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8.X – Organic Light Emitting Diode Displays 
and Organic Photovoltaics, and Organic TFTs! 

1 OLEDs and OPV! 
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2 What are Organic Electronics? 
! The next few slides are for your benefit (so you are not clueless about the emerging field of 
organic electronics), if I test you on anything it will be on basic/general information… 

! Inorganic materials: all the molecules/materials that are not organic!  So all we need to do is 
define what organic is… 

This is the organic molecule that made 
Starbucks wealthy, what is it?	



! Here are some approx. bond energies: 
C-H - 3.5 eV  
GaN – 8.9 eV         what does this tell you 
GaAs – 6.5 eV       about organic electronics? 

               Think about blue LEDs too! 
Note, we are talking about the energy for 
breaking apart two atoms…      Split open 1 
atom?  Nuclear fission = 200 MeV for U-235! 

! Organic materials: Some text books define an organic compound as one containing 
one or more C-H bonds.   



School of Electronics & 
Computing Systems 

SECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

! How many electrons does Si need to fill its outer 
shell (the magic 8)?  How does Si crystal bond? 

3     4      5     6     7      8	

1	



! There is a special conjugated bonding (alternate double/single carbon-carbon bond) associated 
with most organic semidonductors… results in metallic or semiconducting materials.  Before we talk 
about semiconducting conjugated polymers, look at a real simple conjugated molecule: benzene. 

H	



C	



H	


C	



! Okay, Carbon is in the same column as Si and 
needs to covalently bond (share) with four other 
electrons from other atoms…    How many ‘shared’ 
electrons do you see above for each carbon? 

3 What are Organic Semiconductors? 
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! Here are some semiconducting conjugated polymers: polyacetylene; polyphenylene vinylene; 
polypyrrole (X = NH) and polythiophene (X = S); and polyaniline (X = NH/N) and polyphenylene 
sulfide (X = S). 

! Lets look at the most famous conjugated 
polymer on the next slide… 

4 What are Organic Semiconductors? 

! Most of the semiconducting AND light emitting 
polymers (fluorescent dyes) are conjugated…   
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5 What are Organic Semiconductors? 

! Most famous and widely used organic semiconductor is pentacene (5 fused benzene rings), with 
a mobility as high as 10 cm2/V-s when ‘doped’ by oxidation (but is <0.1 in real switchable devices).  

non-contact atomic force 
microscopy 

! Most organic semiconductors increase their 
conductivity by oxidation doping…  What 
molecule does the oxygen replace?    

3     4      5     6     7      8	

1	


H	



C	

 C	



O	

 Most organic semiconductors are 
more p-type, think about how many 
electrons wanted by O vs. H. 
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! What about band diagrams?  Lets start with something familiar… (but not organic) 

! Pauli Exclusion Principle  
(only one electron per quantum  
state, n, l, m, s) 
 

14+ 

1s2	



2s2	


2p6	


3s2	



3p2	



3d0	


Partially filled (2) 
… 6 max 

Empty (0) 

6 What about band diagrams? 

! Fig. 3.3 – Atomic electronic potential wells (like a 
quantum well) and electron orbitals (generic, any 
atom/molecule).   

! Notice how 2 atoms causes levels to shift, and 
many atoms creates a band.  Red lines are 
delocalized electron bands that can conduct!  
 
Why are the red lines the higher energy ones? 

E
 (e

V
)	



Higher energy = further away 
from the atom/molecule = 
start to overlap with each 
other and can therefore 
exchange electrons! 
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14+ 
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3p2	
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Partially filled (2) 
… 6 max 

Empty (0) 

! In an actual atom, the electrons do not orbit in 
perfect circles… 
 
! Fig. 3.5 – Shapes of atomic electron orbitals (dark 
dot is nucleus).  Two colors represent the positive and 
negative phases of the electron wavefunctions.  
Orbital shapes roughly represent the electron 
probability density.   

There are many, many, more variations! (http://
en.wikipedia.org/wiki/Atomic_orbital). 

7 What about band diagrams? 
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! Bring two ‘s’ electron atomic 
orbitals (AOs) together and Pauli 
exclusion principle forces them to 
into molecular orbitals (MOs). 

There is a lowest energy 
possibility (bonding) and higher 
energy (*, anti-bonding state). 
 
See where we are headed with 
this…? 
 
FYI, this is how we started when 
we created band diagrams by 
bringing a bunch of Si atoms 
together… see Lecture 1! 

8 What about band diagrams? 

Orbital shape diagram.	

 Orbital energy diagram.	
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Orbital shape diagram.	

 Orbital energy diagram.	



! Bring two ‘p’ electron atomic 
orbitals (AOs) together and Pauli 
exclusion principle forces them to 
into molecular orbitals (MOs). 

There is a lowest energy 
possibility (bonding) and higher 
energy (*, anti-bonding state). 
 
See where we are headed with 
this…? 
 
I showed you ss, pp. There are 
many more examples (sp, dd, 
etc..) for other orbital types (, but 
you get the picture… 

9 What about band diagrams? 
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   400nm - - - - - - 450 nm - - - - - - 500 nm - - - - - - 550 nm - - - - - - 600 nm - - - - - - 650 nm      

    3.1 eV 2.6 eV 2.3 eV 2.0 eV 

organic light emitters dissolved in liquid… 

! LUMO: lowest 
unoccupied molecular 
orbital… think 
conduction band 

! HOMO: highest 
occupied molecular 
orbital… think valence 
band 

w 

E LUMO 

HOMO 

excited 
with UV 
light… 

10 LUMO / HOMO (bandgap) 

! Anything special about the 
bonding at right? 

! How does Eg change with 
molecule size and why? 
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! We don’t have EHPs as we knew it for Si (but they draw it 
that way for convenience).   
 
! The EHPs are actually ‘excitons’.  Energy comes in (photon 
for example) and the electron is energetically kicked out of its 
normal orbital, which leaves behind a lack of an electron (+ 
charge). 

! How do they move?   

-  This exciton (energy) can be transferred around from 
molecule to molecule! 

-  However, unlike other types of energy transfer, the carrier is 
not ‘free’ like an electron in Si, it has to move charge though 
a bunch of other ‘bumps’ of orbitals and charges.   

-  This is one reason why mobility's in organics are 100’s to 
1000’s of times lower than in semiconductors… 

11 How do we create EHPs? 
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12 So what can we do with this? 

! Lets briefly cover: 
(1)  OLEDs 
(2)  OLED displays 
(3)  Organic thin-film transistors (TFTs) used for e-Paper 
(4)  Organic photovoltaics 

! Advantages: 
-  low cost (potentially) 
-  low temperature fabrication (on plastic) 
-  flexible / rollable / impact-resistant (all are advantages for portable displays) 

! Disadvantages: 
-  bond energies are much lower than inorganics – why is this a problem? 
-  mobility's are not as high…  so no high speed or high current applications! 
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13 Review!  Take a Break! 

! Organic semiconductors, what type of bonding do 
they typically have?  

! How are they similar to Si (atoms) when you bring a 
bunch of molecules together?  What happens? 

! We don’t have conduction and valence bands, what 
do we have instead? 

! Why do larger molecules tend to absorb or emit 
shorter wavelength light? 

! What are some of the main advantages, and 
limitations for organic semiconductor devices?  
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14 Basic OLED structure… 

! Here is a most basic OLED structure…  
(metal/polymer/metal)   The electrodes act like 
PN junctions for injection…   more on next 
slide. 

J. Appl. Phys. 75, 1656 (1994); doi:10.1063/1.356350 

! Look at the bandgap and mobility, 
especially the mobility.  Also look at the IV 
plot which is for really thin films of MEH-
PPV (much thinner than the 1 µm base of a 
high current BJT). What does this tell you? 



School of Electronics & 
Computing Systems 

SECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

15 Basic OLED structure… 

! Here is a bit more advanced OLED structure 
(metal/polymer/polymer/metal) optimized for 
carrier injection…   how does the extra layer at 
left help?  

! The anode is typically transparent, typically 
made of low-cost In2O3 doped 10% SnO2, called 
‘ITO’.  What type of semiconductor is this? 

-  help inject the holes… otherwise one big barrier 

-  like regular LEDs/solar cells where we don’t want e-
EHPs near the edge of the semiconductor, same 
applies for excitons (EHPs) in organic materials 

-  lastly, it helps block electrons… why is this helpful? 
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16 Typical OLED structure 

! Here is a more advanced OLED device… 

-  why do we have a hole injection layer? 
-  why did we add a hole transport layer? (what does it do) 
-  why did we add an electron transport layer ?  (what does it do) 
-  why don’t we need an ‘electron injection layer’? 
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17 Best devices often more complex! 

! Best devices are more complex… 

! Alq3 is the workhorse material for the 
industry (green), but how do they create 
full color displays? 
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! Get to OLED displays in a second… 

! This is the ‘active matrix’ pixel circuit for a liquid crystal display.  Electrically the liquid crystal 
is like a capacitor, and is just a light valve for a white backlight (3 sub-pixels each with an R, G, 
or B color filter).      

18 How to make a display? 

zoom in photo of mouse 
arrow over white 
background… 

! These are each 
thin film transistors 
(TFTs).  Why are 
they called TFTs?  
Hint, think about 
the substrate… 
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19 How to make a display? 

! Two types of TFTs… 

! Why is this ‘amorphous’ Si?  Why not 
crystalline? 

! So this ‘active matrix’ works for LCD pixels 
(capacitors), why will it not work for OLED 
displays?   What type of circuit component do we 
need instead? 
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! Remember, in active matrix drive, you cannot keep 
providing voltage to any given pixel, for OLED you need 
to maintain current even as the row line is turned off! 

20 How to make a display? 

✓	



! a-Si does not have the 
mobility needed for high 
current pixels like OLEDs, so 
the new trend is oxide TFTs or 
laser-annealed poly-Si. 

From: “Sharp Announces Oxide-TFT LCD Production, and 
the Display Ground Shifts”   IZO = Indium-Zinc-Oxide 
 

  IZO  a-Si  poly-Si  Organics 
µ (cm2/V-s)  10-50  0.5-1  30-300  0.1 
Process Temp  200°C  350°C  450°C  <150°C 
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21 OLED display trends… 

AMOLED TV Sets are Coming. Really.  by Ken 
Werner, March 17th, 2011 
We all know that large-screen AMOLED-TV sets will not be 
produced in volume for a long time because a Gen 8 fab is 
required to make them, and nobody is ready to make a Gen 8 
AMOLED plant yet. Over 95% of the world’s AMOLED displays are 
currently being made in Samsung Mobile Display’s (SMD’s) Gen 4 
fab. 
 
But wait. LG Display is planning to jump directly from Gen 4.5 to 
Gen 8. It is ordering manufacturing equipment now for installation 
in Paju… 
 
Is Gen 4.5 to Gen 8 a big leap? It certainly is, but the leap may 
seem a little more manageable if you know that LGD will be using 
color-by-white; that is, all of the subpixels will be white, and they 
will shine through an RGBW matrix color filter. That may seem 
familiar. It was the approach Kodak came to favor for large 
AMOLED displays, and LGD bought Kodak’s OLED business last 
year. The Gen 8 substrates will be 2200×2500mm.   
 
Sources said that LGD intends to produce AMOLED panels up to 
55-inches at the Paju line. 

Why are OLED 
panels thinner than 
LCDs?	
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22 Organic TFTs 

! So OLEDs are obviously organic, but the TFTs that drive them are NOT organic (mobility is too 
low to drive constant current).   

! However, organic TFTs might be fine for displays that are capacitive based and okay if slow in 
switching speed…    A disadvantage in performance, however, can made rollable! 

! The only thorough review on e-Paper 
technology can be found here:  

http://secs.ceas.uc.edu/devices/
NDL_Publications.html 
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23 What about Organic PV? 

! Simple ‘1st generation’ OPV based on Schottkey diode…  (not highly efficient, only ½ the 
depletion width…)  
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! 2nd generation’ OPV based on Schottkey diode…  more efficient. 

24 What about Organic PV? 
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25 What about Organic PV? 

! So what is a tandem cell?  Hint, it says ‘complimentary absorber systems’? 
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! Konarka’s approach… 

26 What about Organic PV? 

Channels formed by polymers 
(tan) and fullerenes (dark blue) 
allow electric current to flow 
into the electrode at bottom 
(NIST).  Konarka’s approach is 
similar.   
 
Advantages:  low cost, just 
deposit one semiconductor 
layer….(forms all the junctions). 
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! Konarka’s approach… 

27 What about Organic PV? 

Channels formed by polymers 
(tan) and fullerenes (dark blue) 
allow electric current to flow 
into the electrode at bottom 
(NIST).  Konarka’s approach is 
similar.   
 
Advantages:  low cost, just 
deposit one semiconductor 
layer….(forms all the junctions). 
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28 What about Organic PV? 

Examples from Konarka (above).  Advantages: 

! Portable (potentially rollable) 
! Flexible (impact resistant) 
! Potentially low cost 
! Semitransparent 
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29 What about Organic PV? 
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30 What about Organic PV? 

Lots of excitement 
about OLEDs and OPV, 
but they keep struggling 
to commercialize… 
 
One strong success is 
OLED displays in 
smart-phones (small 
size screen easier to 
manufacture). 
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Organic TFTs 31 



School of Electronics & 
Computing Systems 

SECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

Other use of Organics… 32 

http://secs.ceas.uc.edu/devices/
NDL_Video.html 
 

See video at very bottom of page… 
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33 Review! 

! For the more advanced OLED device shown at bottom… 

-  why do we have a hole injection layer? 
-  why did we add a hole transport layer? (what does it do) 
-  why did we add an electron transport layer ?  (what does it do) 
-  why don’t we need an ‘electron injection layer’? 

! How do you electrically drive an OLED display? 
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Nanomarkets: $400M by 2016 34 


