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Physics of photonic semiconductor devices

Light-emitting diodes 
- Notion of efficiency
- Fabrication
- White LEDs



External quantum efficiency (EQE, ): [emitted photons]/[electrons]

 = injiext
extraction 
efficiency
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LED efficiency



Extraction efficiency (ext):
Key issue: the generated photons must escape from the material (non-absorbing dielectric
medium)!

Transmission 1 ≈ 0 T = 1 – [(nsc-1)2/(nsc+1)2]

For GaAs, nsc = 3.6  c = 16° and T = 0.7 

Critical angle for total internal reflection (TIR): c = arcsin(1/nSC) 

For GaAs, only 2% of photons are extracted per facet
The extraction efficiency ext is very low for a simple planar geometry  major issue even for an 
IQE of 100%!
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LED efficiency

Solid angle leading to light 
extraction

R



External quantum efficiency:

 = [emitted photons/electrons] 

 = injiext (> 50% for state of the art LEDs)

How can we improve the EQE compared to the planar geometry?
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LED efficiency

After a 1st TIR, photons reach the second interface with an incident angle < c



Optical output power Popt
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Power efficiency or wall-plug efficiency (WPE) wp
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Electrical power dissipated as heat through series resistance of the device 
 eVapp > h
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LED: output power and power efficiency

Need to have a good control over the contact resistance and 
the conductivity of the injecting layers!



Brightness or radiance B( )

   optdP
B

dAd


 


Wavelength integrated emitted power per unit area per unit solid angle

Eye sensitivity function V()

Luminous flux

   683lum optV P d    

Output power of a source as perceived by 
the human eye (units expressed in lumens)

normalization factor (in lm/W)
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10-3: V() value defining the cutoff for the visible spectral 
range ( ~390-720 nm)

Physics of photonic semiconductor devices

LED: brightness and photometric units

• Photopic vision: cone-dominated vision, good color 
perception dominating under normal daylight

• Scotopic vision: rod-dominated vision, dominating 
under low light conditions



Luminous efficacy lum
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Conversion efficiency from optical power to luminous flux 
(units expressed in lm/W)

Luminous efficiency lum

lum lum
lum

el appP IV
    Ratio of the luminous flux of the light source to the electrical input power (units 

expressed in lm/W)

lum lum wp   Luminous efficiency and luminous efficacy are related via the wall-plug efficiency
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LED: photometric units



Surface roughening

UCSB, Appl. Phys. Lett. 84, 855 (2004)
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LED efficiency

Nitrogen polarity  chemically sensitive 
surface that can be wet-etched

[000-1]

Ga

N
Top surface consisting of 

nano-pyramids
 Improved light extraction



Thin film allows reducing absorption losses
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LED efficiency
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LED efficiency



Resonant cavity LEDs (RC-LEDs)
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LED efficiency

EQE/facet
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LED fabrication
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n contact

Ti/Al/Ni/Au

p contact 

Ni/Au

Semi-
transparent

Ni/Au
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Required to promote lateral hole 
injection due to their reduced mobility

LED fabrication

Physics of photonic semiconductor devices

• Specific metal sequence used to decrease 
the contact resistance (Rc) and ensure 
Ohmic-like contacts

• The choice of metals depends on: (i) the 
adhesion of the metal to the semiconductor 
(peeling unwanted) and (ii) the work function 
vs Schottky barrier height (+ surface states)

• Good contacts (low Rc value) require a lot of 
know-how and recipes are kept secret by 
LED manufacturers  



3 volts
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LED fabrication
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LED fabrication
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A larger escape angle is obtained for LEDs with an epoxy dome due 
to the lower refractive index contrast between the semiconductor 
and the epoxy (nepox~ 1.5-1.57)
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Loss analysis of high brightness blue LEDs

Current dependent losses
Peak value
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White LEDs
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White LEDs
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White LEDs
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2009: 249 lm/W (Nichia, peak
value)

2014: 300 lm/W (Cree, peak
value)

145 lm/W at high injection
(efficiency droop)

10 x the luminous efficiency of
modern Edison’s light bulb

2020 (target): > 200 lm/W
(value reached in 2014)

Energy consumption

Long lifetime (100 000 h)

Safety

Compactness
2009
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White LEDs for general lighting



Issues:
- Color rendering index (CRI)
- Efficiency at high injection current

Blue LED at ~450 nm + Ce3+:YAG phosphor
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White LEDs



Color rendering index (CRI): ability to reproduce colors of an object as seen under an ideal white-
light source, such as the Sun. 
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Chromaticity and color rendering index (CRI)

Sunlight and incandescent light bulbs have a CRI of 100 (ideal value). 
Values > 80 sufficient for indoor lighting (lower values, street lighting). 

Common CRI values: metal halides 85-95, LED-based white-light sources 60-95, fluorescent lamps
50-90, mercury vapor 20-50 and sodium lamps 5-20.



Color temperature: ranging from warm (2000 K) to cold (10000 K going through neutral), which is 
referenced with respect to the white light emitted by an ideal white-light source (temperature of an 
ideal black body).
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White LEDs



The “Green gap”
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White LEDs


