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Photonic DevicesPhotonic Devices

• Optical absorption and (non)-radiative transitions

• Photodetector

• Solar cell

• Light-emitting diode

• Semiconductor laser
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Optical absorptionOptical absorption

M. Zeman, reader lecture Solar Cells, ET4 149
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• Note that in reality light enters 
from n-type layer side for c-Si 
solar cells

• From TCO (transparent 
conductive oxide) side in thin-
film silicon solar cells

800

Solar cellsSolar cells
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• Total current through solar cell:

• Photocurrent always in reverse-bias direction
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• Short-circuit current density, Jsc:

• Open-circuit voltage, Voc:

• Energy conversion efficiency:
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M. A. Green, Solar Cells; Operating Principles, Technology and System Applications, Prentice-Hall, 1982.
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• Charge carriers generated throughout the device, 
i.e., in the depletion region as well as in the 
quasi-neutral regions

• Photocurrent due to generation in the depletion 
region:

WeGdxGeJ LLL == ∫depl,

PhotocurrentPhotocurrent
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… generation in quasi-neutral region… generation in quasi-neutral region
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Start with ambipolar transport equation for steady-state 
situation, no electric field:
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Calculate excess carrier concentrationCalculate excess carrier concentration
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… and finally the photocurrent… and finally the photocurrent
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• In ‘real’ p-n junction solar cells the n-region is not 
very wide

• Most photons are absorbed in the quasi-neutral 
region of the p-type wafer

• Photo-generated charge carriers reach the depletion 
region by diffusion

⇒p-n junction solar cells are so-called diffusion devices

Some additional remarksSome additional remarks

More on this subject: lecture series Solar Cells (ET4 149), Dr Miro Zeman, 10 April 2008
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Non-uniform absorptionNon-uniform absorption

Take into account:
• Wavelength (or energy) dependent absorption
• Wavelength dependent reflection
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• Heterojunction solar cells
• Concentrator solar cells
• Thin-film solar cells

Other solar-cell conceptsOther solar-cell concepts
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Amorphous silicon p-i-n solar cellAmorphous silicon p-i-n solar cell
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• Photoconductor
• Photodiode
• Phototransistor

⇒Detect the presence of photons

PhotodetectorPhotodetector
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• Measures the change in conductivity
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• For uniform carrier generation one obtains
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• Photodiode is a special version of p-n junction solar 
cell

• Solar cell operates at maximum power point in order 
to convert solar energy into electric energy as 
efficiently as possible

• Photodiode operates under reverse bias in order to 
sense illumination as accurately as possible

PhotodiodePhotodiode

• Charge carriers generated in quasi-neutral regions 
reach junction by diffusion

• Time response of diffusion related collection is slow
• Drift related collection is fast
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In order to speed up the response:
• Increase the depletion region width by implementing 

an intrinsic region
• More if not most carriers are collected due to drift 

processes

In case there is no electron-hole pair recombination:

P-i-n photodiodeP-i-n photodiode
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Is it reasonable to assume that under reverse bias there 
is no recombination?
Is it reasonable to assume that under reverse bias there 
is no recombination?
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• Gain of phototransistor can be high
• The phototransistor amplifies the photocurrent:

LC II )1( β+=

PhototransistorPhototransistor

• Frequency response is limited due to the 
relatively large B-C junction capacitance
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• So far we discussed devices that absorb light
• Now focus on emission → luminescence

– Photoluminescence: light emission following 
radiative electron-hole pair recombination after 
aborption

– Electroluminescence: light emission following 
radiative electron-hole pair recombination of carriers 
that were injected

• Luminescence efficiency:
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Basic interband transitionsBasic interband transitions
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Recombination involving impurities or defectsRecombination involving impurities or defects
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Auger recombinationAuger recombination
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S. M. Sze, Semiconductor Devices: Physics and Technology, 2nd edition, John Wiley & Sons, 2001.
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→ M. G. Craford, IEEE Trans. Electron Devices ED-24, 935 (1977).

Photonic materialsPhotonic materials
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• Direct recombination in quasi-neutral regions
• Diode diffusion current proportional to recombination 

rate
• Also recombination current in depletion region plays 

a role
– Electron-hole pair recombination through midgap states
– This recombination process is non-radiative

Light Emitting DiodeLight Emitting Diode
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Quantum efficiencyQuantum efficiency

Let γ approach unity by:
• Increase electron current by using 

n+-p diode

Injection efficiency:
Rpn
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current, Jrec
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Ideal diffusion
current, JD
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• Apply sufficiently high forward 
bias, so diffusion current 
dominates total current

Internal quantum efficiency: γηη =i
• Radiative efficiency, η, proportional to p-type doping
• Injection efficiency, γ, decreases with p-type doping
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• Absorption of emitted light within the LED material
• Reflection loss at semiconductor-to-air interface
• Total internal reflection

Light loss mechanismsLight loss mechanisms
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Light Amplification by Stimulated Emission of Radiation
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Population inversionPopulation inversion

stimulated-emission rate + spontaneous emission rate = absorption rate

A21N2+ B12N1E(hν12)=B21N2E(hν12)
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Large E(hν12) ⇒ optical resonant cavity

Condition for lasing: 12 NN > ⇒ population inversion
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Light intensityLight intensity

• The intensity is:

⎭
⎬
⎫

⎩
⎨
⎧

⎥
⎦

⎤
⎢
⎣

⎡ −−
−∝−∝=

kT
EEh

NNeII FpFnz )(
exp1)(with)0( 12

)( ν
γνγ

νν

33 cm
absorbed photons#

cm
emitted photons#

--dz
dI

−∝ν

• Neglecting spontaneous emission, the change in 
intensity is:
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Optical cavityOptical cavity

• Provided there is population inversion → photons 
following stimulated emission can stimulate 
further emissions

⇒Optical gain

• Gain single pass is low → multiple passes to 
increase gain
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• Condition for optical gain:
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• The wavelength separation in the cavity can be 
obtained by taking the derivative to λ:
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Threshold currentThreshold current

• Lasing process competes with two loss mechanisms:
– Optical intensity:

– Photon absorption:

– Partial transmission/reflection, Γ1,2

• At threshold optical loss offset by optical gain
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• Solving for the threshold optical gain, γt(ν), the 
threshold current can be calculated

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
ΓΓ

+=
21

1ln
2
11
L

Jth α
β

β called ‘gain factor’
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S. M. Sze, Semiconductor Devices: Physics and Technology, 2nd edition, John Wiley & Sons, 2001

→ M. B. Panish, I. Hayashi, and S. Sumski, Appl. Phys. Lett. 16, 326 (1970).

Threshold currentThreshold current


