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current equation

3, = +2p, 20

This is an OexactO steady-state current equation, butE.

P f (T pt)g U f (}, |!o,t)§= <% pz%’>
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current equation: bulk semiconductor

bulk semiconductor: E,,u, ! condant

‘Jnx = nql’lnEx + qu'I%

Dy _ 2y o = NGUE , +20, —d(z%)

TR X
kB-I-L

near equilibrium:u, !

q
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field-dependent mobility

dn
dx
Goal: Find mobility and diffusion coefficient without solving BTE

JI"IX = nqunEx + an

In general, however: U, '.'f(;,ll),t)g D, 'f(}l'Ot)g

In a bulk semiconductor, fis determined by £, so there is a

one-to-one mapping between £ and .

u,(E) D, (E) Electric field dependent mobility and diffusion
coefficient. dn

‘]nx = nau, (E)Ex +an (E)&
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field-dependent mobility

ot f(F,pt)g
(" > = Hy (EZ)

()= (E,)

The concept of a field-dependent mobility applies only
when the the electric field changes slowly with position.
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covalent vs. polar semiconductors

covalent = = peay
—
— — ~—
(100) (100 (100) (112
> > X
I !
0.03 030 Eg
average energy vs. electric field
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average velocity vs. electric field
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mobility and diffusion coefficient

{0

H,

100 E
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can we calculate ! ¢,;?

Hn = M (momentum balance)
m
JoEx = M (energy balance) nqu E2 = M

("e)

/ / / /
U= U +(! ) AUE = Uy oLeiln) Ezrf; o) 2 el ) Ezrfi o) g ?

(12" (!') (ave. time between collisions)
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can we calculate ! ¢,;?

py=al yy Clinl e (1)t 2=

(") U s

* EX
L#,m a

0y «/!#Om*$ e [T#, 1
e, "\'m' E,

(1%,
m*
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u!

(P )=HE" ! sx
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saturation velocoty

/! 0]
Ugyr = ?*0
S: 11,=0.063eVv " #1.0$10" cm/s
Ge !!,=0.037eVv ", #0.6$10" cm/s
SC: !1,=0.12ev "o #1.5$10" cm/s
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electron temperature approach

1)! Goal: to compute (! )=/ 4(E)

I _e [t m* o[ f2mi kT,

2) Assume: f(p)

Px
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electron temperature approach

f (p.) - e! ‘f)! m*"'d‘z/2m*kBTe

2 unknowns: !4 T. Eneed 2 equations

1) Momentum balance:

‘]nx = nql‘lnEx ' ”dx = #I'lnEx
2) Energy balance:
3,8, —n 7 ="k

(te)
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electron temperature approach

|
Jn)EX _nqurE)? = n(un. UO)
("e)
20 !
=ty rat g =y, TN ale
Iy !\;!J!m’"'d\z/zm'kBTe
U ! ngTL f(p)=e

3
u! 2 KsT, (neglects drift energy)

T, HTm T, 3K, T, M’
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aside: neglect of the drift energy

1., 3 _ 3
UZEm!§+§kBTe EkBTe
m’2/2
3ksT,/2

<<1?

= WE = q*( E/m

2/ /
1 2q3é-|—>< >E2 3kBTe#q <E2<m>Ef
m’ 2 m

|('D_| QN

L
m!2/2 _
3, T./2

’“> <<l typically well-satisfied

">
E

~
7~ S _|
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electron temperature model

I bt mi* g o kT, (
f(p)=e it Oit can be shownO
=" t(T)E, t(Te) = HofT /T (ADP)
24, (-’ E>E 2 H, (Te) = Ho (Te/TL )3/2 (1))
for ODP IV scattering in Si:

2 C
! T /T
need to specify: Yle) = 3K,T, T /Te

(1) or (1, )(T) and (1)(1,) | 110" W

(&
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the procedure

1) Identify the scattering mechanism that controls
momentum relaxation

e.g. ADP scattering in Si U, (Te) = U T /T,

2) Identify the scattering mechanism that controls energy
relaxation

e.g. IV scattering in Si ¥{/¢) =

C
T

L

wln

3) Solve the energy balance equation for T,

L_1+ 2un<,E>E2

X
TL BkBTL Lundstrom ECE-656 F09
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result (for silicon)

%:1+%Ef:1+(E/EC)2 E.! 7" 10° Viem

L

T
TL

’ E
7! 10° Vicm

u,(T,) = p T, /T, = ——F0
1+(EJE.)
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velocity vs. field characteristic

—_ l’an

H(Te) =—=—= _ o hE
\/1+(E/Ec) 'e=u,(T.)E \/“(ETc)Z

I = U Ec =1" 10" cmi/s

sam | ----- """ i

T
71 10° Vicm
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high- field diffusion

Dn = %Hn (Te) = Dno\ll+ (E/EC )2
. , 'D, _2u,$
butE.in practice, D,(E)! D,, 0=
b &

a failure of the electron temperature model!
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<111> Silicon: low-field

Result: ‘ Velocity Histogram at 0.05um

£,=1100V/cm

(1,)=8.1"10'cm/s

i, (E,)=810cm*/V-s

u=0.04evV (1.5k,T /q=0.39¢V)
u,=00135eV (u,/u=0.34) |
Ugin =107 €V (udrift lu~ 10!5) x

Normalized distribution function

n(x,y,z)/n=0.33/0.335/0.335 "

(simulations performed with DEMONs on www.nanoHUB.org)
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<111> Silicon: high-field

e I 05 Result: | Velocity Histogram at 0.05um
E,=110° Vicm

1

(1,)=1.04" 10"cm/s
i, (E,) =104 cm’/V-s

05+

u=0.364eV (1.5k,T /q=0.039%V)
u, =0.145eV (u,/u=0.40)

Uiy =0.0086V (U /u=0.02)
n(x,y,z)/n = 0.336/ 0.331/ 0.333 T

0
Velocity (cm/sec)

Normalized distribution function

(simulations performed with DEMONs on www.nanoHUB.org)
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<111> Silicon: high-field

E / Result: | Velocity Histogram at 0.05um

1

05+

Normalized distribution function

T T T T
-5e+07 Se+07

0
Velocity (cm/sec)

(simulations performed with DEMONs on www.nanoHUB.org)
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<100> Silicon: high-field

Result: | Velocity Histogram at 0.05um

E,=110°Vicm
(1,)=0.98" 10"cm/s

1, (E,) =98 cm?/V-s

05—

u=0.346eV (1.5k,T /q=0.039%V)
u,=0.138eV (u,/u=0.40)
Ugsn =0.0076V (U /u=0.02)

Normalized distribution function

n(x,y,z)/n = 0.306/ 0.309/ 0.385 S ey O
(simulations performed with DEMONs on www.nanoHUB.org)
31
<100> Silicon: high-field
Result:lve\ncny Histogram at 0.05um j

Si conduction

I Z band

Normalized distribution function

(simulations performed with DEMONs on www.nanoHUB.org)
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summary

1) High-field transport leads to field-dependent mobilities
and diffusion coefficients (when the field varies slowly in
space and time).

2) The electron temperature approach provides a
gualitative (and sometimes quantitative) way to view
high-field (hot carrier) transport.

3) Rapidly varying electric fields lead to Ooff-equilibriumO,
Onon-localO or Onon-stationaryO transport effects that
cannot be described with (local) field-dependent field
dependent transport parameters.
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