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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

n=>5
n=4
n=3
’\/Iz\j—> E, =-22[ev)
=) n=2 n nz
—0O n=1

According to QM, energy levels inside an atom are quantized

What happens when Av=E —-E_ ?
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Lecture 12: Semiconductor Lasers

Consider for simplicity only two energy levels: ground state and first excited state

Assume hv = E, — E,

E
hv 2
“\/\=> =» Three interaction processes are possible
El
Absorption Spontaneous Emission Stimulated Emission
7y E, - E, - E,
hov ho
ho J\J\‘Z hov In
NN~> "N\~ :’\/\'l—)""\; Out
ho
@ E1 V El v E,
output photons are output photons are “identical”

“random” except energy to input photons: amplification

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




Lecture 12: Semiconductor Lasers

Determine the rate for each process: How many per unit volume per second

Absorption Spontaneous Emission Stimulated Emission
N E, - E, 4 E,
h v J\}j{Z hv hv
NN\~> RAVAVEN) BrAVAVE<
hv
@ E, Y £ Y B
R, =B, -N;-p R, =A, N, R, =B, -N,-p

o : photon density (spectral photon energy density)

N, : electron density at E

B,,B_,B, : constants

122~ sp?

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

What happens at equilibrium’? No net change of Ny, No, p

Absorption Spentaneous Emission Stimulated Emis

L E“ I b
A%l IAVAVES
B, N -p=A4,-N,+B, -N,-p
A%
B,

P=N_B,
N2 Bl2

From another branch of physics

(statistical mechanics), y
21
Electron distribution at equilibrium AM

® = . ) e(ij B,,

Ny _ exp(_ﬂj "B,
N, kT

—000—

1
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Lecture 12: Semiconductor Lasers

From Planck law for black—body radiation

A/ (photon distribution at equilibrium)
21
p(EZ _ El) — E2 El 12 p(hu) 872.}103
Lol
e c’| exp —1
Bl2 kT

For hv = E, — E,, two expressions should be identical

B, B Ay 8hyv’

B

12

=» Einstein’s A, B constants

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Absorption Spontaneous Emission Stimulated Emission
N E, — - E, ® E,
hv J\PZ hv hv
NN\ —~> -"\N\~> N\N/N\NF>
hv
@ E, Y Ey Y £y
Ry, =B, -N;-p R, =4A, N, R, =B, -N,-p
B Interpretations:
21 _ . : o .
B— =1 —Absorption and simulated emission have the same coefficient
12
Ry —R,=B -p-(N,-N))
A,, SThy’ —Spontaneous emission and stimulated emission are
= 3 intrinsically related
B, C

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

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Which process is dominant at equilibrium?

Stimulated emission vs. absorption

Absorption  stimulated Emission

— 1 b — 5
ho hv -’\[h\lj» & = & = exp _M
N\~ "N~ | NN~ R, N, kT
hv
—— kK J— B kT ~ 26meV (T=300K)
R,=B-N,-p R,,=B-N,-p
1.24 1.24
For example, i=1.55um E . =hv= eV =——elV =0.8eV
Al pum] 1.55
Ra _ exp(—m—er ~43%x10™"
R, 0.026eV

Almost all incident photons are absorbed at equilibrium

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Which process is dominant at equilibrium?

Stimulated emission vs. spontaneous emission

Spontaneous Emission Stimulated Emission

—_— E2 —_—— E2
J\}j{‘] hv hv
WVAVES) BAVAV=
hv
N, v,
Rsp =A, -N, R, =B, -N,-p
. 821N2p C3 87Z-hU3 _ 1 1

— 277 = = << 1
AN,  8zhv’ | (huj (Ez—Elj ( 0.8eV j
o1 oexpl —— |1 ex -1
1P kT PL0.026er

Almost all photon emission at equilibrium is due to spontaneous emission

Ry
R,

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

How can we induce stimulated emission?

Absorption Spontaneous Emission Stimulated Emission
N E, - E, 4 E,
h v J\}j{Z hv hv
NN\~> RAVAVEN) BrAVAVE<
hv
@ E, Y £ Y B
R, =B, -N;-p R, =A, N, R, =B, -N,-p

Make N, larger than N,: Break equilibrium by pumping carriers into E,

N, = N, @ transparent

N, > N, : population inversion = Optical gain

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Homework:

A material with two energy levels and photons are at the equilibrium state as shown
below. The photon energy, E;, 1s equal to E2-E;1=100meV. Use kT=2bmeV.

(a) What is the expression for the stimulated emission rate?

(b) Determine the numerical value of N/Ns, the ratio between electron densities at E;
and E;.

(c) What is the percentage of photons that are due to stimulated emission?

(d) Electron are excited from E, to E; bv optical pumping. If the total density of

electrons in the material is N, what should be N; in order to reach the transparency

condition?
N, E,
N, E,—E =E,=100mel
kT =25meV
N. E

1

W.-Y. Choi
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Lecture 12: Semiconductor Lasers

Optical pumping

Absorption Spontaneous Emission Stimulated Emission

2—level system not practical
5D J\ij\/ = :,\/”\‘;_)
o | | S Pump signal has the same
: - wavelength as input/output signal

R, =By, -N;-p Rgp=An'Ng R, =B, -N,-p

Consider 3—level systems

£y Requirements:
Pump E . .
AN ’ (1) carriers at E; quickly come
down to E,

\N\ > -
In fm Out - (2) Carriers at E, radiatively

4 E, come down to E,

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Optical gain materials for 3—level systems

Erbium

1mA

18IVIITA
]
1 . 2z
1bon Perlo[ ' I able 14/Iva 161VIA :j-jg
2iTIA J \ 13/mrA 156/VA 17IVIIA—
5 4 5 6 ) 9 10
Be 10908 Dr, Michas! Blaber o ! ﬂ Ne
5941 | 9012 018
11 12 +— VII —p i
Na Ar
2209 || 245 |3/IIB 4/IVB 5/VB BIVIB7/VIIB B8 9 10 11/1B 12MB 39,05
19 20 21 2 |23 24 (25 |28 |2z |28 20 |30 36
K|Caj|sc| M | V Cr|Mi|FejCo|l N |Cul|2n Kr
39.10 || 40.08 || 44.06 | 4787 | S094 || 5200 | 5484 | 5585 | SHYI | SHEY | 655 || 639 83.80
37 38 B ED 2 |3 |4 45 |46 e 51
Rb | Sr 2r [ Nb [Mo | Tc |Ru ([Rh | Pd | Ag| Cd | In Te Xe
a5.47 | 87.62 8891 || 9122 || 929 ! _9529& _-98.91 1011 i 1029 -.ﬂlﬂ-_ 1079 | 1124 | 1148 | 1187 1218 | 1276 | 1269 | 131.3
55 56 ]_a- 72 73 74 75 76 77 78 78 | 80 81 82 83 X B84 B Bﬂ
Cs |Ba|;, |H | Ta| W | Re |Os | Ir | Pt Hg | T | Pb | Bi | Po | At | Rn
1239 | 132.3 178.5 1809 | 183.8 186.2 | 190.2 [ 1922 | 1951 1970 || 200.6 || 204.4 | 207.2 2000 | 210.0 | 210.0 || 2220
87 88 Ac- | 10 05 | 106 107 | 108 am (1w ||
Fr |Ra ||~ Db | J | RF || Bh | Hn | M || Uun| Uuu
2230 | 2260 | ' | ] | [
——h—————— b b
57 58 59 60 61 62 63 64 65 70 71
Lanthanides La (Ce | Pr | Nd |[Pm |Sm | Eu | Gd | Tb Yb | Lu
1389 140.1 140.9 144.2 | 146.9 1504 | 1520 157.2 |[ 158.9 173.0 | 1750
. 88 a0 a1 92 a3 91 o5 96 a7 102 103
Actinides Ac | Th |Pa| U | Np | Pu|Am | Cm | Bk No | Lr
2270 | 2320 | 231.0 2380 | 237.0 | 2381 || 2414 2441 || 2491 25801 | 2621
& f >
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One of rare earth metals

Scandium
Yitrium
Lanthanum
Cerium
Praseodymium
Neodymium
Promethium
Samarium
Europium
Gadolinium
Terbium
Dysprosium
Holmium
Erbium
Thulium
Ytterbium
Lutetium

Asrospace components, aluminum alloys

Lasers, TV and computer dispiays, microwave filiers

Qil refining, hybrid-car batteries, camera lenses
Catalytic converters, ol refining, glass-lens production
Alrcraft engines, carbon arc lights

Computer hard drives, cell phones, high-power magnets
Portable x-ray machines, nuclear batteries

High-power magnets, ethanol, PCB cleansers

TV and computer displays. lasers, optical electronics
Cancer therapy, MRI contrast agent

Solid-state alectronics, sonar systems

Lasers, nuclear-reactor control rods, high-power magnels
High-powar magnels, lasers

Fiber optics, nuclear-reactor control rods

X-ray machines, superconductors

Portable x-ray machines, lasers

Chemical processing, LED lighibulbs




Lecture 12: Semiconductor Lasers

Erbium
—Pump light (A=980nm) absorbed
A generating carriers at Eg
e E : .
L2 T Njn_radiaﬁ - doa — Carriers at &5 rapidly transfer to &,
g building up N,
980 nm Pump 0.80 eV “A E,
"I\I\il\l\f—-> 1550 nm 1550 nm . . .
AN AN~ When NN, (populanon |nver§|on),

In Aot stimulated emission > absorption

0 E,| for 1550nm light

— Very useful for optical communication applications

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

— Er can be easily added to core of Silica fiber

= EDF (Er—Doped Fiber)

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

EDFA: Er—Doped Fiber Amplifier

Er}'_—daped
fiber (10 - 20 m)
Optical Wavelength-selective Oypical
Signal in isolator coupler Sphce Sp]:n::e isolator Signal out

——

—h-
A=1550 nm Cg :ll i=1550 nm

Pump laser diode Termination
A=980 nm

A key component for long—distance optical communication systems

Roughly, one EDFA for every ~100km fiber

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Optical Amplifier

pump l:)out =G Pin
| = exp(gz) P,
e E,ut = exp(-jkz)E,,
Py —— —— Poy
k=p-ja,
AN . AN~ p—J

Eout - eXp(_j,BZ) eXp(_aZ)Em
P  =exp(-2az)P,

out

g=-"2«a

Spontaneous emission?

= Noise

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Semiconductors with direct bandgap

hv

h=E,—E, E\ \

(E-k diagrams: Dispersion diagram for electron waves)

— Continuous energy levels across the band gap

Conduction band: more holes than electrons
Valence band: more electrons than holes

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

hvu

w=E,—E, \ E\

Interaction with photons if hv > E,
Continuous spectrum for absorption and emission

For GaAs -
o Absorption Spectrum g (w = £, - E)) = B, -N,(E)- B(E,)- p(hv)
13MIA 16IVA T
5 e T e
AR S More holes as E, becomes larger
13 (14 |15 |6
S |P| s
8| som | saen ner | 20 More electrons as E; becomes smaller
e (= = I . = More absorption
in | Sn || Sb | Te 1.50 )
BECARCARTE for larger photon energies

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Absorption Stimulated Emission
Spontaneous
ho emission
i o -k \ not considered
R,(hv)=B,-N,(E)-P,(E,)- p(hv) R, (hv) = B, - N, (E,)-B(E))- p(hv)

Which is larger? N, (E,)-B(E,) or N,(E,)-P(E,)?
Depends how much pumping and photon energy (E,—E;)

=» Electrons in conduction
band, holes in the valence
band by pumping

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Optical Gain for semiconductor

g(Ez _EI) ~ Nz(Ez)'E(El)_Nl(El)'Pz(Ez) = gc(Ez)f(EZ)gv(El)[l_f(El)] _gv(El)f(El)gc(Ez)[l_f(Ez)]
5 g.(E): Density of states for concudtion band at £

Blsckie g,(E): Density of states for valebce band at £
in CB

i

f(E):Fermi factor at £

Op’[ixal gamEﬁn—EFp — No interaction for £, < E,
| - For E,—E; > E4, gain increases
/1 up to around hv =Eg —E¢,
0 =

' I
E, k Y~ Gain <0 for hv > Eq-Eq
AtT=0 N
A at7T=0 — Sharper transition at lower T

Optical absorption

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

How to electrically pump electrons and holes?

Forward—biased PN junction

® FElectron in CB
O Holein VB

Si Photonics (2022/2)

Electrical Current

Weak l

Signal In

~ Amplified
Slgnal Out

=

_— e s e e

Ya

SOA (Semiconductor Optical Amplifier)




Lecture 12: Semiconductor Lasers

Homework #1:

Assume the optical gain coefficient in semiconductor is given as
g=a(N-N,) [1/cm], where a=10"""cm?, N,=10"%cm=3 for A = 1um.

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 A = 1um input signal?

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Optical Amplifier pump
|
900 %
I:)in & i I:)-:)u’[
VAV o NS\
D AN~

Light source based on stimulated emission?

Laser (Light Amplification by Stimulated Emission of Radiation)

=» Optical oscillator

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

In Electronic circuits

Amplifier

S

With Feedback

H(s)

o Y

Si Photonics (2022/2)

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

Y  H(s)
X 1+H(s)

If H(s)=-1, Output without input
=>» Oscillation

|H(w) | =1 and £ H(jw) = 180°

(Barkhausen oscillation condition)




Lecture 12: Semiconductor Lasers

+
XH"’@* H(s) T Y IH(w)| =1 and 2 Hiw) =180

Ol Ll
| =

Oscillator: Amplifier with feedback

In-phase and the same magnitude after one round trip

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Pump
| H(s) 1Y LASER:
-
‘ 260°at & W Optical Amplifier + Mirrors ? Gain Medium
g < L >
In gain medium: k = nk, +]5
Initially &,
: — kL — kL —F 2 —Jj2kL -1
After one round trip E,-e " -r-e’ -r =L
2 .6—12(nk0+j§)L i 12 ol g2kl _
(Magnitude =1, Phase = 2mn) reeft =1 2nk,L =2mrm

What provides initial E, ? Spontaneous emission (Noise)

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Pump
]/'2 . egL =1 2I’lk0L =2mr , l s
7 - - %
é Gain Medium é
g :llnl g, (threshold gain) = o (mirror loss) R R
L R i . i

= Minimum gain required for lasing (mirror loss compensation)

2
2nk0L:2m7z' 2n7ﬂ-L:2m7z :&ZZ_L ()I'L:;/ni
nom 2n

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

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Two conditions for lasing: (1) g, :llnl and (2) & = 2L
L R n m
Gain is function of pumping and A
IR
Eth /i/-\i'\
I S Link
- A
RRERRRHER Y Lasing spectrum

A

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

Si Photonics (2022/2)




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 Al,O4

Fast (Non Radiative)
Transition (Decay)
E3I .J' "‘--...__I
e  MetaStable
e Level
= Green
2 [Goeal] Laser
g Pumping Transitions
w14 Ry =6343nm
e Fog X
AN
=G632.7 nm
o Ei Ground State

Pump: Xenon flash lamp

C— — 1

Si Photonics (2022/2)

Ted Maiman
(1927-2007)

Components of the first ruby laser

100% reflective
mirror
Quartz flash tube

Switch

Polished aluminum
reflecting cylinder  ggor reflective
mirror

Laser beam

W.-Y. Choi




Lecture 12: Semiconductor Lasers

1964 Nobel Prize in Physics for invention of laser

Nikolay Basov
(1922-2001)
(1/4)

Gordon Gould
(1920-2005)

Aleksandr Prokhorov

(1916-2002)
(1/4) 30-year battle

for laser patent

Charles Townes
(1915-2015)
(1/2)

Si Photonics (2022/2)
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Homework #2

A fiber ring laser lasing around 1.55pm is realized with a piece of Er—doped
fiber (EDF) and a 3-dB beam splitter as shown below. The 3—-dB beam
splitter divides the input power into two equal output powers. Assume all the
pump power transmitted by the beam splitter is absorbed by EDF and the [ {EDF lfﬂgrh}I lm
resulting excited carriers are uniformly distributed within EDF. Also assume e
A = 0.98 1
the reflected pump power is filtered out by an optical filter so that only the = gt
n . (af 135um)=1.55
laser cutput is present at the output. Values of parameters that are nesded to =

solve this problem are given below.

Pau
T 3-dB Beam Splitter : .
rest r ‘m?
(a) What is the threshold gain of the laser in 1/m
T (b) The laser produces multi-mode lasing spectrum. What is the mode
nw 'T ’ separation in wavelength at around 1.55pm?
EDF

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




Lecture 12: Semiconductor Lasers

Forward—biased PN junction for electrical pumping

® Electron in CB
O Holein VB

But not very efficient

Si Photonics (2022/2)
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Efficient carrier confinement

”m =» Bandgap engineering

P | N
Ruv) e -B(E) Jesssssess)

= >1
R12 (hV) Nl (El)Pz(Ez)

Double heterojunection

. , , with larger E; for P, N regions
But injected carriers qgiffuse

Active region very thin and undoped (I)

=» Much larger injected carrier density

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

The Nobel Prize in Physics
2000

B558838

Zhores |. Alferov Herbert Kroemer

Double heterojunction Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2000 was awarded

to Zhores |. Alferov and Herbert Kroemer “for developing

semiconductor heterostructures used in high-speed- and opto-
electronics”

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

Double heterojunction provides efficient photon confinement as well

| _
‘ cladding
(n,)
1 1
g _zlnE =, => thh =
Ao _ k2L
n m Ry M

Si Photonics (2022/2)

Smaller E, materials have larger n (ny>n,)

=» Dielectric waveguide!

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

Portion of photons interacting with
injected carriers?

= Use I

m
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Semiconductor Laser: PIN Heterojunction+ Mirrors (Cleaved Facets)
(Laser Diode) = Fabry—Perot laser diode

/L// Electrically, PIN diode
Optically, 2—-D dielectric waveguide

Vertical waveguide:

Onade msulator

p—A.lsGal_xA's (Confining layer)

GaAs (Active layer) ;’“f

rz—A.lEGﬂl_xAs {Confiming layer)
n-Gals (Substrate)

Substrate

Heterojunction
e - va Lateral waveguide ?
e | ELETE '.I'.:f._r_..e-" _#_-:f_":'?f"" . H
— _— Ridge waveguide
e s > =>» Single waveguide mode

neglod e

But multiple lasing mode

Si Photonics (2022/2)




Lecture 12: Semiconductor Lasers

) Optical Power Laser
Optical Power (mW) A
A
=—> 1
LED _—\
Spontancous » Slope Efficiency: dP/dl
€mission

> [ (mA)

Threshold current: |,

Si Photonics (2022/2)
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F-P semiconductor laser usually has multiple lasing modes

Optical Power (mW)

= et A Optical Power
e ﬂ"’ -
—= , > [ (mA)
ﬂ/ 2L Im
= 12 . .

Ny M A = Al less than gain bandwidth
— 2neﬁ,L
N .

A N Multi-mode laser

i LA
| | =>» Several lasers with slight different lasing wavelength
A T

Si Photonics (2022/2)
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How to make single lasing—mode semiconductor laser?

Use A—selective mirror: Diffraction Grating

Remember 01 0 . .
Incident ' d (Sln 0 —S1n 91) =m:- ﬂu

lightwave |. 4 . ﬂ

For mirror, 6, =90° and 6 =-90°, d = m=

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

T T — d e

T : Euﬂ'lulg ~J T T
=||||||| A Guiding layer—{fiaa

. Active layer—

I
wwwww Ermgy Secton

A
d=
%L_h 2n€ff

Si Photonics (2022/2)
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Another approach: Make L very small so that
AM larger than gain bandwidth

:’l".'.'."m“ '_T"-:j‘:;;;;j
2e o gain bandwidth in the order of 10nm
= A: 1.5um
8th /J:f“\i\ Ryt 3.5

" L ~30um Fabrication not easy

I I: I ; I I 1 1 Large mirror 10oss
Pl o =—In— o
] A m -y p  resulting in large |y,

2{2

AL = =» Short cavity with very large reflectivity?

ZneﬁL

Si Photonics (2022/2)
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Solution: Very short cavity vertical lasers with very high reflectivity mirrors
(VCSEL: Vertical Cavity Surface Emitting Laser)

Electrically, vertical PIN

"

Optically, vertical cavity ;"T#

Top and bottom DBR mirrors with
very high reflectivity

Precise vertical layer deposition

L R ) ) )
can be easily done in semiconductor
fabrication

=» Very small and cost—effective
(typically ~850nm)

FaceTime Camera

Earpiece

Si Photonics (2022/2)
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Distributed Bragg Reflector (DBR) mirror

Repeat the quarter—wavelength pair m times.

2
om 2 _ 2m
n, Ifn2>n3,R~( (/) n“J =1

n, — n 2m
! n, 4 +(n2/n3) n,
R= 2m 2
n, n
n+|—| n, Ifn, <n,,R~| —| =1
n, n

Si Photonics (2022/2)
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Hybrid Si Laser

— Wafer bonding between Il|-V wafers for gain and SOl wafer

p-lnGaAs
/ p-InP
/ 1-active region
fn-lnP

(a)

Si Photonics (2022/2)
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Homework #3

Consider a laser made up of a gain material and two external mirrors as shown below.
The external mirrors have reflectivity of 0.3. The end facets of the gain material have
anti—reflection coatings so that their reflectivities are zero. The gain of the material is a
function of wavelength and injected carrier density: g(i.n) = a (n—ng) — b (A-Lo)°, where,
a = 2.4x10""em?2, np = 1x10**/cm3, and b=4800/cm-um®, and Ap=1.0um. The reflective
index of the material is 3 and there is no internal loss. Use I'=1.

(a) Determine the resonance condition for the lasing wavelength?

(b) At what wavelength in nm does the first lasing mode appear?

(¢) What is the threshold gain in em™ for the first lasing mode?

(d) An optical amplifier is made by removing two mirrors. If the injected carrier density
is twice of the threshold carrier density, what is the output optical power for input light

at 1.0 pm?

R, R,
R=0

I

=L =L =1mm
R =R =03

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




