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Ballistic transport

dt _“H'I Glass envelope -
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Electrons moving in an electric field follow parabolic
trajectories like a ball in a gravitational field.



Drift

The electrons scatter and change direction after a time t.
Classical equipartition: %mvfh =2k, T

At300K, v, ~ 107 cm/s.

mean free path: /=v,7,. ~ 10 nm ~ 200 atoms




Drift (diffusive transport)
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Drift

—>
—>

drift velocity: ;; =—u bk Ve, = HE

—

=-nev,,+pev, = (ne,un +pe,up)E =oE

_—er, —el
/Ll - * - *
m my

for Si:  p, = 1500 cm?/Vs
w, =450 cm*/Vs

For £=1000 V/cm v, =10 cm/s
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Drift

E, ™ e m’,/m, m’o/mg ) Density M?:ﬂ:,:‘,g g

(eV)  (em?/Vs)  (cm?/V-s) (my,my) (M, M) a (Al & l(g/em’d) g =
Si (i/D) 1.1 1350 480 098,019 016,049 543 118 233 1415 g
Ge (/D] 067 3900 1900  1.64,0.082 004,028 565 16 5.32 936 &
SCl) (/W 286 500 - 0.6 1.0 308 102 321 2830 =
AlP li/2) 2.45 80 - - 0.2,0.63 5.46 98 240 2000 3
AlAs (i/2) 216 1200 420 2.0 015,076 566 109 360 1740 S
AlSb (i/2) 1.6 200 300 0.12 0.98 6.14 1 426 1080 o
GaP (i/2) 2.26 300 150 1.12,022  0.14,079 545 111 413 1447 &
GaAs (d/2) 143 8500 400 0.067 0.074,0.50 565 132 531 1238 S
GaN  (d/ZW 34 380 - 0.19 0.60 4.5 122 6. 2530 2
GaSh d/2 07 5000 1000 0.042 0.06,023 609 157  5.6I 712 22
InP (d/2) 135 4000 100 0.077 0.089,0.85 587 124 479 1070 a
InAs (d/2) 036 22600 200 0.023 0.025,041 606 146 567 943 =)
InSb d/2 0.8 105 1700 0.014 0.015,040 648 177 578 525 g
ZnS (d/z, W) 3.6 180 10 0.28 = 5409 89 409  1650" S
ZnSe (d/2 27 600 28 0.14 0.60 5671 92 565  1100' o
ZnTe (d/2) 225 530 100 0.18 0.65 6101 104 551 1238 %%
cds (d/W, 2] 2.42 250 15 0.21 0.80 4137 89 482 1475 5
CdSe (d/W) 1.73 800 - 0.13 0.45 4.30 102 581 1258 o}
CdTe (d/27 158 1050 100 0.10 0.37 6482 102 620 1098 @
PbS i/H 037 575 200 0.22 0.29 5936 170 7.6 1119
PbSe i/H 027 1500 1500 = = 6.147 236 873 108
PbTe i/H 029 6000 4000 0.17 0.20 6.452 30 8.16 925
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Matthiessen's rule
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TSC Tsc,lattice z-sc,impurily
/ ™ mostly temperature independent

phonons, temperature dependent
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o = l = neu + peu doping increases the conductivity
0 " P by increasing the carrier density
but decreases the mobility
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Crossed E and B fields

Ballistic transport
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Diffusive transport

Hall angle:




Magnetic field (diffusive transport)
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Magnetic field

Vd,x — _IUEx _IUBZVd,y

Ve, =—HE +uBv,

IfE, =0,

Vay = _:UBsz,x

tan@,, = —uB



The Hall Effect (diffusive regime)
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E,=v.B =Vy/W=RyjB, V., = Hall voltage, R,, = Hall Constant



The Hall Effect (diffusive regime)

g
r;-" ﬁ:q(ﬁxg)
g

Area A

E,=v.B =Vy/W=RyjB, V,, = Hall voltage, R, = Hall Constant
j.=1/4

v, =-j/ne forn-type v, =j/pe for p-type
R, =-1/ne forn-type R, = 1/pe forp-type



Ballistic transport in transistors

The mean free path ~100 nm > gate length ~ 20 nm

v not proportional to £

j not proportional to £

nonlocal response

Electrons bend in a magnetic field like they do in vacuum.



Diffusion
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Diffusion 1s from high concentration to low concentration.
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If no forces are applied, the electrons diffuse.

The average velocity moves against an electric field.

In just a magnetic field, the average velocity is zero.

In an electric and magnetic field, the electrons move in a straight line at

the Hall angle.
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Einstein relation
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In equilibrium, drift = diffusion
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Uber die von der molekularkinetischen Theorie der Wirme geforderte Bewegung von
in ruhenden Fliissigkeiten suspendierten Teilchen



Current Density Equations

Dflft Diffusion

e

j = —ne,unE +eD Vn
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Current Density Equations

note: electron and hole currents have same direction

electric current = charge x particle flow
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Jp=ex flow



Continuity equations
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J» and j, consist of drift and diffusion terms



Generation and Recombination

G, R, thermal equilibrium

Shining light on a semiconductor or injecting electrons or holes from a
contact can result in a non-equilibrium distribution np # n?

E A

c

“’3_1:,* G, G, R non equilibrium




Recombination

R_Rth :pn_pnO

by

Hole |G, |R

Recombination rate 1s limit by the density of minority carriers.
The majority carriers have to find a minority carrier to recombine.

p,, (or n,) = minority carrier concentration
P (01 1) = equilibrium minority carrier concentration

T, = minority carrier lifetime A

p p,(t)

—
~ Y



minority carrier lifetimes

p-type
n, (t)=n, . exp(-t/t )+n 20

\

minority carrier
n-type lifetimes

pn (t) = pexcess eXp(_t / z-p) + pnO

np =n
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Diffusion Length

n-type Steady state
Injecting /
surface 2
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hv — O — Dp =
: - ot Ox T,

—X
p,(xX)=p,,+(p,(0)—p,, )exp -

p

Generation only occurs at the surface. There the
minority carrier density is p,(0).



Diffusion Length
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diffusion length,
typically microns



Haynes Shockley experiment
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