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What is gpvdm? @

‘gpvdm is a 1D/2D opto-electronic device model, which can be
used to simulate solar cells, LEDs, diodes, FETSs etc..

*Solves the drift diffusion equations using the finite
difference method.

*Solves the optical equations, using ray tracing or the
transfer matrix method.

*Cross platform/open source

Very quick theoretical overview......

https://www.gpvdm.com



Simulating charge transport: @

Gauss's Law

Ve, e Vp=q-(n—p)

Electron driving terms Hole driving terms
]n:quenvEc-l-anvn Jp:quthEv_quVp
Electron continuity Hole continuity

871 Yol ap ree
V'Jn:q R,+T,+ a]; V'Jp:_q R,+T ,+ 8];

*In this respect gpvdm is similar to many other device models.

https://www.gpvdm.com
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However to simulate disordered materials you nee@
to include trapping/recombination via trap sates...

A Conducion banc /}_ *This is often done

2 - ___4‘— E__.—a..==. using the following

o SRH equation, which
S assumes a steady

S state distribution of
LU: trapped charge carries

In the trap states.

~
|

Et_Ei
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l

k
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*This form of the SRH equation is therefore not suitable for
time domain simulations where trapping/recombination via
trap states dominate charge dynamics. As the charge carriers
can not go out of equilibrium 5

https://www.gpvdm.com



We therefore need to solve for the charge @
density of each trap state explicitly.

*‘We split energy space up into
energy slices.

*And use the SRH equations but
don’t assume steady state, so o~

solve the SRH equations explicitly @ *Recombination

can be calculated

in time domain. P
o as:
-
* ' Ll
Each .trap state gets its own rate - Free carrier recombination
equation: <)
B nband
o . e e
on L Rn_Z(”l_’"z)
Ezrl—rz—rﬁ Iy 0
h L]
electron capture ry Is maintained.
electron emission 7>
hole capture rs ]
hole emission ry *Other models do not do th|s.é..

https://www.gpvdm.com



This enables us to know where the charge @
carriers are in position/energy space.

Total charge - position V=-0.5401026 time=0.0 fs
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Downloading and installing @

*The easiest way (and recommended way) to use gpvdm is to
download gpvdm for Windows (https://www.gpvdm.com/
download.php), double click on the installer, and follow the
Instructions. | keep this version up-to-date.

Alternatively If you are on Linux, you can compile from source.
You can find instructions on how to do this here:

*https://www.gpvdm.com/code.php

ttttt ://www.gpvdm.com build configure, Roderick MacKenzie 2018

*On Linux, | highly
recommend using the
Jbuild as it will take care of
a lot of the hard work for
youl.

cccccccc



https://www.gpvdm.com/code.php

If you don’t get a nice 3D interface it means your
graphics drivers for you computer are not configured.

= General-purpose Photovoltaic Device Model (https://www.gpvdm.com}
File ‘ Home | Simulations Configure Databases Information About
’ I I & [-‘_‘)i(. Q ?K Light intensity (Suns): Q
Undo R cr ey ) Smp. Parameter Fit P!or Exam\ne re;ullt; 10 - Help
simulation scan data File in time domain
Terminal Output
Layer ]
*OpenGL not working :/
— L
-
Contacts General-purpose Photovoltaic Device Model (https://www.gpvdm.com)
P’—, File ‘ Home | Simulations Configure Databases Information About
g ” & /| E -‘72 BK Light intensity (Suns): R
lons ’ i = 2 g Y : & )
Undo Run simulation ) Stog Parameter Fit P!or Examine resut‘ts 10 - Help
gﬁ simulation scan data File in time domain
Parasitic Terminal Qutput
components i
ito _ S
M perovskite'(ad - — Xy Yz Xz 4+ %
Zho (active) Layer
Electrical edod s (4 e) editor
parameters red
as
Ed -~
o Contacts
xz-size
[
/home/rod/t/gpvdm5.0 Doping/
lons
.
*OpenGL working : il
. Parasitic

components

u

Electrical
parameters

Xz-size

/home/rod/t/gpvdm5.0
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Your first gpvdm simulation

¢ Click on New simulation, in the file menu.

& General-purpose Photovoltaic Device Model (https://www.gpvdm.com)
File | Home Simulations Configure Databases Information . New simulation (https://www.gpvdm.com)
< = Which type of device would you like to simulate?
Open Export |
imulation data
Information é Organic solar cell (p3htpcbm.gpvdm)
General-purpose photovoltaic device model
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN Al
Fﬁ Perovskite solar cell (perovskite.gpvdm)
https://www.gpvdm.com L
. . . . . . a-Si solar cell (a-silicon.gpvdm)
To make a new simulation click New Simulation in the men
open an existing simulation select Open simulation.
= Organic bi-layer device (bilayer.gpvdm)
There is more help on the man pages.
Please report bugs to: roderick.mackenzie@nottingham.ad Mg OFET (ofet.gpvcm)
Follow the gpvdm project: r—
) cigs
3 Youtube ,TWltter —
dEER
/home/rod/t/gpvdm5.0/gui —
[ ] Show hidden Cancel | Next |

*Save it somewhere but not in the install directory.

https://www.gpvdm.com
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You should get this window.

Terminal _ Output

~ Xy Yz Xz 4
earor
—

Contacts

-

Doping/
lons

ITO
- PEDOT.PSS

Parasitic

componens ?3HT:PCBM [active)

u Al

Electrical
parameters

RI

XZ-slze

/home/rod/Desktop/new_simulation

&
File ‘ Home ‘ Simulations Configure Databases Information About
’ l i é:@’ ll_,a-_/'(_ \g M Light intensity (Suns): \)
ondo fonsimion | Sip - Poometer F P Geneets 1o

Click the play button

https://www.gpvdm.com
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The core solver will be run on CPU 0O

£
File Home Simulations Configure Databases Infarmation About
I A\ L 17 o intensity (Suns) >
’ é»? | [ 1 Light intensity (Suns) [
5 ara i a sults 10
Undo Run simulation Stop Parameter Fit Plot Examine result 1.0 — Help

simulation scan data File in time domain

levice structur Output

cPuo I .620000 .624972) Current = 2.516980e-01 mA (4.249316e+01 A/m~2) 1.025101e-13
.640000 .653038) Current = 6.652446e-01 mA (1.114346e+02 A/m~2) 7.776147e-14
CPU 1 .660000 .684462) Current = 1.251000e+00 mA (2.090772e+02 5.572298e-14
.680000 .720333) Current = 2.064793e+00 mA ( 3.955162e-14
CPU 2 .708000 .761928) Current = 3.172107e+00 mA ( 2.599258e-14
- .720000 .810684) Current = 4,646696e+00 mA (7.750745e+02 1.683624e-14
. 740000 .868162) Current = 6.568518e+00 mA (1.095393e+03 1.091178e-14
CPU3 .766000 .935992) Current = 9.021254e+00 mA (1.504196e+03 7.069920e-15
.780000 .015829) Current = 1.208971e+01 mA (2.015619e+03 7.079860e-15
Cluster Stopping because Vexternal 1.109301e+00>1.100000e+00
< possible Jsc = -112.986659
0.602238 (V)
Jobs list

Jsc= -111.634936 (A/m"2)

Pmax= 45.118899 (W/m"2)

Pmax Voltage= 0.468738 (V)

FF= 67.110478

Efficiency= 4.511890 percent

photon density= 4.231279e+15 Writing files to disk
Freeing memory=0x1d041do

Complex solver free

Solved 46440 Equations

Freeing memory from the optical model
finished signal=lock®

Bytes written 8122646

Bytes read 173293

Files read 90

Files written 6134

I have shut down the server

/home/rod/Desktop/new_simulation

‘Blue is CPU usage, red is disk usage, if you simulation is
running slowly, writing to the HDD is always the bottleneck,
SSDs highly recommended.

https://www.gpvdm.com




Examining the results.

ievice structur

<

Terminal

LR —

= 4 General-purpose Photovoltaic Device Model (https://www.gpvdm.com)
File ‘ Home ‘ Simulations Configure Databases Information About DO u b I e Cl iC k O n
> " & “L,}_"‘ . L/ { % Light intensity (Suns): % i . .
. - Stop Parameter Fit Plot Examine results JV " d at to VI eW J -V
Undo  Runsimulation : . e : 10 v Help
simulation scan data File in time domain

curve generated
by the model.

calibrate charge.dat charge_tot.dat dos0.inp.chk dos0O_dosn.datdosO_dosp.dat  dynamic
L, L, L, L
dynamic_Rn_ir dynamic_Rp_ir equilibrium iv.dat jv_avg.dat 1o T D) - Segll vl - DT, Lo
— 4
] / ] / ‘ Plot | File Color Scale Math
lj.dat log.dat lv.dat measure_jv.dat measure_outpt  pl0.inp.chk N S 6 é Q --—
—e-
- A + = |~ )
Eﬂl!'ﬂ I| | ‘ | Refresh graph  Home  Back  Forward Pan  Zoom  Subplots  Customize Save
EERNAL
Current density - Applied voltage
snapshots solver spectra tconverge.dat
— 2500
=
o
< 2000 1
£
= 1500
2
(%]
S 1000
/home/rod/Desktop/new_simulation =
c
@ 500 1
5
(o] 0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Applied Voltage (Volts) 5
— . dat

https://www.gpvdm.com
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The snapshots window, this is used to show changes in
the device as a function of voltage and time.

E General-purpose Photovoltaic Device Model (https://www.gpvdm.com)
File ‘ Home ‘ Simulations Configure Databases Information il About
’ I I & 'iﬁt ?@ % Light intensity (Suns): Q
* v ;
T Sl T T ” Heb

levice structur Terminal Output
L,

i h i
g:ﬂ '| | Lf Lf '| |

calibrate charge.dat charge_tot.dat converge.dat dosO.inp.chk dosO_dosn.datdosO_dosp.dat  dynamic
L L L L [ b

L/ L/- Lf L/- O] Examine simulation results in time domain

‘plot | File  Color  Scale  Math

I

dynamic_Rn_ir dynamic_Rp_ir equilibrium iv.dat jv.dat jv_avg.dat jv_internal.dat
__h __h ﬁ-ﬁ_i — L)
-t Y A€ D> P$Q = ¥ > >
|i Refresh graph  Home  Back  Forward Pan Zoom  Subplots  Customize Save Play
lj.dat log.dat lv.dat measure_jv.dat measure_outpt  pl0.inp.chk plot Current density - Position V=-0.193138 time=0.0 fs
g0
Ul o :
Sl SRR | ‘ £ _204
=3
snapshots solver spectra tconverge.dat 2 404
> =
S 60
5
E —80
g
§ 100
3
o T T T T T
0 50 100 150 200
x-position (nm)
8 - — data
/home/rod/Desktop/new_simulation
-
1

Set this to Ec.dat (The :
Conduction band/LUMO) 16
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Using the snapshots window

L] E I sults d

‘ Plot ‘ Fle Color Scale  Math

T A€ D>PQ = ¥ >
Refresh graph  Home  Back  Forward Pan Zoom  Subplots  Customize Sav Play

LUMO - position V=-0.2131437 time=0.0 fs

—3.8 4
S -4.0
2z
&
5 —4.2
[ =
48}
c
S —4.4
©
a
]

0 50 100 150 200
X-position (nm)
— dat:
0
File Ec.dat

https://www.gpvdm.com
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*Click play and the
simulation will iterate
through each voltage
step. If you were doing
a time domain
simulation it would do
the same.
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Overview

*What is gpvdm/theoretical overview?
*Installing gpvdm
*Running simple simulations

*Your first gpvdm simulation

*Changing electrical parameters
*Optical simulations and the materials database
*Perovskite solar cells and time domain simulations
*OFET simulations and finite difference meshing.
*Editing the device structure using the layer editor
*Meshing and dumping

*OLEDs

https://www.gpvdm.com
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Editing the electrical parameters of a
material

*®

Terminal _ utput

Xy Yz Xz 4 %
caor
.
Contacts
e

Doping/
lons

i~

Parasitic
components

U

Electrical
parameters

"-

XZ-size

ITO

?DOT: PSS
3HT.PCBM (active)

\Al

/home/rod/Desktop/new_simulation

4
File | Home | Simulations Configure Databases Information About
Iy 4 e _
’ i I ,ég I_.a-_?'(_ Q M Light intensity (Suns) R
S E i i g < "
Undo o S . _:tcap. Parameter Fit F’l.ot Elxal.mne re,ullt_, 1.0 - Help
simulation scan data File in time domain

https://www.gpvdm.com

*Click on the
Electrical
parameter editor,
under the device
structure tab.

19



This is the electrical parameter window

Electrical parameter editor (https://www.gpvdm.com)

Electrical parameters

Luminescence

DoS of P3HT:PCBM

DoS distribution

Electron trap density

Hole trap density

Electron tail slope

Hole tail slope

Electron mobility

Hole mobility

Relative permittivity

Number of traps

Free electron to Trapped electron
Trapped electron to Free hole
Trapped hole to Free electron

Free hole to Trapped hole

P33

exponential -
3.8e26
1.45e25
40e-3
60e-3
2.48e-7
2.48e-7
38

20
2.5e-20
1.32e-22
4.67e-26
4.86e-22

a_an o=

au
m* eyt
m* eyt
eV

eV

m?V gt
miVigt
au
bands
m'I

m'i

m-}

m-}

*Here you can edit the electrical parameters of the electrically

active layers. Each electrically active layer will get a new tab

here.

https://www.gpvdm.com
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Types of layers in gpvdm: @

Layer type Description Electrical Optical
Equations Equations
solved solved.
active The electrical model is solved over these Yes Yes

layers, each layer gets it's own set of
electrical parameters.

other No electrical equations are solved in these No Yes
layers.

contact These layers are used to define the electrical No Yes
contacts, no electrical equations are solved
in the layers.

*The layer type can be changed using the layer editor....
more on this later.

21
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Editing an electrical parameter...the trap

density....

Electrical parameter editor (https://www.gpvdm.com)

Electrical parameters

Luminescence

DoS of P3HT:PCBM

DoS distribution

Electron tail slope

Hole tail slope

Electron mobility

Hole mobility

Relative permittivity

Number of traps

Free electron to Trapped electron
Trapped electron to Free hole
Trapped hole to Free electron

Free hole to Trapped hole

exponential > | au
3.8e26

145e25

40e-3 eV
60e-3 eV
2.48e-7 mAyigt
2.48e-7 mAyist
3.8 au

20 bands
2.5e-20 m’?
1.32e-22 m?
4.67e-26 m?
4.86e-22 m?

b) Now re-plot the JV curve (jv.dat), also find the
(sim_info.dat) file, double click on it and find the

power conversion efficiency.

https://www.gpvdm.com

B

a) Make the
density of trap
state symetric
at 1x10** m™
and rerun the
simulation.

File | Home | Simulations




You should have results which look a bit like

this:

‘L‘i'r. Current density - Applied voltage - www.gpvdm.com

|p|ot | File  Color Scale  Math

y=1693.55

Applied Voltage (Volts)

x=1.05172
T A€ D> PQ = ¥
Refresh graph  Home  Back  Forward Pan Zoom  Subplots  Customize Save
Current density - Applied voltage
4000 1
-
o
< 3000 4
£
s
2 2000 4
%]
=
[
b=
£ 1000
o
5
8]
oA
T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

— v dat

https://www.gpvdm.com

Simulation information (www.gpvdm.com)

Simulation Information

Fill factor

Power conversion efficiency
Max power

Ve

Recombination time constant at Voc
Recombination rate at Voc
Average carrier density at P
Recombination time constant
Trapped electrons at Voc
Trapped holes at Voc

Free electrons at Voc

Free holes at Voc

I

Total carriers (n+p)/2 at Voc

0.801681 au.
6.317818 Percent
63.178183 Watts
0.697817 v
6.033818e-04 s
2.053384e+26 mst
2.597280e+22 N
1.782948e-03 mt
1.868796e+20 2
6.739736e+21 2
9.096213e+22 2
9.051892e+22 N
-1.129337e+02 Am?
1.817027e+23 m>

N
w




Varying a parameter many times using the

Parameter Scan, window.

@ .

ZZZZZZZ

/home/rod/Desktop/new_simulation

Light intensity (Suns):

Xy Yz Xz +

ITO

?DOT: PSS
*3HT.PCBM (active)

Al

*Click on the parameter scan tool

https://www.gpvdm.com

*Often we want
to change a
simulation
parameter
several times to
understand how
a parameter
affects a device.

*To do this, use

the Parameter
Scan tool

24



The parameter scan window

Scan ‘ Simulations |

scan - gpvdm

About

P X OF e

Run Stop Plot Time domain Notes
scan plot

scanl I . @ /@

S
T »

£
|

https://www.gpvdm.com

B

*Click on the +
to add a new
line to the
scan.

25



A new line should appear... @

-& Parameter scan - gpvdm

Scan ‘ Simulations ‘ About

- = i i i : .
‘ I I 7 'f:_,; % -Q — &y Select simulation parameter (https://www.gpvdm.com)
v

Run Time domain & . :
scan 0P Pt plot Notes 5 WP - Simulation parameters

scanl I 4 - ‘@ ’ﬁ B ’ llght

» math

F
File token Select parameter D).O 0.0 flt

»dump
» parasitic
dpitaxy
start

3HT:PCBM
0s

DoS distribution
Electron trap density

IHole trap density I

Click on the “..." icon, expand the tree as showri,ole e
select ‘Hole trap density’ and click OK.

https://www.gpvdm.com

lectron tail slope

OK 2(.6|cel




The parameter scan window...

& Parameter scan - gpvdm
Scan | Simulations | About
» oz 8=
! i i I
Run Stop Plot ~ 'medomain e i »
scan plot ;
scanl -
I + — ¢ &
File Token Parameter to change Values Opperation
I it:xy/P 3HT:PCBM/dos/Hole trap densitym 0.00.0

//’

This shows the
file/section of the file
which will be edited
(generated
automatically).

https://www.gpvdm.com

Enter these (1e24 1e25
1e26) values in here.
They are the trap
densities we are going
to scan over (units are
m= eV™?)

27



But we want to simulate a symmetric

device (where Ntraph=Ntrape)...

B

4&' Parameter scan - gpvdm
Scan ‘ Simulations About
gy X ere
:g; Stop Pl;t Timeptlj;main Notes 'f? »
scanl I $+ = ‘@ "ﬁ B
dos0.inp $#Ntraph epitaxy/P3HT:PCBM/dos/Hole trap density .. | 1e24 1e25 1e26 scan
dos0.inp $#Ntrape epitaxy/P3HT:PCBM/dos/Electron trap density - 0.00.0 scan
So using the ‘+’ button add another row and then using the ‘...’
buttons make it look like the above..
28
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But we want to simulate a symmetric @
device (where Ntraph=Ntrape)...

Ly neter scan - gpvdm
Scan ‘ Simulations ‘ Pz
®» g s -
v | S— -
i i 4
R Stop Plot Time domain Notes . »
sssss plot
1 —
(PR PN
dos0.inp #Ntraph epitaxy/P3HT:PCBM/dos/Hole trap density ... | 1224 1e25 1e26 scan
epitaxy/P3HTPCBM/dos/Electron trap density | |t SN - t2x /P 3HT-PCBM/dos/Hole trap density

*Then from this menu select, ‘epitaxy/P3HT:PCBM/dos/Hole trap
density’.

*The words ‘mirror’ will appear in the values column. This means that
the values for Electron trap density will follow that of the Hole trap

density.
*Now click ‘Run scan’...., it will run the simulations in parallel across all
cores of your CPU. 29
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Plotting the results.

Scan ‘ Simulations ‘

About

Run
scan

Stop Plot Time domain MNotes
plot

Ll 7

scanl I % _ @ ’ﬁ B

dos0.inp #Ntraph epitaxy/P3HT:PCBM/dos/Hole trap density ... | 1224 1e25 1e26

#Ntrape epitaxy/P3HT:PCBM/dos/Electron trap density

300

Bcan

l ]Eepitaxny3HT:PCBMIdosfHole trap density

Current density - Applied voltage

200 4

100 -

nt density (A m*~{-2})

—100 -

Curre

—200 A

— 1% 102%

—0.2

T
0.0

*Click plot, and plot the file scanl/1e24/jv.dat.

0.2 0.4
Applied Voltage (Volts)

*All jv.dat curves will be plotted from the simulation tree.

https://www.gpvdm.com

T
0.6 —— 1x10%
— 1 x 1026

30



A final note on the electrical parameter
window...

e General-purpose Photovoltaic Device Model (https://www.gpvdm.com)

File | e ‘ Simulations ~ Configure  Databases  Information About .We Can
’ " & | aie § .fﬁ “Bh Light intensity (Suns): i } .
Undo fm eSS Stop Parameter Fit Plot Examine results 10 - Help a SS I g n a

simulation scan data File in time domain
Terminal Output h Oto n
b= Electrical parameter editor (https://www.gpvdm.com) p
— .
—
= generation
editor

= Electrical parameters I Luminescence I effICIenCy to
Contacts

l‘_' Turn on luminescence True/False

Doping/

lons Luminescence of perovskite | | " t0 Pree Photon generation efficiency 1.0 0.0-1.0 reCO m b I n atl O
Ntee £0 Niap photon generation efficiency 0.0 0.0-1.0
ﬂi Nip £ Prree photon generation efficiency 0.0 0.0-1.0 n p rocess y SO
c:r:ls;:t:ns Pt tO Niree photon generation efficiency 0.0 0.0-1.0
u Pree £ Pirp photon generation efficiency 0.0 0.0-1.0 We a.n g et a
piﬁiﬁgﬁfﬁs Luminescence of zno predlcted
PL/EL

/home/rod/Desktop/new_si S p e Ctr u m LI |

Luminescence of pedotpss

XZ-size

*We can only do this because we know where the carriers are in
energy space across the device.

https://www.gpvdm.com



Overview

*What is gpvdm/theoretical overview?
*Installing gpvdm
*Running simple simulations

*Your first gpvdm simulation

*Changing electrical parameters
*Optical simulations and the materials database
*Perovskite solar cells and time domain simulations
*OFET simulations and finite difference meshing.
*Editing the device structure using the layer editor
*Meshing and dumping

*OLEDs

https://www.gpvdm.com
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Optical simulations @

‘gpvdm will always perform an optical simulation if the light intensity
IS not set to zero, but it will not dump all the information it calculates
to disk as this is too slow.

*Therefore there is an optical simulation window to explore the
optical performance of the device in more detail.....

https://www.gpvdm.com



Running the full optical simulation...

File Home Simulations Configure Databases Information

About

LA —_

Ef; —II—' V.. -DI— Simulation mode: ﬁ&“‘ @ @ $/W

Time domain Steady state Suns Voc Simple diode , Optical Laser FDTD Calculate
jv - Measure

simulation editor.  simulation editor  simulation editor model Simulation @ editor  Simulation the cost

Termial  Output

Layer

Xy yz Xz & %

Wavelengths:

editor

-~ —_—)
- Optics |

About

Contacts

o
Doping/
lons

i~

(=i

Run optical S all v full v sun
: - ave graph

simulation

Photon density Photon absorbed Generation rate Optical setup

’ ’3@, Wavelengths: Optical model:  Solar spectrum:

Photon distribution

&

Help

Photon distribution absorbed

2 70 ~\/
= I~

Parasitic
components

"l

Electrical
parameters

XZ-size

1.0 1

0.8

0.6

0.4

Photon desntiy (a.u.)

fhome/rod/Desktop/new_simulation

0.2

*Click run....

0.0

-3.80 eV

P3HT:PCBM

Al

v

r—5.5

Energy (eV)

r—6.0

r—6.5

r—7.0

T
—200 -100 0

T
100

Position (nm)

T
200

T
300

»
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Looking at the photon distribution.

470 nm

473 nm eV 3 70 a\/
1.0 1 ‘3 .80 EV

475 nm
- 417 €m6m |
2 08+ 478 nm P3HT:PCBM
z 480 nm Al
w
c
S 06 ITO 481 nm
g 483 nm
° 484 nm
2 0.4 1 v
=
@
N
3
€ 021
o
=

0.0
-200 -100 0 100 200 300

Position (nm)

& Optical simulation editor (https://www.gpvdm.com) i = Bl Es
‘ Optics ‘ About
’ @ Wavelengths:  Optical model: ~ Solar spectrum: o
I
Run optical Save graph 3Blmnm - full v sun v Help
simulation

Photon density Photon ¢ a71 seneration rate Optical setup Photon distribution Photon distribution absorbed |4 |»
nm =

& h h A
(=] L o [ %]
Energy (eV)

|
o
wn

|
=
o

*Normally the model shows the sum of all optical modes, but you can
select which mode you would like to look at. Using the above menu.

https://www.gpvdm.com
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Plot the photon density as a function of
wavelength/position

Optical simulation editor (https:/www.gpvdm.com)

Photon density

600

350

300

450

Wavelength (nm)

400

—100 0

100
Position {(nm)

200 300

‘ Optics ‘ I About
’ ’@ Wavelengths: Optical model:  Solar spectjum: o
a
Run optical 3&lnm - full v sun v
simulation Save graph Help
Photon absorbed Generation rate Optical setup | Photon distribution |  Photon distribution absorbed Reflection  |4|»

https://www.gpvdm.com




And also reflected light from the cell

A Optical simulation editor (https:/fwww.gpvdm.com)
| DptICS ‘ I About
> N Wavelengths:  Optical model:  Solar spectrum: 9
-
Rl:.ln optllcaL Save graph 36lnm full v sun v Help
simulation
| Photon absorbed Generation rate Optical setup Photon distribution Photon distribution absorbed Reflection |/ «|»
Wavelength - Reflected light
0.16
0.14
3 0.12 4
&
£ 0.10
=
© 0.08 1
8
g 0.06 -
[
T 0.04
0.02
0.00 7 T T T T T T
3.5 4.0 4.5 5.0 5.5 6.0
Wavelength (nm) le—7
= Photondistribution

https://www.gpvdm.com




You can also vary the light source. @

Optical simulation editor (http://www.gpvdm.com) [

" Optics ‘ About

) @ Wavelengths:  Optical model: ~ Solar spEctrum: o

Rgn optllcal Save graph 36lnm - full - sun - Help
simulation
led
| Photon absorbed Generation rate Optical setup on Photon distribution absorbed Reflection  |4]»
505nm_led -
F660nm
xenon 1le28
600
rod
2.5
= 550 627nm_led
= 2.0
£
=, 500
b 1.5
g
g 450 1.0
400 0.5

=100 0 100 200 300
Position (nm)

*Try rerunning the simulation with the xenon lamp.

*How does the Photon distribution change?

https://www.gpvdm.com
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There is a database of light sources, you can
edit it, it is far from exhaustive....

R 2

General-purpose Photovoltaic Device Model (https://www.g| ° B ut

you can add
File Home Simulations Configure Information

your own light
-

Materials Optical

oo o sources if you want
database || database

materials

to LI
. Open file https://www.gpvdm.com x
* & | /home/rod/Desktop/new_simulation/spectra

505nm_led  627nm_led 660nm

led rod

I Optical spectrum editor (https://www.gpvdm.com) sun
sun Xenon

Intensity

Parame! ters
- Use:
o ",

| ref J Raw data | «

15
210
z
)
5 05
E

0.0

500 1000 1500 2000 2500 3000 3500 4000
Wavelength {(nm)

=0 P

https://www.gpvdm.com
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There Is also a materials database..

’ General-purpose Photovoltaic Device Model (https://www.gpvdm.com) + - O X

File Home Simulations Configure I Databases I Information i About

-
Materials § Optical Download extra
datab?se database materials
- ¥ Open file https://www.gpvdm.com + O X

@ w |;‘homefrodftfgpvdms.Ofmaterials | @

Back Home Add Material

[ ] i | i ] I’ ] i ] i ] ! ]
blends gasses generic glasses helmut inorganic metal - Open file https://www.gpvdm.com

1 i 1 i 1 i 1 e I
- - - - - - * *‘ ‘ fhome/rod/t/gpvdm5.0/materials/palymers ‘ R
Back Add Material

® ®

generic_organi p3ht pcdtbt pcpdtbt pdts-dtffbt pedotpss

oxides perovskites polymers ighthouse.c refractiveindex small_molecule

redf si-pcpdtbt

40
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The materials database

Open file https://www.gpvdm.com

@ . /home/rod/t/gpvdm5.0/materials/polymers
Back

Home

[y ([

\\\_\;’:/ \.‘;’:/ \\\.;’:/ ‘\\_\;’:/ “\\.‘;’:/
pedtbt pcpdtbt pdts-dtffbt pedotpss pfn

o]

Add Material

N

*Each material has n/alpha data

stored for it.

By default | have included a

small subset of materials | use

for my simulaions.

https://www.gpvdm.com

@) Material editor (https://www.gpvdm.com) p3ht
| File |
41 ~
f A A i ;
SWOBE ¥ @ @
Material  Insert reference -
Cost . S I t dat: Helj
0% directory information aveimage  import data s
Absorption I Refractive index Electrical parameters Luminescence Basic
Absorption V=0.0 time=0.0 fs
le7
__ 2.0
=
-
Py
151
E
<
g 10
2
£
£ 05
0.0 4
300 400 500 600 700 800
Wavelength (nm})
— Absorption
Material editor (https://www.gpvdm.com) p3ht
| File |
[ I - s
ref A 4) g ey
sw ¥ @ @
Cost Ma(erlal I referen(e Save image  Import data Help
directory information
Absorption Refractive index Electrical parameters Luminescence Basic
Refractive index V=0.0 time=0.0 fs
2.41
El
B 2.2
3
5 2.0
=
2 1.8
g
= 164
7]
[
144
1.2+

T T T T T T
300 400 500 600 700 800
Wavelength (nm)
= Refractiveindex

41



Getting (lots) more materials @

*There is also data from https://www.pvlighthouse.com.au (Keith
Mcintosh) and refractiveindex.info (Mikhail N. Polyanskiy).

*I've included this as an add on pack.

& General-purpose Photovoltaic Device Model (https:/fwww.g|

File Home Simulations Configure - Information
_,I'"-_::‘.
(&y 1@ &3
Materials Optical Download extra
database  database materials

u Download updates (https:/www.gpvdm.com)

-

Download updates

pvlighthouse.com.au.zip Materials database update 509.3KiB 012f320a6b... update-avaliable 5.0
refractiveindex.info.zip Materials database update 46.4MiB c904bc2c37... lupdate-avaliable 5.0
Done..

https://www.gpvdm.com



Making a new material, the hard way... @

*If you want to add new material, just copy the a directory containing an
old material to a new one i.e.:

cp c:\gpvdm\materials\polymers\p3ht c:\gpvdm\materials\polymers\new_material -rf \

*Each material contains about 10 files, the only ones you really need to
care about are alpha.omat, and n.omat

ok i
[rod@rodlinuxbox p3ht]s$ 1ls - 'ret: files te” yOU where the
otal 60 . data in the file came from

drwxr-xr-x. rod rod 4096
drwxrwxr-x. 11 rod rod 4096
-rw-r--r-- 1 rod rod 6232 16 21:37 alpha.omat

-rw 1l rod rod 308 16 21:37 alpha.ref °dos.lnp/pl.lnp fl|€S contain
-rw-rw-r-- 1 rod rod 4856 Oct 16 21:37 cost.xlsx the the default electrical

-rw 1 rod rod 714 16 21:37 dos.inp ..
rw-r--r-- 1 rod rod 144 16 21:37 fit.inp parameters for, realistically

-rw-r--r-- 1 rod rod 186 16 21:37 mat.inp

-rwW-r--r-- 1 rod rod 6256 Oct 16 21:37 n.omat you are gOing to have to tune
-rw-r--r-- rod rod 475 Oc 2: n.oplot these through ﬁtting

rod rod 308 21:. n.ref

rod rod 100 16 21:37 pl.inp anyway... so ignore the files

[ rod@rodlinuxbox p3ht]

during materials creation.,4
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n.omat and alpha.omat files look like this...

‘n.omat ~alpha.omat
B o o D L ool e el = Bl = alpha.omat (~ft/gpvdms.0/materials/polymers/p3ht) - Pluma
File Edit View Search Tools Documents Help File Edit View Search Tools Documents Help
™ = open - Save = do N, - |y & open - ave = \do N -
| n.omat |_) alpha.omat 3} [ ) n.omat X |_| alpha.omat
1 #gpvdm 1 #gpvdm
2#title Refractive index 2#title Absorption
3 #type xy 3 #type xy
4 #x_mul 1le9 4#x_mul le9
5#y_mul leS S5#y_mul 1e9
6#x_mul leS 6#x_mul 1le9
7 #data_mul 1.0 7 #data_mul 1.0
8 #x_label Wavelength 8 #x_label Wavelength
9#data_label Refractive index 9+#data_label Absorption
10#x_units nm 10#x_units nm
11#data_units au 11 #data_units m~{-1}
12 #1logscale_x 0 12 #1logscale_x 0
13 #logscale_y 0 13 #logscale_y 0O
14 #section_one Materials 14 #section_one Materials
15 #section_two Refractive index 15 #section_two Absorption
16 #data 16 2.50000000E-07 7.11557569E+06
17 2.50000000E-07 1.52024000E+00 17 2.53000000E-07 6.91944511E+06
18 2.53000000E-07 1.51990000E+00 182.56000000E-07 6.72005736E+06
192 .56000000E-07 1.51935000E+00 192.59000000E-07 6.51752563E+06
Plain Text + Tab Width: 4 Ln1, Col 1 INS Plain Text v Tab Width: 4 + Ln1, Col 1 INS

There is a header which you can leave alone, then there are two
columns:

n.omat: wavelength (meters) refractive index

alpha.omat: wavelength (meters) Absorption in (m™)

Replace the data with your new data.

https://www.gpvdm.com



Making a new material the easy way...

[— Open file https://www.gpvdm.com

lﬁ ‘ ‘fhomefrodftfgpvde Ofmaterlalsfpolymers

Back  Home oé UOUDIe C“CK Add Material

p3ht pcdtbt pcpdtbt pdts-dtffbt pedotpss

Q . Q ' Material editor (https:/fwww.gpvdm.com) my_new_material

redf si-pcpdtbt ’TT‘
v S @ @

Cost Materlal Inr:;er‘t reference Save image  Import data Help
directory information

*1. Click

Absorption ‘ Refractive index Basic

Absorption V=0.0 time=0.0 fs

0.04 1

0.02

0.00

—0.02 A

Absorption (m”™{-1})

—0.04 A

T T T T T T T T
400 500 600 700 800 200 1000 1100

*The material file has no Wavelength (1m) — absorpton
data....

45
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Let’s get hold of some data to import...,
usually you would get this from experiment.

*‘Download this zip archive

https://gpvdm.com/demo/materials.zip and UNZIP it.

*You should have two files....

@ k.dat (~/t/gpvdm5.0/materials/blends/ptb7pc70bn
File Edit View Search Tools Documents Help
| E2 open - Save =

| | k.dat ] n.dat ¥

1 #wavelength k
2251.35 0.61614
3252.94 0.61523
4254.54 0.61951
5256.13 0.6179
6257.73 0.61311
7259.32 0.60845
8260.92 0.60482
9262.51 0.59722
10264.11 0.59348
11265.7 0.58948
12267.3  0.5807
13268.89 0.58519

Plain Text + Tab Width: 4 = Ln1, col1

INS

@ n.dat (~/t/gpvdm5.0/materials/blends/ptb7pc70bn

File Edit View Search Tools Documents Help

| Y EZ open Save = -
] k.dat X || n.dat 3¢
1251.35 1.73515
2252.94 1.73988
3254.54 1.74155
4256.13 1.74679
5257.73 1.76971
6259.32 1.77795
7260.92 1.79008
8262.51 1.80517
9264.11 1.80383
10 265.7 1.81409
11267.3 1.83196
12268.89 1.84133
13270.49 1.84207
Plain Text = Tab width: 4 « Ln 1. Col1 INS

https://www.gpvdm.com
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https://gpvdm.com/demo/materials.zip

Let’s import k.dat

Material editor (https://www.gpvd ) my T I
| File |
[+1 =
$/W | ref '0
Cost Mater\al \ngert referen{e Help
directory information
Absorption Refractive index Basic
Absorption V=0.0 time=0.0 fs
0.04 -
=
-
w 0.02 A
¢
£
c 0.004
2
=1
2
c —0.02 4
(%]
o
<
—0.04 1
T T T T T T T T
400 500 600 700 800 900 1000 1100
Wavelength (nm) X
— Absorption

https://www.gpvdm.com

B

*Note from the previous slide
the data is not in Sl, so we
can’t import is straight into
gpvdm.

‘gpvdm can only deal with
Sl data.

*Select k.dat to import...,
from where ever you
extracted n/k.dat

a7



The import window used to convert data to Si

‘ Load/Import ‘ Plot

& Import data (https:/www.gpvdm.com)

S >
Opendata Import
file data

Title: | Wavelength - Wavelength

X-label: | Wavelength

y-label: | Wavelength

The file to import:

#Hopvdm

ttitle Refractive index
#type xy

x_mul 1e9

$y_mul 1.000000
#x_label Wavelength
#y_label Refractive index
3h_units nm

Fy_units au

#logscale_x 0
#logscale_y 0
tsection_one Materials
#section_two Refractive index
3e-07 1.37356

3.02e-07 1.36947

*The imported data

3.04e-07 1.36536
31 NRe-N7 1 3R177

/home/rod/t/gpvdm5.0/materials/polymers/pdts-dtffbt/n.dat

Help

x-column: | O

y-column: | 1 — + | yunits

+ | x unitsf§l | Wavelength (nm) -
Wavelength (nm) h

The imported file, the numbers should now be in Sl units

Fgpvdm

iii\:{:;\;':;avelength—Wavelength .The the data
h_mul 1000000000.0 O
transformed into
Sl, ready to be
imported into
gpvdm.

Fy_mul 1000000000.0
#z_mul 1.0

ftdata_mul 1.0
#x_label Wavelength
Hy_label

H#z_label

fdata_label Wavelength
F_units nm

Hy_units

#z_units

$#data_units nm

#logy False

#loagx False

/home/frod/t/gpvdm5.0/materials/polymers/my_new_material/alpha.omat

7

*Set these to
the units of
the input file.

*Set the values to Wavelength (nm), and Attenuation coefficient (au),
the RHS will then be in SlI, scroll down to inspect the file. Make sure it has

been imported correctly

https://www.gpvdm.com
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Then click import data and the data will be

Imported into the new material..

Load/Import ‘ Plot

Import data (https:/fwww.gpvdm.com)

2|3

Open datal] Import

file data Help
Title: ‘ Wavelength - Wavelength |
X-label: | Wavelength | x-column: | 0 - | + | X units: |Wavelength (nmy) v |
y-label: | Wavelength | y-column: | 1 -+ | ¥ units: |Wavelength (nm) - |

The file to import:

The imported file, the numbers should now be in Sl units

#Hopvdm

#title Refractive index
H#type xy

Fx_mul 1e9

FFy_mul 1.000000
#x_label Wavelength
#y_label Refractive index

I #gpvdm

#title Wavelength - Wavelength
#type xy

#_mul 1000000000.0

#y_mul 1000000000.0

#z_mul 1.0

#data_mul 1.0

#he_units nm #h¢_label Wavelength
FHy_units au #y_label

#logscale_x 0 #z_label

#logscale_y 0 #data_label Wavelength
fsection_one Materials Fhe_units nm
#section_two Refractive index #y_units

3e-07 1.37356 #Fz_units

3.02e-07 1.36947 Fdata_units nm
3.04e-07 1.36536 #logy False

3 NARe-NT 1 3R122 #logx False

/home/rod/t/gpvdm5.0/materials/polymers/pdts-dtffbt/n.dat

/home/rod/t/gpvdm5.0/materials/polymers/my_new_material/alpha.omat

https://www.gpvdm.com
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Overview

*What is gpvdm/theoretical overview?
*Installing gpvdm
*Running simple simulations

*Your first gpvdm simulation

*Changing electrical parameters
*Optical simulations and the materials database
*Perovskite solar cells and time domain simulations
*OFET simulations and finite difference meshing.
*Editing the device structure using the layer editor
*Meshing and dumping

*OLEDs

https://www.gpvdm.com
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Make a new perovskite simulation

> General-purpose Photovoltaic Device Model (https://www.gpvdm.com)

- | Home Simulations Configure Databases Information . New simulation (https:/www.gpvdm.com)

© N Which type of device would you like to simulate?
New Open Export
simulation imulation data

_Information ‘ Organic solar cell (p3htpcbm.gpvdm)
General-purpose photovoltaic device model

o e Rt Lo Lo R o E o L N N NE N S N NE NP NP S NN N VN NN S SN NP N YL NN VYN VYN

:!Ir Perovskite solar cell (perovskite.gpvdm)
https://www.gpvdm.com

. . . . . . a-5i solar cell (a-silicon.gpvdm)
To make a new simulation click New Simulation in the men . *
open an existing simulation select Open simulation.

- Organic bi-layer device (bilayer.gpvdm)
There is more help on the man pages.

Please report bugs to: roderick.mackenzie@nottingham.ac mm— OFET (ofet.gpvdm)
Follow the gpvdm project: —
cigs
3 Youtube ’Twitter —
dEED
/home/rod/t/gpvdm5.0/gui P-
[ ] Show hidden ‘ Cancel I‘ Next ‘
——
51
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Perovskite solar cells/time domain

B

simulations.
Fa— s LB g ‘A JV curveona
rldoe | R Perovskite device is

Xy yz Xz 4+ &

Doping/

lons

i 3 _
Parasitic edotpss_(active)
((((( ponents - . .

.perovskKite-{active)
no (active)

Electrical Al

paramet:

/home/rod/Desktop/perovskite

https://www.gpvdm.com

really a time domain
simulation due to
the movement of
lons.

*We will therefore
use Perovskite
simulations to learn
about time domain
simulation in gpvdm.
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The simulation mode menu @

a8 General-purpose Photovoltaic Device Model (https:/fwww.gpvdm.com)
File Home | Simulations Configure Databases Infermation About
) I . n
[-- 4—0‘ ‘[}I‘ Simulation mode: BG‘S"’ Dmil $fW
— = i Ve ———— — — v
Time damain Steady state 5uns Voc . Simple diode jv_perovskite - .Oplu_ul Laser FDTD EaEtwe Calculate
| simulation editor. simulation editor simulation editer model Simulatien  editer  Simulation the cost
IMPS2
Device structure Terminal Output
1 IMPS3
1 — IMPS4 3
— : 3 WWav
— s XM VZ XZ 4 R
ayer librium
editor

;S‘Aédotpss (active)

*This menu is used to select the simulation mode.

*The simulations we have performed until now were in jv mode,
this is a purely steady-state simulation.

*Set the value to jv_perovskite, this is a time domain simulation
Including perovskite ions. 53
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You can edit the density of ions using the

lon/doping editor.

File Home ‘ Simulations ‘ Configure

General-purpose Photovoltaic Device Model (https:

Databases

'www.gpvdm.com)

Information

About

67‘ )

+

Voo

Time domain Steady state Suns Voc

i

Optical

Simulation mode:

_D|.

Simple diode

jv_perovskite hd Laser

1)

—
FDTD

$/

Measure

W

Calculate

simulation editor.  simulation editor

Device structure

Out;

Terminal

(X

Layer
editor

Doping/Mobilie ion profile editor (https://www.gpvdm.com)

le25

—

Contacts

-

Doping/
lons

i

0.04

0.02 A

0.00 -

—0.02 A

Doping (m~™{-3}

—0.04

&

0.4

0.2

Mobile ion density (m™{-3})

T
[t
o

Parasitic
components

U

Electrical
parameters

v

T T
400 500

Position (nm)

T
300

0.0 0.0 0.0
0.0

0.0

0.0 le+25

0.0 0.0

0.0
le-12
0.0

/home/rod/Desktop/perovskite

https://www.gpvdm.com




Running the simulation... @

*Run the simulation (blue play button) then open the file jv.dat

Voltage - current "20.000s |
L -

x"‘l
40005 |

i i
| 60.000s
r B
100.000

L

m~{-2})
|
=
(=]
=
i
AT
| =
S| o
oo
{i;f//
Lo I o
LV I T |
A

‘-’_w = = Y
‘5 40.000%
4 N
g 80:8805
—140 1
T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Voltage (s)

. dat

*Notice it's a jv curve but it changes as a function of time

‘Plot pulse_v.dat and pulse_j.dat, these plot voltage and current
against time.

55
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pulse_v.dat, pulse j.dat @
Current/voltage against time.....

Time - Voltage

. *Notice the saw
o6 wave of the time
g os domain JV
s O experiment and
T o, the resulting

04 ! | , | , | | current transient.

Time (\ms) — pulse_v.dat
Time - current density
L

T T T T T T
20000 40000 60000 80000 100000 120000
Time (\ms)

o

= pulse j.dat

56

https://www.gpvdm.com



Editing time domain simulations

=& General-purpose Photovoltaic Device Model (https://www.gpvdm.com)
File  Home I e I Configure ~ Databases  Information About
@ ’ | a
4711- V.. -DI- Simulation mode: 5@5@ J J L $[W
. Tlme.doma.m . Steadly state Suns Voc Simple diode redperovsKite - Optical Laser FDTD Measire Calculate
simulation editor. simulation ed E 3 Time domain experiment window (https://www.gpvdm.com)
levice structur minal JE—
‘ Experiment Laser  Simulation About
Q\ o
New Delete Clone Rename Save Hel
. dos{l.inp.chk dos| experiment experiment experiment experiment  image P
jv—perovskite I Circuit Configure
e Can £
2 044
[l [l (7]
edit time
. > 1987
Wi
domain
a2
wn 0.99 4
. . =
simulations e — | | | | | |
0 20 40 60 80 100 120
using the
domain 20 05 -0.4 0.9 10 0.0 0.0
20 0.5 0.9 -0.4 1.0 0.0 0.0
simulation I - N N N N

editor tool

https://www.gpvdm.com
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Edit the applied voltage/light intensity

2 Time domain experiment window (https://www.gpvdm.com)
Experiment Laser Simulation ‘ About ‘
Al ¥

] - S+ _

MNew Delete Clone Rename Save Hel
experiment  experiment  experiment experiment image P
jv_perovskite I timemesh | Circuit  Configure ‘

Z o8
5]
2 0.4
&
o 0.0
=
(=]
> 7%8 1
v
5 1.02
a2
w 0.99 4
5
o 0.96
T T T T T T T
0 20 40 60 80 100 120
Time (s)
+ — ¢ 4
Length dt Start Voltage| Stop Voltage |tep multiplye Suns Laser
20 0.5 -0.4 0.9 10 0.0 0.0
20 0.5 0.9 -0.4 1.0 0.0 0.0
20 0.5 -0.4 0.9 1.0 0.0 0.0
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Making new simulations

*Use these
tools to
create new
transient
simulations

*These new
simulations
will appear
In the
simulation

menu in the

main
Interface.

https://www.gpvdm.com
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& Time domain experiment window (https://www.gpvdm.com)
‘ Experiment Laser Simulation About
Ap | ¥
o e = (e
New Delete Clone Rename Save Hel
experiment  experiment  experiment experiment J image P
jv_perovskite I\M Circuit  Configure

%8 7
1.02 4
0.99 4

uns (Suns) Voltage (Volts)

0.8
0.4 1
0.0 4

S
ot
o
=]

NNV

i

20
20
20

\ 4

0.5
0.5
0.5

T T T T T T
20 40 60 80 100 120

Time (s)
-0.4 0.9 10 0.0 0.0
0.9 -0.4 1.0 0.0 0.0
-0.4 09 1.0 0.0 0.0
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You can change the external circuit

conditions using the Circuit tab

tttttt

N

*You could use this to do things like TPC/TPV, where you need

short circuit/open circuit conditions.

https://www.gpvdm.com
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Overview

*What is gpvdm/theoretical overview?
*Installing gpvdm
*Running simple simulations
*Your first gpvdm simulation
*Changing electrical parameters

*Optical simulations and the materials database

*Perovskite solar cells and time domain simulations

*OFET simulations and finite difference meshing.

*Editing the device structure using the layer editor

*Meshing and dumping

https://www.gpvdm.com
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Make a new OFET simulation

E General-purpose Photovoltaic Device Model (htrps://www.gpvdm.com)
File ‘ Home Simulations Configure Databases Information . New simulation (https://www.gpvdm.com)
e o = Which type of device would you like to simulate?
siml:ljf:;lion imOuF::Son E;\;E:T
[information Organic solar cell (p3htpcbm.gpvdm)
General-purpose photovoltaic device model
il Y,
https://www.gpvdm.com ¥ ¢’
. . . . . . a-5i solar cell (a-silicon.gpvdm)
To make a new simulation click New Simulation in the men
open an existing simulation select Open simulation.
= Organic bi-layer device (bilayer.gpvdm)
There is more help on the man pages.
Please report bugs to: roderick.mackenzie@nottingham.ag mm OFET (ofet.govam) ‘
Follow the gpvdm project: —
) cigs
3 Youtube mitter —
dEE
/home/rod/t/gpvdm5.0/gui
[ | Show hidden Cancel | Next ‘

*This will use a 2D solver instead of the 1D solver. -

https://www.gpvdm.com



This will create a new 2D simulation

S
File ‘ Home ‘ Simulations Configure Databases Information About
’ l i éﬁ? L?_}{. \g Light intensity (Suns): \;‘)
Undo Run simulation sim%ltl(e:lt)mn Par:'giter cEtta F,Fll(L:)et 00 - Help

Termioal__ Output

Wavelengths:

Xy Yz Xz 4& &

Layer i
editor
-~
|
Contacts
}i )

Doping/
lons

i~

Parasitic
components

H pFhtpcbm-(active)
Electrical
parameters
= layer2
XZI-siZe

/home/rod/Desktop/ofet

https://www.gpvdm.com

*Notice the
contacts
which are 2D
structures.
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Adding another electrically active layer

B

E 3 General-purpose Photovoltaic Device Model (https://www.gpvdm.com)

| File ‘ Home Simulations Configure Databases Information About

A

o 4) — ()

New Open Export
simulation  simulation data

Terminal Output

Wavelengths:

Xy yz Xz & %

Layer editor https:/www.gpvdm.com

Contacts

o
Doping/
lons

fi”

Parasitic

... |contact ht

l ”.a[tive laye =
metal/au ... [[contact b

Electrical
parameters

XZ-slZe

/home/rod/Desktop/ofet

https://www.gpvdm.com

Click on the
layer editor and
then the +.

*Use the up
and down
arrows to move
the layer to the
correct place.
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Take a look at the electrical mesh to make @
sure it adds up to the width/height.

E General-purpose Photovoltaic Device Model (https://www.gpvdm.com)

About

File Home Simulations Configure Databases Information

Electrical
mesh

Data dump
Device structure Termina Cutput

Configure ——

B Electrical Mesh Editor - (https:/www.gpvdm.com)

we | 1D 2D 3D % &

editor

- X

Contacts

F-— 0.0034641 [10.0 1.0 [ Jleft 3e-07 10.0 1.0 [ Jleft

Doping/
lons

i

Parasitic
components

U

Electrical
parameters ° ° ° ° ° ° °

".

; T T T T T T
XZ-size 0.5 1.0 15 2.0 2.5 3.0
Thickness (mm)

4
|

g =

T T T T T
50 100 150 200 250
Thickness (nm)

/home/rod/Desktop

*This values should have updated so that the
mesh matches the width of the active layers. 65
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Let’'s now look at the contacts

|®
ome | Simulations Configure Databases Information About
A - =
> il é@» 'lﬁ A [J  Light intensity (Suns): G
Undo  Runsimulation _ >t°P Parameter it Plot 0.0 v Help
simulation scan data File
Terminal Output
— Wavelengths:
= Xy yz xz 4 :
Layer
editor [
-~
_— &
o @
Contacts
-
top top « |false ~ 0.0 0.001 0.0 -1.0
Doping/
Ic[ms‘ top2 top v |false v (0.002 0.001 0.0 0.0
bottom bottom ¥ |true ¥ 0.0 0.0034641 |5e-08 0.0
Parasitic

components

Wl

Electrical
parameters

v

/home/rod/Desktop/ofet

https://www.gpvdm.com
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The human readable name of the contact, you @
can call them what you want.

[
.’ -
— : @
top top ¥ |false * 0.0 0.001 0.0 -1.0
top2 top * |false - | 0.002 0.001 0.0 0.0
bottom bottom ¥ |true * 0.0 0.0034641  5e-08 0.0

al

p3htpchm (active)

C60 (active)
layer2

https://www.gpvdm.com



Is the contact at the top or bottom of the @

device.

Y

top top
top2 top
bottom bottom

* |false
* |false

¥ |frue

« 0.0
« | 0.002

« 0.0

0.001
0.001
0.0034641

0.0
0.0

5e-08

https://www.gpvdm.com

-1.0
0.0

0.0

al

p3htpchm (active)

C60 (active)
layer2



The contact to which the voltage @
ramp/transient/frequency pulse is applied.

4

4 = By
&

top top ¥ |false * 0.0 0.001 0.0 -1.0
top2 top * |false - | 0.002 0.001 0.0 0.0
bottom bottom ¥ |true v 0.0 0.0034641  5e-08 0.0

al

p3htpchm (active)

C60 (active)
layer2

https://www.gpvdm.com



Start of the contact from the left of the @
device in meters.

."‘-t
+ = 5
top top ¥ |false * 0.0 0.001 0.0 -1.0
top2 top * |false - | 0.002 0.001 0.0 0.0
bottom bottom ¥ |true * 0.0 0.0034641  5e-08 0.0

al

p3htpchm (active)

C60 (active)
layer2

https://www.gpvdm.com



Width of the contact in meters

i -

top top
top2 top
bottom bottom

* |false
* |false

¥ |frue

« 0.0
« | 0.002

« 0.0

Y

0.001
0.001
0.0034641

https://www.gpvdm.com

0.0
0.0

5e-08

-1.0
0.0

0.0

al

p3htpchm (active)

C60 (active)
layer2




The voltage applied to the contact. @

+ = 10

top top * (false « 0.0 0.001 0.0 -1.0

top2 top v |false v 0.002 0.001 0.0 0.0

bottom bottom * |true » 0.0 0.0034641 Se-08 0.0

: . . al
*So in this case we are applying -1V |
: p3htpchm (active)
to top, OV to top2 and applying a
voltage ramp to bottom — as we are ICBD ;ac“‘*’e)
ayer

in JV simulation mode.

https://www.gpvdm.com



Run the simulation..., by clicking on the play
button.

& General-purpose Photovoltaic Device Model (https:/www.gpvdm.com)

Simulations Configure Databases Information l | About |

I I & 'Lﬁ' Elﬂ Light intensity (Suns): @
Stop Parameter Fit Plot 0.0 -
Yndo simulation scan data File ‘ ' Help

levice structur Terminal
i Ié‘ m
charge.dat charge_tot.daj contactO_i.dat contactl_i.dat contact2_i.dat converge.dat dosO.inp.chk dosO_dosn.dat dosO_dosp.dat

- T HENERE

doslinp.chk dosl_dosn.datdosl_dosp.dat dynamic  dynamic_Rn_irdynamic_Rp_ir equilibrium iv.dat jv.dat jv_avg.dat
L L L
s Vs s s

- L il L il L ] L ]

jv_internal.dat k.dat light_dump lj.dat log.dat lv.dat measure_jv.dat measure_outpt  plO.inp.chk plLinp.chk
— | i ] i ]
J— . I e

plot sim.gpvdm  sim_info.dat  snapshots solver spectra tconverge.dat

/home/rod/Desktop/ofet

*Then let’'s look at the output.
73

https://www.gpvdm.com



Current in/out of the contacts and the gate @
current..

Voltage - Current (top2)

Voltage - Current (top) 0.00000 -
—0.00005 +
0.0030 | H
|
= + —0.00010 4
o
o H
(E 0.0020 —0.00015 4
=z ;
o 015 ; —0.00020 4
£ 00010 i
3 i —0.00025 A
0.0005 |
00000 | —0.00030 4
—0.2 0.0 0z 0.4 0.6 08 10 _ofl 0.0 02 0.4 056 08 10
Voltage (V ' ' ; . . .
oltage (V) = contactO_j. dat Voltage (V)

*Current going into
left contact (+), smaller than
current coming out source/drain
of the right iR therefore

C60 (active)

contact(-). layer2 amplification.

vltage - Current (bottom)

*Gate current much

0.00012 A

0.00010 ~

0.00008 ~

0.00006

0.00004

Current (A m~™{-2})

0.00002 ~

0.00000 A

T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V) . 74
= contact2_i.dat

https://www.gpvdm.com



Using the snapshot tool to view what is
going on in 2D during the simulation.

= General-purpose Photovoltaic Device Model (https://www.gpvdm.com)

File ‘ Home ‘ Simulations Configure Databases Information About

> I I & “iﬁt ELf_ﬁ Light intensity (Suns): O

Undo Run simulation

Stop Parameter Fit Plot 0.0 - Help

scan data File

*Click play in the snapshot
window and select phi.dat, to
view how the potential changes

levice structur

)

contact2_i.dat contact2_i.opl¢ converge.dat dosQ.ing

simulation

Terminal

charge.dat charge_tot.dat contactO_i.dat contactO_i.oplccontactl_i.dat contactl._i.oplt

within the device.

 E—

Examine simulation results in time domain

| Plot ‘ File Color Scale Math

T A€ D> PQ = ¥ B

/home/rod/Desktop/ofet

File

|
dosl_dosn.dat dosl_dosp.dat dynamic d\_.fnami(_ Refresh graph  Home  Back  Forward Pan Zoom  Subplots  Customize Save Play
L L b, . : .

l/f l/f ]/f I Position - Potential V=-0.18 time=0.0 fs

jv.dat jv_avg.dat jv_internal.dat k.da

—1 1.6
14

I 1.2
1.0
0.8

— g2
lv.dat measure_jv.dat measure_outpt  pl0.inp. z— 02
e e e A i i 0.0
= T 25030°
—| = --‘ 3
Mlllﬂ | | | 500009 —Z o 150239\ o
Lok 0000 100 oot
X- .
- Lo ——— , 50 ¥P
sim_info.dat § snapshots solver spect]

phi.dat

https://www.gpvdm.com
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Overview

*What is gpvdm/theoretical overview?
*Installing gpvdm
*Running simple simulations

*Your first gpvdm simulation

*Changing electrical parameters
*Optical simulations and the materials database
*Perovskite solar cells and time domain simulations
*OFET simulations and finite difference meshing.

*The position of carriers in energy space and dumping to disk.

*Meshing and dumping

https://www.gpvdm.com
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Meshing and dumping

E 4 General-purpose Photovoltaic Device Model (https://www.gpvdm.com}
File ‘ Home | Simulations Configure Databases Information About

’ i i é‘? I_,;.‘_f_ \]L*} Light intensity (Suns): 5N

Stop Parameter Fit Plot 0.0 - Hel
simulation scan data File i p

Terminal | Output

Undo Run simulation

Wavelengths:
—

Xy yz xz 4+ %

Layer
editor

-

-

Contacts

-
Doping/
lons

View > Meshview
E{E Show P | Device view

Parasitic
components al
u‘ pshtpcbm (active)
Electrical
parameters

o €60 (active)

XZ-size

layer2

fhome/rod/Desktop/ofet

77
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Now you should be able to see the electrical
finite difference mesh

» General-purpose Photovoltaic Device Model (https://www.gpvdm.com) SR E
File | Home | Simulations Configure Databases Information Abaut
A P o = >
’ I I £y Iﬁi il /7  Lightintensity (Suns): raa
; Stop Paramef ter Fit P%ot 0.0 - Help
mulation  scan dat; Fils
L Output
Wavelengths:

XYy YZ Xz 4+ &

m Set/Unset energy slice dump

Set/Unset dumping 1D slice

Set/Unset verbose electrical solver dumping

/home/rod/Desktop/ofet

*On a mesh point click ‘Set/Unset energy slice dump’ this will turn on dumping of the trap
population at a given mesh point.

*Click ‘Set/Unset verbose electrical solver dumping’, this will turn off the outputting files like
Ec.dat, Ev.dat, Fn.dat etc...

*Click on another mesh point and select ‘Set/lUnset dumping 1D slice’, this will turn on the
dumping of the trap population across the device.

https://www.gpvdm.com



Your window should now look like this..

*®

Wavelengths:

Xy yz Xz 4+ %

/home/rod/Desktop/ofet

. 4
File ‘ Home | Simulations Configure Databases Information About
Iy p ; -
’ I ! ,é? [ﬁ 8 /7 Light intensity (Suns) R
N Stop Parameter Fit Plot 0.0 -
Undo R llation simulation scan data File i R
evice Terminal Output

*We have turned off dumping of Ec.dat, Ev.dat etc...., and are going
to be dumping the distribution of trap states along the blue line, and at

the green point.

https://www.gpvdm.com



Now run the simulation...

Run simulation @

*From the output tab open the snapshot window.

[m Examine simulation results in time domain

*Then make sure

‘ Plot | File  Color Scale  Math
3
- A€ $Q = ¥ 5 <
Refresh graph ~ Hor Back  Forward Pan Zoom  Subplots  Customize Savi
Total charge - position V=-0.08 time=0.0 fs
—3 102!
1018
-4
—_ 1015
3
= -5 1012
2
2 109
el
-6 108
103
-7
‘ ‘ T T T 10°
50 100 150 200 250
Position (nm)
—
6
File npt_map.dat

npt_map.dat is selected
this is a slice through the
device in position/energy
space. Along the blue
dots below.

https://www.gpvdm.com




Select energy_slice nt.dat, to show the trap @
population at a given point.

‘ Plot ‘ File Color Scale Math

[

Y oA € P> HQ =

Refresh graph  Home Back  Forward Pan Zoom  Subplots Customize

Energy - trap ocupation

~ >

Save Play

103 o

102 4

Ocupation (m~{-3} ev~{-1})

T T T T
0.6 -0.5 0.4 -0.3

Energy (eV)

File

energy_slice_nt.dat

— data

44

https://www.gpvdm.com

*YOou can step
through the
simulation as a
function of
time/voltage.




You can turn on/off other output files through
configure — configure — output files

r'h Configure (https://www.gpvdm.com)
&
Help
'm{ Detailed dump control
Plot bands etc.. True/Fals
Dump from newton solver True/Fal:
Dump dynamic True/Fal:
Dump fx domain data True/Fals
Time of pause 0.0 s
Dump optical information True/Fals
Dump optics verbose True/Fal:
Print newton error True/Fals
Print solver convergence E True/Fals
Write newton solver convergence to disk True/Fals
Print poisson solver convergence True/Fals
Dump PL spectra True/Fal:
Dump zip files True/Fal:

https://www.gpvdm.com



Overview

*What is gpvdm/theoretical overview?
*Installing gpvdm
*Running simple simulations
*Your first gpvdm simulation
*Changing electrical parameters
*Optical simulations and the materials database

*Perovskite solar cells and time domain simulations

*OFET simulations and finite difference meshing.

*The position of carriers in energy space and dumping to disk.

*Simulation OLEDs with gpvdm

https://www.gpvdm.com
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OLED simulation

General-purpose Photovoltaic Device Model (https://www.gpvdm.com)

File | Home Simulations Configure Databases Information

simulation

[ Information

General-purpose photovoltaic device model

NN N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N NN

https://www.gpvdm.com

To make a new simulation click New Simulation in the
open an existing simulation select Open simulation.

There is more help on the man pages.
Please report bugs to: roderick.mackenzie@nottingha

Follow the gpvdm project:

uYoutube ,Twitter

/home/rod/t/gpvdm5.0/gui

New simulation (https://fwww.gpvdm.com) + X

Which type of device would you like to simulate?

- maeckel_et_al

Organic solar cell for Merck/Michal Krompiec (mercl

methods

Organic LED (oled.gpvdm)

[~ |
- oled_papers

Inverted organic solar cell (organic_inverted.gpvdm)

(] Show hidden | Cancel ” Next ‘

*This will setup an OLED simulation.

https://www.gpvdm.com
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You should get a window looking like this..

4
File ‘ Home ‘ Simulations Configure Databases Information About
> 1l & U (5 wmem
- . 47 ight intensity (Suns): ( \
< T -
Undo Run simulation ) JtC?P. P B A Pl_Ot 0.0 - Help
simulation scan data File

Device structure Terminal Output

Xy yz Xz & %
Layer
editor

I:

— HMTPD (HTL) (active)
i TAZ:Ir(ppy)3-BCP (EML) (active)

Alg3 (ETL) (active)

i L

Parasitic
components

U

Electrical
parameters

’I

XZ-size

Al

/home/rod/Desktop/oled2

Run the simulation...

https://www.gpvdm.com



You will be able to see the rays emitted from
the active layer.

= General-purpose Photovoltaic Device Model (https://www.gpvdm.com)
File ‘ Home ‘ Simulations Configure Databases Information About
’ I I & -Ig 1/ Light intensity (Suns): i )
Undo Run simulation . Stopl Parameter Fit P!ot 0.0 - Help
simulation scan data File

Terminal Output
— s Wavelengths:
-
Xy yz XZ + 4 513nm ~

Layer
editor

-~

Contacts

-
Doping/
lons

-

Parasitic
components

U

Electrical
parameters

‘.

XZ-size

fhomefrod/Desktop/oled2

https://www.gpvdm.com



Hide the device

[
& General-purpose Photovoltaic Device Model (https://www.gpvdm.com) @ o e
File ‘ Home ‘ Simulations Configure Databases Information About
'y i A= —
> ll ,@ I_ﬁi Ly Light intensity (Suns): . 2
Undo Run simulation ) Stop. (P I P!Or 0.0 - Help
simulation scan data File
Terminal | Output
] Wavelengths:
Xy yz XZ + ks 513 -
Layer nm
editor
s
_—
Contacts
.
Doping/
lons Save image
View General-purpose Photovoltaic Device Model (https://www.gpvdm.com) Gl
File Home ‘ Simulations Configure Databases Information About
Parasitic n
components Backgroud color ’ " £y L ‘E Light intensity (Suns): rday
Stars : : Stop Parameter Fit Plot
Undo Run simulation . . ¥ 0.0 A Help
m simulation scan data File
Electrical Terminal Output
arameters
P —] + @ Wavelengths:
—_— o
- Xy Yz Xz
‘. Layer 513nm ¥
£ editor
xz-size
o
_—
/home/rod/Desktop/oled2 Contacts
=
Doping/
lons
Parasitic

https://www.gpvdm.com

components

U

Electrical
parameters

xz-size

/home/rod/Desktop/oled2




In the output you will see two new files

- General-purpose Photovoltaic Device Model (https://www.gpvdm.com) .
— °|j.dat and
File ‘ Home ‘ Simulations Configure Databases Information About
’ I I & “L,}_"‘ : [ / f Light intensity (Suns): ” i IV - d at'
Undo  Runsimulation P Parameter it Plot 0.0 = Help
simulation scan data File
ievice structur Terminal [ J T h e S e are
i L L
charge.dat charge_tot.dat converge.dat dos0.inp.chk dosO_dosn.dat dosO_dosp.dat dos2.inp.chk dos2_dosn.dat dos2_dosp.dat - .
: . : intensity

L I %y sy s against

dos3.inp.chk dos3_dosn.datdos3_dosp.dat  dynamic Bo_ir dynamic_Rp_ir equilibrium jv.dat jv—_avg.dat
L L
EREE T voltage and
jv—internal.dat k.dat light_dump lines.dat log.dat log_file_acces: measure_jv.dat measure_outpt C u rre nt .
B Dl
plO.inp.chk pl2.inp.chk pl3.inp.chk plot sim.gpvdm  sim_info.dat  snapshots spectra tconverge.dat

/home/rod/Desktop/oled2

https://www.gpvdm.com



Light emission.

Voltage - Light flux

0.0000030 ~

0.0000025 ~

0.0000020 ~

0.0000015 ~

0.0000010 ~

Light flux (W m~™{-2})

0.0000005 ~

0.0000000 ~

0 1 2 3 4 5
Applied Voltage (Volts)

(., dat

https://www.gpvdm.com



Where are the photons emitted?

" Plot ‘ File Color Scale  Math

[ Examine simulation results in time domain

3l --— ]

R R A 4 = |~ ) >
Refresh graph  Home  Back  Forward Pan  Zoom  Subplots  Customize Save Play

_ Photon generation rate - Position V=4.975962 time=0.0 fs

= 1le22

-

¢

n1.2 A

—_—

m

== 1.0

¢

E 0.8 ~

2z

S 061

=

=

2 0.4

T

G 0.2 1

f=] ﬁ

S 0.0

(=] T T T T T T

= 0 20 40 60 80 100

x-position (nm)
— dala

File

99

Photon_gen.dat v

https://www.gpvdm.com




Overview

*What is gpvdm/theoretical overview?
*Installing gpvdm
*Running simple simulations
*Your first gpvdm simulation
*Changing electrical parameters
*Optical simulations and the materials database

*Perovskite solar cells and time domain simulations

*OFET simulations and finite difference meshing.

*The position of carriers in energy space and dumping to disk.

*Simulation OLEDs with gpvdm

*Closing remarks

https://www.gpvdm.com

91



Things I've not covered/ working together... @

*gpvdm can do quite a few other things like simulate PL/EL
spectra, 1S, IMPS, import FDTD data etc.. but I've either not had
time to cover this in this tutorial or the features are not robust
enough to release.

‘gpvmd is a work in progress if you want a feature added it does
not have let me know..... and please include me in your

paper/collaboration ;). | am always after new experimental
partners/collaborations

92
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Fitting to experiment..

*Fitting complex data sets to experiment is a pain due to high CPU
demand/number of parameters So | have built quite a lot of code to do
the fitting on a cluster of 100 CPUs.

*I've released the code but it is a pain to use, SO: If you want to fit
the model to data sets, | recommend you talk to me and see if |
can do it for you.

type name i cpus max_cpus load load last_seen

slave node001 .0. 8 8 L

slave node@08 .0.0. 12

slave nodef05 .0. 8 6

slave node002 0. 8 1

master gpvdm_master 10.154.55.33 0.350000 1543332532

name done status target ip start  force_stop stop cpus d

job@® /home/rod/t/data_sets/merck_new_fit/non_symetri .1/200 2018/11/27-15 43 2018/11/
jobl /home/rod/t/data_sets/merck_new_fit/non_symetr .1/400 43
job2 /home/rod/t/data_sets/merck_new_fit/non_symetr .1/600
job3 /home/rod/t/data_sets/merck_new_fit/non_symetr

job4 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobs /home/rod/t/data_sets/merck_new_fit/non_symetr

job6 /home/rod/t/data_sets/merck_new_fit/non_symetr

job7 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobs /home/rod/t/data_sets/merck_new_fit/non_symetr

job9 /home/rod/t/data_sets/merck_new_fit/non_symetr

joble /home/rod/t/data_sets/merck_new_fit/non_symetr

jobll /home/rod/t/data_sets/merck_new_fit/non_symetr

jobl2 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobl3 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobl4 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobl5 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobl6 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobl7 /home/rod/t/data_sets/merck_new_fit/non_symetr

jobl8 /home/rod/t/data_sets/mer new_fit/non_symetr .8/800
job

18/11/27-
11/27-1
18/11/27-

coocoocooooooooOOO®
PP D
PP COPEOOCRORREEREO®

/home/rod/t/data_sets/merck_new_fi _ .8/1000
/home/rod/t/data_sets/merck_new_fit/non_symetr .0/200
/home/rod/t/data_sets/merck_new_fit/non_symetr .0/400
/home/rod/t/data_sets/merck_new_fit/non_symetr .6/600
/home/rod/t/data_sets/merck_new_fit/non_symetr .0/800
7home; Tod Mon_symet

[¢]
]
4]
[¢]
]
]
4]
[¢]
]
4]
[¢]
]
4]
[¢]
]
4]
[¢]
]
4]
[¢]
]
4]
[¢]
]

cooocoo®

=

https://www.gpvdm.com


https://github.com/roderickmackenzie/gpvdm/tree/master/cluster

Road map...

*Two immediate things I’'m working on;
*Ray tracing of complex surfaces

Better FDTD

https://www.gpvdm.com
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