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SOLAR CELLS

SCAPS 3.0

Overview

o (Getting started
« General working principles
e Tips & Tricks

Numerical limitations
The numerical panel

A neutral defect

Curve Info: Get informed!

Preserve your work for the future: saving and commenting.

Speeding up: Batch — Recorder — Script
Grading

Zooming: Get a closer look!

The blue button
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L0 | Getting Started..

SOLAR CELLS
SCAPS 3.0

e Opto-electrical simulation
of 1-D structure of
semiconductor layers

« Special attention for
contacts and interfaces
< Light

« Variable bias voltage,
temperature & illumination

e DC & AC calculations

e Designed for CdTe and
CIGS Solar Cells, but also

used in other material systems ©

J(V)
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SOLAR CELLS

SCAPS 3.0

Getting Started

SCAPS .00 Action Panel =B & |
ﬁorking point —Series resistance——Shunt resistance Action list All SCAPS settings
f Temperature (K) ﬂj 300.00 yes yes |
Volage (V) 00000 = = .1.-.Define Problem
Frequency (Hz) A 1 D0DE+6 % 100E+0 | Rs: Ohmaopr2  Rsh ﬁ 1.00E+3 . _ :
Number of points ﬁ:5 S/em2 (3sh ﬁ 1.00E-3 2 " Wor KI ng POI nt

From internal SCAPS calculation| ~ Rpac £

Select Calculations

llumination:  Dark| |  Light Gl
—Lightisource for internal G(x) calculation et :
s |||umm_LE(,jq}|dE hom F”QHHH“‘-.IUEJ Incident (bras) d4.4. Start Calculations
Spectrim file oy & En (p=ide) light power (W/mé)
Select I,t':caps.SiLAP? 10 werkversielspectum\AM1_5G 1 sunspel  sunarlamp  0.00 | SEle Analyze results
S ech Gt of 7 E;D Shotwavel (1m) S0 | s T \debl Light Currentin e (mAVema) 20,0000
Longwavel (nm) 320000 Attenuation (%) $| 100.00
eutral Deris. ﬁE.DD:]F_i Transmissian (%) ﬁmu (a0 afierND 10,00 )Z;ﬂ|_|I:||'|HT-'.IrrEI'iTIr| cell (mAfemz) 0.0000
. - b ' ' .
—Action————T -Pause ateach step number
of paints
I~ Curentvoltage VI(V) ﬁ{}.q}[}u{} | V2(v) 505000 -3141 | el{}.ﬂzt}[} ‘iﬂwemenf{\v‘)
[~ Capacitance valtage Vi) 4 05000 V2 (V) e‘ﬂ'.SﬂﬂD ‘ ﬁlﬁ‘i | ﬁlﬂ.ﬂzﬂ'ﬂ ‘increm&niw)
[~ Capacitance frequency 1 (Hz) ﬁ?_ﬂ“@}i f2 (Hz) §11.GDDE+E ﬁlﬂ ‘ 5'5 Ipuihtspa!decade
I~ Spectral response WL (nm) 3,‘31}[} WL2 (nm) ﬁ'}l}u 5‘1:61 "ﬁh{} ‘increment{nm) /
loaded definition file: | Problem file: SetProblem
Continue I Stop l [ Results of calculations Save all simulations
Batchsetup ) EB] G,R] AG] |-V C-Ul C-FI QE Clear all simulations
o,
Record setup | Recorder results SCAPS info
e i > A
“Script set-up ) Script graphs J _
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SOLAR CELLS

SCAPS 3.0

e Setting Layer,
Interface & <«— |

Getting Started: Define Problem

Internal R and T atfront

Layers =) 5:1 04.000000

left contact | T :JWBD\
p-C|GS Interfaces
' -CIGS / n-CdS

add layer

—| right (n-side)

ifuminated from :
ilfumina am et (gt

—

|

-Q

Contact |
properties —: |
[ ] i :
Settl n g \ right contact I / left contact fight contact
. N—
Numerical | meck ot
Allgrading data:  Save ] Show ] Graph Viéw] _
preferences e
[ SaV|ng & Problem file
. c\Koen\ScapsiSCAPS 21003 werkversie\defi
Loadlng Mumos CIGS baseline def
aved: 22-3-2007 at 19:30:28
Remarks (edithere)
13 CIGS solar cell problem: the baseline (starting o
file used for the NUMOS workshop on numerical modelling of thi new J load ] . Save ]

Gent, 30 march 2007

Workshop given by Mare Burgelman, ELIS, UGent
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SCAPS 3.0

SCAPS 3.0.0 Layer Prg ies Panel
¥ perties

LAYER1

thickness {jm)

Cl53e

P 222222 I . 2

|

| 1.800

|

Layer Composition Grading Type

Liniform y0zy<

Z

IUn'lfcrm r:t:mpusitiunj.'r =

0100

10,100

bandgap (eV)
electron affinity {2V}

hole thermal welocity (cm &)
electron mobility {cm?*As)
hole mobility {cm?Vs)
effective mass of electrons
effective mass of holes

dielectric permittivity (relative)
CB effective density of states {1,em”2)
VB effective density of states {16m"3)
electron thermal velocity {cm &)

1.040
4300
12000
7.000E+17
1500E+19
1.000E+7
80D0E+6
1.000E+2
2 500E+1
1.000E+0

| DOOE+0

1530
4300
12,000
7.000E+17
1500E+19
1.000E+7
3 000E+6
1.000E+2
2 500E+1
1.000E+0

1.000E+0

|3 emiconductor Property P of the pure materi fpure A (y = 0} fpure B [y = 1)} Compusition

dependence

';:Erahol ic
unifarm
uriform
uniform
uniform
uniform
Eifcrrn
uniform
uniform
urifarm

SERIEIRIRIEIEIRIRNE

uniform

D grading dependent: on composition y: ND {y}

~ T Allow Tunneling

shallow donor density MD{y) {1,tm 3}

1D00E+5

‘ 1.000E+5

|'uniform "’I

NA grading dependent: on composition y: NA {y)

-

shallow acceptor density NA(y) {1,6m3)

| 5.000E+15

[5000E+15  |niform |

(== &
~Recombination model
Band to band recombination |
Radiative recombination coefficient (cm®&} | 0.0D0E+0 0.000E+D Liniform -
Auger hole capture coefficient (cm "65) 0.000E+0 0.000E+0 Luniform -
Auger hole capture coefficient (cm "65) 0.000E+0 0.000C+0 Lniform b

Recombination at defects |

Defect 1

icharge type : acceptor ; {04}

total density (16£m3}: Uniform  1.000e+16

grading Mt{x}: uniform

energydistribution: single; Et = 6.40 &V above EV

this defect only. if active:tau_n = 1.0e+00ns tau_p = 1.3e+01ns
this defect only. if active: Ln = 5.1e-01 ym, Lp = 5.0e-01 pm

none

Absorption model

[ Show /Set alpha{compesition; |lambda) _]

gy dphafy=l)
from model from model
from file from file

absorption constant A (16m eV (% 1 1
absarption constant B (eV]7)6m) 0000550 1]

CISMaller abs | Culn§2_Alonso_Mélel
show | save |

sbsorpionfisfary = 0] sosopionilefory = 1
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;'Q: Getting Started: Analyze results

SOLAR CELLS
SCAPS 3.0

oment Densiy Alemmbination Camenis e

e e -:f -\.:l:ﬂ.iTﬂT: jﬂ'ﬁ"- o ""'-:'.:::.'“El:l . 1E<2- .k RN B tritrrh {:I FF
5 | g . Display
Bl e - ( ﬁmmm'\

- ! }l it i results

B
TE40- T| > Export

results

{641 = ":“‘ A : plat
D,Ea.{--::::::::::::::::::n:% 1B1- PR R G N R - ¢ Compare

-

Jimidm?)

0a  gad .
I _;/ with

measured
data

Navigate
to other
panels

o

o

AR niA iR
5. O , by ke :
il

251+ = T
i1] / o PEIOMEDAnETI0n

1 1
0 01 02 03 04 05 007 Bz irertae
viiae (V]
Sxamuizied I e
Yool Jnmldend) Fr ) &

s | mmem | mam | t6e

c"ﬁaﬂ]ﬂ’iﬁ'}‘. il =3
Mezared IV cammeiars _ . Ferame |l h&&jE;B.-SaEU PS 2100 wererselmeaagementdl|
4555 , 0 L] | 105 ImsEX | g

b

(4
i
2

-

B ane, I

Rt

Problem filer o' Wioes S SCARS 210 werkprssidedBlomnos U005 bemeline ded

o el ST 153
smeietre dope e 114401 28 124450
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. *_f'f__hi “ General working principles:
“5¢~ | Semiconductor equations

%
TN
d a”?

SOLAR CELLS

SCAPS 3.0
0(_ .0y q IR | _ . .
ol €50 | o | NP NA+Np +— n, Constitutive relations
ax( axj 50{ P=Na*Np quefect( p)} Poisson
0] on ) ., OEg,
- 4+G-U , - jo=-Fop
1" ax 2(N. P) P o | ons
Oy _op (- Continuity relations 4 ok,
—+G-U,(n,p)=— =t
0X ot ) . e

 Boundary conditions at interfaces and contacts

« RESULT: system of coupled differential
equations in {y, n, p} or {Y, Eg,, Egp}
e Solved numerically

8/29



SOLAR CELLS
SCAPS 3.0

General working principles:

Discretization

e Equations solved using finite
differences

e Structure discretized => MESH
— Coarse meshing in the middle of a

layer

— Finer mesh near the interfaces &
contacts

— Two discretization points for each
interface

— Meshing can be updated during
simulation process (numerical panel)

meshpoint #

9/29



Y, General working principles:

'Q The pathway to a solution!
SOLAR CELLS
SCAPS 3.0

¢Gummel scheme with Newton Raphson substeps?

- \ n 4
« Solve (1) for Y with given E., & EFp?

« Solve (2) for Eg, with given Y & Eg,
« Solve (3) for Eg, with given y & EFn®

@: 22 )= =L o+ p- N3N+ (0]

ox\  ox o —

@:-246-u,np =T
X * Make first guess of solution

@:-2+6-U,(np =2 _ .
OX ot « Improve guess with tangent lines
o Works well if first guess was

not too bad
10/29



Vb, General working principles:

Q: The pathway to a solution?

SOLAR CELLS
SCAPS 3.0

Startpoint

}

Equilibrium Situation (dark; 0V)

LIGHT

DARK Short circuit (light; 0V)

b

Workingpoint Situation

}

1st Calculation point
closest to workingpoint

|

Difference between
several steps should not
be too large

Number of intermediate
steps to get to the
workingpoint can be set

Every batch step starts
at the startpoint

11/29



Wb, General working principles:

o7 | AC-analysis
SOLAR CELLS
SCAPS 3.0

~/

« Small signal analysis: \/
« Small signal values are complex numbers!!!

« Small signal currents, potential () and Fermi levels displayed on
ac-panel

« Admittance interpreted as capacitance-conductance circuit

o R(0)=1/G(w)

<‘ﬂ =¢pc +‘ﬁeja

Ern = Ernoc + Ern€’ | |

UJn = Jnoe * e |

C(w)

12/29
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Q Numerical limitations

SOLAR CELLS
SCAPS 3.0

« Keep the variation
between different
calculation steps
limited.

o Keep it realistic:
SCAPS is developed and tested to
simulate realistic situations, hence
things can go wrong when simulating
unphysical situations

e Don’t overdo

Do you really want to know the current
at T=20K, V=300V?

e Stop after V.

Don’t calculate the strong forward
currents (slow to calculate) if you don't

need them.
v Stop after Voc

Large number of points:
- Slower calculation

— Working pcrlnt

‘Temperature [K}, 30000

Frequency (Hz) 3'1 QODE+G

Mumber of pmnts

|
Voltage (V) 306000 |
|
|

- Less chance of convergence failure

v

Humination:  Dark | | 1 Light

1.00-,

—
50

p—

-0.50-
-1.00-

-1.60-

180
0.000.23

= (.00
4k}

. While calculating IV} ... [ﬁ

Convergence failure at V = 1.440000 Volt.
I0V) calculation cut at ¥V = 1.420000 Yolt.,

310
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SCAPS 3.0

0—15

AC-calculation when Re(J) » Im(J)

* negative capacitances
» C increases with frequency

Capacitance

285—

| et
- A
-250— 1
& 500
F] Current Density (Phase)
i -750—
[=
_1|}|}|:|,_._ 30—, : - L
-1280—- 75.0 1
' 50.0
- 3 250
_15-15_| ;6; Dﬂ_ﬁ & I.IIII. NN NN NN '!I!‘!I-I- |
005 19 1.0
-50.0 V(V)
-90.0-,

0.000.250500.751.001.251.501.752.002.25250275 3.10
distance (im)

Current Density

3.7E-5-j

#1.000

Q Numerical limitations %ﬁh
SOLAR CELLS

1.000-1

pn « np-structure

]

3.0E-5-§

25E-5-}

2.0E-5-

M zm 2

1L5E-5-

1.0E-5-

50E-6-+-

Bl

P

0.0E+0-1—

i .l_. — . N S

g

0.0

05

10

1
15 20 25
distance ([iIm)

3.0

35 40
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SOLAR CELLS
SCAPS 3.0

_Convergence seltings

7 | The numerical panel

maximum number of iterations

| 250 >

maximum variation (kT/qg)

| periteration  lastiteration /

1] electrostatic potential

{clamp) (termination ::_rlterrnn}/
| |os0 '

E electron Fermi lavel
Fn

| |oso

EF hole Fermi level

| |oso

p

Convergence failure messages

[ \Inform on screen and wait for ackov

Avoid too big variations

between iterations

Terminations criteria
Newton-Raphson

Occupation probability of deep defects for electrons
[SCAPS 2.8 and earlier]

.-...--..-:._—-g

s’”’f

s e

Output list after a convergence failure §Truncat_e output list 1.0+
0 0a-
06-
7)
04-
number of discretization levels for distributed defects ﬁ 15 |

-D.D__us—-ﬂ.ﬁ’,‘!f = } £ ;/(

|

270 275 280 285 EEI-D 2895 300 305 31[}

F Plot all occupation levels

distance (Um)

=TT =
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Q The numerical panel?

SOLAR CELLS
SCAPS 3.0
—Mesh generator setings:

v Hecalculate the mesh during iterations .

e | based on:

maximum ratio between neighbouring mesh points |‘I.E=?£I=

= _ : _ ; | Y, E, and Er,
minimum ratio between neighbouring mesh points | |1.D5 )
S | » Generation

generation limit (microAmpsfcm2) | |1.DDE+IJ

BEsnh s ISR mas | [1.00E-3 » Recombination

Occupation probability of deep defects: Occupation probability of deep defects:
Charge distribution Charge distribution
10- —_— 10- - —
o] N
No recalculation Recalculation [}
Ub- Ub- lt
- o
04- 04- 1
0.2- 02-
0.0-; : - .| |“- e i 0.0 : i el I
270 275 280 285 2% 29 300 305 310 270 27 280 285 2% 25 300 305 310

distance (Um)

distance (lm)

Remove/add mesh points:

17/29
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" | A Neutral Defect

SOLA}E E:ELLS
SCAPS 3.0

 Recombination present -~ No Influence on
charges
— Separation of direct and charge related effects of defects

e Does not exist In real materials

 Handy in simulation

— Whilst building model
— For unimportant layers

* Neutral defect + shallow doping ~ charged
defect

18/29



Q“ Curve Info 0

SOLAR CELLS
SCAPS 3.0 — Sl .l'
35E+1- ;
30E+1- E =
7 ¥
JV curve: JV) 2 5E+1- ‘j —
graph: __|[I|n—||n plot) 20E+1- ’ }e —
1.5E+1 l “I:' -
~ 1.0E+1- 1
. : E _ ¥, !
Batch simulation 1: 2 param., step 4/4 = S0E rr/
temperature [K]: 3.000e+02 o £ BOE+D= bt bbb b b e e e -
curve: lillumination>>dark 7. 0.000e+00 S IETT ~u
— 1.0E+1- ]
15E+1~ I -
i ni 2 DE+1-
point# 30
. 6.0000e-01 voltage (V) b /
POINL 1 11543e+01 J (mAfcm2) -3.0E+1- —
: = 34E+1 - R M !

i i I
0.0 0.1 02 0.3 04 05 06 07
voltage (V)

* Information about Graph/Curve/Point when clicking on a plot:
 Point/Curve nearest to mouse-click selected.

« ¢Which curve corresponds to which simulation?
19/29
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Q Save your work and settings

SOLAR CELLS
SCAPS 3.0 — Action list - All SCAPS  —
Load Action List Load all settings
® Save SettlngS ~N Save Action List Save all settings
— Cell structure (.def) —

[some of the numerical settings are included here] //
— Batch (.sbf & .bdf) (

Il together (.scaps
— Recorder (.srf) / g ( ps)
— Action panel (.act)

v
e Save results:

save graphs | «  To figure format (.png/.jpg/.bmp)
e  To text file (or .xls-file)
show « To screen
_ _ All files can be read with a text editor
plot e To printer (or pdf-printer)

e ADDING COMMENT STRONGLY RECOMMENDED!

20/29



LY, Speeding up:

P
4 e
SOLAR CELLS

SCAPS 3.0

Parameters varied

- o . [ [ ) ‘
"Q" Batch N - ) WM (m

e Linear variation

simultaneously

) . » Logarithmic variation
Vary entire definition files

/ e Custom defined variation

| \AGS 'g'_L_ig__v_: defect 1

Remove |
Lo

v total defectde ~| leftside - Jroooeas  fioooEqe 7 Lin B[] Log

Remove ) [T T[K] -~

Remove[™ nCdS(L2)  ~| fhicknessum]
Remove { [ n-Zn0 (L3) ™) thicknessfum]

| Zjo.100 20150 5 P Lin [[1¥ Log

-

~ | Set custom values ZJo2s0 “Jos0 7 Lin [T Log

- |

3 values saved in three temperatures.bdf

E{emw%) B i-llum-inaﬂlnn... i | 'épecirumﬁlle

unsaved list of 2 spectrum files

">

B Vary definition files From To Steps m
. |

aiizlE=E=])

file as parameter!

Add

L5

[ =

Up to 9 parameters

Y g
€

Keep SHIFT pressed to interrupt

a batch calculation

21/29




\\ L e Speeding up:
| 4
" | Recorder!
SOLAR CELLS :

Properties to be recorded

Cell characteristics: eta A [ECE” defintion - Type \

Cell charactenistics: Yoc . |

Cell charactengtics: Jac |Defect density w | Property

Cell characteristics: FF — :

BB All layers v layer 1. Select item to be recorded

EE: VE s s

EB: Frn Defect1 v defect

EB: Fp -|

{Cell definition: T - il layers - defedt \ T] Y,

Al -re e N\

AC:jn-im i E

iGeneral properties: C fotal] Insert Above B,Eplaw _

2. Press to add to the list

Insert Below

7
\.

List of items to be recorded

Remove selected item

_;j

 The recorder overrules all calculations set at the action panel
@ * Items recorded at workingpoint conditions

N

* Only simulations to get to the asked properties are performed
22/29



Vb sy, Speeding up:

Q Recorder?

SOLAR CELLS
SCAPS 3.0 : :
Recorded items shown as function of:
 Baitch parameters (cell characteristics — general properties — interface properties)
‘:SCE'IE * MeSh (Other propel’ties) Curve info IV characteristics
Jlog 165E+1 | | | OFF * Only checked
Mabs  16264- o items are
1.60E+1- \ Saved
1.58E+1-
1.56E+1-

 Only lowest
checked item
IS shown

& 154E+1-

=

T 152E+1-
1.50E+1-

148E+1-
146E+1-

1.44E+1 . i i i
1.0E+D 1.5E+0 2.0E+0 25E+0 3.0E+0 L6

thickness[im] — lin

N\
[Prcperty (y-axis) ||Cell characteristics: eta v

¥-axis ;ﬁ-CIGS [L1}5=ﬂ~1ickness[pm] i
- y Comments
Problem file: c\Koen\Scaps\SCAPS 21003 werkversie\defiNumos CIGS baseline.de ‘
last saved: 14-2-20171 at 14:13:33

simulation done on: 14-2-2011 at 17:13:1 .
Choose properties on the axes
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SCAPS 3.0

Speeding up:

Script < f

 Run SCAPS from command-line or external program
o Automatize user-interface operations

* Analyze results in a non standard way
— Make your own extension to SCAPS: SCAPSUser Functi on. dl |

— Root/extrema finding available
— Access all recordable variables: si ngl eshot bat ch

Y g
€

o Keep the script manual close at hand
* Freedom has its pricel While scripting you have

more power to let things go wrong -
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L
; =
v | Gradi
’4 1\ r'a |n9
SOLAR CELLS END grading dependent on position x ND (x) Ti
SCAPS 3.0 ‘shallow denor density ND(x) (1/em3) |1000E+15  [1000E+16 |jparabolic v
NA grading dependent on composition y: NA () v

M

« Material driven approach  staliowacceptor density NAG) (1/em3) | 1000E+1  |1.000E+17  |lexponential |
 N,, Np, N = Grading along composition or position
« Whatis UNIFORM?

— Uniform A / Uniform B: Only one material present (nothing else
can/should be graded)

— Uniform Y: Uniform material is a mixture of two materials (other

parameters can be graded) o000
« Special absorption interpolation i,
Graded variables available on i “‘%\\‘\“\\ Aﬂ%i
the cell definition panel after Pome—— N\ N
calculation T T N A B . .9
All grading data: "S‘a‘.reJ Shgw Gr:aph Vieﬁ] 3B0400 500 600 Ia?mﬂgda[i?n[; 90 1000 1100 1250
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SOLAR CELLS
SCAPS 3.0

e Set scaling on the

Zooming and Scaling

scaling panel

Scale

« Switch between [iog

Linear & "
Logarithmic

(&

X-3xKis

voltage (V)

Scaling mode

Auto 3 Manual

X-gxis range

Only acive when "Manual"

xmax &0

Units as in axis |abal

v {0.000E+D

O00E-]

y-axis
J (mAfem2)

Scaling mode

Auto 3 Manual

y-auis range
Only active when "Manual®
Linits as in axis |abel

YT 0 000E+D

ymax |[4025E+3

 Press CTRL and draw a rectangle in a graph to zoom in
 Press CTRL and right mouse button to zoom out.
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"Q:' The b I ue bUTTon Other panels need input firsti{

SOLAR CELLS
SCAPS 3.0

* Allows browsing of the cell definition

« Makes sure you find minimized panels back
« Uneditable panels are dimmed

Blue button Panel
~ Layer 1: pLIGS5
=l Layer Z: n{Cd5
I=l--(zraded Parameter
eff. density of states NCiv)
electron mobility mu_ndfy)
- |E|:|t_.ah-ir|:ut. alpha*-.'_.e.lamhda'il
- Layer 3; n-Zn0
- New 'E'j'er 4 Only items in red can
winteface 273 pe edited immediately

exit all panels with DK] exit all panels with CﬁNCELﬂ]

 Press F1to getto cell

EMERGENCY BUTTONS @"

definition panel (where you can
access the blue button)

Press F2 to see the layer/interface
panel

)
J
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Q% Enjoy SCAPS
SOLAR CELLS (7|
SCAPS 3.0

(R RIN

e SCAPS is freeware:

— Register when using: #=7 Marc.Burgelman@Elis.Ugent.be
Koen.Decock@Elis.Ugent.be

— Cite when publishing:
M. Burgelman et al., Thin Solid Films, 361-362, 527-532 (2000)

» Other more specialized articles
e More Details: \

— Collection of (Add-on) user manuals _SCAPS info_|

— Contributions in literature /
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SOLAR CELLS

SCAPS 3.0

N

5 More Questions?
v

e Raise your hand and ask!

e =7 Marc.Burgelman@Elis.Ugent.be
Koen.Decock@Elis.Ugent.be

¢ Please explain your problem, what you did and what you
expected!

JdPlease add .def- or .scaps- file with sufficient comments &
results.
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