ECE-656: Fall 2009

Lecture 20:
Transmission and Backscattering

Professor Mark Lundstrom
Electrical and Computer Engineering
Purdue University, West Lafayette, IN USA
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transmission and mean-free-path

Transmission is a key parameter in the Landauer approach
to carrier transport. Transmission is related to the mean-
free-path for back-scattering. The mfp for backscattering is
related to the microscopic scattering processes.

Questions:
1) Why is T(E) = ! (E)/(! (E)+L)?
2) How is ! (E) related to S(k, kO)?

3) How can! be estimated experimentally?
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outline

1) Transmission and mfp
2) MFP and carrrier scattering

3) Extracting mean-free-paths from experiments
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transmission across a field-free slab

|1(E)é - S T,(E)1L(E)
mfp = !1(E)
_ (absorbing contact)
Ry, (E)1,(E) £=0
; T
0 L

Consider a flux of carriers injected from the left into a field-free slab of
length, L. The flux that emerges at x = L is T times the incident flux,
where 0 < T < 1. The flux that emerges from x = 0 is R times the
incident flux, where T + R = 1, assuming no carrier recombination-
generation.

How is T related to the mean-free-path for backscattering within the
slab?
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injection from the right

T(E)1.(8) (8
_ mfp="/, (E)
(absorbing contact) E=0
1 T
0 L

In general, there could be injection from both the left and the right
contacts.

For elastic scattering: le(E) = T21(E) =T (E)

Near equilibrium: le(E) ! TZI(E) ! T(E)
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problem specification

1L (E)— - T(E)1,(E)

_ (absorbing contact)
R(E)1.(E) £=0

1) Inject from left only.

2) Ignore Overtical transportO (elastic scattering or near-equilibrium), so
T12(E) = T4 (E) = T(E).

Then relate T to the mean-free-path for backscattering within the slab.
(No assumption about whether the slab length, L, is long or short
compared to the mfp.

6 Lundstrom EE-656 FO9




transmission

L (E)=1"(x=0) —— mp=1(8) E=o | ¥7H)=THO)

I'"(x) )
RI*(x=0) 1= (%) absorbing boundary
| | X
\O L\
dl (x)z! I (x)+l'(x)
I =17(x)! I'(x) (congant) dx B
') =1"(x)! I
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transmission (ii)
I, =17 (x=0) — mfp=! £ =0 Tl
17 (x) .
Rl 1 (x) absorbing boundary
1
| | X
0 L
I*(x) x
[ ar = —éjdx’
dl’(x) _ 1 1(0) 0
dx o

()= 170)! 1>
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transmission (iii)

I, =1"(x=0) ——| MP=! E =0
17 (x)

|!(X) —

Tl,

absorbing boundary

RI,

| | X
\0 ‘L

=170 (11091 11 ()=
I'@)=10: 1= =1 (T 1 L)s

I'(L)=0

I*(L)=17(0)! I+(L),—L,

transmission (iv)

1"(x=L)=TI,
l,=1*"(x=0) —| mfp=! E =0

17 (x)

|!(X) —

absorbing boundary

RI

1

5 :
+ + + L
L= 1" (L)

T(E)=I"i T(E)+R(E)=1
1"(9) ;
1+L/!
(O
1(0) I+l TI 1 L<<"
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outline

1) Transmission and mfp
2) MFP and carrrier scattering

3) Extracting mean-free-paths from experiments
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Lecture 17: mean-free-path

T
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0 b =g Ewe)
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'(e)=2"(E)#,(E) 1D 2
'(E):% (E)# (E) 3D <! . ># SKL! 2 $(E%E,)
H(E)=3"(£)%, () 3 &s(E%E,)

This is an average over angle mfp for backscattering at a
specific energy, E.
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Recall: Lecture 19: RTA

& =1 fA(p) Can be rigorously justified near-equilibrium for
{ elastic or isotropic scattering.

T, =1, Characteristic time for RTA is the momentum
relaxation time.
1 The angle, !, is the polar
1 % . " . Lt
7!—) = S(p. p*)%#(p"/p) cos$ | angle between the incident
‘m\P) by and scattered electron
(3D).

<"§#m> Relates the mfp for backscattering to the
I(E)=222 microscopic transition rate when the RTA is valid.

<| x|> (Often produces reasonable results when RTA is

not strictly justified.)
13

energy-dependent mfp for backscattering

! (E)=2"(E)#,(E) (1D)
("/2)#(E)$,(E)  (2D)
1(E)=(4/3)"(E)#,(E)  (3D)

ﬁ!@ =* g 'p b)%# ( p"/ p) cos${

p")
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average mfp for backscattering

0,
G, =ZL#M'(E) (E )?$ ()/‘/ﬁ;z@-dE(l)— Landauer in the diffusive limit

M !(E) =g, - ZTE number of modes per unit width at energy, E.
%, Sy (
(M1)="MI(E) #>2} dE
G :ﬁ(wu)()v_v -
* L PMHE)! (E)) %2, dE
(ry"
$\/|#(E)z%ﬁ dE
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effective number of modes
. %, ¥ 2m'E
(M1)="MI(E )&%$E§dE wi(E)=g, 2]
. n m'
My —= —q -
i) nondegenerate: (M!) 20T o Doo = 773
ii) T = OK: (M) = [2g,n,]"

i) General: <M!>=gv—WrF#1/2( $.) !r=(E" E)/kT

2"
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relating ave mfp to mobility

— 2q2 | " W — W | - nSl'ln
i) nondegenerate: (/>——2(kBT/q)“eﬂ gp _L (e
’ . - " n 2 (

T

— kFIJa‘f = 2 ns
i) T = OK: ()= 2(2q/h) % ‘\/ 9

= 2(kBT/q)u6ﬁ FO (#F) !F = |n(ens/N2[> " 1)
" F$1/2(#F)
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iii) General: ()

outline

1) Transmission and mfp
2) MFP and carrrier scattering

3) Extracting mean-free-paths from experiments
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mfp in a Si N-MOSFET

N
2007 N-MOSFET
(unstrained Si technology) What is the mfp at hlgh
L =100 nm gate voltage?
1200 ®
1000 — " 1, (Ve =1.2v) = 260 am?/V-s

@
(=]
o

(measured for long channels)

Iy (WAum)
D
8

w ——— ne(Vs =1.2) = 7.91 107 em?

200 /
% 02 04 06 08 1
Vo V)

(Courtesy, Shuji Ikeda, ATDF, Dec. 2007)

C. Jeong, et al., IEEE Trans. Electron Dev., 2009.

19
example
U, ! 260 cm’/V-s
low Vpg !
Py == '
I, " 2(kBT/q) 0
| N— £,(X) I'y" 12 nm
S
()
c L <! > _ Z(kBT/Q)ue// 7:0(#F)
"T 7:$1/2 (#F)
N | "
position, x! _IO 14 nm
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guestions

1) Transmission and mfp
2) MFP and carrrier scattering

3) Extracting mean-free-paths from experiments D
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