6.730 Physics for Solid State Applications

Lecture 31: Electron-photon Scattering
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Scattering Rate Calculations
Overview
Step 1: Determine Scattering Potential
Ug(r, t) = U*(r)e ™ 4+ US(r)et™t

Step 2: Calculate Matrix Elements

i = [ w0 V20D i) d

Step 3: Calculate State-State Transition Rates
2
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Step 4: Calculate State Lifetime
1

ke %:S(k:, K) (1 - f(6))

Step 5: Calculate Ensemble Lifetime
<T>




Relating Forces to Potentials

For velocity independent potentials...
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For velocity dependent potentials...
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For electron-photon interactions...

F = o(E + oxB)

... there is an explicit velocity dependence in the force

Vector Potentials

Maxwell’'s Equations and Vector Potentials...

V-B=0 = B=VxA

. B —_ OA — OA
VXE:_a_B__ Xa_A iE:——
ot ot ot

Lorentz Force and Vector Potentials...
_ _ _ 0A -
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Plane waves...
A(r,t) = %E (ei(B’F_wt) 4 c.c.)




Electron-Photon Scattering Potential
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Electron-Photon Matrix Element
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Photon Absorption Matrix Element...
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Electron-Photon Matrix Element

Photon Absorption Matrix Element...
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Electron-Photon Matrix Element

Photon Absorption Matrix Element...
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Electron-Photon Scattering Rate

_ —9A0 pev
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Momentum Conservation

E=%k+8

Let E ~ kgT and for room temperature this is 1/40 eV
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Electron momentum is relatively unchanged...




Momentum and Energy Conservation
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Combining the conditions for energy and momentum conservation...
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mqy |s called the reduced mass

Momentum and Energy Conservation
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Electron-Photon Scattering Time
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Photons only interact with a small set of k states...

Electron-Photon Scattering Time
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Note: the reduced density of states differs from our ususal density of
states by a factor of 2 since the electron doesn’t scatter into both spin
states necessarily




Absorption Coefficient

# of photons absorbed per unit time per unit volume

Oéi w ) == - - - - -
# of photons incident per unit time per unit area
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Where the intensity is the magnitude of the Poynting vector...
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Light Intensity and Vector Potential
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Absorption Coefficient

2

1 21 g2 A2 2
Ttotal hmgd 2cu0
(w) thtal% 7rq2A3|pCU|2 2cughw (Fw—E.)
o \Ww) — = w—
S/ hw 2hm2  nw2A2 pr 9
TqPcuo | o
=5 |pcv| pr(ﬁw — Eg)
mow n

Independent of light intensity...think of it as a property of the solid.

Momentum Matrix Elements and k.p Effective Mass
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Level repulsion causes bands to curve as bandgap is reduceed...




Momentum Matrix Elements and k.p Effective Mass
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The momentum matrix is nearly constant for a wide range of materials..

Absorption Coefficient

GaAs
m} == 0.067

m} = 0.059
Ey=1.424
nr = 3.606

InP
m} == 0.077

m} = 0.068
E, = 1.344
ny = 3.456

aGaas(1.5eV) w NnP mT,GaAs(l'SeV_E%GaAS) /

ar,p(l.5eV) NGaAs m:?},/fp (1.5eV — Eg,InP)1/2
= 0.51 theory
=04 Experiment (errors due to light-holes and p,,)
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Optical Properties at High Carrier Concentrations

At high density, have to check to see if state at £ is empty....

=5 SkkK) =

5 > m—; Sk, ) (1= £ ()

...and also if there is a carrier at state 4....

= Z = 33" 8k, k) (1—F(E) F(k)

Ttotal T(k) kK

In general, we should redo the integrals account for Fermi functions...
...all the delta functions make this easy to do...

Gain Coefficient
Since f(k) = F(k’) under illumination, we can substitute f(k) — f(E)

At high density, the absorption coefficient is...

a(w) = meﬁpr(hw Eg) fuo(Eo) (1—fe(E1))
Ow

At high density, the emission coefficient (stimulated emission) is...

s(w) = ww pr(Fw—Eg) fo(E1) (1—fu(B>) )
Ow

...the net gain is...

g(w) = s(w) — a(w)

g(w) = 7”’ EO | pew|? pr(Fw—Eqg) (fo(E1) — fu(E2) )
Ow
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Gain/Absorption Curves for Bulk GaAs

o
o"

. Bulk GaAs

1.5 T S L ™ ™ T l‘.}l L

b Tovseol R " -] 2

Tt 1B —— .

5 20 =, 3

o 05 :"""‘""To — .

§ ok A//—/_'_ ]

C 8 p

§ 05 P// pal / 3

M2 S

: K/i:/ 3

..1.5 relia 1 PYR TS W ¥ [ S S MR S n:
0.7 0.75 0.8 0.85

Wavelength (um)

Diode Lasers and Photonic Integrated Circuits

L. A. Coldren, S. W. Corzine

Gain/Absorption Curves for Quantum Wells

Unsirained GaAs/Al, ,Ga,4As 80A ow
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Population Inversion in Solids

2
9(w) = "L pey 2 pr(Fiw—Eg) (fe( E1) — fo(E2))
mown

g(Ww) > 0= fc(E1) > fu(E2)

1 1
B ER 1 7 (B Bk

e(B2=Ep) [kt | 1 5 o(B1=Epo)/kt 4

EQ—Efv > El_Efc

|Efe— Efy > By — Ep = hw

Population inversion: | E¢, — Ey, > fiw
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