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carrier scattering

Ftc) =r(tc)

pic)
E [ p(tC)} 1) Scattering events are assumed to
7(0) \ be instantaneous - scattering
0 changes the carrier's momentum
() R} m
E[ﬁ(O)] » X (and energy) but not position.
r(Z;) 2) Scattering events are treated
i) guantum mechanically. Carrier
E [ p(t. )] motion between scattering events is

treated semi-classically
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carrier scattering

p([%) ) Elastic scattering:
REETfﬂ e[ p() ] E[ ()]
> ¢ Inelastic scattering:
L) E[ B(t) | = E| p(te) |
E[ B(t;) | Isotropic scattering:

-no preferred direction
Scattering rate:
1
. D\E
7(E) )
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total scattering rate

1 B AN B
T(E/) k=1 Tk(E/)

I'(£)

scattering mechanisms:

e ionized impurity

e acoustic phonon emission
e acoustic phonon absorption
e optical phonon ems

e optical phonon abs

e intervalley

* electron-electron

* electron-hole

* “polar optical phonon”

e surface roughness

e etc.



total scattering rate

typical scattering rates vs. energy
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carrier trajectories in 2D

«— F=Fx
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carrier trajectories in phase space

P () « «—— EF=FxX %:_qg
at ¥
/ / 2 o
at
A f
X0 | “free-flight”
N\

lc

X0)=X0)+ [v,(na

0
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MC algorithm

1) “free flight” for t. seconds. A
2) update E(t-) and r (i)
3) identify collision

4) update E(t.*) and p (t.*) I 1,
5) Sett=0 and repeat
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free flight
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free flight
p(0) p(t)

%

E - E NCF (l‘)

F—
- 0) Q
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free flight time

How many carriers survive until time t + dt
without scattering?

N (t+ dt)= N (f)— N (O, at

aN- (¢
Z,;( ):_ (O

Nee(8) = N (0)e

Nee(2 Tt
o (7) =T,
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free flight time

What is the probability that a carrier survives until time, t,
and then scatters betweentandt + dt ?

free-flight time
A(adt= [ NCF([)\ [ dft=¢ T gt probability density
N_.-(0) function

If we have a random number generator that produces
random numbers with a probability distribution, £(r), how

do we use it to choose free flight times?

P(Hadt= e T ,dt=P(r)ar
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free flight times

Assume a random number generator that produces

random numbers uniformly distributed between 0 and 1.

P(r)dr=e"'T,adt
dr= e T at

jd — je-Fofr dt= —g "o

(1 e‘FO’b)
l. = Filn(l— r;)
0
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free flight distribution

. :iln(rl)
1_10
P([C) Foe—rorc
()=
C FO [
C

but, the scattering rate Is not constant with energy!
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free flight

|
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update at end of free-flight

p(tc)=P(0)-aZ t.
t=1. X

E(to)=E| P(to)]

r(tc)=r(0)+5(0)t .

(=0

1) what collision terminated the free flight?

2) how does the collision affect the carrier's momentum

and energy?
Lundstrom ECE-656 FO9
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collision

As an example, assume that there are 3 scattering
mechanisms, plus self-scattering.

T(E)=T(E)+T,(E)+5(E)+ T g (E) =T,

1—10 —I (E)+ 1, (E)+,(E)+ T, (E)
['(E) ———Fl(E)\+F2(E)+F3(E)
- _Fl(E) T rz(E)
- -I,(B)
£(z) E
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collision

L(E)=T(E)+T,(E)+T5(E)+ g, (E) =T,

r,=r,+r,+r,+r,, ——1.0
SR N & (C+ T, + T, )Ty
I+, =1~ (F1+F2)/FO

rn[er)] -t- TlE@)r.

0 — 0

choose random number between 0 and 1
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collision

L(E)=T(E)+T,(E)+5(E)+ T g r(E) =T,

—1.0

0<r<T,/T, process 1

L (L, +, +T, )T
( 1 2 3)/ 0 Fl/F0</§ <(F1+F2)/ro pI‘OCGSSZ

- = (T, +T,)/T,
(T,+T,)Ty<n<(,+T,+I,)/T, process 3

F - E@))/r,

(T, +T,+T,)/Ty<r <10 self-scattering

—_— 0

choose random number uniformly distributed between 0 and 1
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update after scattering

rte)=r(t) .
E(f;)z E(z‘;)+ AE, t=£ }

AE;, =0,thw,,etc

p(t:)=" -

We know the magnitude of p from the known energy after
the collision, but how do we determine the direction?
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update after scattering: 1D

p(t.) >

1) forward scattering by phonon absorption
p(t:) >

i) backward scattering by phonon absorption
ple) <

0<r,<05: p(tZ)=p(t.

If scattering is isotropic, then forward 3 p( C) p( C)
and backward scattering are equally o w
probable. 0.5<r, <1.0: p(tg) =—p(tC)
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update after scattering: 2D

assume isotropic scattering
(e.g. optical phonon abs)

0=2rr,

I, is a random number uniformly
distributed between 0 and 1
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update after scattering: 3D

AZ

4 y,

need two random numbers to select (@, 8)— (6,9)
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update after scattering: 3D

A Zr
) o(¢
NPl
I
|
| “ p=2rr,
I
I
I
| . r, is a random number uniformly
| X distributed between 0 and 1
p

Y
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update after scattering: 3D

’ LS (.p)
[i=—=235(pF
A'_D([C) ZTi 3
=cjd H p, p')sinada p'2dp’
0 00
X.
deﬂjs P, p’)sinada p"dp’
Pa)da =—

cjdﬁ”s (P, p')sinada p'2dp’
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update after scattering: 3D

Y

Z

r

jS P, p')sinada pdp’
0

A:qu(l‘c) Pa)da =
S(P, p')sinada pdp’

O'—;ﬁ
O 38

o
> example: isotropic scattering
p Sinada Sinaa’a
P(a)da = — .
feinada o
0
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update after scattering: 3D

Y

\
X

example: isotropic scattering

Sin ada

Pla)do = , =P(nar

¢ “sinada —cosal”
; A 2 2 |,

2r,=1-cosa

cosa =1-2r,
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35

MC simulation of a bulk semiconductor

- T T~

~ -
N—__’

initialize p(z=0)

1) select: f{e=——1Ing
0

1| =

2) update: F(t{;), ﬁ(té), E(tc_:)
3) identify scattering event: 7
4) update: E(t:),p(tl).0.4 £ila

5) repeat



MC simulation of a device

N

;(e/’ct‘mns x (_ q)

sim

0T = QALN; quper =

1) Load up device with N “super electrons”

example:
A=1um x1lum L=10pum N, =10"cm?

Qror = 10" x (_ Q)
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MC simulation of a device

1)
2)

3)
4)
o)

load up device with N “super electrons”

track all electron trajectories for ®T (replace electrons
that leave the device

collect statistics
solve Poisson equation for new self-consistent potential

repeat until steady-state
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comments
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— 4+ pDe Vr f — qf_; ° Vp f = Cf dependent problem in 3D

“curse of dimensionality”

long range forces due to
the average charge in the
device (from Poisson’s
equation)

short-range (Coulomb)
forces
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near-equilibrium

"""" 4l )
E, (X)

also: delicate balance
between drift and diffusion

I S

0 X
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Monte Carlo simulation and the BTE

One can show (see Lundstrom, Sec. 6.8) that

Monte Carlo simulation provides a solution to the
BTE -

except when short range e-e scattering is

Included in which case it goes beyond the BTE by
treating particle-particle correlations.
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1)

2)

3)
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5)

summary

Monte Carlo simulation is a technique to solve the
BTE (can go beyond by treating correlations)

Details of bandstructure and scattering are readily
iIncluded

But rare events can be hard to treat

When applicable, MC simulation typically provides
the most accurate solutions of the BTE

For a description of a state-of-the-art MC simulator:

http://www.research.ibm.com/DAMOCLES/home.html
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