
Si Photonics

Woo-Young Choi

Dept. of Electrical and Electronic Engineering
Yonsei University

Lecture 12 : Semiconductor Lasers



Si Photonics (2022/2) W.-Y. Choi

Lecture 12: Semiconductor Lasers

What happens when photons interact with a matter 
whose electron transition energies are compatible with photon energies?

+

-

Example: Electron energy levels in an hydrogen atom

h u
]eV[
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According to QM, energy levels inside an atom are quantized

What happens when hn = En-Em ?
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Consider for simplicity only two energy levels: ground state and first excited state

è Three interaction processes are possible

E1

E2

h u
h u

E2

E1

h u In h u

Out

h u

E2

E1

Absorption Spontaneous Emission Stimulated Emission

output photons are “identical”
to input photons: amplification 

output photons are
“random” except energy

E1

E2h u

Assume hn = E2 – E1
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Determine the rate for each process:
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12 sp 21

:  photon density (spectral photon energy density)
:  electron density at E

, , :  constants
N
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221sp NAR ×=r××= 11212 NBR r××= 22121 NBR

How many per unit volume per second
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What happens at equilibrium?

12 21spR R R= +

From another branch of physics 
(statistical mechanics),

2 2 1

1

expN E E
N kT

-æ ö= -ç ÷
è ø

E1

E2

Electron distribution at equilibrium

r =

12 1 21 2 21 2B N A N B Nr r× × = × + × ×

2 1( )E Er\ - =

No net change of N1, N2, r

21

12

1 21

2 12

A
B

N B
N B

-

2 1

21

12

21

12

e
E E

kT

A
B

B
B

-æ ö
ç ÷
è ø -



Si Photonics (2022/2) W.-Y. Choi

Lecture 12: Semiconductor Lasers

2 1

21

12
2 1

21

12

( )
e

E E
kT

A
BE E

B
B

r
-æ ö

ç ÷
è ø

- =

-

For hn = E2 – E1 , two expressions should be identical
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è Einstein’s A, B constants

From Planck law for black-body radiation
(photon distribution at equilibrium)
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E1
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Absorption Spontaneous Emission Stimulated Emission

221sp NAR ×=r××= 11212 NBR r××= 22121 NBR
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Interpretations:

-Absorption and simulated emission have the same coefficient

-Spontaneous emission and stimulated emission are 
intrinsically related

è Spontaneous emission is simulated emission 
due to vacuum fluctuation (QM interpretation of EM waves)

21 12 2 1( )R R B N Nr- = × × -
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Which process is dominant at equilibrium?

21

12

R
R

Stimulated emission vs. absorption
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hu hu hu
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E1

Absorption Stimulated Emission

12 1R B N r= × ×
21 2R B N r= × ×
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For example, l=1.55mm photonE hn=
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Almost all incident photons are absorbed at equilibrium

0.8exp
0.026

eV
eV

æ ö-ç ÷
è ø

14~ 4.3 10-´



Si Photonics (2022/2) W.-Y. Choi

Lecture 12: Semiconductor Lasers

Which process is dominant at equilibrium?

21

sp

R
R

Stimulated emission vs. spontaneous emission

Almost all photon emission at equilibrium is due to spontaneous emission
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How can we induce stimulated emission? 

E1

E2

h u
h u

E2

E1

h u h u

h u

E2

E
1

Absorption Spontaneous Emission Stimulated Emission

221sp NAR ×=r××= 11212 NBR r××= 22121 NBR

Make N2 larger than N1:

N2 = N1 :

N2 > N1 :

Break equilibrium by pumping carriers into E2

transparent

population inversion è Optical gain
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Homework:
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Optical pumping

Consider 3-level systems

2-level system not practical

Pump signal has the same 
wavelength as input/output signal

In Out

Pump

E

E1

E2

3

(1) carriers at E3 quickly come 
down to E2 

Requirements:

(2) Carriers at E2 radiatively
come down to E1 



Si Photonics (2022/2) W.-Y. Choi

Lecture 12: Semiconductor Lasers

Optical gain materials for 3-level systems

Erbium

One of rare earth metals 
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Erbium

E10

1.27 eV

0.80 eV E2

E3

1550 nm 1550 nm

In
Out

980 nm

Non-radiative decay

Pump

-Pump light (l=980nm) absorbed
generating carriers at E3

- When N2>N1 (population inversion),
stimulated emission > absorption

for 1550nm light

- Carriers at E3 rapidly transfer to E2 

building up N2

- Er can be easily added to core of Silica fiber

- High-power semiconductor lasers easily available for 980nm 
pumping source

- Very useful for optical communication applications

è EDF (Er-Doped Fiber)
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EDFA: Er-Doped Fiber Amplifier

A key component for long-distance optical communication systems

Roughly, one EDFA for every ~100km fiber
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Spontaneous emission?

Optical Amplifier

è Noise

Pout = G Pin

= exp(gz) Pin

Eout = exp(-jkz)Ein

k = ,β jα-

outE = exp( )exp( ) inj z z Eb a- -

outP = exp( 2 ) inz Pa-

2g a= -
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Semiconductors with direct bandgap

- Continuous energy levels across the band gap 

Conduction band: more holes than electrons

Valence band: more electrons than holes

(E-k diagrams: Dispersion diagram for electron waves)
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Interaction with photons if hv > Eg

Continuous spectrum for absorption and emission 

Absorption SpectrumFor GaAs
12 2 1 12 1 1 2 2( ) ( ) ( ) ( )R h E E B N E P E hn r n= - = × × ×

èMore absorption 
for larger photon energies

More electrons as E1 becomes smaller

More holes as E2 becomes larger
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12 12 1 1 2 2( ) ( ) ( ) ( )R h B N E P E hn r n= × × ×

Absorption

21 21 2 2 1 1( ) ( ) ( ) ( )R h B N E P E hn r n= × × ×

Stimulated Emission

( )1 1 2 2 2 2 1 1( ) or ( ) ( )?N E P E N E P E× ×Which is larger?

Depends how much pumping and photon energy (E2-E1) 

Spontaneous 
emission 
not considered

è Electrons in conduction 
band, holes in the valence 
band by pumping
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Optical Gain for semiconductor

- No interaction for Ep < Eg

- For E2-E1 > Eg, gain increases 
up to around hn =EFn-EFp

- Gain < 0 for hn > EFn-EFp

- Sharper transition at lower T

2 1( )g E E- [ ] [ ]2 2 1 1 1 1 2 2( ) ( ) ( ) 1 ( )  ( ) ( ) ( ) 1 ( )  c v v cg E f E g E f E g E f E g E f E= - - -2 2 1 1 1 1 2 2~ ( ) ( ) ( ) ( )N E P E N E P E× - ×

( ) : Density of states for concudtion band at cg E E

( ) : Density of states for valebce band at vg E E

( ) : Fermi factor at f E E
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How to electrically pump electrons and holes? 

hu Eg

Eg

V

p n+

Electron in CB
Hole in VB

Forward-biased PN junction
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Homework #1:

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

If 0.5cm long semiconductor optical amplifier (SOA) is made up of above 
semiconductor, what is the required carrier density in order to achieve SOA 
power gain of 20dB for l = 1mm input signal? 
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Light source based on stimulated emission?

Laser

Optical Amplifier

è Optical oscillator

(Light Amplification by Stimulated Emission of Radiation) 
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( )
1 ( )

Y H s
X H s

=
+

|H(jω) | = 1 and ∠H(jω) = 180∘

In Electronic circuits

Amplifier

With Feedback
Output without input

è Oscillation

Y =

( )1 ( ) ( )Y H s XH s+ =

( ) ( )X Y H s-

If H(s) = -1, 

(Barkhausen oscillation condition)
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|H(jω) | = 1 and ∠H(jω) = 180∘

Oscillator: Amplifier with feedback

In-phase and the same magnitude after one round trip
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rr
LASER: 

0 2
gk nk j= +In gain medium:

Initially E0

0
jkL jkLE e r e r- -× × × ×After one round trip

2 2 1j kLr e-× =0E=

Gain Medium

Pump

L

What provides initial E0  ? Spontaneous emission (Noise)

Optical Amplifier + Mirrors

(Magnitude =1, Phase = 2mp) 

02( )2 2 1
gj nk j L

r e
- +

× = 022 1j nk LgLr e e-× =

02 2nk L mp=2 1gLr e× =
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Gain Medium

Pump

L
RR

02 2nk L mp= 2L
n m
l

Þ = or 
2

L m
n

l
=

1 1lng
L R

=

è Minimum gain required for lasing

Cavity length should be integer multiples of half wavelength è lasing mode

(mirror loss compensation)

22 2n L mp p
l

=

m (threshold gain) (mirror loss)thg a=

02 2nk L mp=2 1gLr e× =
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th
1 1 2Two conditions for lasing:  (1) ln  and (2) Lg
L R n m

l
= =

λ

λ

gth

λ

Lasing spectrum

Lasing modes has non-zero linewidth due to
various linewidth-broadening effects

Gain is function of pumping and l



Si Photonics (2022/2) W.-Y. Choi

Lecture 12: Semiconductor Lasers

Any optical gain material with mirrors can be a laser

First laser demonstrated by Maiman
in 1960 at Hughes Aircraft Company

Optical Gain Material: Cr in Al2O3

Ted Maiman
(1927-2007)

Pump: Xenon flash lamp 
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Charles Townes
(1915-2015)

(1/2)

Nikolay Basov
(1922-2001)

(1/4)

Aleksandr Prokhorov
(1916-2002)

(1/4)

1964 Nobel Prize in Physics for invention of laser

Gordon Gould
(1920-2005)

30-year battle 
for laser patent
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Homework #2 



Si Photonics (2022/2) W.-Y. Choi

Lecture 12: Semiconductor Lasers

hu Eg

Eg

V

p n+

Electron in CB
Hole in VB

Forward-biased PN junction for electrical pumping

But not very efficient
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Efficient carrier confinement

P N

But injected carriers diffuse

P NI

è Much larger injected carrier density 

Double heterojunection
with larger Eg for P, N regions

Active region very thin and undoped (I)

21

12

( )
( )

R h
R h

n
n

1>2 2 1 1

1 1 2 2

( ) ( )
( ) ( )

N E P E
N E P E

×
=

×

è Bandgap engineering
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P NI

Double heterojunction
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Double heterojunction provides efficient photon confinement as well

Smaller Eg materials have larger n (n1>n2)

=> More photons interacting with injected 
electrons and holes in the active region 

th
1 1lng
L R

=

Core 
(n1)

cladding
(n2)

cladding
(n2)

th m=> g aG =

2L
n m
l

=
eff

2 ;L
n m
l

==> =

è Dielectric waveguide!

Portion of photons interacting with 
injected carriers?

è Use G

ma=
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Semiconductor Laser: PIN Heterojunction (Cleaved Facets)

(Laser Diode)

+ Mirrors

Vertical waveguide:

Ridge waveguide

è Single waveguide mode

But multiple lasing mode 

Electrically, PIN diode

Optically, 2-D dielectric waveguide

Heterojunction

Lateral waveguide ?

è Fabry-Perot laser diode
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LED

emission
Spontaneous

I (mA)
0

Optical Power (mW)

l

LaserOptical Power

Threshold current: Ith

Slope Efficiency: dP/dI
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F-P semiconductor laser usually has multiple lasing modes

eff

2 L
n m
l

= 2

2 effn L
llD = Dl less than gain bandwidth

Multi-mode laser

èSeveral lasers with slight different lasing wavelength



Si Photonics (2022/2) W.-Y. Choi

Lecture 12: Semiconductor Lasers

How to make single lasing-mode semiconductor laser? 

( )sin sin id mq q l- = ×

Use l-selective mirror: Diffraction Grating

Remember

For mirror, 90  and 90 ,iq q= = -o o

2
d m l

=

Distributed Feedback (DFB) Laser Distributed Bragg Reflector (DBR) Laser 

2 eff

d
n
l

=
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Another approach: 

2

2 effn L
llD =

Make L very small so that 
Dl larger than gain bandwidth 

gain bandwidth in the order of 10nm

m
1 1ln
L R

a =

:  1.5 m
:  3.5 effn

l m

~ 30 mL m Fabrication not easy

Large mirror loss 
resulting in large Ith

è Short cavity with very large reflectivity?
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Solution: Very short cavity vertical lasers with very high reflectivity mirrors

Top and bottom DBR mirrors with 
very high reflectivity

(VCSEL: Vertical Cavity Surface Emitting Laser)

Electrically, vertical PIN

Optically, vertical cavity

Precise vertical layer deposition
can be easily done in semiconductor 
fabrication

m
1 1ln
L R

a =

è Very small and cost-effective 
(typically ~850nm)
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Distributed Bragg Reflector (DBR) mirror 

Repeat the quarter-wavelength pair m times.

n1 n2 n3

L1 L2

22

2
1 4

3
2

2
1 4

3

 

m

m

nn n
n

R
nn n
n

æ öæ ö
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n2 n3

L1 L2

… n4
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( )
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2 3 4
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2 3
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m
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ç ÷> =
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Hybrid Si Laser

- Wafer bonding between III-V wafers for gain and SOI wafer
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Homework #3 


