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electron-phonon scattering

NY 2 , .
S(p, P ):7‘Hp,p,‘ 5(E —E:Lha)) (weak scattering)
1 i —ip'er = iper = .
Hon =5 j e "My (T)e'P" M dr (plane waves: overlap integral = 1)
_ _ +i( for—wpt
U, (r) = Kﬂ u, Uy (r,t) = Aﬂe ( ) (electron-phonon coupling)
elastic: static potentials
‘ ﬂ‘z _ (Naﬂriiij ABS inelastic: time-varying
2Qp @ 2 2 EMS (harmonic) potentials with

hao << (E)
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phonon dispersion
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Us=K,u

scafttering potentials

u,(r,t)= Aﬂeii('g.r_wﬂt)

BB
ADP | K| = P07
oop |K|' =02
o K] = (g8a/x )
poP  |K,| = ;Zi:i (:i —1)

other scattering potentials
1) Neutral impurity
2) Alloy scattering
3) Surface / edge roughness scattering
4) Plasmon scattering
5) Electron-electron scattering
6) Electron-hole

7) ...
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which phonons scatter?

Eiha)ﬂ
h

E!
p
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which phonons scatter?

intravalley
scattering

Dp
hf=2p mcosd + —
v

top sign: ABS
bottom sign: EMS
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maximum beta: ABS

om” om =he J hp
7 o 0 5
p'=pLnp
BB =20 Tcosd + DOp ABS: hﬂ=2p{—cos@+&}
f =2p| Fcos —% Bu
top sign: ABS o :2p{1+ s } O=r
maxU
hp
L <
P =p+np < _ —
P P
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maximum beta: EMS

e i hp
- o 6
g P > 7
p=pxnp
0, EMS: hﬂ=2p{+cose—&}
hpB=2p|Fcosd+—L B
Joxy;
@y
top sign: ABS hﬂmax:2p|:l_ u} 9=0
hp
S e >
P=p-npg < _ i} S
P p
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maximum beta: acoustic phonons

12 2 _, P
i = P - Tho, P hp
2m  2m . o 0
P > Z
pP'=pxnp
W, =Vsf To emit an AP, the
®, electron’s velocity
hﬁ:Zchos@i—J hB =2p 1i& must be greater |
v | than the phonon’s.
top sign: ABS 6 ,
vs<10°cm/s  (v)~10" cm/s
_ ©p
hﬁmax - 210|::|'i ﬁ U:| hﬁmax ~ 2,0 (nearly elastic)
Near room temperature, < hp
Intravalley acoustic phonon € — - > >
scattering is nearly elastic. P 1Y
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maximum beta: acoustic phonons

Q

Wy

A

g 2p 1
LO X = ~
(LO) r/a hr/a 4

AE,__ =ho_ . =hB v, ~10°eV

(LA
/l (p=mu, a=5 Ang)
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optical phonons

12 2
P — = P *iha)ﬁ
2m 2m
p'=ptnp

hﬁzZp{:Lcos@i&}

D

top sign: ABS

Any electron can absorb an
optical phonon, but to emit
an optical phonon, its energy
must be > optical phonon
energy.
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D > Z

h,B:Zp{:LcosHi&}

o3y,

hpB = p{—coséu\/cos2 0+ hé)o }

BB, = p{1+,/1i hé)o }

(inelastic)
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transition rate

1+oo o o
H , —_ — e—lp-r/h K A ei|ﬂ.r e
S(ﬁ,D")=27ﬂ‘Hp,p,‘25(E’—EJ—rhw) PP QL ( pos )
1 '(P—p+hﬁ) r/h _,
+00 - H _ K Ae dr

Hop _éj h r/hUs(F)elp'r/hdf PP '[o BT

+ifer H pp Kﬂ Aﬂ 5|3’,piIB
US(F):Kﬂuﬂ u,(r =Aﬂe—'ﬂIr

H. =k [lal's
Hoo| =K Al 8450

S(P, ) =27”\Kﬂ\2\Aﬂ\2 5, .. 6(E'~EFho)
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energy-momentum conservation

- 2 . _
S(p.p) \Kﬁ\ A8, .., 8(E'-EFho)
p'=pLhp 2 2
e £ EThao,=+" P2 c0s0+ L 11
2m 2m
E'=Eiha)ﬁ
b w
I AW E'-EFrow —huﬁ(icose+ T j
0 =(P10)-(p=1A) P 0fp
p* = p*+£2n pef+ 1" 515 O (B - EF N0 ) >
1 ﬂ_a)ﬁj
i ; 2 32 = 5| +cosf+
PP _ P s I E nop ( 0T op

m’ 2m 2m
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phonon amplitude

ziﬁ(icoséw 2 a)]
hof 2p vﬂ

u, (F,t)= Aﬁeii(ﬁ'H’t) u, ()= Ae ™ + A u ()= 2‘45‘cos(a) t+¢)

K/ M
1 aun\’ 1 2 .
KEZEM(EJ =§Ma)24‘Aﬂ‘ sin’ (w t+¢)
o e
E= KE+ PE=2Mao?| A Al 2N
E=N_hw 2Ma) N Zan) ¢

17 S. Datta, Atom to Transistor, Sec. 10.4 (almost)
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absorption vs. emission (L21)

N 2112 1 hWe_ o AL h N
s(p,p)—7\Kﬂ\ Al ﬁé(icose+ T Uﬂj Al Ryl
(almost)
S (R »
SAB (p’p)~Nw N 1
- ? g’ _q s™(P.P) -
EMS "\ o he/keT
S (p,p) Nw+1 SEMS(rjp)
E(p)
h
AA852 N —
‘ B _)ZpQG) @ / Iha)
h
'A\EMS2 N 1
‘ B _)Zan)( a)+ ) —-»
I p
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final answer

N 2T 2
S(p. 1) =""|K,|
1
Q
7
7 hpvo B

<

1
‘Kﬂ‘z N, = dolksT _q
oA 1B
o 0
- 7
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scattering rate

p vp
T 2 1
ﬁ:hpua)ﬂ‘Kﬂ‘ N = gk’ _ 1
p np
. 6
P >z
1 o N =
—=25(PP)=25(pP) p'=ptnp



scafttering rate (ii)

1 o o % = : +1 s
;:BTS(p,p) (2n)3£d¢'(['8 dﬁ_jls(p,ﬂ)d(cose)

integrate delta function first....

_[5()(—)@)0’)(:1 if x<x<x X—> C0S6
; X% = f(B)

=0 otherwise

Integration of the delta function simply restricts 8 to those values that
satisfy energy and momentum conservation.
/Bmin < /B < /Bmax
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scafttering rate (i)

2r ﬂmax
jd¢jc (N +— —jﬁ d g
‘ 0 L
TR = 1 1
- jc N, + 2% ,B dg
T 472- ﬂmin
T 2 1
C — K =
B hpl)a)ﬂ‘ ‘ NCO eha)//(BT_l

General expression for phonon scattering.
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momentum relaxation rate

' De D’ ﬁ’ rjih_> 2 —

To B P
1 1% 7 1 1 ‘“( Fhpcosb W o

- dé|C.I N +=F=|8dp? Sl +cosf@+—LLx—% |d(cos®
T, 8773-!: ¢'([ ﬂ( © 2+2jﬂ p ;“1[ P j ( 2p+uﬂ ( )

\ J

Integration over delta function
23 IS a little different.
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momentum relaxation rate (i)

T(WﬂCOSH]&(icos@Jﬁ'Biwﬂjd(cosé’)

| P 2p up
Tf(x)5(x_)6)d)(= f(x) if x<x<x X—> €0S6
Xl =0 otherwise f(x)_)(ihﬂgosﬁj
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acoustic phonon scattering

Brax
1 IC(N +l 1jﬂd,8

(Lundstrom, p. 79)

kB

ho, <<kgT >N, =~

~ Nws +1

ho,

“equipartition”

1 " 2m D2 kT

1_
3 472.2 ,Bmin
C :ﬂ'm*Di
7 h

PUP

1

Na) - Er'a’s/kBT_
1 1
T T

4r’ hpov,p ho,

pdp

ﬂmin
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acoustic phonon scattering (i)

ﬂdﬂ Us: C//IO

* Prnax
1 _ 1 _ mDikT ¥ B
Tabs Tems 4 th s P Brin Wy
1 1
T T 4rh’c, p i

elastic scattering:

abs

ems

— m*DikBT e ﬁ dﬂ — m*DikBT ﬂriax . IBriin
drhcp | 2 2

hleax = 210 1 1 i 1
T

hﬁmin = O Tabs z-e'ms
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acoustic phonon scattering (iii)

— oC

JE

1 2z( D?,T Dy (E) 11
h C 2 T Ty
(isotropic)

Exercise: We have assumed that
ADP scattering is elastic, which is
generally a good assumption near
room temperature. Repeat the

derivation of the scattering and
E momentum relaxation rates without
this assumption.
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optical deformation potential scattering

1 1 Pinax 1 1 /
—= C,IN +=3=|p°
r 47z2ﬂj f’( w+2+2jﬂ 1/ EMS
zm D? 1 -~ -
C, = 0 = 7 MBS
hpa,fp 3 ’
(Lundstrom, p. 79) /
1 ’/
Ny = doolksT _
ho, E
1_1 _2z( nDg (N0+£¢EJD3D(EM@°)
T 1, h\2pa, 2 2 2
1 1
T 7> T Lundstrom ECE-656 FO9
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one final point

1 1 P 1 1 D2
— = 2 ICﬂ(Nw+_$_jﬂ2dﬂ Clg: m DO
v 4nt ;. 2 2 hpaw, P

How to we determine whether scattering is isotropic?

Go back to the matrix element:

1 h 1 1
‘Hp’,pr :E‘Kﬂr 20 o, (NO 2732

B 1
- eha’o/kBT_l

No dependence on 8 - isotropic scattering.
Lundstrom ECE-656 F09
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