EE 232 Lightwave Devices
Lecture 6: Electron-Photon Interaction,
Optical Matrix Element,
Absorption Coefficient

Instructor: Ming C. Wu

University of California, Berkeley
Electrical Engineering and Computer Sciences Dept.
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Vector Potential

Maxwell's Equations

VXE=—§
ot
Vxﬁ=}+@
ot
VeD=p
VeB =0

B = eE and

J\\

B=uH
Vector potential 4
E=Vx2
:V-E=V-(Vx2)=o

Vector potential is not unique:

e

A'=A+VE—->VxA'=B
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VxE=—aB=— 0 Vx2=Vx o4
ot ot ot
E=-2_v,
0t
Wave Equations:
~ 2 4 ~ ~
VzA—;waf -V V°A+,u8% =—uJ
< ot ot

V2¢+3(V-Zi) __P
ot £

Wave Equations are invariant under

"Gauge Transformation"

Z‘ — A+ V& .
J OE = One can choose the value of V.4
p'=9-==
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Lorenz and Coulomb Gauges

Lorenz Gauge: Coulomb Gauge
Set Ve 2+M£2¢ 0 Set Ved =0
; i
. 9% 4 - V*A- MEM V(Me%)——,uJ

ViA-ue—=-uJ < ot’ ot

< 0t
) vigp=_P
V- ue— L. --£ \ ? £
! ot’ €

For optical field, o =0, ¢=0
g-_%4
dt
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nHafniltonian in the absence of light
P2

2m0

H =—+V(r)

0

Generalized momentum of a charged

particle in an electromagnetic field
P (E - eZi)
P 0P oA
—_— e —_—

ot ot

Note: E = Force —

ot

(modification represents EM fields' ability

to accelerate or decelerate electrons)

— —\ 2 -
=L(P—€A) +V(7r)
2m,
2 e 2 42 -
= P e (P-A+A-P)+8A +V(r)
2m, 2m, 2m,

Electron-Photon Interaction

_L(E-Z+Z-5)+
2m

0

H'=

H'z-i(ﬁZJ-TD)
2m,
(F-Z)¢=-ihv-2¢

=-ih[(v~2)¢+2-v¢]

——ihA- V¢ under Coulomb Gauge

H=-54pP
m

0

2 42
e A

2m0

* For a brief review of Hamiltonian classical mechanics, see

http://en.wikipedia.org/wiki/Hamiltonian mechanics#Using Hamilton.27s equations
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Optical Matrix Element

H'=-54-pP

mO
- P “Ay ireion . Ay ikrrion D : S
A=eA cos|kop r—wt|=e—LLe™ """ +e—Le” ; e 1s optical polarization
’ 2 2
A - -~ — A I e
H'= =20 gitowr-iong p S0 pmion . p ; (Dipole or long-wavelength approx)
2m, m,
. — A~ T A~ =
1| = (]| -2 Blla) - Zh (8] Pla) = |- £ 2 B
- 2m 2m, 2m,
Alternative form:
; moi; m l[; HO]—E(I"H -H r)
dt " ih ih

<b‘P‘a> = E<b‘(’”Ho —Hor)‘a> = %(Ea —Eb)<b‘;‘a> = %ha)<b‘;‘a>

i, =(_i2)-(_iwmo)<b\;\a>= eE 1o

m,
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Typical Values of Optical Matrix Element

—
PCV

—

V' ba

=—eF rw =—ciw—e: 1w =

ba 2m 2

The optical matrix element 1s often expressed n £ :

moa)

2

;';cv =%E
6 p

Typical values of E (Table K.2 on p.709 of Chuang textbook)

GaAs: E =25.7¢V The corresponding ~0.4 nm

V'ba

AlAs: =21.1eV
InAs: Ep =22.2¢V
InP: E = 20.7 eV
GaP: Ep =222 ¢V
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Fermi’s Golden Rule

Two-level system, monochromatic light:

E, =
W ——\H \ S(E,—E,—hw)| Unit: el L
Js T & hy Ay
Ea
Final state with density of states p,, monochromatic light:
W j ‘H 8(E,~ E,~ho)p,(E,)dE, £, p—
o101 1 hv "y
Unit: [—J — J= 71
Js Jem’-J  s-cm E
Two-level system, non-monochromatic light:
E, FYVY
j \H \ S(E, - E —ho)- P(ho)d(ho)
hv Ay
1 1 1
Unit: [—J* = J=
[J-s Jem?-J s-cm3] E,

where P(7®) : number of photons per unit volume per energy interval
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Two-Level System in
Non-Monochromatic EM Field

| <21, |2 2w 2
VVba = ;27‘]_]@‘ 5(Eb - Ea - hw)'znph = I‘Hba‘ nth(Eba)
1 e e
n, = T Average number of photons per state (Bose-Einstein distribution)

To calculate density of states for photons: e satisfies periodic boundary condition

ke . : : :
@ _=— dispersion relation (~ E-k relation for electrons)
n

r

Number of states with photon energy E, per unit volume, per energy interval

2 ¢ Arkidk g i
N(Eba):?f 7;?\3 .5(Eb—Ea—ha)k):(277:)31[%2%) 'Zrda)k
5

) _ 87an3E§a

o h33

N(E -

ba
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Joint Density of States for
Semiconductor

The electron states associated with optical transition

are related by conservation of mementum: ko =~ ko =k
h k2 2
E=E, - h’ k*

2m ¢ 2m,

k(11
E —-E =(E.—E,)+ > [ -+ ]
me mh

E =E_. +

W'k’
2m

Joint density of states for the pair of electron states:

« \3/2
1 [ 2m
pr(hao—Eg):2 2( . ] \/ha)—Eg

T

ho=FE +
g
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Absorption Coefficient

CB completely full, VB completely empty, total upward transition at ®:

2 2dk
Ro(ha))z \H | 8(E,~E,~ho)|="|H, K S(E + ik
k h (27r) £ 2m
. 1
R(hw)——\H \ p.(hw—-E) | unit: [—]
m's
Absorption coefficient
R R R
o,(hw)= (hw) = (le) = (hza))z unit: [1
photon flux g€ E° ¢ 1 Enm A c
2 n ho 2hw
, ed, ~ —
H, = e Pe
¢ 2m0
A — |2 h
OCO(ha))=CO e Pcv pr(hw_Eg)
2 2
C=—2%  ~7x10° unit; | 2 / \
n ce,m,"® kg
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Absorption Coefficient

e * Light intensity decays
5D _Z0 1S 1.0 i — . . . _
106 i 10 exponentially in semiconductor:
I(x)=1e"
105 Ge(\, = 1.24/E, = 1.88 im) - 4671 ] .
/ * Direct bandgap semiconductor

Ga 3oIn 74As ¢ /P 56

/(L pm) has a sharp absorption edge

|
ju—

104
« Si absorbs photons with

hv > E;=1.1eV, but the
absorption coefficient is small

— Sufficient for CCD

103 101

Absorption coefficeint o (cm™1)
Light penetration depth 1/t (Lm)

102

{102 « At higher energy (~ 3 eV),
: absorption coefficient of Si
wll . . RS - becomes large again, due to
02 04 06 08 1 12 14 16 18 direct bandgap transition to
Wavelength (um) h|gher CB
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Absorption Coefficient for GaAs

2

p.(hw-E)

a,(hw)=C, ;JT’CV

2
_ _ k _
nri=3.5 £0 = 8.854-10 hbar=1.055x 10 X8 ey —16x10 )

s |

S

1
Eg:=1.42eV ® = — o =2.154 x 1015_
h bar S

o= — 4 CO = 4.842 x 10911?—
mOZ-w-SO-c-nr g

_ 0 -
Ep:=25.7eV m?Ep = 6243 % 10 49 kg-J

0.067-0.5
mr:=———m
B 0.067 + 0.5
3
1 (2m r\z 43 1
pr(hv) := : = +/hv — Eg pr(1.43eV) =6.102x 10 = ——
272 L h bar” ) m>-J
m0 51 31
a0(hv) := CO-?-Ep-pr(hV) a0(1.43eV) =1.845x 10" — a0(1.43eV) =1.845x 100 —
m cir
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Comparison with Experimental
Absorption Coefficients

X 104

1.0

T ool
3
L
3 J c _ 1
0.8 - 2mweh £ 2m*\ €', eXp3z
— - pl 2 S
. o == — _—_';- l]cvl “—._ ’ €>€g
0.7 m2c \ h? ne sinhg
sl o . 22=n2(e—¢,)/ €z
|
] ]
o1 | L l | [ 1 ) [ | | | | i !
142 1.43 144 1.45 1.46 1.47 1.48 1.49 1.50 1.51 1.52 1.53 1.54 1.55 1.56
€ IN eV

Fic 3 Exciton absorption in GaAs; O 294°K, [J 186°K, A90°K, e 21°K.

M. D. Sturge, “Optical Absorption of Gallium Arsenide between 0.6 and 2.75 eV,” Phys. Rev., vol.
127, no. 3, pp. 768-773, Aug. 1962.

Absorption edge is more “square” than the square root function predicted by simple density of states
theory

Modified theory considers Coulomb interactions between electron and hole, and consequent
formation of excitons (additional fitting needed to account for complex shape of hole bands).
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1.1
1.0
{o.s—
-
L
3 A )
08|~ . 2re*h 2m*\} €, expz
A Q = ——— - ] }}cv l Fem— e m— €> €
. 2 o . b )
0.7 m2c \ h? ne sinhg
A L ]
2_ 2/ A
0.6 — o (6-69)/ €.
|
1 |
or | | L | [ | A | J | | I ]
42 1.43 1. 5 R R . R .. . . . . . .
145 17 SR 1t S LA v SO v SRR > BRGNS e -

1.58
Fic 3 Exciton absorption in GaAs; O 294°K, [J 186°K, A90°K, e 21°K.

M. D. Sturge, “Optical Absorption of Gallium Arsenide between 0.6 and 2.75 eV,” Phys. Rev., vol.
127, no. 3, pp. 768-773, Aug. 1962.

Absorption edge is more “square” than the square root function predicted by simple density of states
theory

Modified theory considers Coulomb interactions between electron and hole, and consequent
formation of excitons (additional fitting needed to account for complex shape of hole bands).
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