY] - s00my] | [-10 to 10 mV]

d e f

Vd,mpp Vd,mpp easured ,_méznus simulgted

15mv] |

Griddler simulation measured = [-I54
[500 to 590 mV] [500 to 590 mV]

max

— _I

It is an excerpt from Frihauf's work on extracting the spatial distributions of local two-diode parameters,
contact resistance, grid resistance, and emitter resistance of a solar cell, based on spatial data obtained by
lock-in thermography, electroluminescence, and photoluminescence imaging (F. Fruhauf, J. Wong, J.
Bauer, O.Breitenstein, “Finite element simulation of inhomogeneous solar cells based on lock-in
thermography and luminescence imaging”, Solar Energy Materials and Solar Cells, vol 162, pp. 103-113,
2017).

Below are comparison of luminescence images and corresponding simulations for a monocrystalline solar
cell, at different cell operating points as indicated. It is an exerpt from Wong’s work on SolarEYE, which is
an automated procedure extract the spatial distributions of local two-diode parameters, contact resistance,
edge recombination, and metal induced recombination of a solar cell (J. Wong, P. Teena, D. Inns, “Griddler
Al: New Paradigm in Luminescence Image Analysis Using Automated Finite Element Methods”, IEEE
PVSC 2017).
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9A EL in dark -9A current extraction
aWith 2 Suns

Data Fit Dat Fit

OC, 3.6 Suns

Data Fit Fit

Below we will show an example of luminescence image simulation. We start with the solar cell model that
has nonuniform passivated Jo1 on the front side, and nonuniform contact resistance, which was used in
section 3.1.

There are some commands that help researchers obtain more precise luminescence images:

INPUTRESOLUTION 1000 - INPUTRESOLUTION sets the resolution of imported images used to define
the spatial distribution of parameters. We recommend using 1000 (which will set the resolution to 1000 x
1000 pixels) since most PL images are megapixel resolution, and the derived Jo images are also around
this resolution.

OUTPUTRESOLUTION 1000 — OUTPUTRESOLUTION sets the resolution of exports of simulated
luminescence images from Griddler. We also recommend using 1000.

LUMINESCENCECAL {C, or filename containing C matrix} {B, or filename containing B matrix}
This third command sets the conversion factor between simulated diode voltage in the solar cell to

luminescence intensity. Griddler uses the formula

Vaioa
D yuminescence = C (exp (ﬁ) - 1) + BI;

Where @ minescence 1S the luminescence intensity, C and B are coefficients, Viode is the diode voltage, I, is
the illumination intensity in Suns. By using the LUMINESCENCECAL command, you can set C and B either
as single numbers, or as names of text files containing spatial distributions of C and B. Here we will use

LUMINESCENCECAL 1e-80

Below we show the image process for luminescence intensity, at 1 Sun and 500mV terminal voltage:
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Below we show the image process for luminescence intensity, at 1 Sun and open-circuit:

8
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E
.

| Bl <Griddler 25> - X

Command Base Transport  Cell Cross Section  About  Efficiency Improvement >

3.39e+0Z Z2be+uZ 1.7 18+UZ aro

l
|

~--00609
2| 4 L

Press the camera button to store the luminescence image. We recommend saving as text (.txt) as this
preserves the numbers without rounding.
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If you would like to examine certain areas of luminescence simulations in detail, we also recommend using
as high mesh detail as possible to create the mesh. There is also a command to enhance the mesh density
in the direction along the metal lines, as shown below. This command needs to be entered before pressing

“mesh”.

Command Base Transport  Cell Cross Section  About  Effi "“c.mmmand — X »

LR

I . hmash -
clangl 220402 Baich & —
Front Metallization: click Analyze 8 4Meshir‘g semica s
Front for Griddler to parse the i (O Alphabetical Order Build
metallization geometry 0 —
6 C” 4
I |TIMLESCREEN | —
[ |DESIGNHPATTERN | —
IMPORTDXF {fiename. dxf} | —
= |LOADSESSION {fiename mat} {1-go to simulation screen; 2-go to design sc —
4r [ vouTuse |
PARSEPATTERN  —
{] |[MESHDETALTANGENT {1 to 4} vl ———
Click for post editing < > —
2+ .
|
1
|
0 |
L | i
|
|
Analyze Front 2r ] b
Mesh detail
(tangent to Hi... ~
metal) 4F 1
Mesh detail
(perpendicularto Hi . ~
metal)
Fys ]
Mesh
[ it i
OK 8k 1 1 ! 1 ! N
-8 N 4 2 0 2 ] <:|
Save to AUTOCAD Dxf
BACK

Ly

In the above we used the command
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RECTANGLEMESHMASK -22040.2

To define within a rectangle with the corners (-2,2)cm and (0,4)cm, that the mesh density along the metal
lines be increased to 0.2 mm spacing. You can see below that after meshing, the defined rectangle area
will have the enhanced mesh detail.

| B < criddler 25+ - X
Command Base Transport  Cell Cross Section  About  Efficiency Improvement -
LR

Front Metallization: click Analyze Meshing semiconductor- Done - number of nodes 86836

Front for Griddler to parse the
metallization geometry

Click for post editing
enhanced mesh
detail

Analyze Front

Mesh detail

(tangent to Hi.. v
metal)

Mesh detail
(perpendicular to Hi...
metal)

Ordinary mesh detail
Mesh e e e

{ oK

NA

A5 1
Save to AUTOCAD Dxf

Below we compare the exported luminescence image in the rectangle with the corners (-2,2)cm and
(0,4)cm, with and without turning on enhanced mesh detail. You can see in this case the level of details in
the latter case is slightly higher.

Exported luminescence image in the rectangle Exported luminescence image in the rectangle
with the corners (-2,2)cm and (0,4)cm, without with the corners (-2,2)cm and (0,4)cm, with
turning on enhanced mesh detail. enhanced mesh detall

Both |-V characteristics as well as luminescence characteristics behave differently if the excitation (e.g.
illumination, voltage) have temporal variation that brings the solar cell away from steady state. While the
Griddler solver is inherently for steady state situations, it is possible to approximate what’s called small
signal AC response, which is a variation in the cell output that is sinusoidally varying in time, when the
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temporal variation in excitation is so a small sinusoid. For example, if the terminal voltage of the cell were
Vappiied = Ve + 0Vac X sin(wt) where Vpc is a DC bias, 6Vacis a small AC bias whose peak to peak variation
is less than kT/q, w is a radial frequency, then one can expect that the terminal current of the cell to be | =
Ioc + dlac X sin(wt + 6) where Ipc is a DC current, dlac is a small AC current, 6 is a phase angle. Similarly,
the luminescence signal would have a response of this form.

To implement calculations of small signal AC response, the following changes are made in the base
transport calculator and luminescence signal calculation. First and most importantly, we define an AC bulk
lifetime r* which is a complex number:

1 1

S =-tlw

T T

The diffusion length is then defined according to * instead of 7
Ldiff =+vDt*

And then is used throughout the equations in Appendix A. Lastly, the luminescence signal calculation is
also changed to

Vaioa
D yuminescence = C f(w) (exp (%) - 1) + BI,

Laifs ( Sefdeiff>< <W> )
w)=—77|1+——F]lexp|-—]| -1
f@) ==t > A0

SorrLyg; w SerrLgi W
1 effHdiff 1-— eff~diff
( + D exp Ldiff + D exp Ldiff

This treatment is equivalent to building in the complex diffusion length influence into c.

Below we show a code that will perform AC small signal response analysis. The explanations are provided
in the comment lines that begin with %

% load the large area cell file

loadsession 2017-05-19 test cell.mat 1

FOR edgejo1 [0]

FOR rhoc [0]
FOR JOe [50]
FOR REARSRYV [0 50 200]
FOR TAU [2000]

% sets the region of interest to incorporate entire wafer
LUMINESCENCEROI -2-22 2
% background light is about 0 Suns
FRONTILLUMINATION O
% no sinusoidal light
LIGHTPERTURBATION 0
% AC bias of 10mV
BIASPERTURBATION 10
% first we simulate the DC response using the bias light and voltage
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% first, we specify we are solving in DC mode
DIFFERENTIALMODE 0
% we open up the base transport calculator, and calculate effective rear JO1 assuming certain
bulk lifetime
EDGEJO1 [edgejO1]
FRONTFINGERCONTACTRES [rhoc]
FRONTJO1 [J0€]
REARPASSSRV [REARSRV]
BULKLIFETIME [TAU]
CALCEFFECTIVEREARJO1
% we simulate the DC response with bias of 500mV
MAP 500 4
% we vary the frequency of the AC component from 10Hz to 1000kHz
% 1st argument is the filename to write results to
% 2nd argument (4) means we want to record the PL in the ROI
% 3rd is in the format NUM OF PTS to vary the frequency in a log scale
ACSWEEP 2017-05-19 test cell DC500mV_AC10mV_results_tau=[TAU]_rearSRV=
[REARSRV]_frontJ01=[J0e]_contactres=[rhoc]_edge=[edgej01]_peri=[periJ01].txt 4 10
1000000 50
% background light is about 1 Suns
FRONTILLUMINATION 1
% sinusoidal light
LIGHTPERTURBATION 0.01
% no AC bias
BIASPERTURBATION 0
% first we simulate the DC response using the bias light and voltage
% first, we specify we are solving in DC mode
DIFFERENTIALMODE 0
% we open up the base transport calculator, and calculate effective rear JO1 assuming certain
bulk lifetime
CALCEFFECTIVEREARJO1
% we simulate the DC response with bias of 500mV
MAP OC 4
% we vary the frequency of the AC component from 10Hz to 1000kHz
% 1st argument is the filename to write results to
% 2nd argument (4) means we want to record the PL in the ROI
% 3rd is in the format NUM OF PTS to vary the frequency in a log scale
ACSWEEP 2017-05-19 test cell DC1Sun_ACO_01Suns_results_tau=[TAU] rearSRV=
[REARSRV]_frontJ01=[J0e]_contactres=[rhoc]_edge=[edgej01].txt 4 10 1000000 50
NEXT TAU
NEXT REARSRV
NEXT JOe
NEXT rhoc
NEXT edgej0l

While the code runs, you'll notice that under ACSWEEP, the simulated image is no longer showing
amplitude, but the phase angles as shown below.
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B <Griddler 2.5>

Command Base Transport  Cell Cross Section  About  Efficiency Improvement

-19.70

-39.4U gegrees

B <Griddler 2.5>

Command  Base Transport  Cell Cross Section  About  Efficiency Improvement

Wait

-bU.50 aegrees

_\
calculaung voltage distribution

=

mv@@@

After the code finishes, we can open up one of the output text files and see what'’s inside, below:
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We can also plot for the cases of open-circuit luminescence AC response, the amplitudes and phase versus
frequency, as well as the Nyquist plots, for the three different rear SRV values used in the simulation:
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Real |-V testing uses a four wire configuration where the current source and voltage sense are done
separately by different contact pins. To investigate subtleties in the influence of pin contact resistance in
such four wire measurement, Griddler 2.5 PRO is capable of inserting sense pins and also to define contact
resistance at each pin.

Let's use the example cell below. In the H-pattern design page, use the command
DRAWEXTRAFRONTSENSE {x position (cm)} {y position (cm)} to insert sense terminals on the front plane.
You can also use DRAWEXTRAREARSENSE {x position (cm)} {y position (cm)} to insert sense terminals
on the rear plane, but that is not done in this example.
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DRAWEXTRAFRONTSENSE 0 0.7
DRAWEXTRAFRONTSENSE 5.2 0.7
DRAWEXTRAFRONTSENSE -5.2 0.7

SRR

Command  Base Transport fon

About  Efficiency Improvement

B command

TITLESCREEN
DESIGNHPATTERN

'YOUTUBE
PARSEPATTERN

<

IMPORTDXF {fiename.dxf}
LOADSESSION {filename.mat) {1-go to simulation screen; 2-go to design sc

bRAWEXTRAFRONTSENSE 5207

— EXECUTION COMMANDS —

MESHDETAILTANGENT {1 to 4}

List of Commands __(®) By Group (O Alphabetical Order

x

Batch | a

Build

Sense terminals

indicated by Griddler in

blue circles

==

7

Busbar
Ending

Print

Front Fingers
No of fingers

Finger width

End Joining
Edge Gap

Style  [Two Split

Painted

Method single print ~

(Pitch is2.29 mmj)

[ taper fingers from| &0

~| Style

Edit Details
v Straight
Edit Details

68
120 |um

05

None v

114 |mm

Edge Gap

|Round Pad i
Edit Details 2

single print

82

60 h

taper fingers from | G0

05

Pairs

1 |mm Next

4 -2 0 2

Toggle Front/Back View

Cell Front Side

Save to AUTOCAD Dxf

Proceed as normal to mesh the front and rear planes. Then, in the simulation page, you can view the
indices of the terminals by the command DISPLAYTERMINALSNUM. The source pins numbers now

appear in black and the sense pin numbers appear in blue.

Command  Base Transport  Cell Cross Section  Abo

ut

Efficiency Improvement

n command

DISPLAYTERMINALSNUM

Batch

x GRICELER?Z

Build

List of Commands () By Group (®) Alphabetical Order

=

DIFFERENTIALMODE {1-on 0-off}

[ DISPLAYTERMINALSNUM

DONORBACKGROUND {1-pass emitter 2-emitter under metal 3-pass BSF 4-
DONORCOLUMN {1-pass emitter 2-emitter under metal 3-pass BSF 4-BSF u
DONORUNT {1-pass emitter 2-emitter under metal 3-pass BSF 4-BSF under
DOPANTPROFILESHAPE {1-pass emitter 2-emitter under metal 3-pass BSF +
DOPANTPROFILETYPE {1-pass emitter 2-emitter under metal 3-pass BSF 4-
DOPEDLAYERLIFETIME {1-pass emitter 2-emitter under metal 3-pass BSF 4-
DOPEDLAYERSRV {1-pass emitter 2-emitter under metal 3-pass BSF 4-BSF
DOPEDLAYERSRVFORMULA {1-pass emitter 2-emitter under metal 3-pass w

< >

Front Current Extraction Rear Current Extraction

Extract current at eac... Extract current at eac...
20 & 2.0
01 A 0.1

0 & fexstance (motm | O
Rear Diode Par: t

B

contact points
resistance (mohm)

EE E

Front Diode Parameters
1-Sun JL, 5 1-SunJL,
non-shaded area | 36.89 II non-shaded area = 39.6

(mAfcmz2) (mAlcm2)
passivated metal passivated metal

area contact area contact
?

Jod ? 2] Jo
taiemz) 1306 € 31007 8 1 frwiemzy | 0 3y O
Jo2 20 g |22 0 ﬂ

(naicm2) | i (naiema) N
Edge Recombination J01 0 2/ J02

o (fA/em) Wl inavem)
Front lllumination 7| Rear lllumination

(Suns) 1 il {Suns)

EE

B

EEEE EpE

oo

T

Vmpp=mV

Cell Front Side

e Vo VPP

) P =

Toggle Front/Back View

@)

OVER/

Now, we can assign different pin contact resistance values (in ohms) to each of the pins, as below using
the FRONTCONTACTPOINTSRES BYPIN command:
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FRONTCONTACTPOINTSRES BYPIN 15.3 45 64 73
93.3 40.5 81.3 25.6 246
73 38 69 86.1 55.3
74.8 14.2 17.1 60.2 10.3
29.1 89.5 90.7 48.8 52.7
17.3 76.4 55.7 25.2 54.2
68.6 81.1 0.7 57 41.6
4.1 137 6.1
frovement ¥
i FRONTCONTACTF‘OINTSRES BYPIN 5.4502863745 Batch | &
| Lt ot Cofrands @ By Group () Alphabetical Order Build Eﬁn @ LERz
— EXECUTIDN COMMANDS — i T T T T T T p—
Wafer area =243.36cm2; optical shading6.78% f—
TITLESCREEN —
DESIGHHPATTERN 5
IMPORTDXY {filename.dxf} il 7
LOADSESION {flename.mat} {1-go to simulation screen; 2-go to design sc
YOUTUBE
PARSEPAWERN 4l
MESHDETALTANGENT {1 to 4} v
< >
uctance [kohmcm2) | U Wl res (mohm) [ YT 2t B
Metal Opfical Transparency, Metal Optical Tr:
fingers | 1 0 - fingers, Q lé)usbars 0 4 ol i
Front Cufrent Extraction Rear Current Extraction
Extract clirent at eac .~ Extract current at eac... ~
2t 4
20 A 20 =
) 4 01 [ 01 A
contact points J 2|}l contact points |
resistance (mohm) 0.011 ‘II resistance (mohm) 0 i}
Rear Diode Parameters s i
1-5un JL, 1-Sun JL,
non-shaded area | 36.89 il non-shaded area | 39.6 ﬁ
(mA/cm2) (mAicm2)
passivated metal passivated metal Gk L L L L L L E
101 area qumact 2 01 area ﬂcumar.tﬂ 8 6 4 2 0 2 4 6 8
2 2
iaiemz) 13086751007 €31 garemz) . O [l i -
Jo2 2 2 02 2 2 Cell Front Side | Toggle Front/Back View
0 [ O | 0 ' 0 |
(nArcmz) t Nl (naiemz) Vimpp= mV
Edge Recombination 01 2402 o =
o (fA/cm) B (nAJem) | S|
Front lllumination 7| Rear lllumination | FIND JV o
(Suns) 130 {Suns) 0 i |McNPP|| |SwuEEP save| OVER’

The |-V parameters simulated in this case differs from the default case (no sense

resistance at source pins) very subtly.

Commentl Jsc(mA/cm2) = Voc(mV)
random_pin_contacts 34.387015
no_pin_contacts 34.387015

FF

Eff
617.36178 79.53762 16.88522 513.445

Vmp(mV)

617.3891 79.68929 16.91817 518.6442

pins, zero contact

Jmp(mA/cm2)
32.886141
32.619993

Here we show you how to precisely model cells made of shingles and cut wafers, because the laser cutting
needed to split the cell in the end often introduce extra damage on one edge of the cell only. To model this
we make use of the commands EDGEJO1 BOTTOM, EDGEJO1 TOP, EDGEJO1 LEFT, EDGEJO1 RIGHT,
EDGEJO02 BOTTOM, EDGEJ02 TOP, EDGEJO2 LEFT, EDGEJO2 RIGHT. Let's see an example below.

Below we construct using the H-pattern Design page a shingle cell that is from a wafer cut into fifths. We
mesh it and go to the simulation page.
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B <Griddler 25>

Wafer Shape and Size
Wafer Type |Psuedo-sq...
Ingot diameter| 21 cm

Shingling Pattern

Front Busbars
No of BB 1

Solder/Probe g
Points
BB width 06 'mm

Style Straight ~

Edit Details
Busbar
Ending
Edit Details

Print
Method
Front Fingers

Mo of fingers 95
(Pitch is1.64 mm)

[ taper fingers from 200
0.2

End Joining All ~

Edge Gap 1 mm

Straight v

dual print v

Finger width 45 um

Command  Base Transport  Cell Cross Section  About  Efficiency Improvement

Wafer length| 3.12 ' cm 14 T T T T T T T T
Wafer width | 156 cm
Enable Rear Pattern 12 R
Pattern |Full area metal ___ ~
Rear Busbars 10+ b
No of BB 1
Solder/Probe
Points 4
BB width 06 mm
Style Straight ~
Edit Details
Straight
2l
single print
ol
120 ‘
- L L L I I I I L A
50 8 5 4 2 0 2 4 6 8
taper fingers from | go
Toggle Front/Back View
0 UNDO REDO Cell Front Side
All
Edge Gap 1 mm Next

Save to AUTOCAD Dxf

In the simulation page, let’s introduce edge recombination only to the bottom edge of the wafer, as that is
the edge which is laser cut. We use the command EDGEJO1 BOTTOM 1000 to introduce 1000 fA/cm to

the bottom edge n=1 diodes.

Cornr Bl command

Fro Lisi of commangs
fing
b[r [~ EXECUTION COMMANES
us

%, @, [EDGEJ01 BOTTOM 1000

By Group (O Alphabetical Order

Batch

Build

(r [TITLESCREEN
fing [DESIGNHPATTERN

{n [MPORTDXF {fiename dx|
lay{ |LOADSESSION

[YOUTUBE
wafi PARSEPATTERN
resi MESHDETAILTANGENT {-

nte | €

0 4}

*

nent
-~

RICCILER=

Vafer area =48.1cm2; optical shading4.64%

{1-go to simulation screen; 2-go to design s¢

uctance (1/kehmcm2) |

Metal Optical Transparen|
2

fingers usbars ()

Front Current Extraction

Extract current at eac... |
20

01
contact points
resistance (mohm) 0
Front Diode Parameters

il
]
¥
z

U

by
>

1-Sun JL,
non-shaded area | 39.6
(mAlem2)
passivated metal
o1 area contact
2
(emz) | 80 Ty 600
J02 =
(nAicm2) 10 50

Edge Recombination

Front lllumination
(Suns) 1

|ml res (mohm) [ Y
M .
etal Opllcq)l Transparerﬂ

fingers| Q 0

Rear Current Extraction

Extract current at eac...
20
o1 &

contact points 121
resistance (mohm) 0 |
Rear Diode Parameters

1-8un JL, 1zl
non-shadedarea | 39.8 |y
(mAicm2)

passivated metal

01 area ﬂmmm‘tﬂ

facmz) | B0 yj 60 Iy

2 ]

o fif o I

02 2l

fnavem L0 Tl

umination |

(Suns) 0 [l

al
al
ol
3 5 4 2 0 P n 5
Cell Front Side | '0ggle Front/Back View
Vmpp=mV

e [stir|| [P o

If we press the A putton next to Edge Recombination Jo1, we see that only the bottom edge nodes take on

Jo1.edge Values of 1000 fA/cm.
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Command  Base Transport  Cell Cross Section  About

Introduce non-uniformity in edge J01

Enable

I_DM pattern from jpg or tif
lwsm

Draw in the cell area to define the
spatial distribution

Brush Size

Small ¢ *large| 10

Brush Hardness

Soft < b| Hard | 100
Value to draw 325
Normalize picture to 1825

vy o
uNDO CLENAR

Efficiency Improvement
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TUUg+US oUUeTUZ

Bottom edge nodes take on
Jo1.edge Values of 1000 fA/cm

200

20

40 60 80 100 120 140 160 180  20C

Cell Front Side | '0ggle Front/Back View

Similarly, we use the command EDGEJ02 BOTTOM 100 to introduce 100 nA/cm to the bottom edge n=2

diodes.

Command  Base Transport  Cell Cross Section  About  Efficiency Improvement E
% B command — b
Fr¢ EDGEJ02 BOTTOM 100 Batch Eﬂﬂ B LER2 =
finy
| . Build T T T T T T T
{ |
bLE‘ List of Commands (@ Ry Group (O Alphabetical Order Wifer area =48 1cm2; optical shading4.64%
(= EXECUTION COMMANDS
fing
(1 [TTLESCREEN )
lay |DESIGNHPATTERN
| [MPORTDXF {fiename.dxf}
wal |LOADSESSION {filename.mat} {\-go to simulation screen; 2-go to design sc B
res [YOUTUBE
nt |PARSEPATTERN
uc |MESHDETALTANGENT {1 to 4} -
Met L€ - = ] | ?
rd rd 7
fingers | _'llusbars 077 finders = 0
Front Current Extraction Real\Current Extraction &r 1
Extract current at eac. . Extragt current at eac .
20 o 20 I 4T 1
01 [ 01 &
contact points 5| contact pRints 121 2r 1
resistance (mohm) 0 1‘ resistanceymohm) 0 |
Front Diode Parameters Rear Diod§ Parameters
1-Sun JL, 5 1-SunJL, 121 or 1
non-shadedarea = 39.6 EI non-shaded ea = 386 [y
(mA/cm2) (mA/cm2)
passivated metal passhated metal L L L L L L L L L
area contact area contact -8 6 4 -2 0 2 4 6 8
Jo1 2 2 21
facmz) | 80 [y 800 [y (wiemz) | B0 \wi 80 i
J02 21 2 g0z 2 12 Cell Front Side | 109gle Front/Back View
10 5 90 0 M 0 |
(nAlcm2) i} Kl (naicm2) Vimpp= mv
Edge Recombination 01 1.6252 02 0 152@ 4 =
Front llluminati LA T 1 S==R FIND v P ﬁ' e
ront lllumination 2| Rear lllumination 2 + I n
(Suns) 1l (Suns) 0 i \b PP | | swueeP SAVE OVER/

Now if we map the open-circuit diode voltages,

in the case of no bottom edge recombination and with

bottom edge recombination, we see a clear difference. In the latter case there is a lower voltage towards

the bottom wafer edge.
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o JJo.uy u.uu mv bbo. b4 JI4. .34 uuu mv

Without bottom edge recombination With bottom edge recombination

100

200

g Ay

400

500

H @ 4 @ Map |Diode Voltage ~ at | OC |mV t
~ e - -
m ‘ FIND oy
=

I\AP| REPORT
‘ P} EAUE| V=’ e\ PP ‘SWEEP

Red-k-J
e

\\AP| RePoRr |
‘ W i\ e | OVER

FIND
iV PP

JV
SWEEP

If we compare the I-V parameters, in the case of no bottom edge recombination and with bottom edge
recombination, we also see a clear difference. In the latter case there is a slightly lower Vo but more
importantly, lower fill factor.

Commentl Jsc(mA/cm2) Voc(mV) FF Eff Vmp(mV) Jmp(mA/cm2)
with_bottom_edge_recomb 37.764091 667.2117 76.61959 19.30557 557.5009 34.628757
without_bottom_edge_recomb 37.764149 668.8941 79.51409 20.08543 564.7428 35.565625

Cell crack is a real life problem that occurs in both cell manufacturing, module manufacturing as well as
modules in the field. Griddler is the ideal simulation program to easily define and simulate cracked cells.
To do so, when you reach the meshing page, you can use the command

DRAWCRACK {1=thru semi and metal; 2=thru semi only} (x y) coordinates in pairs in cm (width) in um
e.g. DRAWCRACK 100551

will create a crack in the cell that cuts through both the wafer and the metallization. Below we show an
example of a progression of cracks in a cell simulation, its effect on the simulated cell current density and
efficiency. The script used to generate the last case is attached below.
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1A LAd A

2 8

Current Density (mA/em2)
S w w w w
(=3 - N w

n
@©

OUTPUTRESOLUTION 1000

TITLESCREEN
DESIGNHPATTERN
WAFERTYPE 2

SAVEDXF 8u2he727365ys.dxf

DRAWCRACK 1 -1.383966 -8.000000 -8.000000 -0.620690 1
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Efficiency (%)

19‘

18

17

16

15

14

13
1

i
|
&
3

! ‘ i n.xuﬂw'

DRAWCRACK 1 -5.569620 -7.862069 -3.679325 -5.310345 -3.206751 -3.793103 -3.206751 -1.931034 1
DRAWCRACK 1 -5.367089 -3.517241 -3.206751 -1.931034 -1.248945 0.000000 -0.101266 2.344828 1

DRAWCRACK 1 -2.261603 -1.034483 -4.894515 1.517241 1

DRAWCRACK 1 -4.624473 3.517241 -4.894515 5.931034 1

DRAWCRACK 1 -1.654008 8.000000 -1.586498 6.000000 -1.046414 4.068966 -0.101266 2.344828 1
DRAWCRACK 1 -4.894515 1.517241 -5.367089 -0.620690 1

DRAWCRACK 1 -4.894515 1.517241 -4.624473 3.517241 1

DRAWCRACK 1 -8.000000 3.931034 -4.894515 5.931034 -1.654008 8.000000 1

DRAWCRACK 1 -7.054852 4.551724 -5.434599 2.758621 1

DRAWCRACK 1 -7.864979 7.379310 -5.839662 5.310345 1

DRAWCRACK 1 -2.261603 -1.034483 -1.856540 -1.310345 -0.438819 -0.689655 1.113924 0.206897
8.000000 5.931034 1

DRAWCRACK 1 -1.248945 0.000000 -0.438819 -0.689655 1

DRAWCRACK 1 -0.101266 2.344828 5.367089 6.206897 1

DRAWCRACK 1 3.274262 2.000000 1.924051 3.655172 1
DRAWCRACK 1 1.924051 3.655172 5.232068 3.448276 1
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DRAWCRACK 1 1.924051 3.655172 -0.033755 5.931034 1
DRAWCRACK 1 1.113924 0.206897 0.506329 -2.344828 -0.033755 -3.241379 1
DRAWCRACK 1 0.506329 -2.344828 5.974684 -7.931034 1
DRAWCRACK 1 -0.033755 -4.551724 3.544304 -7.931034 1
DRAWCRACK 1 5.367089 -3.655172 8.000000 -6.689655 1
PARSEPATTERN

GOMESH

OKMESH

PARSEPATTERN

GOMESH

OKMESH

REARCURRENTEXTRACTION 3
FRONTCURRENTEXTRACTION 2

FRONTILLUMINATION 1

FINDJSCVOCMPP

REPORT crack_IV_21.txt

FRONTILLUMINATION 0

MAP 700 4

FRONTILLUMINATION 1

SAVEPICTURE EL21.txt

High lifetime solar cells may require millisecond time scales to reach steady state in response to an applied
voltage. This could cause very significant deviations in the measured |-V characteristics if the voltage
sweep rate is too fast for each operating point to be a true steady state. To simulate this behavior, in the
simulation screen use either of these commands

SETSWEEPRATE {V/s}
To set a constant voltage ramp rate in V/s for the |-V sweep, or
SETSWEEPTIMING {filename.txt}

To load a text file with two columns, each row being a time in seconds and a voltage in V, to determine the
sweep rate at different voltages. The latter may be more accurate in describing the sweep rate of |-V
testers, which may not be constant voltage ramp rates.

Below is an exaggerated example of a reverse JV sweep performed on a high Voc cell (Voc =741 mV)
with

SETSWEEPRATE 100
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<Griddler 2.5>

{ Command Base Transport  Cell Cross Section  TCO Layers

& &

Front Metallization

wafer internal series
resistance (mohm-cm2)
internal shunt cond-
uctance (1/kohm-cm2)

Metal Optical Transparency
2 2l
fingers | 0

Front Current Extraction

o 2 g
-
s o
e 0 g
0

0

Extract current at eac..
01 A
0.5 [

contact points

resistance (mohm) 0 :‘

Front Dlode Parameters

1-Sun JL,

non-shaded area |41 4DSC:|

(mAem2)

passivated metal

area contact
Jo1

waemz) | O Tl
Edge Recombination J01

Al m}

Front lllumination
(Suns)

Line scan photoluminescence is a technique pioneered by BT Imaging.

ar
2 10
gemz) | 5w 5 J(fych)EﬁyadJﬁﬁfﬁJ
Jo2 28y |2l ez 0 i‘ 0

Rear Metallization

finger sheet res 2
(mohm/sa) 2 EI

2

3

finger contact res 1
(mohm-cm2) 5.3 I‘

layer sheet res 2
(ohm-sq) | 22-96 I‘

:;‘Temperalure(C} 25 |

2| External series
1‘ res (mohm)

-

Metal Optlcal Transparenjl
fingers| 0

Rear Current Extraction
Extract current at eac. .~

Current Uens\ty [t

I_I:

0.05
contact points ]
resistance (mohm) 0 |
Rear Diode Parameters
1-8un JL, 121
non-shaded area |41 327
(mA/cm2)

passivated metal
contact

2]

]

il (naiemz) aul
20002 2l

i (nArem) 0 T

Rear lllumination =

T (Suns) 0

About  Efficiency Improvement  License  Tandem

60

40

301

20F
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Voc =THmV
Jsc =39.94mA/cm2
FF =162.45%"
Eff =48.08%"
I Vmp =681mV*
Imp =8_9A*
Jmp =70.6mA/cm2™
REETIIS e
=0.970 mohm
(Estimated based on available points on the [V curve.
Click "Find Jsc Voc MPP" for precise results!

SWEEP RANGE
741 to 0 |step -10 mV

N
FIND " m
JRVMN\PM S\NEE? ' SAVE OVER/

It involves partial illumination of

the sample using a narrow width line shaped light source, and typically a line camera that also images at
roughly the same location as the illumination. As is typical of line scan imaging, the partial images are then
stitched together to form the overall area image of the solar cell.

To perform line scan PL simulation, one can use any of the following commands

LINESCANPL {1=north south, 2=east west} {pitch(cm)}

e.g. LINESCANPL 1 0.156

North South/east west determines the direction of the light scan. Pitch is the increment of the light/camera
ROI. Inthe above case, the pitch is also the width of the line scan light, as well as the ROI of the line scan
camera. The light scan light and the ROI of the line scan camera are collocated.

LINESCANPLMULTIPLECAMERAS {1=north south, 2=east west} {pitch(cm} {number of line cameras

ahead} {number of line cameras trailing} {line camera pitch (cm)}

e.g. LINESCANPLMULTIPLECAMERAS 1 0.156 5 5 0.156

In the above, the width of the line camera ROI = line camera pitch may be different from the width of the

line scan light = pitch. Optionally, one may define more camera ROIs ahead of trailing the middle ROI.
so0, then upon saving the simulated map as txt, multiple txt's will be generated for the stitched image of

each ROI.

If

LINESCANPLMULTIPLECAMERAS {1=north south, 2=east west} {pitch(cm} {light width(cm)} {number of
line cameras ahead} {number of line cameras trailing} {line camera pitch (cm)}
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e.g. LINESCANPLMULTIPLECAMERAS 1 0.156 5 5 0.156

In the above, the width of the line camera ROI = line camera pitch may be different from the width of the
line scan light = light width, which again can be different from the pitch of advance = pitch

LINESCANPLMULTIPLECAMERAS {Aangle} {pitch(cm} {light width(cm)} {number of line cameras ahead}
{number of line cameras trailing} {line camera pitch (cm)}

In the above, the direction of the scan can be at any angle
We show below the line scan simulation process using
LINESCANPLMULTIPLECAMERAS A45 0.156 55 0.156

Note that the simulation is very slow as it consists of simulating a series of scenarios with the light source
advancing between each case. As these simulation progress, the overall cell spatial distribution is shown.
When finished, the stitched image is shown.

B <Griddler 25> = X

| Command BaseTransport  Cell Cross Section  TCO Layers About  Efficiency Improvement  License  Tandem ~

02265

Front converging to within198.6846 %

: : £00 =
Map Diode Voltage ~ at | OC |mV @ @
aepozf m

SAVE

L]
T Fno \
dac e N\PF‘ S\NEEP |
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<Griddler 2.5>
| Command Base Transport

& 6

Front Metallization
finger sheet res

Cell Cross Section  TCO Layers

Rear Metallization
finger sheet res

5
(mohm/sq) EI (mohm/sa) 2
2
1 = 3
finger contact res 7 finger contact res
(mohm-cm2) 3 E‘ ‘tmnhn}rcmﬂ 53
layer sheet res ? ayer sheet res
(ohm/sq) 10000 II (ohm-sa) 55.56
wafer internal series 2
T t C
resistance (mohm-cm2) 0 emperature (C)| 25
internal shunt cond- 0 i‘ External series
N

uctance (1/kohm-cm2)

Metal Optical Transparency
? gidl

fingers o 7 0

Front Current Extraction

res {mohm)

fingers ( 0

Rear Current Extraction

o =

Metal Optical Ti
etal Optica ransparerﬂ
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About  Efficiency Improvement  License  Tandem

03460 62904

4]

Extract current at eac... ~ Extract current at eac...
04 2l 0.1 &
005 2 005

contact points = contact points 121

resistance (mohm) 0 II resistance (mohm) 0 |

Front Diode Parameters Rear Diode Parameters

1-Sun L, o 1-SunJL, izl
non-shaded area 41.4089@' non-shaded area |41.327 [y
(mAicm2) (mA/lcm2)
passivated metal passivated metal
o1 area J:ontad 2 01 ea contactﬂ 100 200 300 400 500
2 2 :

taem2) 470111 5 [ gwemz) B-5764 736576 3
102 o 12 o |2l 2, 2 Cell Front Side Toggle Front/Back View
{nAlemz2) ul 4l (navema) i i Vmpp= mv
Edge Recombination 40 2| J02 0 = — 1 =

L (fA/cm) HlinAvcm) m FIND =
Front Illumination 5| Rear lllumination 12 JV P| o P OVER/
(Suns) 1 |1 (Suns) 0 | Jc o PP | | SwWEER ISAVE 4

Griddler can now simulate realistic reverse bias breakdown behavior through the definition of hotspots and
wafer edge breakdown. Moreover, the reverse bias breakdown current-voltage characteristics are faithfully
emulated in Module simulations if the cell model were input into Module, enabling realistic shading
scenarios to be simulated on the module level as well (see Module instruction manual section 4.7).

To define these breakdown behaviours, at the mesh screen, use the following commands

DRAWHOTSPOT {x y} coordinate in cm (radius) in um, (shunt conductance) in 1/ohm, (rev breakdown V)
in V, (rev 10) fA, (ideality factor)

DRAWHOTSPOT EDGE {shunt conductance} in 1/ohm (rev breakdown V) in V (rev 10) fA (ideality factor)
For example:

DRAWHOTSPOT -4 6 1000.1-501

DRAWHOTSPOT -9.1 2 100 0 -5 10000 1

DRAWHOTSPOT EDGE 0 10 100 1

Note: to emphasize many hotspots on one edge of the wafer, Use many circular hotspots at different
breakdown voltages that are situated close to that wafer edge.
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M <Griddler 25> -
Command Base Transport  Cell Cross Section  |deality Factors  TCO Layers  About  Efficiency Improvement  License  Tandem L
®, S, &
| Front Metallization: click Analyze L T T
B command — » | Front for Griddler to parse the . 5 i i3 5 * ;is i3
metallization geometry 8F B
DRAWHOTSPOT 4 6100 0.1 50 1 Batch | & ===
List of Commands @ By Group () Alphabetical Order Build 5 = s e @  ——————————
|— EXECUTION COMMANDS — 1
ITMLESCREEN
DESIGNHPATTERN 4r T
MPORTDXF {filename dx7) "=
LOADSESSION {filename. mat} {1-go to simulation screen; 2-go to design sc Click for post editing
"YOUTUBE |; ¥ 3 .in ¥ + .in 3
PARSEPATTERN =
MESHDETAILTANGENT {1 to 4}
0F 4
2 4
Analyze Front
Med 4r b
Hi... s i
Mesh
8+ 4
OK 1 L L L 1 1 L
E] 5 4 2 0 [l

2
Save to AUTOCAD Dxf

Each time one defines a hotspot or edge breakdown, there will be a confirmation message:

Bl <Griddler 25= — =
Command Base Transport  Cell Cross Section  |deality Factors  TCO Layers  About  Efficiency Improvement  License  Tandem Ll
& & {ffy
Front Metallization: click Analyze I I j i j ! ! T
Front for Griddler to parse the Hotspot defined at (-4, 6)
metallization geometry sl i
6l i
4+ i
Click for post editing
2r i
0F i
2t i
Analyze Front
Med 4 :
Hi... B 4
Mesh
8+ i
OK 1 1 1 1 1 1 1

3 % 4 2 0 2 A <:| |
Save to AUTOCAD Dad
BACK

F
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Griddler will concentrate more mesh points around the hotspots:

<Griddler 2.5> - X
Command BaseTransport  Cell Cross Section  Ideality Factors  TCO Layers  About  Efficiency Improvement  License  Tandem ~

e

Front Metallization: click Analyze
Front for Griddler to parse the
metallization geometry

6.08 ,Me‘shmg semiconductor Done - number of nodes 89059 i

6.04

Click for post editin
* g 6.02

5.98
Analyze Front
Mesh detail
(tangent to Med ~ 596
metal)
Mesh detail
(perpendicular to | Hi._. .
metal) 594
Mesh
592
OK , , L I L
-4.08 -4.06 -4.04 4.02 A =108 -39 <:| 9
Save to AUTOCAD Dxf ]
BACK OVER'

In the simulation screen, one can now simulate at reverse bias and there is a dropdown menu option to
plot the hotspot map. Below are maps of reverse bias at -11 V and -7V respectively.

IBl <Griddler 2.5> - X

Command Base Transport  Cell Cross Section  Ideality Factors TCO Layers About Efficiency Improvement  License Tandem

U.uu vwicms

Note: actual edge power density is a factor of 0.12957 of shown

at -1100( mV- | 7 @ / @
Y )
B P &

ICCREIETR . m
I—E::V:,,N\PP“ ‘S\NEEP |N\AP I ISAVE! oveR/

96



[GRIPPILEIR Manual v7.0 Sept 15, 2023

= X

<Griddler 2.5>

Command Base Transport  Cell Cross Section  Ideality Factors  TCO Layers About  Efficiency Improvement  License Tandem

U.uu vwicmz

-lat -7000 MV |
A\,

e N
o | | T A T
JF\IINII)\I\PP‘ ’ ‘ JV ’N\ A p‘ REPOAT |
(e Voo NS | S\NEEP il | !SAVE OVER/
One can also do reverse bias |-V trace:
<Griddler 2.5 - *
Command  BaseTransport  Cell Cross Section  Ideality Factors  TCO Layers  About  Efficiency Improvement  License  Tandem
Front Metallization Rear Metallization
finger sheet res 3 finger sheet res 7 i L.
{mohmisq) 3 1‘ (mohm/sa) 3 [§ e ' ' ‘ ' '
3 i‘ 3 i‘
finger contact res 7 finger contact res 2 431 d1
(mohm-cm2) 1 1‘ ‘(muhn;]-chI 1 j Voc =0mVy* |
layer sheet res 2 ayer sheet res 2 Jsc =39 44mAlcm2
(ohm/sqg) 150 I‘ (ohm-sa) 150 I‘ 1250 FF =NaNw® 11
wafer internal series 7 2l - ’ |
T ture (C - N
resistance (mohm-cm2) 0 1‘ Ei;ﬂpera‘ ure.( ) 25 Eff =0%
internal shunt cond- Ti ernal seres 2 Vmp =0mV*
uctance (1/kohm-cm2) o 1‘ res (mohm) _g 42 \mpp=13 04A* 7
Metal Optical Transparency  Metal Optical T )
; plica, ransparency,  Metal Uptics, Transparenty Jmp =39 44mA/em2*
ngers| 0 07T fingers| 0 0 2 4151 Rs=0.552 ohm-cm? .
= B
Front Current Extraction Rear Current Extraction = 1.670 mohm
Exdract current at eac_ Extract current at eac . ~ % 4qL| (Estimated based on available points on the IV curve. i I
20 = 2.0 % Click "Find Jsc Voc MPP" for precise results!
01 [ 01 2 i
contact points 0 2 contact points 0 121
resistance (mohm) il resistance (mohm) |
Front Diode Parameters Rear Diode Parameters 4
1-Sun L, 5 1-SunJL, =21
non-shaded area 42 1‘ non-shaded area | 39.6 [y|
(ma/cm2) (mAicm2) g5 |
passivated metal passivated metal - L L L L L
™ area qumad ] 501 area CgﬂtadJ -10000 -8000 -6000 -4000 -2000 0
L 2 Z i Wolt \
| awemz) | 40 [y 100 [y cwvemz) | O [l O ol oltage (mV) -
[ 02 s |2l 5 |20 o 12 = Cell Front Side _ Toggle FrontBack View
(nAlem2) i M (naremz) N i Vmpp= mV
| Edge Recombination /01 A 2 4
| Front lllumination (fAfcm)R |||M“'1NC'm1 - FIND JV AP ﬁl
| Rear lllumination 2l el |
(Suns) 1‘ {Suns) Il J L PP | (SwueeR =]
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Now, when one saves to REPORT, there will be a record of the hotspot and edge breakdown power
dissipation information at the bottom of the report, corresponding to the last case that was ran. Here is an
example of the power dissipations at the -11V bias condition.

= 2023-09-07 w hotspot and leaky &1 X

File Edit

1190 .866680
1200 . 06000

1.222553
8.748758

+

Hotspots:

X Yy
(em) (cm)
-4 ,080000
-9.188888

radius power dissipation

(um) (W)
6.0800000 100.000000
2.800000 108.000080

Two hotspots location

and power dissipation
1.372319

8.271171

Edge reverse breakdown: 8.836474

X y
(cm) (cm)
0.000000
-9.285658
-9.571315
-9.856973
-1.142630
-1.428288
-1.713945
-1.999603
-2.285260
-2.570918
-2.856575
-3.142233
-3.427891
-3.713548
-3.999206
-4.284863
-4.5708521
-4.856178
-5.141836
-5.427493
-5.713151
-5.998808
-6.284466
-6.570123
-6.855781
-7.141439
-7.427096

Ln 1, Col 1

power dissipation
(W)

. 160000
. 160000
899999
.899999
.B99999
899998
.899998
.B99998
.B99997
899997
.B99996
.B99996
.B99996
.899995
899995
.B99995
899994
.899994
.B99993
.B99993
899993
.899992
.B99992
899992
.899991
.B99991
.B99994

w

W W W W W W W WwWwLWwWwWwWWwWwWwwww wwiwwiwww o
(x> B~ I o+ B B v B v I v B o+ B o B v B e B e o B v I v B v B v B o B o+ T ov B o+ B v B o B v

¥~ Edge breakdown total

.83e561
.B838559
.B38634
.830670
.838729
.B838726
.83e624
.830613
.83e604
.B38689
.830627
.83e654
.830692
.830623
.830483
.838399
.B838333
.83e3e5
.838340
.838483
038793
.83e567
.838235
.B30e32
.B3e004
.83e134
.830267

N

J

power dissipation

Edge breakdown
detailed power
dissipation
distribution (position
and power)

Windows (CRLF) UTF-8
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7 2J Tandem Solar Gell Simulation (PRO Version)
7.1 Overview

If you're already familiar with the Griddler work flow, then you'll find tandem solar cell simulation to be a
very simple and natural extension. A 2J tandem solar cell model is essentially two regular Griddler cell
models stacked together. Conceptually the representation is shown below: Griddler takes the top cell
(slicing out the rear metallization), the bottom cell (slicing out he top metallization), and glues them together
with the addition of new interlayers.

Top Cell Part

'--- [ ¥ ¥ T ¥ T ¥ Y R W R Y|

+

Bottom Cell Part

Tandem Cell

M_. top cell position x = 0 |cm y= 0 |cm
80 ohm/sg

5 g/ @——— upper interlayer sheet res l

Al
[J Photon coupling J0O1= 0 fA-'mAZ'?J

lower interlayer sheet res | 80 ohm/sg

interface contact res 1 ul mohm-cm2
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Below we will illustrate the process of creating a tandem solar cell model starting with two already-made

Griddler cell models, one for the top cell and another for the bottom cell. Once created, the tandem cell
model and be saved and then retrieved as zip file.

1. In the Griddler menu, click on Tandem to pop up the tandem settings screen

Command  Base Transport  Cell Cross Section  TCO Layers  About  Efficiency Improvement  License B

tandem_settings — x
File £
Top Cell Part (J Enable Tandem
File: none
Edit
File: none
Edit
Tandem Cell View overlay

—> topcellposion x=| 0 |em y= 0 |cm

/s
' lél '5" l '_,4" upper interayer sheet res | 80 | ohmisg
Tower interlayer sheet res ohm/s
y 80| ohmisa
interface contact res | 1|\ mohm-cm2

JPhoton coupingJ01=| 0 | iimag? Front lumination (Suns)  Rear Wlumination (Suns)
in tandem in tandem

overlap area top) | Ml overlap area (top) Ol
Front Current Extraction in tandem in tandem
Exiract curent i eoc. . [ overlap area (bot) I overlap area (bot) | 0 1
Rear Current Extraction 1 oml 0
Extract current at eac . Reset Make equal Wake equal

2. Go to File - Load top cell file. Select the top cell Griddler model.

tandem_settings - *
File -
Open tandem file (zip) ¢ () Enable Tandem
Losdtop cellfile ~  mm==—=—= 3 File: none
Load bottom cell file * 1
Save hs H
e ammmmae
Edit
File: none
Edit
Tandern Cell 8 View overlay
g—p top cell position x= 0 |ecm y= 0 cm
%/ g/ @——— upperinterlayer sheet res | 80 Mnhm/sq
lower interlayer sheet res chm/s:
e 80 M q
interface contact res 1 il mehm-cm2

) Photon coupling J01 = 0 | taymazl Front llumination {Suns) - Rear llumination {Suns)
in tandem in tandem

overlap area (top) L] overlap area (top) 0w
Front Current Extraction in tandem in tandem 0
Extract current at eac... v overlap area (bot)| L] overlap area (bot) |
Rear Current Extraction T 0
Extract current at eac... ~ Reset Make squal Make equal
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3. The top cell model is loaded into the Griddler main simulation screen. It is also displayed in the tandem
settings screen as the top cell.

B <Griddler 25>

Command  Base Transport

LX)

Front Metallization

Cell Cross Section

About  Efficiency Improvement  License  Tandem

CRIBELEREZ

TCO Layers

finger shest
natmrea) L8 |3 s &
2 2 Wafer area =16cm2; optical shadingd 03%
s & 3 |2
finger contact res - >
(mohm-cm2) | O ﬂ L
layer shest res > >
(ohm/sq) 80 EI 80 [} .
waler intemal series ; 2t i
resistance {mohm-cm2) | 0 ﬂ E:pw““'e € 28
intenal shunt cond- ~ | Extemal series 21
uctance (1/kohm-cm2) 0o7si ] e fmorm | 0 05 A
Metal Optical Transparency
fingors | 0 T 0¥ B o .
Front Current Extraction  Rear Current Extraction
Ptract curent at oac... | [Fullarea ear chuck o, |
20 A 20 1
Tandem Cell
01 & 01 B, i
contact points 2 21
resistance (mohm) | 0 [y 0 [
Front Diode Parameters 15 J -
4-8un JL, . %/ §/
nonsnageaarea | 25 |a] 296 [l
{mAeme P % % % T % =]
passivated metal passivated metal L L L L L L L
U ER 2 45 4 05 0 05 1 15 2
: ?
taiem2) |1-030€ ) 1.0308 i traiemay | 0 [ O 3l - [ Photon coupling 01 =| | sa/maz?!
Jo2 2 21 Jo2 2 2 Cell Front Side  T0ggle Front/Back View
(nAlcm2) 0.001 [3;/0.001 5y (nAlcm2) W 0 [u
ination J01 J02 - Vmpp= mV Front Current Extraction
E"g"‘ :rc"'."""'.‘““"“ {em) Winaem) O Tl m Extract current at eac
ront lllumination . ™ 5 :
{Sans) z o [ e Rear Current Extraction
- Extract current at eac ~ Reset
Bl tendem settings - x

File

Open tandem file (zip) brt

Aa

Save -

Bottom Cell Part

Load top cell file
Load bottom cell file

I
1
Save As :

0 meAZﬂ

() Photon coupling JO1 =

Front Current Extraction
Extract current at eac...
Rear Current Extraction

Extract curent at eac... ~ Reset

[CJ Enable Tandem
File: C:\Google
Drive\Pc2d\22-02-09
Griddler PRO - First Git
Repo'top cell. mat

Edit
File: none
Edit
@ View overlay
top cell position  x = 0 cm y= 0 cm
upper interlayer sheet res | 80 M|:|hn1,’sq
lower interlayer sheet res | 80 MUhmi'sq

interface contact res 1 | mohm-sm?2

Front lllumination (Suns) Rear lllumination (Suns)

in tandem in tandem 0
overlap area (top) 1 | overlap area (top) Bl
in tandem in tandem 0
overlap area (bot) 1 M| overlap area (bot) ul
LT 0

@ Make equal @ Make equal

() Enable Tandem

File: C:\Google
Drive\Pc2d122-02-09
Griddler PRO - First Git
Repo'top cell.mat

Edit

File: none

Edit

@ View overlay

top cell position x = 0 |om y= 0 |cm

upper interlayer sheet res | 80 ™ ohmisq

lower nterayer sheet res | 80 | ohmisg

interface contact res 1 | Mohm-cm2

Front lllumination (Suns) Rear lllumination (Suns)

in tandem in tandem 0

overtaparea (top) | M| overlap area (top) l

in tandem in tandem o

overlap area (bot) 1l overlap area (bot) al
1w 0

@ Make equal 8 Make equal

5. The bottom cell model is loaded into the Griddler main simulation screen. It is also displayed in the
tandem settings screen as the bottom cell.
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B <Griddler 25> - X — X
Command BaseTransport  Cell Cross Section  TCOLayers About  Efficiency Improvement  License  Tandem - >
o e g 8 Enable Tandem
Front Metallization Rear Metallization (=2 File: C:\Google
o shestree =0y Togerahert e |2 BOTTOM CELIL Dreeiaans
(mohmisq) 2 Il (mohm/sa) El Griddler PRO - First Git
1 ﬂ 3 ﬂ 6 "Wafer area =122.69cm2; optical shading2.47% q Repo'top cell. mat
finger contact res: 2| finger contact res| >
’ 3 53
oot e |
(ohm/sq) 120 fohm-sa) E
regancs (momamzy | O[3 Temesratue (€1 25 {21 File: C:\Google
internal shunt cond- 2| Extemal series B 2 , Drive|Pc2d22-02-09
uctance (1ikohm-cmz) | 0 ﬂ res (mohm) | 0 i 3 Griddler PRO - First Git
Metal Optical Transparency, - Metal Opical T ey 2 Repolbottom cell.mat
B
fingers | 0T fingers O 0 0 HE a‘\‘ ]
Front Current Extraction  Rear Current = = Eqiit
Extract current at eac. Extract current at eac. e £
)] 2 2 B
2 = Tandem Cell @ View overlay
o1 |2 01 [
top cell position x=| @ |em y=| @ |em
contact points 5| contact points 121
resistance (mohm) | 0 1:| resistance (mohm) 0 [ 4 b et neet 0 -
Front Diode Rear Diode g/ g/ @ ——— upperinterlayer sheet res g omse
1-sunJL, 1-SunJL,
non-shadedares | 20 ﬂ non-shaded area | 41.327 ﬂ . lower interayer sheet res | 80 | ohm/sq
mAlcm? (maiem2) - e 4
! )pass\vaten metal passivated metal L L L L L L L interface contact res 1 l mohm-cm2
o1 area contact 2 1 aea cnmamﬂ R 4 -2 0 2 4 6
2 - - -
wemz) 5154 515.154 F aema) 6576436576 5] O Photon coupling J01 =| 0| ivmaa ‘:{::;:Irlnummalmngsuns) ?‘i:;‘;!ummmauon(suns)
02 o A o |22 o Ho ﬂ Cell Front Side  T0ggle Front/Back View overlap area (top)__| Ml overlap area ftop) | Ol
(nAfcm2) l 1l najemz) Vmpp= mv' Front Current Extraction in tandem in tandem 0
Edge Recombination éﬂA} ) 0 ﬂmfﬂi 0 ﬂ Extract current at eac. . overlap area (bot) T I overlap area (bot) u
em nAjem
1-8un Jsc, tandem 2 i P Rear Current Extraction ™ 0 ky
4 €|
non-overlapping area (mA/cm2) ul OVER/ Extract current at eac._. Reset @ Make equal @ Make equal
’ .
6. Let’s study the components of the tandem settings screen more closely.
B tandem_settings — *
File N
Top Cell Part @ Enable Tandem@
e e e e )
I 'i File: C:\Google
I Drive\Pc2d\22-02-09
1 Griddler PRO - First Git
1 Repoltop cell.mat

+ it @
Bottom Cell Part
File: C:\Google %

Drive\Pc2d\22-02-09
Griddler PRO - First Git
Repo\bottom cell. mat

Edit @

Tandem Cell @ View overlay

top cell position x=| g |cm y=| [ | cm @

1 . 1

® —— upper interlayer sheet res | 80 ohm/sq |
£5¢ ' IO
ohm/s
ul q

interface contact res 1 mohm-cm2

i lower interlayer sheet res | 80

T Photon coupling J01 =| 0 | A/ 7|: Front lllumination (Suns) Rear lllumination {Suns)

I'in tandem in tandem 0 i
ey j overlap area (top) T w overlap area (top) Ml
: Front Current Extraction 1 I in tandem 1 in tandem 0 :
| |Estract current at sac. ~ 1 : overlap area (bot) M| overlap area (bot) .NJ:
1 "
I Rear Current Extraction @ : 1 | 0 .HJ:
1 1
:_ Extract current at eac... : Reset : @ Make equal @ Make equal :

102



[GRIPPILEIR Manual v7.0 Sept 15, 2023

1. Enable Tandem

This is checked by default. If unchecked, then the presently loaded Griddler model will be interpreted as a
single cell, and if you run any simulations, it will be simulated as a single cell.

2. Edit Top/Bottom Cell

Allows you to toggle between the top/bottom cell inside the Griddler main simulation screen, so you can
edit each (don’t forget to save).

3. Top Cell Position

If the top cell is smaller than the bottom cell, then you can select its relative position overlaying the bottom
cell. User is responsible for ensuring that the top cell is entirely contained in the area of the bottom cell!

4. Interlayer Sheet Resistance and Contact Resistance

Griddler takes the top cell (slicing out the rear metallization), the bottom cell (slicing out he top metallization),
and glues them together with the addition of new interlayers. You can define the sheet resistance of these
interlayers here, as well as the contact resistance across their connection to each other. As with most
Griddler parameters, you can also clicked the blue N button to define non-uniform spatial patterns for each
of these parameters.

5. Front/Rear lllumination

With tandem solar cells, you can define the illumination separately for the top cell, bottom cell, as well as
the parts of the bottom cell that are not stacked with the top cell (in the case where the top cell is smaller
than the buttom cell). In the case where each of these areas illumination is different, be sure to uncheck
the “Make Equal” checkbox first.

6. Front/Rear Current Extraction Method

The current extraction method popup menus are now moved to the tandem settings screen (they are greyed
out in the Griddler main simulation page).

7. Photon Coupling JO1

Photon coupling is also called luminescence coupling or photon recycling. It refers to the phenomenon
where radiative recombination in the top cell can generate significant flux of photons into the bottom cell,
whereupon they are absorbed and become photogenerated current. Griddler currently implements a simple
treatment in which

g (photon flux emitted from top cell to bottom cell in units of cm?s?) =
(Photon coupling Jo1) X (exp(qVaitopcel/KT)-1)

Where g is the elementary charge, Vstopcell is the junction voltage of the top cell, and T is the temperature.
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7. There are also slight changes in the Griddler main simulation screen when tandem mode is enabled. At
the bottom, there is no longer space where you can enter the illumination (that has been moved to the
tandem settings screen). In its place is a box where you can define the 1-Sun Jsc value of the bottom cell
in the non-overlapping area (in the case where the top cell is smaller than the bottom cell).

B <Griddler 2.5> - ®

Command Base Transport  Cell Cross Section  TCO Layers  About  Efficiency Improvement  License  Tandem ~

BOTTOM CELL

Rear Metallization
finger shest res

Front Metallization
finger sheet res

wafer internal series
resistance (mohm-cm2)
internal shunt cond-
uctance (1/kohm-cm2)

:‘Temperalure C) 25 J

+( External series =l 2| J
1‘ res (mohm) 0 £

; i
(mohm/sq) j (mohm/sa) N T
2 5 |2 E*Waferarea =122 69cm2 oat\cal shadin 2 47% b
' il
finger contact res 2 finger contact res d
(mohm-cm2) 3 EI I{muhn;—chl 53 I‘
layer shest res ? ayer sheet res 2 4+ 4
(ohm/sq) 120 EI (ohm-sa) 55.56
0
0

bkt

Metal Optical T
etal Opt |:a_’ ransparencvﬂ Metal Optn:al Transparerﬂ
fingers o 0 fingers| 0

LEZEos

Front Current Extraction
Extract current at eac

20 A

01 &
contact points 2
resistance (mohm) 0 II
Front Diode Parameters
1-Sun JL, 2

20 :‘

non-shaded area
(mAicm2)
passlvated metal
ea contact

Joi 2
{Aem2) 5154 45154J
J02 0 0 |
(nAlem2) M nl

Edge Recombination J01
(fA/cm

Rear Current Extraction
Extract current at eac

20 [
04 [

contact points 1zl
resistance (mohm) 0 |
Rear Diode Parameters
1-Sun JL, 12
non-shaded area  41.327 Ty
({mA/cm2)

passwated metal

contact

ez as?que 576/ 1]

Joz
(nAlem2) 0 1‘ 0
02

EE EpE

T 1-5un Jsc, tandem

o

o

o

Cell Front Side  10dgle Front/Back View
Vmpp=mV

Jac Vo VPP

FIND JV
S\WEEP

' non-overlapping area (mA/cm2) 41 i :

8. As before, simulations can be ran in the Griddler main simulation screen.
then the results corresponding to tandem solar cell are shown.

If tandem mode is enabled,

B <Griddler 2.5> — <

Command Base Transport  Cell Cross Section  TCO Layers  About  Efficiency Improvement  License  Tandem N

8

Front Metallization

finger sheet res 2 7
(mohmisq) 3 ﬂ T
2 2
s 3 2
finger contact res 2 ?
(mohm-cm2) 0 1' 0 [k
layer sheet res 2 2
(ohm/sq) 80 |3 80 In
wafer internal series 7| T, ture (C i3]
resistance (mohm-cm2) 0 1‘ j’lpera‘ wre ()] 25
internal shunt cond- = emnal seres 5
uctance (1/kohm-cm2) 0. 079‘1‘ res (mohm) g
Metal Optical Transparency 3
2 21 2l 2=
fingers | o 0 0 0 =
Front Current Extraction Rear Current Extraction %
a
Extract current at eac Full area rear chuck ¢ =
H
20 2 20 23
01 & o1 [
contact points |
resistance (mohm) 0 :I 0 ]
Front Diode Parameters
1-Sun JL, ?
non-shaded area 25 i‘ 396 j
{mAicm2)
passivated metal passivated metal
area contact area contact
=1 2 2 ]
[Wcmz) 1. DSOEJ1 0308y ¢ Wcmg) 0 T 0 W
Joz 21 Joz 2 =
(ni/em3) 0.001 JD'Dm Al (nacmz) 0 ﬂ 0 |l
Edge Recombination /01 21402 -1}
g (fAfem) 0 TMlinacm 0 Tl

1-Sun Jsc. tandem
non-gverlapping area (mA/cm2)

LT

TOP CELL

20F 1
18 A
Voc =1920mV
16} Jsc =18.39mA/cm2 i
FF =87.4%
14} EfF=3087% 4
Vmp =1714mV
12} Imp=029A 4
Jmp =18.01mA/cH2
10 q
sl 4
6l 4
41 il
2k 4
200 400 600 800 1000 1200 1400 1600 1800 200

Voltage (mV)
Cell Front Side 1 00gle Front/Back View

Voc=1920mV;Vmp=1714mV

e | st M @ -
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9. One can save the entire tandem cell session as a zip file, and retrieve it later by File - Open tandem file
(-zip)

B tandem _settings = *®

File LY

Open tandem file (zip) @ Enable Tandem

Load top cellfile - File- C-\Google

1
Load bottom cell file 1 Drive\Pc2d\22-02-09

1 Griddler PRO - First Git
SIS A Repoitop cell.mat

Save

Edit

File: C:\Google
Drive\Pc2d\22-02-09
Griddler PRO - First Git
Repo'bottom cell.mat

Edit

Tandem Cell 8 View overlay
m top cell position x = 0 |em y= 0 |cm
o ——— upper interlayer sheet res . 80 .NJ ohm/sq

u

interface contact res 1 ul mohm-cm2

lower interlayer sheet res | 80 ohm/sq

Py | .From Hlumination (Suns) Rear Illumination {Suns)
in tandem in tandem
overlap area (top) 1 Ml overlap area (top) 0 il
Front Current Extraction in tandem in tandem
overlap area (bot) | I overlap area (bot) 0

[l Photon coupling J0O1=| 0

Extract current at eac._. ~
Rear Current Extraction 1w 0 il

Extract current at eac...
- Eiesel B Make equal @ Make equal
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Appendix A: Mathematical Formulae used in the Cell Cross Sectional
Diagram and Base Transport Galculator Pages

In Griddler 2.5 PRO, the cell cross sectional diagram and the base transport calculator serve as interfaces
to cmd PC1D 6-2, external calculators of cell transmittance/absorptance like OPAL2 and the wafer ray
tracer offered by PV Lighthouse, and they also implement a collection of useful equations which calculate
various current density and recombination parameters. This section covers these equations so that the user
understands how Griddler works out the numbers.

B cell_diagram - >4

Front lllumination
Optics

[ textured i
N NN 7

Import

Metal Recombination | Calc

Emitter (88.0
ohmisq} | Calc || Apply

Wafer t n e
—_— ype ! Front Junction
thickness |4g9o Bulk Lifetime (us) | 2000.0 ]d Switch
(um)
Base local contact
M
Use rear JO by base local contact calculator BSF (with bulk

@~ 5550nmisq)| Calc | | Apply

[ textured Metal Recombination | Calc

Rear lllumination ot
tics i

P!
E JL = J(Siabsorb) - J(FCA) - J(emitter coll loss) - J(base coll loss) + offset [mA/cm2]

front 4181, = 4210° -0.075! - 0.123¢ s 0.087¢ +( 0 Apply
rear 36.95 = (37.70{ -0.053l- 0 = 0.698¢ +1 0 Apply
J0,passivated emitter = |75.99¢ fA/cm2 Apply
JO.emitter metal contact = 10g89.; fA/lcm2 Apply
| >}
= J0,passivated BSF = §3 87( fA/cm2 —> Effective Base Passivated J01= 179.3 Apply
Apply All
J0,BSF metal contact = 820 4( fA/cm2 —> Effective Base Metal J01= 179.3 Apply
)| - X
| Base transport Parameters I:SJ Base local contact calculator
] simulate lateral base currents contact .
) t stripes w square ...
Wafer thickness | 180.0 | um geometry

o contact width / 2|contact pitch [3 £q.2
@ﬁfsr resistivity 20 | ohm-cm diameter (um) 50.00 (mm) -

Wafer|[ .J|..|r1ctic»nt font ~ 1963.4 25000

type

Base doping | 7.11e+15 | ¢m-3 ¥ ocq) contact resistance | 0.00 ﬂmohm—cnﬂ

B update mobilities with Si base bulk Iifetime

? . .
tion SRV
base e mobility | 1264 | cm2/Vs {us) 3000 E’ rear passaion

ti
contact SRV d 20,000 em/s
base h mobilty| 414 | cm2/Vs femis) 600 00( 5] i

In the Griddler pattern, full area

] Auger and Radiative Recombinati : w
th tact
Iz',] (for silicon bulk at 298K only) & rear coplactis
Search L L
Listbox

Effective rear JO1| 217.6 l fAlem2
Effective rear 01007 Apply
contact resistance |- | ohm-cm2

Effective base diff length = 2483.7 um

Calculate €@ Rs light () Rs dark

| JLfront = 40.43; JL rear = 37.62 mA/icm2

Apply Get Source

106



[GRIPPILEIR Manual v7.0 Sept 15, 2023

Many calculations rely on the properties of silicon material at temperature of 25C. They include the mobility
of electrons and holes, optical absorption coefficient, free carrier absorption coefficient, intrinsic
recombination rates, and doped layer properties like saturation current density (Joe), Sheet resistance, and
internal quantum efficiency (IQE). Therefore the calculators are only accurate for silicon at 25C. In the
Griddler main simulation screen, it is possible to change the temperature, and the saturation current
densities Jo’s will be adjusted according to the intrinsic carrier concentration ni(T) (See 2.7.2). While doing
so will approximate cell behavior at non-standard temperatures, it is not a rigorous treatment. In any case,
Griddler does not attempt to completely capture the temperature-dependence of all cell properties, as it
would necessitate consideration of a multitude of factors like defect energy levels, etc, which are anyway
beyond the scope of the simulation program.

The cell cross sectional diagram shows clearly the formula leading to this term (cell cross section
diagram, box 1).

]L = ]Si absorption _]loss,FCA _]loss,emitter _]loss,base (1)

Where J. is the light induced current density (in the non-shaded region). In the cross section diagram box
1, an additional offset current density is also included in the equation, which allows the user to bring the
calculated J. to agreement with experiment. The offset term is arbitrary and will not be covered here. In
practice, using the offset term is still meaningful because it still allows the user to explore the relationship
between J. and changing cell parameters.

Isi absorption = 4 fOOO ASi,no FCA (ﬂ.)(b(l) da )

Jsi,absorption 1S the rate of photons absorbed in the solar cell active material, per unit area of non-shaded
region, times the elementary charge, in the absence of free carrier absorption. Here, q is the elementary
charge, 1 is the wavelength, ®(1) is the photon flux per unit wavelength (cm2s2nm), representing the
incident spectrum. Ag; », rca(4) is the spectral absorptance in the cell active material in the absence of free
carrier absorption.

In the Griddler PRO versions before 2.50034, Ag; ., rca(4) is always directly imported from other external
calculation programs through the lllumination Optics window. Since PRO version 2.50034, Griddler 2.5
PRO will auto-detect whether the imported Si absorptance data contains information about the
transmittance into the wafer. The transmittance curve is the fraction of incident light which enters into the
silicon bulk. If the imported data is higher than 30% at 1200nm, then Griddler assumes this curve is the
transmittance. It then calculates the resultant absorptance curve in the absence of FCA by using the light
trapping formula.

(1-T)+T1Rp1(1-T2)+T1 T, Rp1 Rp1 (1-Ty) (1+RpnTp)
1-RpnRpnTn®

ASi,no FCA(/D =T (3

Where T is the transmittance, and the remaining parameters in the right hand side of equation 3 are light
trapping parameters in a model first published by Basore [1]. The diagram below illustrates the factors
Griddler considers in calculating these different parameters. Without diving into the details, the
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morphologies on both sides of the wafer (either planar or pyramid texture), the internal reflectance at the
metallic regions and non-metallic regions, as well as the layout of the metal grids on both sides of the wafer,
all figure into the determination of Tz, T2, Tn, Ri1, R, Ro1, Rbn.

textured
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A.2.3 Loss of Current Denslity in the Presence of Free Carrier Absorption

Griddler calculates the absorptance curve with FCA by using a very similar light trapping formula as

4)

equation 3:

ASi,with FCA W =

TT. agp(D) (1=Ty)+T1/Rp1 ' (1=T ) +T1 /Ty 'Rp1 'R p1 /(1T /) (1+Rpp Ty ")
0 apca(Lz) +agp(2) 1=Rpn/Rpn/Ty!?

Here, the primed terms T1, T2, Tn', Rit’, Rm’, Ro1’, Ron’ are different from their unprimed counterparts by
accounting for the free carrier absorption in the wafer bulk and in the doped regions (if they are defined and
if user has checked the box indicating the absorption in these regions shall be considered). The extra term
Tois the transmittance through the incident light side doped layer after accounting for free carrier absorption,
and agg is the band to band absorption coefficient [2]. azc4(4, 2) is the free carrier absorption coefficient

taken from ref 3:

area(l,z) = CNAY, {C = 1.80 x 1079,y = 2.18} for p-Si, {C = 1.68 x 1075,y = 2.88} for n-Si

For A >=1000 nm and
Arca(A,2) =0

For A <1000 nm

®)

where N is the dopant concentration in cm3, 1 wavelength is given in cm, and the unit of ay, is always in
cm. Equation 5 is applied regardless of the dopant concentration N, across the solar cell, although ref 3
states that it is applicable to dopant range of 10 - 5 x 10%° cm™.
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After this, the current density loss due to free carrier absorption is

Jioss,rca = 4 fooo(Asi,no rea() = Asiwitn rca(D))P(A) dA (6)

600
]loss,emitter ~q fo e ASi,no FCA (A)q)(/l)(l - IQEO (/1)) da (7)

Jioss,emitter represents the rate at which photogenerated carriers in the emitter layer recombine. In equation
7, 1QE,(1) denotes the internal quantum efficiency as defined by the ratio of collected carriers to
photogenerated carriers, for a cell with a long base and very long base diffusion length. IQE, (1) is calculated
by cmd PC1D 6-2 [4]. Note that the term Ag; ,, rca(4) is used for convenience---rigorously this term should
be Az (1), the absorptance which leads to band-to-band transition (electron-hole pair generation) in the
case that free carrier absorption is also considered. However as the integral in equation 7 spans from O-
600nm of wavelength, where free carrier absorption is insignificant, it can be assumed that Ag; ,, rca(1) =
Agg(1). The choice of integration in the 0-600nm range is arbitrary. At 600nm, the penetration depth of
light in silicon is about 2.41um, which is deeper than most emitter layers in practice. For most decent
emitters the IQE, (1) past 600nm is close to 1. However, for very poor emitters, IQE,(4) past 600nm can
still be significantly lower than 1, and equation 7 will underestimate the actual imperfect emitter collection
loss.

Jioss,pase = 4 fOOO fOW 9, 2)(1 - fe(2))dz dA (8)

Jioss,base represents the rate at which photogenerated carriers in the base recombine. In equation 8, g(4,z)
is given by equation 4, and f,(z) is the base collection efficiency, representing the ratio of collected carriers
to photogenerated carriers at depth z. In terms of the recombination parameters in the base, f.(z) is given
by

_ z\ SeffLp/D cosh(w/Lp)+ sinh(w/Lp) z
fC(Z) = cosh (LD) SeffLp/D sinh(w/Lp)+ cosh(w/Lp) sinh (LD) (Sa)

if the pn junction is at the front. If the pn junction is at the rear then

f.(2) = cosh(

w—z) _ SeffLp/D cosh(w/Lp)+ sinh(w/Lp) n (w—z)

"Lp ) SeffLp/D sinh(w/Lp)+ cosh(w/Lp) Ip (8b)

w is the thickness of the cell, Lp is the minority carrier bulk diffusion length, D is the minority carrier diffusion
coefficient, Set is the effective rear surface recombination velocity (if pn junction is at front; it is the effective

front surface recombination velocity if the pn junction is at the rear), whose expression will be given further
below.

The total recombination current density in the base is given by

]recombination,base = ]Ol,base €xp (qV/kT) + ]Oz,baseexp (qV/ZkT) (9)
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where V is the local diode voltage, T is the temperature, k is the Boltzmann constant. Jo1 base @nd Joz base are
the saturation current densities of the diodes with ideality factors n=1 and n=2 respectively, in what’s
commonly known as a two diode model of the solar cell. The calculators only provide linear equations that
calculate Jo1pase. In the cell cross sectional diagram, if the checkbox “Use rear Jo base by local contact
calculator” is checked, then

J _ qn? D SeffLp/D cosh(w/Lp)+ sinh(w/Lp)
01,base NLp SeffLp/D sinh(w/Lp)+ cosh(w/Lp)

(10)

n; is the instrinsic carrier concentration of silicon [5], N is the dopant concentration in the base. In this case
Jo1,pase applies everywhere in the Griddler base layer (rear if pn junction is on the front; front if pn junction is
on the rear). If the checkbox “Use rear Jo base by local contact calculator” is unchecked in Fig 1, then
Griddler uses

_ qni2 D SpassLp/D cosh(w/Lp)+ sinh(w/Lp)

= 1la

]Ol,base,pasle NLp SpassLp/D sinh(w/Lp)+ cosh(w/Lp) ( )

] _ qni2 D SpetLp/D cosh(w/Lp)+ sinh(w/Lp) (11b)
01,base,met1D NLp SmetLp/D sinh(w/Lp)+ cosh(w/Lp)

Jo1 base,passip applies to the regions in the Griddler base layer which is over a passivated region, and
Jo1 basemet1p @pplies to the regions in the Griddler base layer which is over a metallized region.
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For surfaces with periodic local contacts, the surface recombination velocity (SRV) at the contacted region
is typically higher than at the non-contacted region (which are passivated). Saint-Cast and co-workers have
provided analytical formulae for the resultant effective SRV if the local contact geometry were parallel

stripes, or an array of circular dots arranged in square or hexagonal fashion [6]
— TsprS. f+1 Lp w
Sefr = <(1 — )Spass + Smetf <—:€2r51::::f+1)> X <1 + ;tanh (E)> (Spass — ((1 — )Spass +

-1
sprSpassf+1
Smetfrpp—>)] (12)

TsprSmetf+1

f is the fraction of metal contacted area, Spass is the SRV of the noncontacted (passivated) region, Smet iS
the SRV of the contacted region, rsy is the dark spreading resistance given by

Tspr = %(i atan (27‘”) + W(1l—exp (—W/Zp)) (13)

2ma

for dot contacts, with a being the radius of the dot contacts, w being the cell thickness as before, p is the
half of the distance between the centers of two contacts, A is the area of collection for one contact.

Topr = 5 @¥(@)/2 + w(1 — exp (-w/2p)) (14)

for stripe contacts, with y defined to be

y(a) = }Tln (2 —m) if tanh (ma/4w) < \/% (15a)
-1
y(@)=n [ln (2 —m)] if = < tanh (wa/4w) <1 (15b)

The quantity Jo,passivated,ssF in the cell cross sectional diagram, box 2 is linked to rear passivation SRV in the
base transport calculator, box 4. Similarly the quantity Jo,ssk metal contact IS linked to contact SRV. These two
pairs of quantities are linked by the equations

2
_
]O,passivated,BSF N Spass (163-)

_anf
]O,metal,BSF - Tsmet (16b)

If the cell cross sectional diagram is used to calculate J, ,qssivatea,psr OF Jometar,pse DY running cmd-PC1D 6-
2 computation on the BSF layers, then the values of Spass and Smet Will be updated in the base transport
calculator page using equations 16. Conversely, if the values of Spass Or Smet is altered in the base transport
calculator page, then the cell cross sectional diagram updates Jg ,.ssivated,zsr @Nd Jo metar,psr USING €quation
16.
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See formulation by Richter and Glunz [9]. Auger and radiative recombination constitute the intrinsic
recombination process that sets an upper limit to silicon solar cell efficiency. In Griddler, it is assumed that
the fermi level splitting is constant and equal to the value at the junction, throughout the thickness of the
silicon wafer.

The base resistance (related to the field “effective rear contact resistance” in the base transport calculator,
box 4) consists of three components

Rs,base = Rs(lat) + Rs(crowd) + Rs(contact) (17)

Rsgay refers to the lateral flow of current in the base, Rsecrowa) refers to the resistance encountered in the
vicinity of a local contact, where the current density increases towards the contact point. Rscontacy refers to
the contact resistance at the contact point itself.

Rsbase is in units of Qcm?. If the Griddler base geometry is full area metal, then Rgspase = Oc.ef Where oc e is
the effective grid contact resistance, which is the value in the field “effective rear contact resistance” in the
base transport calculator box 4. If the Griddler base geometry is a grid instead, then pc et = Rs pase/f Where f
is the finger area contact fraction.

Both Cuevas [7] and Saint-Cast and coworkers [6] have derived expression for the resistance due to current
crowding to a local contact. The former is calculated via [7]

0 A
Rs(croway = P J, I dx (18)
Acrowd (x)point =na® + nla(w — x) + 2n(w — x)*? (19)
Acrowa (Oiinear = 2a +m(w —x) X 1cm (20)

The latter is calculated simply via [5]
Rs(crowd) = Dprspr (21)

where 7, is as defined in equations 13 and 14. If the base transport calculator, box 4, if the radio button

“calculate Rs,ignt” is on, then equations 18-20 are used. If the radio button “calculate Rsgda” is on, then
equations 13-14, 21 are used (see A.4.6).

For dot contacts [8],
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A T%HIX max 1
Rs(lat) = .0_[ 2 . 2 In (T ) - E] (22)

2TW | "ax —Tmin Tmin

where p is the base resistivity, w is the cell thickness, A is the area of collection for one contact. r,,,, =

JA/m and 1,,,;,, = a + wrr/4 where a as before is the radius of the dot contacts. For stripe contacts, we use
based on resistive power dissipation

ps(s—2a)

12w (23)

Rs(lat) =

where s is the pitch of the contacts and a is the half width of the stripe contacts.

If the Griddler base geometry were a grid, then the Griddler simulation itself will also model lateral current
flow to the grid fingers. Therefore in this case it would be a kind of “double counting” if the effective rear
contact resistance also considers the base lateral current induced resistance. So, in this particular case,
the base transport calculator will subtract out a term similar to equation 19, where s is the pitch of the grid
and a is the half width of the fingers as defined by Griddler.

This term is very simply
Pc
Rs(contact) = 7 (24)

where p, is the specific contact resistance, and f is the contact area fraction.

In the base transport calculator, box 4, there is the option to select Rsight VS Rs,dark.- The former refers to the
resistance encountered by the current flow pattern when the solar cell is illuminated, that is, with
photogenerated current density that is fairly uniform throughout the cell plane. The latter refers to the
resistance encountered by the current flow pattern when the solar cell is forward biased in the dark. In the
base transport calculator, the following work flow is used:

If calculate Rsgark is chosen:

1. Rsqay is set to zero.
2. Rs(erowd) is calculated using equations 13-14, 21.
3. Rs(contacy) IS calculated using equation 24.

If calculate Resjignt is chosen:

1. Rsqay is calculated using equations 22-23.

2. Rs(erowd) IS calculated using equations 18-20.

3. Rs(contact) IS calculated using equation 24.

4. If the Griddler base geometry were a grid, then the Griddler simulation itself will also model lateral current
flow to the grid fingers. Therefore in this case it would be a kind of “double counting” if the effective rear
contact resistance also considers the base lateral current induced resistance. So, in this particular case,
the base transport calculator will subtract out a term similar to equation 18, where s is the pitch of the grid
and a is the half width of the fingers as defined by Griddler.

5. The resultant Rsight cannot be lower than Rsqark. If that is not the case, then Rs dark is used.
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Griddler 2 is a finite-element model (FEM) simulator which is an implementation of the network model of
solar cell as interconnected diodes. Griddler 2 meshes the solar cell front and rear planes into nodes and
triangular elements. It then calculates the front and rear voltage at each node, after specifying the
photocurrent received by each node, and the voltages at terminal nodes on the front and rear planes. The
solution of the spatially dependent voltages on the cell front and rear planes, is consistent with the current
flow pattern for a given cell metallization geometry. Therefore, Griddler 2 is generally more accurate than
simple power loss formulae in calculating the ohmic power dissipation due to lateral current flows in the cell
planes. Simple power loss formulae assumes a certain current flow pattern which involves two
approximations: 1) each node is a current source with the same current density, 2) in the case of an H-
pattern metallization, current flows in a perpendicular path to the nearest metal finger, then parallel to the
finger to the nearest busbar. Both approximations break down after the solar cell terminal voltage has risen
past the maximum power point, or when the metallization plane is not an H-pattern (e.g. full area
metallization in the cell rear). In theory, because the simple power loss formulae assumes a certain solution
for the current flow, thereby enforcing a constraint, then according to the energy minimization principle, it
must necessarily overestimate the ohmic power dissipations, though the degree of overestimation may be
small for certain scenarios. Griddler 2 is also generally more accurate than the two diode model
representation of a solar cell at calculating the terminal voltage, because it is able to capture the lateral
currents and voltage variations in the cell planes.

In theory, the simple power loss formulae in calculating ohmic power dissipations become accurate when
its approximations are robust. These conditions are met when 1) the terminal voltage is well below the
maximum power point, when the diodes have not “turned on” and therefore each node may indeed have
almost identical current density; 2) the cell metallization plane is constructed such that the current flow
pattern is closely resembling the approximated one. Therefore, in special cases where these circumstances
are met, the simple power loss formulae should be reasonably accurate, and its calculations serve as sound
basis of comparison for Griddler 2.

On the other hand, the two diode model becomes accurate if the cell planes are highly conductive, such
that voltage variations along the cell planes are minimized. Under this circumstance, the voltage at each
node may be taken to be the terminal voltage, and all the nodal diodes are well approximated to be in
parallel. Then in this case, the two diode model should be reasonably accurate in calculating the terminal
voltage, and its calculations serve as sound basis of comparison for Griddler 2.
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B.1 Comparison of Griddler 2 to GridSim 5.3 In calculating ohmic power

dissipations

Table I. Ran cases and calculated power dissipations
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GridSim version 5.3 is an excel implementation of the simple power loss formulae for an H-pattern front
grid solar cell, written by A. Mette with small changes by M. Hoerteis. Table | compares the relevant ohmic
power dissipations calculated by GridSim and Griddler 2. For each row of Table I, the left column refers to
the particular H-pattern geometry and settings of the Griddler 2 file. Each of the ran cases are chosen to
ensure that the approximated current flow pattern by the simple power loss formulae conforms closely to
the actual.

For each H-pattern, Griddler 2 generated the mesh using the coarsest mesh settings available. This is
intentionally done to test whether Griddler 2 is sufficiently accurate using the coarsest mesh settings. For
finer mesh settings, it is expected that Griddler 2 should improve in accuracy.

It can be seen that all ohmic power dissipations calculated by the two models agree to within 6.5% relative
for the tested cases.

Concurrently, it can be seen that the optical shading calculations by Gridder 2 and GridSim are also in
excellent agreement, to within 1.5% relative for the test cases.

Table 2. Ran cases and calculated open-circuit voltages

Suns Front Side Rear Side Edge Recombination; Internal Shunt i Griddler i Hand Calc*

Passivated Area Metal Contact Passivated Area Metal Contact

Jo1 102 Jo1 102 Jo1 102 Jo1 J02 Jo1 102 Voc Voc

(fA/cm2) i (nA/cm2)i (FA/ecm2) i (nA/cm2)i (FA/cm2) | (nA/cm2)| (fA/cm?2) {(nA/cm?2)| (fA/cm2) | (nA/cm?2) (ohm-cm2) (mvV) (mvV)

casel 0.1 200 10 600 50 0 0 200 20 0 0 0 568 566

case2 1 200 10 600 50 0 0 200 20 0 0 0 640 639

case3 0.1 200 0 600 0 0 0 200 0 0 0 0 586 588

case4 1 200 0 600 0 0 0 200 0 0 0 0 647 645

case5 1 200 0 600 0 0 0 200 0 1000 0 0 635 634

caseb 0.1 200 0 600 0 0 0 200 0 1000 0 0 576 574

case?7 0.1 200 10 300 50 0 0 200 10 1000 200 0 541 540

case8 1 200 10 300 50 0 0 200 10 1000 200 0 624 622

case9 1 200 10 600 50 0 0 200 20 0 0 100 635 633

casel10 0.1 200 10 600 50 0 0 200 20 0 0 100 366 365

The two diode model takes as the diode light-induced current to be the summation of the nodal light-induced
currents. It also takes as the saturation current densities to be the summation of the nodal saturation current
densities. Namely,

JO1 = JO1,front passivated area x (1 — f front metal) + JO1,front metal contact x f front metal + JO1,rear
passivated area x (1 — f rear metal) + JO1,rear metal contact x f rear metal + J01,edge x Ledge / A wafer

J02 = J02,front passivated area x (1 — f front metal) + JO2,front metal contact x f front metal + JO2,rear
passivated area x (1 —f rear metal) + J02,rear metal contact x f rear metal + J02,edge x Ledge / A wafer

Each of the ran cases are done when the lateral conductance of the cell front and rear planes are
maximized.

It can be seen that all open-circuit voltages calculated by the two models agree to within 1-2 mV.
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Griddler 2.5 PRO is equipped with a cell cross sectional diagram with an interface to cmd-PC1D-6.2 [1] for
doped layer saturation current density Joe calculations, as well as internal quantum efficiency (IQE)
calculations. cmd-PC1D-6.2 and PC1Dmod 6-2 are command line executed and graphic user interface
versions of a fast, one-dimensional semiconductor device simulator written at the Institute for Energy
Technology (IFE) Norway. It is open source and freely available for download. Another well known free
calculator of silicon solar cell emitter Joe and IQE is EDNA2 [2], developed and hosted online by PV
Lighthouse. The authors and collaborators of a previous version of cmd-PC1D-6.2 (v6.1) have compared
the Joe calculations between cmd-PC1D-6.1 and EDNA2, for a variety of Gaussian shaped boron and
phosphorus silicon emitter profiles, and found good agreement between the two calculators [3]. In this
section, we will compare both Joe and IQE calculations between cmd-PC1D-6.2 and EDNA2 (v2.5.5), for a
variety of boron and phosphorus silicon emitter profiles that we select from electrochemical capacitance
voltage (ECV) measurements. Specifically, the cmd-PC1D-6.2 results are obtained by running the Griddler
2.5 PRO (v2.50021) interface, so the comparison is between the Griddler 2.5 PRO (v2.50021) cmd-PC1D-
6.2 Caller and EDNA2 (v2.5.5).

Table |. Parameters used in the two calculators

Griddler 2.5 PRO (v2.50021)
cmd-PC1D-6.2 Caller
2.0 x 10 cm?®

EDNA2 (v2.5.5)

Background phosphorus doping 2.0 x 10*® cm™
when simulating boron profiles
Background boron doping when
simulating phosphorus profiles
Auger recombination

Emitter bulk lifetime

Specified voltage

Carrier Mobility

8.0 x 10*®> cm?® 8.0 x 10*® cm™

Richter 2012 [4]

100 us

0.55V

Klaassen 1992 [5,6] for sheet
resistance, Schindler 2014 [7] for
Joe and IQE

Richter 2012 [4]
100 us

0.55V

Klaassen 1992 [5,6]

Carrier Statistics

Fermi Dirac

Fermi Dirac

Dopant lonization

Altermatt 2006 [8,9]

Altermatt 2006 [8,9]

Band gap narrowing

Yan and Cuevas 2013 [10,11]

Schenk 1998 [12]

Emitter bulk E field

Poisson equation

Quasi-neutral approximation

Table | compares the simulation parameters used by the two calculators. The two calculators have some
differences in the modelling procedure. For example, EDNA2 assumes that the emitter is quasi-neutral,
while cmd-PC1D-6.2 solves the electric field inside the emitter. The two calculators also use different
methods to calculate bandgap narrowing.

A variety of boron and phosphorus emitter profiles have been fed to both calculators. When simulating
boron profiles, the phosphorus base doping of the cell is set to 2.0 x 10'® cm3, and when simulating
phosphorus profiles, the boron base doping of the cell is set to 8.0 x 10'® cm®. The bulk SRH lifetime of
the emitter is always set to 100us. The surface recombination velocity (SRV) for each case is set to different
values and is recorded down in Tables Il and llI.
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Table Il below compares the sheet resistance, Joe and IQE at the wavelengths 300, 350, 400, 450nm,
obtained by the two calculators. the column EMITTERPASSSRYV shows the front SRV that was used in

the simulations.

Table Il. Sheet resistance, Joe and IQE obtained by the two calculators

2'66 1’86 G'86 7’86 L'eC 000T Eld! 9T VN VN VN G'86 6'Cc 0007 TorT 9T
6'86 G'86 €86 2’86 €ve 000T 9¢T ST VN VN VN ¢'86 S'€C 0007 8'GCT ST
166 186 G'86 586 [X44 000T 4 1 2’66 1’86 G'86 G'86 v'1c 000T €'CET T
1’66 9'66 '66 '66 6'9¢ 000T SES €T 8'66 9'66 ¥'66 ¥'66 v'9¢ 000T C¢'T€S €T
166 9'66 566 5’66 X414 000T 89 1 8'66 1’66 G'66 G'66 8'T¢ 000T ¥'S9v 1
1.6 196 L'v6 9'v6 9'99 000T L'vS 8 6,6 2’96 676 676 v'iy 000T L'vS 8
8'86 ¢'86 6'L6 6',6 8'8¢ 000T S'C6 L 0'66 £€'86 0'86 0'86 8'9¢ 0007 S'¢6 L
186 2’86 8,6 8,6 L'6¢ 000T 126 9 VN VN VN 6,6 L')¢ 000T T°¢6 9
9'86 86 9'L6 9'/6 8'0¢ 000T 9'v8 S 8'86 1'86 8'L6 L'L6 §'8¢ 000T 9'v8 S
8'86 2’86 6,6 6,6 ¢'6¢ 000T 126 14 0'66 €86 0'86 0'86 (x4 000T 126 14
€98 §'€8 €8 €8 v8 000T €'9¢ € 8'98 V8 1'€8 1'€8 v'9L 000T €9¢ €
L'L6 S'96 'S6 ¥'S6 TS 000T 8'09 4 £'86 8'96 1’56 1’56 Ty 0007 8'09 4
2’86 2’16 8'96 8'96 S'9¢€ 000T 6'C6 T VN VN VN 8'96 T'sE 000T 2'v6 T
Tv6 8'06 1’88 9'88 ¢ST 0000T i) 9T L'Vv6 ¢'16 6'88 6'88 T'8rT 0000T TovT 9T
6'C6 668 88 88 VT 0000T 9¢T ST 6°'€6 106 0'88 6'/8 G'8ET 0000T 8'SCT ST
6'€6 €16 568 568 0ET 0000T 4 i 676 9'16 9'68 9'68 2'9¢T 0000T €'¢ET v
¢'L6 2’96 9'v6 S'v6 144 0000T SES €T £'86 G'96 9'v6 S'v6 S Tve 0000T C¢'TE€S €T
116 9'96 S6 G6 00¢ 0000T 89¥ 1 G'86 6'96 2'S6 T1'56 9'S6T 0000T 7'S9v 1
€'€6 9'68 6'G8 8'G8 4 0000T L'vS 8 6'v6 0'06 9'G8 G'G8 8'66 0000T L'vS 8
8'v6 [43) 06 06 S0T 0000T S'C6 L L'S6 9'C6 ¥'06 €06 2’66 0000T S'¢6 L
S'v6 8'16 168 968 60T 0000T 126 9 9'S6 €26 0'06 6'68 ¢'€0T 0000T 126 9
9'v6 8’16 6'68 8'68 T0T 0000T 9'v8 S 9'G6 v'Z6 €06 2’06 S'v6 0000T 9'v8 S
L6 6 06 06 L0T 0000T 126 14 L'S6 G'¢6 €06 206 T°00T 0000T 126 14
V. 8'99 679 8'79 9ET 0000T €'9¢ € VN VN VN 8'79 9'9¢T 0000T €9¢ €
Tv6 06 198 9'98 91T 0000T 8'09 4 ¥'S6 6°06 ¥'98 ¢'98 T°€0T 0000T 8'09 4
G'68 6'€8 8'08 108 98T 0000T 6'C6 T €06 '8 1'08 9'08 9'08T 0000T V6 T
8'66 L'66 L'66 L'66 v9'L 0 i) 9T 8'66 1’66 1’66 1’66 €L 0 TovT 9T
166 9'66 §'66 5’66 vv'6 0 9¢T ST VN VN VN G'66 0'6 0 8'SCT ST
1’66 9'66 9'66 9'66 1.8 0 4 i VN VN VN 9'66 '8 0 €'¢ET v
00T 00T 00T 00T €T'T 0 SES €T 0°00T 0°00T 0°00T 0°00T TT 0 C¢'1€S €T
00T 00T 00T 00T V'l 0 89 1 0°00T 0°00T 0°00T 0°00T 7’1 0 ¥'S9v 1
9'L6 G'96 1’56 L'S6 S'6v 0 L'vS 8 £'86 6'96 196 196 8'0% 0 L'vS 8
€66 66 8'86 8'86 7’61 0 G'C6 L 7’66 166 6'86 6'86 08T 0 §'C6 L
2’66 6'86 8'86 8'86 66T 0 126 9 ¥'66 0'66 6'86 6'86 7’87 0 126 9
166 1’86 9’86 9'86 X414 0 9'v8 S 2’66 8'86 1’86 1’86 S'0¢C 0 9'v8 S
€66 66 8'86 886 L'61 0 126 14 7’66 0'66 6'86 6'86 ¢'8T 0 126 14
2’88 6'G8 1L'G8 L'S8 €9/ 0 €'9¢ € 1’88 1’98 G'98 G'98 6'89 0 €'9¢ €
2’86 c'16 G596 596 444 0 8'09 4 186 9'/6 6'96 6'96 L'9€ 0 8'09 4
€66 1°66 66 66 ¢91 0 6'C6 T ¥'66 166 166 166 ST 0 V6 T
(%) (%) (%) (%) (qwopvy) (spwo) (bspuyo) (%) (%) (%) (%) (qwopvy) (o) (bspuyo)

0S¥ oov 0s€ 00€ ory3a NISSS S34133HSY| 3Iioid 0S¥ 0ov 0s€ 00€ ord3a NdISSS S3YLIIHSH| 3lyoid

FOIYILLIND | IOIYFLLIND | IOIMILLIND | IOIMILLINT | LIINISSVd | VAYILLINT | SAVILNOYHS | Juedod [IOIMILLING|IOIYILLINTG |IOIYILLINTG | IOIYILLINT| LLINISSV | VdYILLINT | JAVIINOYL | uedog

[A4\[eE!

13| 2'9-ATOd-PWd (TZ00S 2A) Odd §'Z J3IPPUD

119



600

[GRIPPILIER Manual v7.0 Sept 15, 2023

250
o o o
g 500 g
E o $ 200 o
S = 4
§ 400 b
5 S 150 o
) o 4
» 300 q, 8
o o
5 2 S
b o 100
g 200 E 2
kot (o}
@ o) 50
& 100 Pl
& @
° o
0 0O
100 200 300 400 500 600 0 50 100 150 200 250
Sheet resistance (Griddler), ohm/sq Emitter JOe (Griddler), fA/cm?
100 100 &9
e 95 f s 98 &
B B
< S 96 o
g % & g &
o S 94
1) & 1)
g 8 E o2
5 ° 5
S g0 19} 8 90
™ @ C&
® I o
w75 W 88 o
o o 86 oo
70 °
84
65 o 82 °
[¢]
60 80
60 65 70 75 80 85 90 95 100 80 85 90 95 100
IQE at 300nm (Griddler), % IQE at 350nm (Griddler), %
100 ) 100 )
. % A &
g 9 & § &
c c
@ 94 @ 95 §
£ 92 © E °}
S & S °®
Sr 90 9 <t
© ©
w88 W
(o] @ 90
86 o (0
84 ) ©
82
80 85
80 85 90 95 100 85 90 95 100

IQE at 400nm (Griddler), %

IQE at 450nm (Griddler), %

Figure 1. Graphical plots of the results in Table II. In each plot the grey line indicates perfect agreement.

Figure 1 above plots the results obtained by the two calculators. The agreement is generally very good.
Average fractional deviations between the two calculators are 0.17%, 6.8%, 0.18%, 0.21%, 0.3%, 0.57%,
for the sheet resistance, Joe, IQE300, IQE350, IQE400, IQE450, respectively. Therefore, the two
calculators can be used interchangeably for boron emitters for practical intents.
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Table Il below compares the sheet resistance, Joe and IQE at the wavelengths 300, 350, 400, 450nm,
obtained by the two calculators. the column EMITTERPASSSRYV shows the front SRV that was used in

the simulations.

Table Ill. Sheet resistance, Joe and IQE obtained by the two calculators
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Figure 2. Graphical plots of the results in Table Ill. In each plot the grey line indicates perfect agreement.

Figure 2 above plots the results obtained by the two calculators. The agreement is generally very good
except for IQE. Average fractional deviations between the two calculators are 0.3%, 2.8%, 6.0%, 4.5%,
21%, 26% for the sheet resistance, Joe, IQE300, IQE350, IQE400, IQE450, respectively.

Therefore, the two calculators can be used interchangeably for phosphorus emitters sheet resistance and
Joe calculations for practical intents. For IQE calculations the agreement is also good enough to yield very
similar Jsc results.
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