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•This lecture is designed to take you from no knowledge about solar cells to being able to 
simulate perovskite solar cells in about an hour.

•The lecture is intended for people with backgrounds other than Engineering and Physics, 
you should be able to get through it even if you have a background in finance/geography.

•There will be some exercises spread through the lecture to reinforce this knowledge. 
These will be in blue.

•We will cover key concepts needed to understand and simulate solar cells.

•Lessons learnt here can be applied to many other classes of opto-electronic devices such 
as: sensors, optical filters and transistors.
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Recommended book (if you like Physics)
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Jenny Nelson
ISBN:1860943497

•This lecture is only 1.5 hours long, so I can't cover 
everything about solar cells and solar energy.

•The Physics of Solar Cells (Properties of 
Semiconductor Materials)

•If you want a deeper understanding get this book.

http://www.amazon.co.uk/Physics-Solar-properties-semiconductor-materials-y/dp/1860943497/ref=sr_1_1?ie=UTF8&qid=1455106241&sr=8-1&keywords=The+Physics+of+Solar+Cells+(Properties+of+Semiconductor+Materials)
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•You can download the software used in this lecture from:
•https://www.oghma-nano.com/download.php

•You can download these slides and many others from:
•https://www.oghma-nano.com/docs.html?page=Videos

•You can watch more video tutorials also at:
•https://www.oghma-nano.com/docs.html?page=Videos

•You can follow OghmaNano on Twitter at:
@OghmaNano

•Or @OghmaNano@fediscience.org

https://www.oghma-nano.com/download.php
https://www.oghma-nano.com/docs.html?page=Videos
https://www.oghma-nano.com/docs.html?page=Videos
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Why solar energy?
Reason 1: We are running out of oil and coal

•This will damage the economy and our standard of living, our health and well being.

Nature, January 2012,Vol 481, pp. 433-435

Oil production
Coal production
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Why solar energy?
Reason 2a: CO

2
 in the atmosphere Jan 1980-June 2015

33% increase in 50 years!

Charles 
Keeling
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Why solar energy?
Reason 2b: Global temperature 1000 AD – 2000 AD
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Why solar energy?
CO

2
 Emissions by country

•India GDP 2,277 USD
•USA GDP 69,287 USD
•China GDP 12,556 USD

•Imagine the emissions of Indian/China once 
their GDP reaches that of the UK?

•The solution you propose it has to be lower cost 
than just burning stuff.

•So let’s think the Toyota Prius as an example.
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Why solar energy?

•Solar max power flux:
~1500 W / m2

•Average density over the year:
•Sahara: ~ 400 W / m2

•UK: ~ 100 W / m2

•Typical solar cell efficiency 15%

•In UK need 40 m2  per person to supply 
average electricity demand (700 W)
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Solar radiation map
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Wiki: “Solar areas defined by the 
dark disks could provide more than 
the world's total primary energy 
demand (assuming a conversion 
efficiency of 8%). That is, all 
energy currently consumed, 
including heat, electricity, fossil 
fuels, etc., would be produced in 
the form of electricity by solar cells. 
The colors in the map show the 
local solar irradiance averaged 
over three years from 1991 to 1993 
(24 hours a day) taking into 
account the cloud coverage 
available from weather satellites.”
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Where do we find PV systems?
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Transport integrated??
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Why solar energy?
Swanson's law – production vs unit cost

Every time solar cell production the 
price falls by 20%.



https://www.oghma-nano.com

The same thing is happening with batteries:
Cost of Li batteries
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EV car registrations
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Cell production – massive infrastructure investment
But we are getting off topic
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What's wrong with silicon?

Naturally occurring silicon Mono-crystalline silicon
Silicon solar cell

5000 MJ per square meter!
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Other classes of solar cell

•People have been searching for alternatives to silicon solar cells for a long 
time

•Below is a graph of efficiency of different types of solar cell as a function 
of time.

•Let's have a closer look.

•Before we look at some 
of these technologies in 
more detail.
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One answer to this problem, the plastic solar cell.

Transparent plastic 
substrate 

Light adsorbing polymer 

B
H

J ~
 2

5
0

nm

C60
derivative Metallic back contact

Sun light

Transparent
electrode
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What are the advantages of organic solar cells?

•Organic molecules are cheep to make.

•They are flexible so the cells can be easily 
integrated into products and buildings.

Images from 
www.konarka.com
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Advantages of being flexible

•But most importantly:

•Organic devices can be printed onto a plastic 
substrate just like newspapers are printed onto 
paper at (100>m/min).

•The principle is that does not matter that they are 
not very efficient as they are cheep to 
manufacture.

M. M. Voigt, R C.I. Mackenzie, et al. Solar 
Energy Materials and Solar Cells, 95, 2, 
2011, pp. 731-734
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Dye sensitized solar cell

M. R. Jones
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Dye sensitized solar cell

•Efficiency never really got really high.

•Over taken by perovskite solar cells.

•The liquid in them was a problem.

•Never really very successful.
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Spotting Cadmium Telluride solar cells.

•Generally a deeper blue 
than silicon and don't have 
metallic strips on the front 
of them.
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Problems with Cadmium Telluride solar cells.
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Problems with Cadmium Telluride solar cells.

•They fail the 'lick' test.  Would you lick a Cadmimum Telluride solar cell?
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What is the perovskite material?

•Perovskites look like this (left), they have an ABX
3
 structure (below), 

first discovered by the German mineralogist Gustav Rose in 1839.

•The perovskite most commonly used in solar cell is MAPI or CH
3
NH

3 

PbI
3  

note the CH
3
NH

3 
which is Methylammonium.

•They first came to prominence  in 
2012 when the first 10% cell was 
fabricated in Oxford.

•Since then there has been what I 
would describe as mass hysteria 
in the solar community with over 
248,000 published on the topic.
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Comparison of perovskite and other solar cells
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And this is what I mean by mass hysteria:
Write only journals :) 

•Perovskite cells are now going 
into production.

•And the Si-Perovskite tandem 
cells have reached 29.8% 
efficiency.

•Sounds good, and they seem a 
popular research topic.
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Why not perovskites (my personal view)?

•They contain lead CH
3
NH

3
 PbI

3
 

• Lead is highly toxic – let’s read what the 
WHO says on the topic.

•In comparison to Si Perosvskites are unstable 
in Oxygen, light and water (max lifetime of 1 
year*). Key problem is getting financing for 
such a system.

•There are perovskites without lead but they 
are not as efficient in solar cells.

•So the point I am making is that they are an 
interesting material system but are they really 
such a good idea and did we need to publish 
0.25 Million papers on the topic?

*https://www.nature.com/articles/s41467-018-07255-1
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What is OghmaNano?

•OghmaNano is a software package which enables you to 
simulate:
 

• Solar cells, transistors, Sensors, OLEDs (Organic 
Light Emitting Diodes)

• In general any device where light, electrons and heat 
interact.

Light emission from a thin filmLight emission from a thin filmLight emission from a thin filmLight emission from a thin film Large area devices.Large area devices.Solar cell simulationsSolar cell simulations

Organic Transistors (side contacts)Organic Transistors (side contacts)
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What is OghmaNano?

•The model can perform:

•Electrical simulations
•Optical simulations
•Excited state simulations

•Simulate light emission (PL/EL)
•Thermal problems

• In summary you can simulate all properties of a novel device.
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Why do device simulation?

SimulateMake Measure

•Results from novel devices are usually too complex and nuanced to 
understand without modeling
 

•To reach high impact journals and do really good science just 
demonstrating functionality is not enough you need to model/understand 
the results.



https://www.oghma-nano.com

Outline

42

•Introduction
•What is this lecture?
•Why solar?
•Why not silicon?

•New solar cell technologies
•Organic solar cells
•Dye sensitized solar cells
•Cadmium telluride solar cells
•Why Perovskites for solar?

•What is OghmaNano
•Making a new simulation

•Fundamentals
•Semiconductor fundamentals
•The anatomy of a dark current curve

•Fundamentals (cont)
•The anatomy of a light current
  voltage curve
•Parasitic components
•Optical materials
•Optical simulations

● Advanced topics
● Recombination
● Mobility 
● The tau/mu product

● Mobile ions
● Mobile ions
● Time domain perovskite simulation



https://www.oghma-nano.com

Task 1: Make a new perovskite simulation
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•Double click! On ‘MAPI device’ 
and then save the simulation on 
you local disk, ideally not on:

•OneDrive, Dropbox, a 
network attached drive or a 
slow USB disk.

•The simulation dumps a lot 
of data to disk and therefore 
will be slow if run over a 
network.
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•After you have saved you 
should get a window that looks 
like this.

Make a new perovskite simulation
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You should get a window which looks like this

•Try using the mouse to 
look around the picture of 
the cell and look at it’s 
layer structure

•Then try playing with the 
xy, yx, buttons.

45
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Try hitting the play button to see what happens

46
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The core solver will be run on CPU 0

•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.

47
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The structure of a perovskite solar cell

•We have various layers, FTO,SnO
2
, Perovskite, Spiro and Ag

•Before we can understand this structure more we need to know what 
electron affinity and band gap are.

•How many of you know this already?
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-q

q=1.60217657 × 10-19 coulombs

electro
n

Xi eV Electron affinity 
~3V

0V

Surface of metal

This is how much energy is needed to remove one electron from the surface of a metal.

Fundamental principle of semiconductors: 
Electron affinity
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Fundamental principle of semiconductors:
In semiconductors we have the concept of the band gap

•Solar cells are made from a special type of 
material called a semiconductor.
 
•A semiconductors are a special because they 
have a forbidden region called the band gap 
(Eg) where no charge can exist.

Xi eV Electron 
affinity ~3V

0V

E
g

+q -q

q=1.60217657 × 10-19 coulombs

hole electron
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With this knowledge let’s now plot the ‘band structure’ of our 
solar cell

•FTO (fluorine-doped tinoxide): 
This is a conduction transparent 
contact material

•SnO
2
: Only allows electrons 

(negative charge) to get to the FTO

•Perovskite: This is the 
semiconducting layer that adsorbs 
light.

•Spiro-OmeTAD: Is a molecule 
which only conducts positive 
charge.
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Health warning:

•Because this talk is for a general audience (Chemistry, Geography, Social 
science, and finance PhD students), I’m avoiding the following terms:

•Fermi level, Equilibrium, Recombination, Urbach tail slope etc..

•Thus the following explanation is very much a simplification to get us going.

•I will come back and cover it in detail in another talk.
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Understanding the turn on of a solar cell (diode) in the dark.

•This device has so called n-i-p structure.
•The SnO

2
 layer has a lot of excess 

electrons.
•The Spiro-OmeTAD layer has a lot of 
excess holes.

•This charge just sits there and generates a 
potential voltage across the device.

•This is the same effect as
you see when touching
a Van de Graaff generator.
Charge and Voltage/
potential are linked by
Gauss's law.

1.0 V

--
--
--
-

--
--
-
-

- + +
+
+
+

+
+
+
+
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The current voltage curve of an idea solar cell (diode)

1.0 V

C
ur

re
nt

+

Voltage

•This voltage is called the built in potential 
(V

b
).

•This voltage must be overcome for the 
solar cell (diode) to turn on.

•Even in the dark this potential of about 1V 
is present over the diode.

•This results in a device which is more or 
less off below V

b
 and with a very rapid turn 

on after this point.

1.0 V

--
--
--
-

--
--
-
-

- + +
+
+
+

+
+
+
+
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But our device has some resistance
(everything does)

1.0 V

C
u

rr
e

nt

+Voltage

•This resistance makes the JV 
curve slope over*

•This is the general form of the 
dark voltage current curve of a 
solar cell*

•See previous health warning, 
this is an over simplification. I 
should really have 10 slides on 
recombination and the ideal 
diode equation. But this will do for 
now.

R
d

Rd=
V
I
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Task 2: Let’s run a dark current voltage simulation

1. Set the light intensity to 0 Suns

2. Run the simulation

3. Double click on jv.dat

4. You will see the dark JV curve :)
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Now let’s expose our device to light:

0.6 V0 V

ph
ot

on
s

•Light adsorbing material (the perovskite)

+-

60
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When a photon is adsorbed in a material..... 

•An electron and a hole will be generated.

•And the field pulls them away from each other to the contacts, this 
generates external current.

0.6 V0 V

ph
ot

on

+-

- +

[I’m skipping the drift vs diffusion discussion]
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When a photon is adsorbed in a material..... 

•If lots of photons hit the diode lots of positive and negative charges 
move to the contacts and we get current in the external circuit.

0.6 V0 V

photons

+-
II

62

--- - - +++ + + +
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What do the JV curves look like in the light

Current

Voltage

● Negative current means the current is coming out of the device rather that going into it.
● It's generating electricity.
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What do the JV curves look like in the light

Current

Voltage
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What do the JV curves look like in the light

Increasing light 
intensity

Current

Voltage
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What do the JV curves look like in the light

Current

Voc or Open 
circuit voltage

Jsc or short 
circuit current.

Voltage
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What do the JV curves look like in the light

Current Voc or Open 
circuit voltage

Jsc or short 
circuit current.

Power=Current*Voltage

•How much power is produced at Voc?
•How much power is produced at Jsc?
•Where will maximum power be produced?

Voltage
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What do the JV curves look like in the light

Current Voc or Open 
circuit voltage

Jsc or short 
circuit current.

Power=Current*Voltage

•How much power is produced at Voc? P=0*Voc
•How much power is produced at Jsc? P=Jsc*0
•Where will maximum power be produced? P=J*V (for J,V @ max P)

Voltage
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Fill factor (FF) 

Current

FF=
V (@Pmax)J (@Pmax)

J scV oc

•Fill factor is a measure of how 
square the current voltage 
curve is.

•The more square the better 
and the higher P

max
 will be.

J
sc

V
oc
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Power conversion efficiency (PCE)

Current

Voltage

J
sc

V
oc

PCE=
J (@Pmax )∗V (@Pmax)

Plight

P
max

P
light

•This is the efficiency of the cell 
for a silicon cell it is about 24%

•For an organic cell it’s 
generally 16-20%

•For a perovskite cell it’s about 
20%.
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Task 3: Simulating a light JV curve

1. Set the light intensity to 1 Suns

2. Run the simulation

3. Double click on jv.dat in the output tab

4. You will see the light JV curve :)

Press ‘g’ to show the grid, and use the zoom 
tool to make the curve look like this.
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Task 4: Extracting values of PCE, FF, Voc, Jsc

1. Double click on sim_info.dat

2. See if you can find PCE, FF, Voc and Jsc in 
the sim_info.dat file
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Task 5: V
oc

, J
sc

 and FF of other solar cells

•What is the J
sc

 , V
oc

 and Fill Factor (FF) of this solar cell?

•How do these number compare to:
•A typical Silicon solar cell?
•A Organic Solar cell
•A CIGS solar cell

•Use the internet to find these values

73
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Task 6: Varying the light intensity

•Try varying the light intensity from 0.0 to 1.0 Suns in steps of 0.1 Suns.

•And see what happens to the JV curve.

•Try to import these files into excel (or some other plotting package) and plot 
a combined graph of all the curves. Hint: It might be easier to import iv.csv 
rather than jv.dat into excel.
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Let’s step back and think about our solar cell on a larger scale

•So far we have considered a more or less perfect solar cell 
however a real one will have:

•Contacts

•And also some resistance associated with the 
semiconductor, caused by defects or impurities. 

R
series

R
shunt

76
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An equivalent circuit for a solar cell

•Series resistance (1-10 Ohm)

•And shunt resistance (1 M Ohm)

R
series

R
shunt
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The resulting dark current voltage curve (on a log scale)

V

I

R
series

R
shunt

Governed by the diode

•Series resistance (1-10 Ohm)

•And shunt resistance (1 M Ohm)

R
series

R
shunt



https://www.oghma-nano.com

Task 7: Changing the values of R
shunt

 and R
series

79

•Set the light intensity to 0 Suns.

•Then Run a simulation.

•Inspect the dark jv curve.

•Press ‘l’ to view the graph on a log 
scale.

•Then Open the parasitic 
resistance window and try reducing 
the shunt resistance to 10 Ohms m2

•What happens to the dark JV 
curve when plotted on a log scale?
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Task 8: Changing the values of R
shunt

 and R
series

80

•Through experimentation try to put into words what affect the values of 
R

shunt
 and R

series
 have on the light JV curve.

•What happens to the solar cell efficiency as the shunt resistance is 
reduced? Plot a graph with shunt resistance on one axis, and device 
efficiency on the other (a minimum of four points) showing this effect. 
What is the reason for the trend on the graph?

•What values of series and shunt resistance, would produce the best 
possible solar cell? Enter these values into the device simulator and 
copy and paste the dark JV curve into your report.
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Let’s first look at what the sun’s spectrum looks like before we 
consider material choices to absorb it’s energy.

•That looks cool, 
I wonder which 
material will best 
absorb that 
light?
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Let’s plot that in a more conventional way.

83
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Task 9:

•Describe the main differences between the light which comes from the LED and 
the sun. Rather than referring to the various regions of the spectrum by their 
wavelengths, refer to them using English words, such as inf rared, Ultra Violet, Red, 
and Green etc... you will find which wavelengths match to each color on the 
internet.

•If you were designing a material for a solar cell, what region of the spectrum would 
you most want to absorb?

84
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The materials from which solar cells are 
made.

85
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Have a look at the absorption and refractive index.
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Task 10:

•What color of light does the the perovskite absorb best?

•Now have a look in the ‘polymers’ directory. Which polymer material do you think will 
absorb the suns light best? Give your reasoning for this.

87
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Optical simulations:
How does light interact with our device?

•Click “Run optical 
simulation” to run the 
simulation.

•You will get a plot of 
where light is absorbed 
within the device as a 
function of wavelength 
and 
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If you go to the “Generation rate” tab you will see a plot of total 
generation rate.
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Let’s look at sim_info.dat again, now we have run the optical 
simulation.

•Double click on it to open it.
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Photons absorbed in the active layer from sim_info.dat

92

•This will show you the maximum current that could 
be generated due to light absorption.
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Task 11:

By running 5 or 6 with different active (perovskite) layer thicknesses, plot a graph of 
active layer thickness, v.s. the maximum current generated in the device. At what 
thickness do almost all photons get absorbed in the device? [Hint: I would run the 
simulations from 100nm to 800nm]
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The layer editor used for changing the 
thicknesses of layers in a cell.
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You can change the thicknesses of the 
layers here..

•All values are in meters

•Think about how thick these 
layers are compared to the 
width of a human hair. (17 μm 
to 181 μm)
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So is a thicker solar cell always better? 
Well think about this….

•Thicker means more material, so a more expensive device.

•It also means more energy (CO2) has to be used to produce the devices as it’s 
got more material in it.

•But more importantly….

97
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Recombination...

ph
ot

on
s

II

98

•Think about a photon generating a positive and negative charge in a solar cell.

•One charge gets dragged to one contact the other gets dragged to the other and 
you get external current.

+
-

0.6V internal field
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Recombination...

ph
ot

on
s

II
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•But now imagine if one of these charge carriers meets a spices of 
opposite charge on the way out…

•What will happen?

+
-

0.6V internal field

+
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Recombination...

ph
ot

on
s

II

100

•Annihilation… so two charge carriers are lost..

•This seems bad. One way we can make this less likely to happen is to get the 
electrons/holes out of the device as quickly as possible so there is less chance of 
them bumping into a spices of the opposite charge.

+

0.6V internal field
•So from a recombination stand point do we want a thick or thin device?
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Recombination

R(x) = k n(x) p(x)

•The rate at which electrons/holes meet 
each other and get destroyed is given by 
this equation:

•Where, k is a constant, n is the density of electrons and p is the density of holes.

•This type of recombination is called bi-molecular recombination because it involves 
two things. This is also sometimes referred to as Langevin recombination (but that is 
another story).

+

-

101
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Task 12:

•Try to find the “Recombination time 
constant” in the sim_info.dat file.

•In no more than two sentences describe 
what an electron and hole are.

102

•We can define an average 
recombination time of a carrier 
using the formula:

τ=
n+ p

2R (x)
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Task 13:

Plot a new graph of active layer thickness v.s. device efficiency  this time using a 
recombination constant k of 1×10−15. By looking at your graph, what is the optimum 
device thickness?

103

•The recombination 
constant k can be set in 
the model here>
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Mobility of charge carriers in solar cells.

•How fast electrons and holes can move in a solar cell is governed by a 
material property called charge carrier mobility.
•The higher the number the faster charge carriers move

•There are two values one for electrons μ
e 
and one for holes μ

h

•Generally having high values of mobility is considered good for solar cells.

105

II +
-

0.6V internal field

μ
e

μ
h
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The electrical properties of the materials can be set here..

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

106
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Setting the mobilities.

107
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Task 14:

•What is the optimum active layer thickness with the lower mobility value? If you 
wanted a really efficient solar cell what values of mobility and recombination 
rate would you use?

•Have a play and see what mobility does to the dark and light JV curve. Try 
reducing it by one order of magnitude.

•What does this do the PCE value, Voc, FF and Jsc?

108
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A solar cell goodness factor the  𝜇𝜏 product

110

● Mu is the electron/hole mobility and tau is the time it takes a charge carrier to recombine.

● If tau is very slow then it takes a long time for carriers to recombine so there is a good chance of 
photogenerated carriers getting out of the device to do useful work. (good)

● If mu is very high, carriers can escape the device very quickly so there is no time for them to recombine, 
again giving a good chance of photogenerated carriers escaping the device to do useful work. (good)

● Both of these quantities are high then the device will be good. :)

● We therefore talk about a mu tau product () of a cell, and when it is high the cell is good when it is low the 
cell is inefficient.

II +
-
++ + +

- - --
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Task 15:

•You can find the recombination time constant in the sim_info.dat file after having 
performed a JV simulation. By averaging the electron and hole mobilities calculate 
the mu tau product for this device.

111
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Mobile ions

•Perovskites are special because not 
only do they have electrons and holes in 
them but they also have mobile ions.

•These ions do not contribute to current 
but just swish around in the cell.

•These ions can cause hysteresis in the 
current voltage characteristics. 

+

-

+++++++++++

-----------

+

-

+++++++++++

-----------

++++++++++++

electrons

holes

electrons

holes

holes

ions

•Normal solar cells

•Normal solar cells
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Turning on mobile ions

•Change the simulation mode from the steady state JV curve to “Perovskite” this selects 
time domain voltage sweeps rather than assuming steady state.

115

•Then enable the mobile ion solver by depressing the “Mobile ion solver button.”
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Running the simulation...

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

•Notice it’s a jv curve but it 
changes as a function of time

•Plot time_v.dat and time_j.dat, 
these plot voltage and current 
against time.
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pulse_v.dat, pulse_j.dat
Current/voltage against time…..

•Notice the saw wave of the time 
domain JV experiment and the 
resulting current transient.
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You can edit the density of ions using the ion/doping editor.
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Editing time domain simulations

•We can edit 
time domain 
simulations using 
the Time 
domain 
simulation 
editor tool
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Edit the applied voltage/light intensity

120
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Task 16:

•Try changing the duration of the voltage sweeps, to half the value it is currently 
set to. What does this do to the JV curves.
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Thanks

Thanks to Jesús Capistrán (Instituto de Energías Renovables, UNAM) for useful feedback!
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