
Lect. 21: Semiconductor

Electron energy levels in semiconductors

C o v a l e n t b o n d
S i i o n c o r e ( + 4 e )

Electrons in each Si atom have 
discrete energy levels.

But in Si crystal, energy bands are formed.

+ ++ +
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ω
Slope = c/n2

Sl /Slope = c/n1

TE2

TE3

ωcut-off

TE2

βm

TE1

Schematic dispersion diagram, ω vs. β for the slab waveguide for various TE m. modes.
ωcut–off corresponds to V = π/2. The group velocity vg at any ω is the slope of the ω vs. βcut off p g p y g y p β
curve at that frequency.

© 1999 S O K O l i (P ti H ll)

Example for E vs k diagram: EM waves in a dielectric waveguide
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Where are electrons?

T=0 K
T > 0 K

no electrons in conduction band
and no holes in valence band

same number of electrons in 
conduction band as holes in valence
band
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Doping with impurities

Si
N-type P-type 

As

Si

Si Si
B

Si

Si Si

Si
Si

More electrons in conduction band 
than holes in valence band

More holes in valence band 
than electrons in conduction band 

Optoelectronics (10/2) W.-Y. Choi



Lect. 21: Semiconductor

S t u E i i Sti l t d E i i

Interaction of light with semiconductor

Absorption Spontaneous Emission Stimulated Emission

h υh υ
k k

hν > Eg Momentum (k) conservation required for photon 
emission
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Remember

E2
h υ

E2
h υ

E2

Absorption Spontaneous Emission Stimulated Emission

h υ
h υ

h υ h υ

h υ

E1
E1 E

1

221sp NAR ⋅=ρ⋅⋅= 11212 NBR ρ⋅⋅= 22121 NBR

:  photon densityρ

221spρ11212 ρ22121

1,2 1,2

12 sp 21

:  electron density at E
, , :  constants

N
B B B
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Absorption Spontaneous Emission Stimulated Emission

h υ
k k

12 12 1 1 2 2( ) ( ) ( ) ( ) R h B N E P E hν ρ ν= ⋅ ⋅ ⋅ 21 2 2 1 1( ) ( ) ( )spR h A N E P Eν = ⋅ ⋅ 21 21 2 2 1 1( ) ( ) ( ) ( )R h B N E P E hν ρ ν= ⋅ ⋅ ⋅

For population inversion, 2 1

1 2

1N P
N P

⋅
>

⋅
Electron and hole injection needed.
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How to inject electrons and holes into a semiconductor?  PN junction

Current flow in PN junction

Electron in CB

Light emitting diode (LED)

p n+

Hole in VB Light output

Insulator  (oxide)
p
+

hυ - Eg

Eg
n+

n+
Substrate

V Metal electrode

Does any semiconductor emit light?

What determines the color of LED?
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Direct semiconductor Indirect Semiconductor

E E

k k

M t ti t iblMomentum conservation not possible 
by photon emission
=> No emission (Examaple: Si)

Optoelectronics (10/2) W.-Y. Choi



Lect. 21: Semiconductor

Bandgap energies for major LED materials: III-V compound semiconductor

Indirect
bandgap

GaAs1-yPy

In1-xGaxAs1-yPy
AlxGa1 xAs

x = 0.43
GaN

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
λ

1.7
I f d

x 1-x

In0.49AlxGa0.51-xP

Infrared

Free space wavelength coverage by different LED materials from the visible spectrum to the
infrared including wavelengths used in optical communications. Hatched region and dashed
li i di t E t i l
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Current injection into PN Junction can be used for SOA 
(Semiconductor Optical Amplifier)

Current InjectionCurrent Injection

Pin Pout = G Pin
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Gain spectrum for SOA

O i l i

Energy

Optical gain EFn − EFp

E

CB
Electrons
i CB

EFn

hυ
Eg

0

Ec in CB

H l i VB

eV

g

Optical absorption

Ev

VB

Holes in VB
= Empty statesEFp

At T > 0

At T = 0
Optical absorption
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Homework (Due Nov 22):Homework (Due Nov. 22): 

Assume the optical gain coefficient in semiconductor is given as 
g=a(N-N0) [1/cm], where a=10-17cm2, N0=1018cm-3 for λ = 1μm.g a(N N0) [1/cm], where a 10 cm , N0 10 cm for λ  1μm. 

If 0.5cm long SOA is made up of above semiconductor,
what is the required carrier density in order to achieve SOA power gain of 20dBq y p g
for λ = 1μm input signal? 
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