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Boltzmann Transportgleichung

Die Entwicklung von f, als Funktion der Zeit aufgrund von Streuung, Diffusion und externen Feldern kann

jetzt durch
dfe _ 3fi

dt ot

Boltzmann Gleichung

SCAMETMES

beschrieben werden und die gesamte Ableitung durch

d fi o dfy ofg 0x df dy ) dfy 0z L) dfy dk, afi ok, : afi ok,
dt N dx ot dy of dz ot dk; or dk, ot dk, dt
da
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af if df dr ar
und mit
ifc M B . afy af; afi
—X + =—) - =V, frand —k, 4+ —Kky+ —Kk; = Vi Ji,
dx dy dz dK dKy ak,
erhalten wir
o TV Vel g FWhi= 2 =0 | Boltzmann Transportgleichung

Der ,Streuterm” reprasentiert die Verteilungsfunktion aufgrund der Streuung zwischen den Elektronen und
ihrer Umgebung
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Boltzmann Transportgleichung
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Since the Boltzmann transport equation includes various nonequilibrium mech

anisms, such as scattering, recombination, generation, dnft, and diffusion, an
exact solution for this equation is extremely difficult to obtain, Even approxi
mate solutions require sophisticated numerical analyses, such as the Monte Carlo
and dnft—diffusion methods. One possible approximation is the relaxation time

method, which assumes that the scattering term in Equation 5.110 can be replaced
113 [ ' ;
= — - the relaxation lime
T+ ' 3

1 - r 1 - . - i
in steady state, where % U, 7 Vi 18 simply -V,

p 0 (1 "TE?T'-: i
fom 191 S5a2)
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Geschwindigkeitsverteilungsfunktion im Gleich- und Nichtgleichgewicht

A plot of the nonequilibrium distribution function expressed in Equation 5.118
as a function of the drift velocity is shown in Fig. 5.19 for a free electron. For
this plot, the temperature is assumed to be 300 K, the applied electric field is
5 x 10° V/cm, and the relaxation time (z) is 0.4 ps.

Distribution function
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FIGURE 5.19 The distribution function plotted as a function of carrier velocity for
equilibrium i..l'?:l and nonequilibrivm { fi) cases. Notice that the peak of fi is shifted
from wu, = 0.
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Einfluss eines elektrischen Feldes auf die Verteilungsfunktion

The nonequilibrium distribution function can also be realized by shifting the
wave vector k by et€/h. This can be accomplished by considering the distribu-
tion function for electrons in a parabolic band at equilibrium,

By setting the Fermi energy to zero, E; = -ﬁ;%, and by replacing
k withk — et€/h, one can obtain the distribution function for the nonequilibrium
case as shown in Fig. 5.20. If the applied electric field is along the x-direction,
the distribution will shift only for k,. In equilibrium, there is a net cancellation
between positive and negative momenta, but when an electric field is applied,

there is a nonzero net shift in the electron momenta given by dp = hdk = —ertf.

Distribution functions

0 ers/h
Electric Field

FIGURE 5.20 The displaced distribution function shows the effect of an applied electric
field.
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Herleitung der Transportkoeffizienten mit der BTG

The relaxation time depends on various scattering mechanisms.
This relaxation time depends on the energy and mass of the scattered particles
(e.g., electron) according to the following relation:

T = 1o(m*)*(E)P,

where g is a constant and « and S8 are constants that characterize the scattering
mechanism, which depend on the type of scattering mechanism. For example,
o 1/2 and B 3/2 for electron-ionized impurity scattering, while alloy scattering
yields ¢ = —1/2 and g = —3/2.

m*v = hk

-
mu-Vrf&+£(£+va)-Vufk= 5 rf"-

fi=fi—v- Q(E)—% f"‘

where (J(E) is an unknown vector function that depends only on the energy of the electron (E).
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Herleitung der Transportkoeffizienten mit der BTG

For the small perturbation case, in which (fi — f) < 1,

To obtain a solution for Q(E), let us assume that the
applied electric field and temperature gradient lie in the x—y plane, while the
magnetic field is applied along the z\direction. The x and y components of O(E)
are

Hall Seebeck

y e

r (—t’&- 4 (EF—E) ij'.'{'_) — w2 (_‘,g p Er_E) ’T)
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(£5) e — — :
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where @, is the cyclotron angular frequency (eB,/m*)

fi=fi—v- Q(E)~== f"‘
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Elektrische Leitfahigkeit und Beweglichkeit in n-type Halbleiter
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Leitfahigkeit und Hallkoeffizient
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FUr einen Streuprozess
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(k) High electron velocities

{a) Low electron velocitics

Asymp- "
e
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Electron atom

T

o =2 f a ()1 — cos8')sin6'dd’,

where V is the volume of the crystal, W} ¢ is the transition matrix element for the

particle that is scattered from state k to state k', and vy is the particle velocity in
For elastic collisions, both momentum and energy are conserved, which
vp and k = k'. Derivations of the mobility and scattering

state k'

. ~ 1 . .

means that vy

1 .
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1D chain of di-atomic lattice with atoms connected by springs
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Fig. 19.6. Four vibrational modes of a one-dimensional di-atomic lattice, namely the trans-
verse acoustical (TA), longitudinal acoustical (LA), transverse optical (TO), and longitudi-
nal optical (LO} vibrational mode,
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Streumechnismen (3-dim)

Scattering from an Ionized Impurity

Scattering from a Neutral Impurity
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Optical Phonon Scattering: Polar and Nonpolar
Scattering from Acoustic Phonons: Deformation Potential
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Streumechnismen (3-dim)

Scattering from Short-Range Potentials
Scattering from Dipoles
When acceptor and donor atoms in semiconductors are close together, they

Scattering from Dislocations
the dislocation line is cylindrical with a radius K and length [
3 scatter electrons as a dipole instead of as individual monopoles
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Literatur: O. Manasreh ,Introduction to nanomaterials and devices*
D.C. Look ,Electrical characterization of GaAs materials and devices*
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Streumechnismen (3-dim)
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T = 9(m*)*(E)P,
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Streumechnismen (3-dim)

Fig. 19.9. Calculated electron
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Streumechnismen (2-dim)

- Hde - ng*-'-r

-

Fig. 20.4. Band diagram of a selectively doped heterostructure consisting of a doped
wide-gap semiconductor and an undoped narrow-gap semiconductor. Due to the lower
conduction band energy, electrons transfer from their parent donors to the narrow-gap

semiconductor.
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Streumechnismen (2-dim)
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Streumechnismen und Einfluss des Spacers
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Streuung an Interface-Rauhigkeit

AlGaAs | GaAs AlGaAs

For a GaAs/AlGaAs quantum well numerical calculation, let us set L = 125
A, m* = 0.067my, D/L =0.03, and A/L = 0.2. For a carrier concentration of
102 /cm?, the Fermi wave vector is kg = /2mng = 2.5 x 10cm™! and Akg =
0.62. For a screening length of kg = 2/a* = 2/100A, we obtain k i /kg = 0.798.
Assuming that 6 < 1, we obtain for the integral an absolute value of 0.205. E;
is obtained for the first subband as 35.99 meV. Substituting these values in
Equation 5.177, we obtain 1, = 3.97 x 10~ s, The mobility associated with
this scattering time is seen to be up 1 ~ 1.04 x 108 cm?/V/s. If the 27 in the
integral is dropped, the mobility reduces to up 1 =~ 1.7 x 10° /cm?/V/s. Scattering
from the interface roughness in quantum structures can dominate many scattering
mechanisms at low temperatures.
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Interface roughness

In Fig. 5.24, the interface roughness between GaAs and AlGaAs
is presented as a variation of the well thickness. The ideal interfaces are shown
as dotted lines in the figure. If the average fluctuation of the GaAs well is taken
as D and the spatial correlation of the roughness is described by a correlation
length, A, the electron momentum relaxation time for an infinite quantum well is
derived (Mitin et al.) as

(Tpn)

2
4zrm"[)2)~2Eff 1 (1 —cosH)
2

5 0
exp { —A%k?2 sin? dé,
e : [ il ]

o On Ea a0
| SC c

s -~ ..

where L 1s the width of the quantum well, k¢ is the Fermi wave vector, and ksg
has been defined previously as the screening length given as k. = 2/a*, (where

a* is the bulk effective Bohr radius, which is ~100 A for GaAs), and E, is
the quantized energy levels, which are given as E, = h*w%n?/(2m*L?) for n =
1,2,3,... The relaxation time for the first subband (# = 1) can be written as

2
273 D2)\2E 1 1 —cos@ v
(%,1) ! = Mj ‘.fz ( ) zcxp{-,aﬁk%sinzi}da.
L 21 ]
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