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8.2 - Light Emitting Diodes /  
 Solid State Lighting 

1 Light Emitting Diodes 
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A bit of history… 2 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 
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Light Emission by Recombination 3 

E(eV ) = hc / λ
≈1240 / λ(nm)

! We already know how to calculate 
emission wavelength for a semiconductor! 

   400nm - - - - - - 450 nm - - - - - - 500 nm - - - - - - 550 nm - - - - - - 600 nm - - - - - - 650 nm      

    3.1 eV 2.6 eV 2.3 eV 2.0 eV 

! Remember, all semiconductors can absorb photons larger 
than the bandgap (EH generation)… 

! … but only direct-bandgap semiconductors emit light by EH 
recombination! 

! Remember, there is always a doping dependence on lifetime, 
but the recombination factor (αr ) is different for radiative (GaN 
photon emitted) vs. non-radiative (like Silicon, just heat). 

τ n = τ p =
1

α r (n0 + p0 )

αr  depends on mechanism.  Generally emitting photons or recombining at defects in the 
semiconductor (trap states in the band gap) is faster.  Therefore αr  is an average value you 
look up, or measure, that changes with semiconductor quality and type! 
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3     4      5     6     7      8	

1     2….	



! IV (4) semicon., indirect, narrow (Ge) to wide bandgap (SiC), low cost/common. 

! II-VI (2-6) semicon., many direct, (CdSe) to wide bandgap (ZnO), emerging for transistors! 

! III-V (3-5) semicon., many direct, really narrow (InSb) to really wide bandgap (AlN), nitrides are 
super durable but hard to make. 

! Si ! GaN 

Which Semicon used for LEDs? 4 

! Nearly all LEDs are based on III-V materials, why not II-VI?  Which is more stable, a highly 
ionic bond like NaCl, or a highly covalent bond like Diamond (C-C)? 
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Which Semicon used for LEDs? 5 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 

! There are no nitride (GaN etc.) substrates… SiC is widely used 
for GaN, but why is this an issue for blue/green LEDs? 
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! How do we predict LED behavior?   Do we need to re-derive? 
 
! Will an LED emit light in reverse bias? (think practically…) 

! Measure two diodes (one is an LED).  At 20 mA, which is ‘hotter’?  

Light Emitting Diodes… 6 
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! Why need thin n+ at the top?  This fixed 
one problem…   
 
! See any other problems at right with the 
design? 

Good LED Design… 7 

!  Problems with this design… 

(1)  surface states at n+/air (dangling bonds) lead to non-radiative 
recombination 

(2)  The bottom p-layer is still thick (has to be as a substrate) so all light 
going toward p-region is absorbed (e-h generation) 

How can we fix this?  
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Good LED Design… 8 

! Lastly, why p- for emitting layer?  Think about 
defects and what they do to recombination… 

! Answer: double heterojunction LED!   
 
Emission is away from surface and surrounded 
by wider bandgap (transparent) semiconductor. 
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Voltage Requirements 9 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 

! Obviously, shorter wavelength emitters require a larger 
bandgap, and therefore have a larger turn-on voltage to 
overcome contact potential… 
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! Internal quantum efficiency 
(not heat, but photon emission!) 

Poptical (W ) = (J / s) = (C / s)× (J /C) = I ×1240 / λ(nm)×ηint
Poptical (W ) =1×10

−3 ×1240 / 650 × (0.5) ≈1mW

! Internally generated optical power for red LED with 1 mA?  

How Efficient? 10 

ηint =
photons emitted
electrons injected

Remember, not all 
of this optical 
power gets out!  
Lets calculate! 

! Another way to calculate (get same answer).  Red is about 2 eV.  
How much voltage to turn on the diode?  What is the power 
consumed then? How efficiently is this power turned into photons? 

γ =% electrons recombining
in the active region

! Injection efficiency (recombine 
in the active region only, right Eg) 

! Outcoupling efficiency (next slide) 

ηout=
photons escaping LED
photons generated inside

 Old data! 



School of Electronics & 
Computing Systems 

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

! Lets calculate total external quantum efficiency (EQE) for an 
example GaP LED. 

next = γ × nint × nout
next =1× 0.5× 0.084 ≈ 4%

! So why is this LED shaped 
like an inverted pyramid? New 
popular approach is photonic 
crystals or lens arrays… Why is out-coupling 

so poor? 

(1) 	



(1) Fresnel reflection. 

% = (nLED − nair )
2

(nLED + nair )
2

How Efficient? 11 

(2) 	



(2) Total internal reflection (TIR) 

nLED sinθLED = nair sinθair

nLED sinθC = nair sin90

θC = sin−1 nair
nLED isotropic emit : each cone% ≈1/ 4nLED

2

Example for GaP (n~3.4): Fresnel % = (1-0.3) or 70% out, θC=17° so 2% 
escapes at each of 6 sides) … 70% x 2% x 6 sides = 8.4% 
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12 Review! Take a Break! 

! What type of semiconductors are typically used for 
LEDs?  (where on periodic table).  
 
! Why are green LEDs the hardest to make?  
 
! Are the best LEDs just simple PN junctions (one 
material, homojunction)?  Why or why not?  Two 
reasons… 
 
! What are the 3 key factors that effect LED efficiency?  
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13 Where we are headed… 
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14 What is lm/W? 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 

! lm/W (lumen/W) 
takes into consideration 
the ‘brightness’ 
perceived by the 
human eye. 
 

! If you have blue 
LEDs that are just as 
electrically efficient as a 
green LEDs, the blue 
LEDs still have lower 
luminous efficacy (looks 
dimmer). 

! Is no mistake that the 
peak intensity of the 
sun is in the green… 
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! So, how do they make white LEDs? 

Cree XR-E 

15 How white LEDs are made… 

YAG:Ce  

InGaN 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 

! So, your local art museum switches 
to these type of white LEDs and the 
patrons say all the art looks terrible 
(colors are off a bit).  Why?  How fix? 
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16 Where we are headed… 
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17 Where we are headed… 
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! We can also tune emission wavelengths 
through quantum confinement! 

! Energy levels for an infinitely deep quantum 
well (one at right is finite, but lower states are 
similar). 

En =
h2

2m*
n
2L

⎛
⎝⎜

⎞
⎠⎟
2

n =1,2...

Quantum Wells 18 

SiO2	

Si	

SiO2	



V =
Ephoton

q
+ I × RS +

ΔEC

q
+ ΔEV

q
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Quantum Wells 19 

! Quantum Wells in some cases allow higher efficiency because: (1) promote a higher 
radiative efficiency; (2) trap carriers so less surface recombination (like DH LED). 

! Even better, add 
in electron and hole 
blocking layers 
(bandgap and 
doping). 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 
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! LED (electro/opto)  …
011010100101… 

! Photodiode (opto/
electro)  …
011010100101… 

LEDs in communication 20 
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! LEDs are used for short-distance 
communications… 

! Even 100 dB/km is a lot of loss! 

� 

α(dB /km) =
−10 log(P

z
/P0)

z

� 

if
Pz

P
0

= 0.10,α = 100

then z = 0.1 km (100m)

! Good for cars, 
stereos, industrial 
controls, etc…  but 
NOT for the internet 
(transoceanic, etc.).  
We will learn more 
about that when we 
cover LASERS! 

LEDs in communication 21 
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22 Review! 

! How do we make white LEDs?  
 
! What is lm/W?  

! LEDs are used for what type of optical 
communication?   
 
! What is a good U.S. company to work for in LED 
technology? 
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Which Semicon used for LEDs? 23 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 

http://secs.ceas.uc.edu/devices/NDL_Video.html 
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Which Semicon used for LEDs? 24 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 
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25 Some more info (from Zeiss) 
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26 Where we are headed… 
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27 Where we are headed… 
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28 Where we are headed… 

XLamp® XM-L LED 
 

Features 
Delivers 1000 lumens at 100 lumens/W 

Low thermal resistance: 2.5°C/W 
ANSI-compatible chromaticity bins 

Unlimited floor life at ≤ 30ºC/85% RH 
Reflow solderable - JEDEC J-STD-020C 

Electrically neutral thermal path 
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29 Where we are headed… 
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! Copper wire: 100 Mbps over 100 m 
! LEDs / POF: 10 Gbps over 100 m 
! Lasers / Glass Fiber: 40 Gbps over 1000’s of m !! 

� 

α(dB /km) =
−10 log(P

z
/P0)

z

� 

We will talk about lasers next 
time…. 

if
Pz

P
0

= 0.10,α = 0.3

then z = 30,000m (30 km)

SiO2!  Silicon again! 

Why lasers? 
(1) Coherent, so 
can use external 
modulator.  (2) Low 
dispersion. 

LEDs for long distance? No… 30 
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Quantum Wells 31 

Semiconductor Today 25 September 
2007	


 	


LED makers report progress at ICNS 
… 
Lumileds’ solution is to instead use a 
double heterostructure (DH), which 
can have an electron-hole 
recombination region of over 6nm, 
compared to just 1nm for an MQW-
based LED. The result is that, 
although quantum efficiency is lower, 
its peak is shifted to higher current 
density. So, for example for an 
encapsulated flip-chip LED with a 
1mm x 1mm chip emitting at a 
wavelength of 444nm, a 9nm DH 
LED has higher quantum efficiency 
above a current density of 100A/cm² 
than an MQW LED with two 2.5nm 
quantum wells. 

Prof. Fred Schubert (RPI) 
http://www.rpi.edu/~schubert/ 

! Why multiple quantum wells (MQW)? 


