ECE-656: Fall 2009

Lecture 24:
Phonon Scattering Il

Professor Mark Lundstrom
Electrical and Computer Engineering
Purdue University, West Lafayette, IN USA
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electron-phonon scattering

s(p.p!) = ZT| H,of #(EISE#"%)  (weak scattering)

1+$ Lk | (L |
o = O Ug(r)EP ar (plane waves: overlap integral = 1)
#$

H

il #,)

, |
Us(f) =K, u, y, (f ,t) =Ae (electron-phonon coupling)

elastic: static potentials

|Aﬁ|2 _ ! (Nw+l“ l) ABS inelastic: time-varying
2Qpw 2 2 EMS (harmonic) potentials with
Il <<(E)
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scattering potentials

oy ti(!!¥}"#,t)
Us=K,u  u(rt)=Ae other scattering potentials

1) Neutral impurity
2
K — 2D2
ADP | ﬁ| B Da 2) Alloy scattering
2 ) 3) Surface / edge roughness scattering
ODP |K1 | =Dy
4) Plasmon scattering

2 _ Ry
p7 |K.: | = (qepz/ 5#3) 5) Electron-electron scattering
cop |K |2= pqzwg (&_]} 6) Electron-hole

’ B0 \ K. 7E
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which phonons scatter?

| ' |
T A
/\i (LO) p
| L (LA)
| i El=E+!",
ANV e

4 iy

!I'/a !I'/a
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which phonons scatter?

N
|2 2
p' = p i ! n .
om 2m # intravalley

o : scattering /pl/\ ]
hi= han : , !
pr=p* b

- 11 =2 -%cos"+
pi2 = p£21 pi” 41272 P =
&
!2112 izABS or EMS

P
m 2m
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maximum beta: ABS

p/2 p2 .
+Tlw i 1/
2m 2m’ v . /pl/\/
p . '. > Z
p|_p+""
$,
] —2|O P eosr+ 2L aBs: ":Zp? cos#+ %i
I$)
top sign: ABS nl —2pog/g.o+ﬁz =4
nl
1 1 : <
'p!:'p+llll P R
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maximum beta: EMS

PP .
!p!=.pi"" p - g Z
& $,)
11 = hit B
1 :Zp% cos'+ o {  EMS I =2pproos YT
& !$)
i WP, Ll G
top sign: ABS max — p& G; =
1 1 Iﬁ >
p pll II# P . > R
pl b
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maximum beta: acoustic phonons

12 e -
p-*= p*i!n# pl II
2m  2m : ] !
1 1 : P - > Z
p=pt"p
D=3 To emit an AP, the
0 #, ., . €electronOs velocity
H =2p'9003"i,—"(* | =2pg%+—s& must be greater
& %) T max & (" than the phononOs.
top sign: ABS
I <10° cm/s ()" 10" cm/s
$ "
e =2pglt— " ;
max p()&/lo ] #2 o " 2P (nearly elastic)
Near room temperature, < M
intravalley acoustic phonon <€ - T > >
scattering is nearly elastic. p: pP
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maximum beta: acoustic phonons

| 4

|

|

|

| / 1y " 2p

} 0

' /

| Loy  Amexo 2P ,1
"la 1"/a 4

(

AE o = 0, = BaVs =10°eV

(L)
/-: (p=my/,a=5Ang)

IV
/
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optical phonons

N
PP L. : .
x * = # p! -
2m 2m //\ ,
L p ' 3 > Z
p| = p i mn
! !
ll-zp%cos"+#"( s
L= ! T —% 0
& !'$) ] :2p'/'qCOS"i)I#—O’(k
top sign: ABS & !'$)
0/ |
11 = p8 costt+ Jcogpa S0
Any electron can absorb an & E )
optical phonon, but to emit .
an optical phonon, its energy 1= pg%Jr 1+ o ‘(g‘
must be > optical phonon e E !
energy. (inelastic)
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transition rate

[ ee—

Ly 2" 5 H, :lg/g#ii)n}/”(K&A&eﬂi"i;)eii)i}/--dl!’
S(p. pY) =" [Hp | #(E!'SE#" %) e

l+% |$ )Ir/#
+$ [N i :_ p p

leyp:%%#ibllr/ US(I!f)elpw/ dll’ $§<#A#

I ' g H =K A #f)l P
Us(l.')=K! U! u!("-)zA!eiiuq

|HP p| _|K | |A |

S(b. )= 2|, [[|Af 8, . 5(E - E#" @)
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energy-momentum conservation

S(p.p!)= $|K#|2|A#|2$E!M$(E! YE#" &)

| = +ll" n n2g2
pl=pt El"EL " #, —+L$cos%+ s
2m 2m
El=E+!",
n n n "$ #*
1o I WA : EI"E! "#,= 0/$ +cos&+—1
plip=(pz"")i(pz"") ! 2p 9B+
P = p?£ 21 i +122 Lot (ESE #96) &
) wt %,
—/o+cos( + —" —
D!Z* . pz* . p#cos$+|2#:2 il s( 2p 4
2m  2m 2m 2m
16
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phonon amplitude

# 4r
S(b.1) = S|k [ A 4 2ot T

o () =A™y (t)=Ae s Aen u, (t)=2|A |cos(” t +#)

1 = JK/M
1. 1dug’ _1
KE =2 Mg, =M AL S ( )
PE:lKuzz—K4|A_,| cos (" t+#):lM"24|A,|zcos"(” t+#)
2 2 2
E=KE+PE=2M! ?|A [ A v

QN#_ N#
, 2M# 2 $%i
E=KE+PE=2M!*|A[ =N,!/

17 (almost)

absorption vs. emission (L21)

thi) = Z K [Iaf ryheosee Kt A" g,

(almost)

$*(p.p)" N. 1

" kT

SEMS(b "3|) N, +1 STS%—;

E(p)
2, !
|4 275 % \C/]{' !

2, !
AT (Nt ) S -
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final answer

I "
S(p,p)= | ﬁ| L (N +£#E)5 +cosh+- Py
2pQw " vB 2 2 2p vp

LN 1%, ,1.1(,% #., % (
Y= |N L — v+ " —
S P =Gl #3237 2 E S T2 4

1

|K!|2 N, =~
e’ "1

C =
© 1 #$%!

19

scattering rate

] O/ﬁ\l C1(.% #., 9 (
S{p.pt) =2 2 278 Tp A
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scattering rate (ii)

+1 |

d#)S(p, ) (cos+)

1 1. 1% o "6 & *
- _I_ 9410 _I_
=5 g];d g};%zN TN Adé$z+cos/+2p o d(cos/)

integrate delta function firstE.

X2

H (X" %) dx=1 if x <% <X X1

X

cos"

. % = f!
=0 othewise ( )
Integration of the delta function simply restricts ! to those values that

satisfy energy and momentum conservation. I o<l <l
© min : * max
21

scattering rate (iii)

2" e \
= 8%3$j#$C%ZN +l| > % du

Yin

1. 12 +c /N + 1 1§#2d#
14" 2

"

2
C = s k[N =

1
e!.’/kBT "1

General expression for phonon scattering.
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momentum relaxation rate

1 _ ] p"
,——$ S(p p)zl%gcos&
m p"#
!.!" II('+"*) 2 "ok "ok
z%!g o =11 p|2p !p p; :1!pipzcos+:# cos+
p p p p p
1 L & #" cos9)
K_%S(’)( p ¥
12 N, +1I 1* %j%, T 94008, */'+ L%, &%*d
K—S—?d ?32 = 3 1208 5! Do (cos.)

\

J

|
Integration over delta function
is a little different.

24

#1"1 cos” &

g—()g*cos +—| —(

momentum relaxation rate (ii)

*

d(cos")

#E(x)! (x" %) dx= (%) if X <x <X x! cos'
e ) f(X) I $| """ cos#'
=0 othewise & 0 z
7 %,
| -+ =
%o 2p 9%
0
L= +C 7+ LIRS
Im 4" 2 2)&p L, #) p
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acoustic phonon scattering

1_ 1™ 11,

—_ ' +_! —
I} 4:12 #IC#&Ns 2) # d#

nm*DZ

C, = A (Lundstrom, p. 79)

LN

_ 1 ., kT

VoS HesskTT NETTEN, 4

Oequipartition®

1.1 _ 1 &:””m*DikBT&zd&
e 1o 472, 1#$p 1%

° abs ©ems Eni
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acoustic phonon scattering (ii)

1 _ 1 _mD*kT ™ %

—=—=—_—" — %% I = "
'Iabs !ems 4"! 2#$sp Yin &x CI/
‘2 Hoex * 2 2 2
& .
izi: m”ngBT $# 4 = m”D,;kBT(#ﬂo/;f;fmnz!r
!abs Ietrs 4" Clp;i:tmIn 4" Clp 2 2
elastic scattering: Lo =2p i:i l:i_'_i
1 = ,abs Iens 4 ’abs /
Lundstrom ECE-656 FO9 27
acoustic phonon scattering (iii)
N

1_1 1 _2"#Djk,T&D,(E) 1_1

P, i ¥ (2 Lo,
(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 ands

E momentum relaxation rates without
this assumption.
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optical deformation potential scattering

11 % o1, 1( e 1
= 1 — 1 =
m' D2 1 e
(] = 7
L#s,lp | e ABS
(Lundstrom, p. 79) //
/
1
NO - e!!o/kBT n l : I’
0 E
1_1_2"%D3 (% ,1,1(Dyp(Ex!S$)
_____ 20 i, + DPaplE+" %)
o &2#$0)& 2 2) 2
1, 1
I_ I_ Lundstrom ECE-656 FO9
* abs * ems 29
one final point
N
* 2
E +C /?V +—I i#zd# c, =MD
Poant, L po,Sp

How to we determine whether scattering is elastic?

Go back to the matrix element:

2 1 2 | 1,, 1)
|Hp!,p| _T|K#| 2$0/ ( 2 E#” ﬁ!,ﬁ:ﬁ
2, _ 1
K, [=D5 N =gty
No dependence on! ! isotropic scattering.
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