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1) Introduction

2) General continuity equation
3) Carrier continuity equation
4) Current equation

5) Summary
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review

So far in ECE-656, we have discussed three general
topics:

1) Landauer approach to low field transport
2) Boltzmann Transport equation

3) Carrier scattering
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Landauer approach (1D)

=2 emE) £~ £)E

describes ballistic (T = 1) or diffusive (T < 1) transport
works best for small bias

leads to quantized conductance

readily extended for thermoelectric effects

can be derived without assuming a bandstructure
(Datta: https://nanohub.org/resources/5346/
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BTE

of | of g, of
ot “ox h ok

e describes semi-classical transport near or far from
equilibrium - hard to solve in general

- Cf

Cr=—Ff- 1)z,

» describes semi-classical transport near equilibrium
for specific types of scattering

e gives results that are very similar to the Landauer
approach, easier to include B-field and anisotropic
transport.
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scattering

Cf=38(p"p)[1-f(P)]-2s(p.P)[1- (P

 Fermi’'s Golden Rule gives S(p’, p) or 7; for BTE

e Also gives A(E) for Landauer approach

Lundstrom ECE-656 F09



guestion

« physical quantities are moments of f (T, p,t)

(1) =2.4(P) F(F. P

Can we bypass solving the BTE and solve directly for
the physical quantities of interest?
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outline

1) Introduction

2) General continuity equation
3) Carrier continuity equation

4) Current equation

5) Summary

Reference: Chapter 5 of Fundamentals of Carrier Transport by Mark
Lundstorm, Cambridge Univ. Press, 2000.
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the continuity equation for holes

—

J
A familiar balance equation: P =-V—L4+G_—-R
@t q p p
generation recombination
t 41 14t
in-flow \ ‘ | ] | |
, N \ I/

out-flow

in-flow -out-flow = - divergence of flux



balance equations for physical quantities

, = %Zp] f(xpt) 1= %;(—a)vx f(x p.t)

W= (=) f(xpt)  nx="34p) Fxp.)

J on _
Z—fz—v-—MGp—Rp — a—;f:—v-F¢+G¢—R¢
v
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balance equations examples

-
—~~
ol
S~
I

1. n,(F,t)=n(r,t) electron continuity equation

(—q)ﬁ( f)) : n¢(F,t) = jn(F,t) current balance equation

=-
—~
ol
~
Il

¢( F)) =E ( f)) . n,(F,t)=W(F,t) Kinetic energy balance equation

on, _
E: —V°F¢ +G¢ — R¢
What are the flux, generation rate, and recombination

rate associated with the quantity n ,?
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moments of the BTE (1D)

of of GE,f .

__I_UX —_ =
ot ox h ok, N\\\\

no explicit generation-
recombination terms,
but...

or of of R
(b, + ¢ (Lo, P, =#P)CT

= —Zcfﬁ(px)cf

ap X ,0)(

—z¢(px)@f 1z¢(px) 2 12 dE (0"
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moments of the BTE (1D)

1 of 1 of 1 of 1 )
T2 P+ L 2P+ 2 R) = 24T

1 of 01 _8/7¢(X,l‘)
LS - 2T x| -

Px

= 20(p) 1(x pa)
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moments of the BTE (1D)

1 of 1 of 1 of 1 ]
12t 2P 2P = 2. H(p)C

o
OX

1 of 0|1
z%ﬂﬂx)vxa—; a{zgcfﬁ(px)vx (X r)} =

£y %Zcﬁ(px)vx F(x p,. 1)
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moments of the BTE (1D)

1 of 1 of | 1 of 1
ZPZX¢(/7X)5+Z§¢(/JX) ot Z afxcb(px)a—p;z%cé(px)ﬁ

—Z g @(px)apx— {

)13 A

m /
ZL‘M(/’X)”]W(/?XM_OO =0

8f__ 1 % _
L ) B

; - OPy

%Z—afm(m)
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¢
ap,
ar I s
1
G =— l
¢ qa{L

generation” of n,

Px

L~ op, at

24

equation of motion in momentum (k) space

on,
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moments of the BTE (recap)

1 of 1 of 1 of 1 .
ZpZng(px)a + ZZX)¢(pX)vXa—X+ Z%—qfxcé(px)— =—2.9(p)CT

P ap X Px
\ JERN y,
Y Y b v 7
oy ok G ?
OX OX ¢ '

n(xD = XK F(x 0.1
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“‘recombination”

%Z¢(,UX)(A,‘ f=7?

CAp)=245(Ae p) (BN 1= F(p)]- S(p0 2) ALY 1~ F(P)]}
1 1 (. p) (L)1 7(p.)]
[2.4(P)CT LEW’”%{ - S(po 1) (p )1~ f(m)}}

To see how to evaluate this expression, for non-degenerate
conditions ([1-f(p)] = 0),see the text, pp. 215-216.

Lundstrom ECE-656 F09
18



phenomenological approach

of of qf, of A ~ f—f
—+ —— =Cf : Cflf~-—
ot ox  h ok RTA z,

/f (p) Is a “microscopic” relaxation time

0
1y — 11

<T¢>

<r¢> IS a “macroscopic” relaxation time

23 4(p)C F=-
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the continuity equation for n,,

N, _ V.F,+G,-R
AN
generation recombination
) TT TT %
in-flow \ \‘ ,I |
| W /

out-flow

in-flow -out-flow = - divergence of flux

20



putting it all together

of  of gE,of

+0,—— =Cf
ot ox h ok,
on,
———V-F +G, —R,
ot
1
n(x 0= zZqﬁ(p) f(x pt) G, =
p
1
= ZZ¢(10X)U f(X px l‘) R¢
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outline

1) Introduction

2) General continuity equation
3) Carrier continuity equation
4) Current equation

5) Summary

We will work this out in 1D. See Lundstrom, for 3D.
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Oth moment of the BTE (1D)

n,(x 1) = %Zcé(p) f(xpt)  g(p)=1

n(x 0 =n,(x0 ;= %Zﬂpx)uxf:

/X

(-9)

=0
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Oth moment of the BTE
o(p)=1

on, aF,,
—=— +G,— R, —

ot ax

on,(x8)__ d[1,/(-9)]
ot ax

on,(x)_1a,
ot g dx

In steady-state, the current is constant because we have
assumed that there is no generation-recomination of electrons.
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outline

1) Introduction

2) General continuity equation
3) Carrier continuity equation
4) Current equation

5) Summary

We will work this out in 1D. See Lundstrom, FCT, for 3D.
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1st moment of the BTE

n(xf= %Zqﬁ(p) f(x pt) #(p) = p,

n(x0)=Px0)=n(p,)

F==

— LZ¢(,0X)U f(xp,t)== prux f(x p,t)=2W

'ng} = ZWZ nL<10xUX>

(o)
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o(p)= p,

1st moment of the BTE

/7¢(X,l‘)=PX F¢:2WZ nL</0xe>
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1st moment of the BTE

#(p)=1

P
n(x 0= F, @:2W=nL(pXuX> R¢=<T"> G¢=(—67)/7fo

momentum balance equation

on, aF,,
— = +G,— R, —

ot ax

oP(xt) d2w)
or  ax

A

()

nngx_
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current equation

0P(\xD)_ deW) . r A
ot ax <Z'm>
p=nipy=nmi(v) L=Conlv) 1=S2p
m(w)zmM/nfg_/
ot  m ax m (7,,)
/X+<Tm> ol (x l‘): /7qu<7,77>£_, . 2(/( Z'm> aw = q<Tf7>

ot m X m  dx m

Lundstrom ECE-656 F09
29



drift-diffusion equation

ol (xt) aw
/ + AN o E vy 2
A(z,,) py G+ 2y
assume:
(VXD
ot

*

C/<Tm> =u M= 1000 cm?/V-s, m = m, — (rm) =0.5ps

*

m

f<<L:2THz

(%)
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drift-diffusion equation

ol (x1t) aw
2
Py nqut +2u,—— o

[/, + <Z'm>

assume.

<Tm>8/X(X,z‘)<</ 1 (072 k,T

y W=n—m{(v I = constant
ot 2

d(n, k, 7') an
E +kTu—=
dX LQﬂﬂ + B lLl/? dX

/ _nLq/ung_i_/un

/ _/"Lq:unéi_l_q[)nﬂ Dn:kBT
ax

Lundstrom ECE-656 F09

31



DD equation with temperature gradients

assume.
<7m>%;(’t) </, W= ﬂL%m*@i) =N, kZT 7 # constant
l=nqut +2u,— aw
2 G 2 5 kT
n, = Ne! el = J2m'kT /z el —n (x,T)

h
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DD equation with temperature gradients (ii)

aw
/ T nLqungx+ Zzun

O'W a
2:“/7 OIX HE((HL/(BT)_ :u/7|:

n (xT)= \/2mI;T/7z (Fo=e)/keT

2, W on, { - (F,- g)} ar

= KT, —=+n,k,T,
alx Hoox Hr kT |adx
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final current equation

an ar
/X: nquungx+ anT;_ STE(
Tm
H,= q<n7* >
=%,
q
! (E —5)
S —nqu e | \ZF
T Lq/un (_q)|: kBT :|

(Soret coefficient)

Note error in egn. (5.101), p. 236 of Lundstrom)
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Seebeck coefficient

assume dn /dx = 0, and solve for &,;

an, aT
[.=n 7:' +qD, ——5 —
Lq:un q OIX OIX
- L nsr c:/T
X
LGt TLGH, recall: Lecture 8
arl
£ =p, ] +S5S—
AR So=="2(r+1)-n,]
K

-yl HE)- 4 EfT)
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4) Current equation

5) Summary
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moments of the BTE

of of qf, of 4
_I_ — —

_— UX —
ot “ox ook, ot

a/7L ()(’ t): d/nX ¢(p){):1: 10?( Ot moment

ot ax
[ +71 a/X(X’l‘)zn qu.t +2u w ¢(/7 ):(—C/)plx
X m ot L1 n®™ x n ax X /77*
1st moment

Now we need an equation for W ....
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terminating the hierarchy

Zeroth moment brings in the first moment

First moment brings in the second moment

Kk, T
2

W= lz PO f(x pot)=nu, 1y ~
[~ 2 5

But what is T? Answer: Near equilibrium: T=T,
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guestions

1) Introduction

2) General continuity equation
3) Carrier continuity equation
4) Current equation

5) Summary
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