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Abstract. We theoretically investigate the influence of electron—electron interaction and the Pauli
exclusion principle on electron transport in highly doped homogeneous n-GaAs. The electron—
electron interaction potential is split up into a long- and a short-range part. Electron-electron
interaction due to the long-range part is treated as inelastic scattexing at coupled plasmon-
phonon oscillations; electron scattering processes due to the short-range part are described as
elastical collisions of identical particles, The minimal wavelengths of coupled plasmon—phonon
ascillations are given by lower limits. Velocity—field characteristics are computed for field
strengths of 0 < E < 30 kV cm™! and electron concentrations of 10'% em™3 and 1018 ¢m—3,
A small influence of electron-electron interaction and the Pauli exclusion principle is found at
n =101% cm—3, The large dip in mobility in GaAs at n = 10 cm=2 is shown to be caused by
the exclusion principle.

1. Introduction

Based on an approach of Bohm and Pines [1], the effect of electron—clectron interaction
on electron transport in semiconductors can be studied by solving the Boltzmann transport
equation using appropriate scattering rates (e.g. [2-4]). These scattering rates account for
the energy conserving collision of electrons as well as the interaction of electrons with
collective excitations of the electronic electric field. Transition probabilities are computed
by time dependent perturbation theory. Scattering rates have also been evaluated using
Green fenctions [5]. Recently, the two approaches have been compared [4], and good
agreement has been found. Further work not based on the random phase approximation [1]
and the statistical approach to the Pauli principle [3] may keep closer to the Schrédinger
equation and adopt ideas covered e.g. in [6] and [7].

The long-range part of the electron—electron interaction has also been treated in a purely
classical manner [8]. The electrons are considered to be point charges. The interaction is
accounted for by solving the equations for the motion of point charges in the resulting
electronic field. In [8] it is shown that the results obtained with this classical molecular
dynamics approach differ from the results obtained vsing the quantum mechanical interaction
of electrons with screened potentials and neglecting plasmons. In this paper, we take into
account the long-range part of the interaction using the plasmon concept, thus neglecting
charge fluctuations. To our knowledge, it is at present hard to say whether a classical
description of electron motion using the concept of point charges is closer to reality than
a quantum mechanical description accounting for plasmons but neglecting the influence of
charge fluctuations on electron motion. We note, however, that it is very difficult to reconcile
the plasmon concept with the occurrence of space dependent electron charge distributions,
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which are also caused by the longrange part of the electron potential. In principle it is
possible to construct coherent plasmon states with a non-vanishing expectation value of the
resulting electric field [9], thus leading to space dependent charge distributions caused by
plasmons.

However, the aim of this paper is not to go beyond the approach based on [1]. Neither
do we claim to have solved the problem of simultaneous occurrence of plasmons and charge
Auctuations. However, it is not useless to perform an analysis that keeps as close as possible
to the basic assumptions of [1]. To our knowledge all investigations of the influence of
scatiering of electrons at collective electronic excitations introduce additional assumptions to
obtain a value for the minimum wavelength of these oscillations. According to [1], the cut-
off value can be identified with the minimum wavelength at which a zero of the electronic
part of the dielectric function occurs. Hence, the wavelength depends on the electron
distribution function. In dynamically determining the minimum value of the wavelength by
analysis of the dielectric function, we find that the influence of electron—plasmon scattering
on electronic transport is much lower than predicted in [4]. For completeness, we also take
into account the coupling of plasmons to polar optical phonons as described in [9]. To sum
up, we shall find that plasmons have a very small influence on electron transport, justifying
their neglect.

The impact of the exclusion principle on the scattering rates is taken into account by
using a rejection technique based on the actual electron distribution [3]. We note that at high
electric fields rejection techniques based on Fermi distribution functions clearly overestimate
the impact of the Pauli principle.

To separate the influence of each of the effects considered, they are investigated
successively, Imsofar as our numerical methods deviate from methods applied elsewhere,
they are explained in detail. Velocity—field characteristics including all effects are shown.
Finally, we investigate the influence of the processes considered on the mobility.

2. The simulation model

The Monte Carlo model used here to simulate electron transport is described in [10]. The
detailed formulas for most of the scattering processes can be found in [11]. Any deviations
from these expressions are derived in [9] and in the present paper. Our model differs from
the previously mentioned ones in the fact that the dependence of several parameters of the
scattering rates on the electron distribution function is taken into account,

These parameters are the Thomas—Fermi screening length, the plasma frequency, and
the cut-off values of the wave numbers of the plasmon—phonon oscillations. While the
latter dependence is discussed in [9] and in subsection 5.1, we now generalize the usual
expressions for the screening length and the plasma frequency to the case of a many-valley
semmiconductor. We derive the screening length following [12] and are led to

2 82 3 n;
B=r ; 7 2.1
if the electrons in all valleys are Boltzmann distributed, and

2= eEmGm)? & & n
F ehtr/3 ek i T

(2.2)

=2

if the electrons in valley 1 (T" valley) are Fermi distributed. Here 8 is the inverse of
the screening length, ¢ is the elementary charge, &; is the static permeability, kg is the
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Boltzmann constant, #, is the electron concentration in valley i, m} is the effective mass
of an electron in valley i, T; is the electron temperature in valley i, and % is the Planck
constant. The index i denotes the ", L, and X valleys, respectively. The electrons in the L
and X valleys are always Boltzmann distributed due to the fact that these valleys are only
occupied at high electron temperatures. Since at high concentrations Sz < Bg and at low
concentrations Ag > fg, the screening length is determined from

B = min(Bg, Br).

A plot of g versus n (figure 1) for ' = 300 K, all electrons being in the I" valley, shows
that Bp and B intersect at #n ~ 5 x 10'7 cm—3, which is near to the electron concentration
where the Fermi energy shifts into the conduction band (figure 2).

(2.3)
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Figure 1. The inverse of the screening length according
to (2.3) versus electron concentration.

Figure 2. The Fermi level at 300 K versus electron
concentzation.

The electron teraperatore in valley { is determined by

2 [ 1 .,
TL:% Zw;j/N,-w—z-mivi .

j=1

(2.4

Here wy; is the energy of the jth electron in valley i, N; the number of electrons in
valley i, m} the effective mass in valley i, and v; the mean electron velocity in valley 7.
Equation (2.4) only holds for electrons that are Boltzmann distributed.

The theory developed in [1] directly leads to the plasma frequency of a system of
electrons having different effective masses. One arrives at

(2.5)

@y is the plasma frequency and &4 the relative dielectric constant including the polarization
of the valence electrons. The meaning of the other variables is the same as above.

The electron distribution in thermal equilibrium is taken to be a Fermi distribution.
The number of free electrons and the number of ionized impurities are set equal in our
calculations.
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3. Electron—electron collisions

3.1. Derivation of the scattering rates

Our description of electron—electron collisions is based on the semiclassical electron model,
which implies that electrons can be described by wave packets with a finite extension
smaller than the crystal volume. To simplify our calculations, the bands are treated as being
parabolic. Also, the cell periodic part of the electron wave function is set to unity. We
adopt the theory of scattering of identical particles presented e.g. in [13]. The Hamilton
operator for the two electrons in the effective mass approximation is

% A
(<~ e + V=) W) = BV G

m} is the effective mass of electron i, A; is the Laplace operator for electron i, and V is
the interaction potential according to

—e  exp(—Blr —m)
47 £pEeo Py —waf

Viri—mr)=

Equation (3.1) is transformed by introducing relative coerdinates:

_ (miry +mira)

=T — R= ——/————. - - (32
1 T2 ) (3.2

The scattering problem is now formulated by
(—@/2m)A + VNe(r) = Ep(r) (3.3)

with
m = mims/(m] + m%) E.=h*%E/2m ke = (m3ky — mika) /(] + m35).

We now suppose that the wave functions of the electrons overlap. Solutions then have the
form

o) = (1) VY% + F()eT/r). (3.4)

V is the volume of the electron wave function. We choose the z-axis to point in the direction
of k.. If we want to obtain the total scattering rate of one of the two colliding electrons,
we must divide the result obtained from (3.4) by two. Since electrons have a spin of %, the
colliding electrons form singlet or triplet states. We obtain for the differential cross section
of unpolarized particles according to [13]

do/dS2 = f(B) + f(m — ) — F@) fm — D). (3.5)

F(#) is real in the first order of Born’s approximation. The total cross section for one
electron reads

1 do
Oyt = 3 s ﬁdﬂ (3.6)
and the scattering rate is given by
) = (ke /mV)o™™. 3.7
We have in the first order of Born’s approximation

m
2h?

F@)=-

f e~ R Ty (r)e*r T dr). (3.8)
v
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# is the angle between k! and k:. After some calculation, we arrive at
ME;) = (melon medel pPVI(L/ (@R + 827 — [1/8K22UE + BH Inf(ak? + £5/8%).
(3.9

The second term included here is an interference term. Figure 3 shows the scattering rate
with and without inclusion of this term versus relative electron wave number. Equation (3.9)
only gives a rough estimate of the scattering rate since at relative energies occurring in
the electron system considered the first Born approximation is not sufficient. A proper
phase shift calculation to obtain A for scattering of electrons at ionized impurities has been
performed in [14]. However, the corrections did not affect the calculated transport properties
significantly at 300 K. We thus feel justified in using the rates obtained by (3.9) for the

sirnilar electron—electron scattering process.
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Figure 3. The scattering rate for elastic electron—electron collisions versus relative wave number:
n = 10"% em—3. ——, interference term included; - -~ —, interference term not incladed.

3.2. Determination of the scattering partners

In transport theory and device simulation, electrons are not considered to be wave packets
spread over the entire crystal but to occupy a restricted volume (see, e.g., [15,16]). The
Coulomb force exerted by electrons and ionized impurities beyond the wave function volume
is neglected here since we consider a homogeneous crystal having a charge distribution
statistically equal to zero. In this approximation, electrons only interact by collisions. We
then add a further simplification. Since we want to investigate transport properties of GaAs,
which is homogeneous in a statistical sense, the electron distribution is not a function of
position. Therefore, the collision partners can be selected from the electron ensemble by
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random numbers, thus saving the time to determine the electron positions and to find the
spatially nearest neighbours. If the electron volume is set to

V=N/n (3.10)

with N a natural number and » the electron density, then N 4 1 electrons on average are
involved in a scattering process. If k; is the wave vector of the scattered electron and if
{k;} are the wave vectors of the collision partners, the scattering rate is

hd G| 1.d i? 2 N
med |k 1 1 4" + B
AR = = - - - In—& = A (k).
®) =2 N ((4k;_=+ﬁ2>52 T D 2 ) 2

i=1
(3.11)

Here interference due to scattering at different electrons is neglected.
Let I' be the total scattering rate of an electron in a Monte Carlo simulation procedure
[17]:

M L
F=Y M)+ ) Ak)+Tx (3.12)
j=l1 i=l

M is the number of scattering mechanisms without electron—electron collisions, L the
number of scattering partners, and I't is the fictitious scattering rate [17]. Our statistical
approach requires that L is not a constant but is distributed around N (see (3.10)). We
regard this as a minor effect and set L = N. We found that simulation results hardly
depend on the value of L, as shown in figure 4, where distribution functions calculated with
different values of L are compared.

A random number r (0 < r £ I') determines the scattering process which actually takes
place. If

Mo % M k+l1
STMED+ Y M) <r <y M)+ Y A (3.13)
=1 i=1 j=1 i=1
with
0g<kgL-1

then the electron is scattered at the partner with wave vector Ej;.1. Further random numbers
determine the direction of the relative wave vectors kf after the scattering process has taken
place. Finally k| after the scattering is given by

K, = K -+ mi Ry + kiar) /m +m ), (3.14)

The wave vector of the scattering partner ky.; is left unaltered due to the fact that jts
end of flight does not coincide with that of the electron with wave vector ky. This causes
momentum and energy to be only statistically conserved in a simulation procedure. This
will be discussed in detail in the following section.

3.3. Simulation algorithm

Expression (3.11) can only be evaluated if the momenta of all scattering partners at the
moment of the collision are known. To fulfill this condition, we developed an adequate
algorithm based on the standard procedure of ensemble Monte Carlo simulation (e.g. [17]).

The total simulation time is divided into equal intervals. Consider a given interval j
with time borders #;_1, #;. The scattering events i for electrons k at times # ; are computed
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Figure 4. Cuts through distribution functions at &, = 0, = 10 cm™3, £ = 8 kV cm™%:
, without electron-electron collisions; ~ ==, L = 1; --- -+ ,L=5; —.— L =20

for all electrons until #;—; < tj—1 < f;;. We now continue the simulation of the electron
flights in interval j until #; > # or

M
r> Y M (k). (3.15)
j=1
The meaning of the symbols in (3.15) is the same as that in equation (3.13). No final state
is determined if (3.15) holds. Finally, a fraction of the electrons has iraversed the time
interval j. The electrons of the remaining fraction are then sorted according to the ends of
their flights.

The simulation is continued with the electron having the smallest time of flight. Since
the momenta of all other electrons are known at this time, it can be decided whether a
fictitious scattering or an electron—electron collision occurs. In the latter case, the scattering
partner and the final state are determined as explained in subsection 3.2, and the flight is
continued until the electron has traversed the interval or the flight is stopped again because
condition (3.15) holds. Then the next of the sorted electrons is simulated.

The procedure is repeated until # ; > #; holds for all electrons. We then proceed with
the simulation of the electron flights in the next time interval. The algorithm guarantees
that the energy is statistically conserved as shown in figure 5.. In this figure, results of
a simulation neglecting band non-parabolicity are shown. The electrical field is switched
on at t = 0 ps. If non-parabolicity is generally taken into account but neglected for



7034 C Peschke

electron—electron collisions as required if the method described in section 3.2 is to be
used, energy conservation during collisions does not strictly hold (figure 6). However, the
relative impact of the coflisions on the mean electron velocity remains nearly the same
whether non-parabolicity is neglected or not. Hence the small error in the energy balance
does not significantly change the results.

[eV/ps]
0.4
0 0.3
n
S
0.2 ' i
> |
(@)
S
g 0.1 B
1
:-|I 'e‘;i o p A (W [ A, v . N
0_0 cd ‘R‘"“ ‘:‘;"l' '.v'"i' .:? :|JA-! 1,-‘\4?" u' \u'éll“:; \"fﬁ"‘ﬁ\ﬂ '{ Fk'u”lin":"-'\",'t,b‘“fl '|'i 'v‘n"!,!?}.ﬁ#*

0 1 2 3 4 5
[ps]

Time

Figure 5. The kinetic energy loss by scattering events at # = 108 cm™3 and £ = 10kV em™!,
a; = 0. ——, total energy loss; — — —, loss by electron—electron collisions.

The calculation of time-ordered collision events is very time consuming, and in the
following a simplification is described. Before simulating electron flights in the interval
j (see above), we compute all electron momenta at time t;—;. Now the momenta of the
scattering partners are taken from this momentum distribution, which does not change during
the time interval. In the stationary case, there is no difference between the distribution at
the interval border and the distribution at the moment of a scattering event. In the non-
stationary case, a small error occurs, and the energy is not conserved on average. Since we
only are interested in stationary results, we apply the simplified method in the following.

3.4. The influence of electron—electron scattering on the distribution function

The influence of collisions on the distribution function depends on the electron concentration
and the electric field strength. We briefly discuss here the impact of collisions at E = 8 kV
cm"l.
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Figure 6. The kinetic energy loss by scattering events at n = 10'® cm™ and E = 10kV cm~t.
a; # 0. ——, total energy loss; — — —, loss by electron—electron collisions.

At n = 10' ¢m™?, the influence is negligible, At n = 10'® cm™2, electron-electron
collisions significantly randomize the momenta of the electrons. This effect does not depend
significantly on the value of L, Figure 4 shows cuis through distribution functions for
n =108 em~3, k. =0, and different values of L (1, 5, 20). The distribution function f is
defined such that

N, = - f Cer, ky) dier diy,

gives the total number of electrons. Ay is the electron momentum perpendicular to the
direction of the electric field, and %, is the momentum parallel to the field. Evidently, the
deviations of the distribution functions for L = 1, 5, and 20 at k. = 0 are a second-order
effect. In order to reduce statistical fluctuations of the scattering rate (3.11), we set L = 5.

3.5. The influence of electron—electron scattering on transport mean values

Figures 7 and 8 show the stationary velocity—field characteristics for electron concentrations
of n = 10 ¢m™3 and 1 = 10'® cm 3, respectively, with and without inclusion of electron—
electron collision processes, At n = 10' cm™>, the influence of this scattering process
on transport properties is negligible. At n = 10" cm™, however, the stationary peak
velocity is raised significantly. This effect also occurs if non-parabolicity is neglected, the
energy loss by collisions being statistically exactly equal to zero. A more detailed analysis
shows that the mean scattering angle increases with electron concentration, while the mean
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Figure 7. The stationary velocity-field characteristic for » = 101 cm™3: —— without
electron-electron collisions; — — —, collisions included.

scattering rate decreases. We also observe that at n = 10'® cm™2 the scattering of electrons
from the I" valley to the L valleys is retarded by collisions.

4. The impact of the Pauli exclusion principle on electron transport

Figure 2 shows that the Fermi level shifts at n ~ 3 x 10'7 cm—? into the conduction band.
Hence, the Pauli principle affects the distribution function, and some influence of this effect
on electron transport is expected.

4.1. The numerical procedure

The simulation conditions cause the distribution function to have axial symmetry with
respect to the direction of the electric field vector. We therefore define a two-dimensional
distribution function depending on the longitudinal and transverse momenta of the electrons.
Ja(rAky, nAkr, v) is by definition equal to the number of electrons in a group of equivalent
valleys v with momentum

k= (g + 1)
satisfying
(m - 1)AkL < k]_, << mAk[_, (m 2 1)

(n — DAk <kt < nAky- nzl.
n and m are natural numbers and AkrAlky is the area of a cell in the kr — kp, plane. The

momentum is referred to the centre of a valley. The maximum number M of electrons
fulfilling the conditions (4.1) is

M(nAkr,v) = j,(N/Am)(2n — DA Ak nzl) 4.2)

(4.1)
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Figure 8. The stationary velocityfield characteristic for n = 10'® em™%: ——, without
electron—electron collisions; — — —, collisions included.

with j, the mumber of equivalent valleys of type v and N the number of electrons. The
probability for any scattering process to end in a cell of the momentumn space defined by
(4.1) is proportional to

MnAkr, v}y — falnAky, mAky, v).
If the final vector of the scattered electron has been determined in the Monte Carlo procedure,
a random number r is chosen according to

0 <r < M(nAky, v). (4.3)
If ' :
r > falndAkr, mAky, v) 4.4)

the scattering process takes place, otherwise it is annulled and a new time of flight is
determined, the electron continuing its flight with the momentum it had just before scattering.

4.2, Numerical results

Figure 9 shows the stationary electron velocity for n = 10'® cm™ with and without taking
into account the Pauli exclusion principle. Electron—electron collisions are included. The
relative rate of forbidden processes at the same concentration is shown in figure 10.

At n = 10" cm—3, the exclusion principle can be peglected. Even at n = 10'® em™
the changes of the stationary mean electron velocity are small. As expected, the electron
mobility at low field strengths is raised by the exclusion principle. Since the exclusion
principle causes a lowering of the total scattering rate, a larger fraction of electrons gains
sufficient energy to be potentially scattered from the I' valley to the L valleys. Hence the
maximurm of the v(E)-curve is lowered, and v(E) decreases at lower field strengths than it
does without inclusion of the exclusion principle. Finally at E = 30 kV cm™!, the changes
are near the statistical errors of our calculations.
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Figure 9. The stationary velocity-field characteristic for » = 10' em™3: ——, as figure 8,
withont the exelusion principle; — — —, with the exclusion principle.
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Figure 10. The relative rates of forbidden processes for ~ Figure 1L Cut-off wave nurmbers for the lower mode

n =108 em—3.

at n = 108 cm™2: ——, branch 1; — — —, branch 2.

5, Interaction of electrons with coupled plasmon—phonons

5.1. Scattering rates

The derivation of the scattering rates for inelastic scattering of electrons at coupled plasmon-—
phonons has been presented in [9]. In the latter paper, we neglected the cell periodic part
of the electron wave function for simplicity. This approximation is abandoned now to
yield results comparable to those of other authors, who generally take overlap integrals into
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account [10,17]. The resulting Iengthy expressions for the scattering rates are listed in the
appendix.

In the following, we briefly sketch the main results from [9]. Let i be the index of the
branch of plasmon-phonons. We then can write for the scattering rate

ARy = (0P (k) + w,x"*“(k)) (n(co,) +1- 5). (5.1)
e} {e) +)

Indices a, e denote absorption and emission, respectively, Za; is the energy of a plasmon—
phonon, and v; and w; are weighting factors for the phononic and plasmonic content of
the mode. For n < 7 x 10'7 em™3, v; > w; for the low-energy mode and v; < w; for
the high-energy mode. The lower mode then has plasmonic, the upper mode phononic
character. For n > 7 x 10! cm™, the character of the modes interchanges.

The magnitude of APP* depends strongly on the value of the maximum of the oscillation
wave number, g.. This value is determined according to [9] and is given by the point (@, g.)
where the real part of the electronic part of the dielectric function &, and its first derivative
are equal to zero. For wave numbers g > g., no zeros of g, occur. For electrons that are
Boltzmann distributed, &, is given approximately by [3]

m* \'? ¢n
gelg, ®) = & + Z (%Bz ) ~y 5 (Z( Q1) — Z(22.1) (5.2)
with
Z() =[x + (v = QY[ — in'2Q — (r — )Y
and

Q. = (m?/ZkBT})UZ( + g /2m; +w/q).
(2.0} (-}

The use of (5.2) leads to a small error for g, at electron concentrations of n = 10'8 ¢cm™—3
in thermal equilibrium at T = 300 K since degeneracy effects affect the distribution
function. In this case, (5.2) yields g; = 1.2 x 10® m~! as compared to the exact result,
g, = 1.4 x 10 m™!. As can be inferred from section 4, the influence of degeneracy on
the distribution function becomes smaller at higher field strengths, and we continue using
(5.2) for the electron concentrations considered here. ¢, is determined numerically during a
simulation and depends on the relative occupation of the valleys and the electron temperature
in the valleys.

Furthermore, we found in [9] another limit for ¢., which for the low-energy mode was
shown to be the stronger one. This value is obtained by determining the finite phonon—
plasmon lifetime. The finite lifetime is a consequence of damping of an oscillation by
energy loss and depends on the electron distribution function.

A first approach to take damping into account is to neglect scattering of electrons at
coupled plasmon-phonens of branch i if the lifetime of these excitations is shorter than
the interaction time of time dependent perturbation theory. This eventually leads to a
smaller cut-off value g.; for an oscillation branch. The approximation may overestimale
the influence of damping. Hence, results obtained without taking damping into account are
also discussed.

The screening of the polar optical phonons is treated according to [9].
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5.2. The determination of the scattering angle

The scattering angle for scattering of electrons at polar optical pheonons is usually determined
by the von Neumann procedure [17]. This method requires knowing the maximum of the
angular distribution function, P(#). It is inefficient if there are large regions of ¢ where

P & Prax (5.3)

holds. Pua denotes the maximum of P(#). The situation is complicated by plasmon—
phonon coupling. Since a maximum ¢ for the coupled modes (2 minimum g for the
uncoupled phononic mode) introduces a maximum ¢ not equal to = (2 minimum ¢ not
equal to 0), the usual approximation for Pux cannot be made. Instead of numerically
determining Pnax, and bearing in mind that (5.3) holds for large #, we determine the
scattering angle in another way. Let A be the total scattering rate for a specific scattering
process. A random number » between O and A is chosen, and the scattering angle 2 is
determined from :

P
Foss f P(#)sind = Q) 5.4
%,

min

with
2 [=-]
P(P) = f f Sk, KNk dK dg
i) ]

given analytically in the appendix. Since it is impossible to solve (5.4) for &, @ is
numerically determined by a searching procedure. First, we set

Ps = (Prmax — Fmin) /2. (5.5)

If Q(%) > r, we set Py = Ts, else Pyp = 9 to obtain a better estimate of & by (5.5).
This procedure is repeated until

Pmax — Pmin < A
d¢ being an appropriate lower limit. In our calculations, a value of 0.5° has been used.

5.3. The impact of electron scattering at coupled plasmon—phonons on electron transport

At n = 10! cm™—3, scattering occurs only due to the lower mode. The scattering rate for
scattering at the high-energy mode is equal to zero. Figure 11 shows the cut-off wave
numbers for both modes. The value for the lower mode is lowered by damping. As the
electron temperature increases and the L and X valleys become occupied with increasing
field strength, damping becomes more effective, and the cut-off value becomes smaller. This
results in a mean relative scattering rate, which diminishes with increasing field strength and
is equal to zero at E = 6 kV cm™, as can be seen from figure 12. Even for E < 6 kVem™,
the relative scattering rate is smafler than 0.1%, and the impact of this scattering process on
the stationary electron velocity can be neglected for n = 10'® cm™3. If plasmon damping
is neglected and a ¢, determined from (5.2) is used, the calculated mean electron velocity
is aiso not influenced.

At n = 10" cm—3, the mean scattering rate for scattering at the low-energy mode is
equal to zero for all field strengths. Scattering is only caused by the high-energy mode.
Figure 13 shows the cut-off wave numbers for both modes. The value of the low-energy
mede is affected by plasmon—phonon damping. In figure 14, the relative scattering rate for
the high-energy mode is compared with the polar optical phonon scattering rate, which can
be seen to be much higher. Hence the velocity—field characteristic shown in figure 15 is
not strongly affected, If damping is negiected, the resulting velocity changes by less than
10%, as can be seen in figure 15.
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6. Discassion of the results

7041

[107 m
a

\

N

Wave Number
I

2 e
1]
0 5 10 15 20 25 30
[kv/eml
Electric Field
Figure 13. Cut-off wave numbers at » = 10% em—3:
-, branch 1; — ——, branch 2.
[t0 om/s)
1.5
.’A\
1.0 : SeecTe -
e N

Velocity

<
|
-

0.0
o 5 10 15 20 25 3c
{kV/cm]
Electric Field
Figure 15. The stationary velocity-field characteristic
forn = 10'% em=3: —— all discussed effects included
without damping; — — —, all discussed effects included

with damping; A, all discussed effects neglected.

Experimental results that can be compared t0 our computations are mobility measurements
and v(E) characteristics. The mobility is defined here by

n=20uv/oE

and computed for £ = 0.2 kV em™". 1t is well known that at Jow field strength a large
statistical error of y remains. To reduce this error, 90000 electrons were used to caleulate
mobilities. Measured values can be taken from [18-20]. In these publications, measurements

of different authors are quoted.

Experimental and theoretical results can only be compared if the compensation ratio r
is known. If n, is the concentration of ionized acceptors and ny the concentration of ionized

donors, r is given by

r = (ny+ ng)fn.
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In n-GaAs, r # 1. A further difficulty arises at high electron concentrations since scattering
at neutral impurities cannot necessarily be neglected. Both effects are neglected here, and
r is generally set to unity.

The mobility we obtain at 10'® cm=3 for r = 2 coincides nearly exactly that quoted
in [22], 4 = 6.7 x 10* cm? V~! 57, We checked that our result does not depend on
the plasmon cut-off wave number up to g = §. The effects considered do not affect the
mobility at n = 10 cm™3, and hence they cannot be the reason for any discrepancies
between experiment and theory.

At n = 108 cm™3, the measured mobility taken from [20] is (2.8 & 0.5) x
10 em? V-1 5!, Neglecting all effects discussed and setting r = 1, we obtain
(3.52£0.5) x 10° cm? V~! s~ If undamped plasmons are taken into account, we also obtain
3.5 % 10* em® V7! s7!. Screening of the polar optical phonons raises the mobility (see
[20]), but this effect is compensated by the additional plasmon scattering process. Inclusion
of electron—electron collisions lIowers the mobility to (3.3 £ 0.5) x 10° cm? V-! s~1. This
slight lowering of the mobility has also been observed in [20]. Finally, the Pauli principle
raises the mobility to (3.6::0.5)x 10° cm® V-1 s~1. As also observed in [20], the theoretical
mobility at # = 10'® cm™3 exceeds the experimentally observed value. However, plasmon
interaction cannot be the reason for this discrepancy, and the shortcoming has to be searched
for elsewhere.

We note that in [21] theoretical mobilities agree with experimental ones in Si by use of
a cut-off wave number of 8 for plasmons at # = 10'® cm™>. The relative influence of the
plasmon scattering process in Si at # = 10'® cm™2 and low field strengths may be greater
than in GaAs since the plasmon scattering is not partly compensated by screening of polar
optical phonons. Furthermore, in GaAs the cut-off wave number at 7 = 10'® cm™ and low
field strengths is only ~ 0.78 according to the analysis of the dielectric function.

At n = 10" cm™, the theoretical mobility neglecting all effects discussed is
(3.3 £ 0.5) x 10 em? V- s~l. This is higher than that obtained im [20], since we
neglect the Pauli principle even in computing the screening length. Therefore, the
impact of impurity scattering is underestimated. Taking plasmon—phonon interaction and
electron—clectron interaction into account, we obtain (4.2 = 0.5) x 10° cm? V—! 5~ and
(4.0 % 0.5) x 10° cm? V™! 571, respectively. The Pauli principle, however, lowers the
mobility drastically to (0.8 & 0.5) x 10° cm? vV~ s~!. This is due to the fact that because
of forbidden scattering processes in the I' valley the L valleys are significantly occupied at
even very low field strengths. Note that the mobility is now closer to the experimentally
observed one but clearly too low. The observed mobilities according to [20] are in the
interval (1.5 £ 0.3) x 10° cm? V-1 -1,

Measured v(E)}-curves only exist for materials with high resistivity (about 10° Q cm)
and r < 10 cm™? [23]. For higher electron concentrations, measurements are stif] lacking,
and a check of our results is not possible at present.

Finally we compare in figure 15 the velocity—field characteristic for » = 10'® em™?
including electron—electron interaction and the exclusion principle with the characteristic
one obtains by neglecting all these effects. The velocities are changed by less than 10%.

7. Conclusions

We performed Monte Carlo calculations for homogeneous GaAs probes including electron—
electron interactions and the Pauli exclusion principle for electron concentrations of n =
10" ¢cm™2 and n = 10'® cm™3? at high electric fields. At n = 10'® cm™3, each of these
processes can be neglected. For an electron concentration of r = 10'® cm™3, the influence
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does not exceed 10%. Atz = 10'® em™3, a pronounced lowering of the mobility is observed

caused by the exclusion principle. Remaining discrepancies to expertmental mobility values
show that further work is needed.
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Appendix. Scattering rates for scattering of electrons at coupled plasmon—phonons

The scattering probabilities are given by
Sta Gk, k) = v; ST (k, k'Y + w, ST (K, K) (A1)
(e) (&) (e}
with v;, w; weighting factors, see [8],
&2h’ ( k2 — k2

S‘:i':(k, k) = ) Gk, kNS (E(Ic’) —E(k) — ?ico,-)

8Vgeootom* wy \K? + k% — 2k’k cos & -
(A2)
Spo,i(k Ky = ezhwpo i _ l ( *? + &> — 2K’k cos )
@ 7T 2Veep \foo &) \(g2+ K2 + K2 — 2k cos )2
x Gk, k)8 (E(k’) _E®) (—)ﬁw,-). (A.3)
+

These expressions are derived in [9]. The meaning of the parameters is as follows: Vj,

crystal volume; £, high-frequency dielectric comstant; &, static dielectric constant; m*,

effective mass of the scattered electron; wp plasma frequency; wp,, polar optical phonon

frequency; w;, frequency of the coupled oscillation, branch i; g., cui-off wave number.
Gk, k') is the overlap factor {7]:

Gk, k') = (ara;, + crc) cos 9)°
with # the angle between &k and k'

ar = ([1 + «EEI/I1 + 22ERDY? e = (@EK) /[ + 2 E(R)])?
and « the non-parabolicity factor. We define

E=E ;-l-)hw,- y = E(1+aE)

E@) =y+y —2yy’cos?  Dig) =hq;/2m".

[ )
::; _ 22 S v =y PO (A + BN + @) + a(EE) P cos 9)
87 Blepsoewpt (14 20E) E(®)
L e Pap, (L-2), P E®)
4D meph Ex &) (1 +2aE) (D{g:)+ E(B))
x (1 4+ aEY2(1 + « E)Y2 4 a(E'EY'? cos 9)2. (A.4)

The minimal (maximal) ¢ is given by the minimal (maximal) g = |k — k'|. We define

C min = (Y +9' —1g i /21:4*)/2(}'}")1’2-
{max}

(max)
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Then
0 ¢ min | <1
5 _ {max)
(max} cos™ (¢ min ) —1<emn €1
(max) {max)

Finally the integral over P(#) is given by

22
Q) = vey (F2 In(E(®)) — 20 FE(®)——"2 E2 (ﬁ))

+we ( D(Qc)
P\ D(g.) + E(®)

% (F? + 4aD(go)F + 32 D%(g.)) + (D{(ge) + E(®))

2y =P,
x (~20F —36*D(ge)) + azw@_)

(F? 4 20D(g:)F) + In(D(g.) + E(#))

. (A.5)

F=B

Here

ept = [€2(m™) 2132 % 2V 7R3 s0s00@al(y — ¥)2/(1 + 20EX(1 + ¢E)(1 + ¢ EY ()2
Cpo = L2 (m*) 2w /32 x 212 mhieg)(1 /85 — 1/800)/ (1 + 20 EX(1 + 2 EY(1 -+ a BN (y)?
F=2(0+eE)1+cE)+aly+¥).

O} is used to determine the scaftering angle ;. The total scattering rate is given by
O (Fmax)-
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