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High-field electron mobility and temperature in bulk semiconductors
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An electron distribution function for acoustic-phonon scattering is described starting from first principles,

for arbitrary values of the electric field. General expressions for the electron temperature and mobility are

obtained using this distribution function. At high electric fields, the electron mobility is limited by the
field-broadening effect which gives saturation of the drift velocity.

In the high-field regime, the intracollisional field effect
due to the finite extent of an electron plays an important
role. Given this finite extent, the position of an electron is
uncertain by an amount XD =5/p, with the associated time
uncertainty rp=h/(egXD) obtained from the Heisenberg
uncertainty principle, where e 5'XD is the energy uncertainty
of an electron in an electric field. In the low-field limit
(lg' 0), this field broadening frF '=eS'AD is small and
the electron transport is dictated by scattering interactions.
But, in high electric fields, AvF may become very large;
When hvF '-hv ', where v is the relaxation time, devia-
tions from Ohmic transport are clearly visible. ' In n-

germanium, where acoustic-phonon scattering is the dom-
inant mechanism of scattering (especially at intermediate
temperatures), hr ' —0.35 meV can become comparable to
tvF at a field of 8' —700 V/cm, an easily attainable field
in modern devices.

Various approaches" (also, see Ref. 1 for important refer-
ences) have been used to include higher-order terms in or-
der to explain the experimentally observed results. Nag4

has given an excellent review on the principles and basic as-
sumptions on which earlier theories of hot carrier conduc-
tion have been developed. The concensus of the various
theories seems to be that the mobility in high electric fields
is limited by the optical-phonon scattering which yields a sa-
turation drift velocity. Various discrepancies associated with
these theories are pointed out by Nag. The author is of the
opinion that these discrepancies arise due to the neglect of
the field-broadening effect.

By determining the proper selection of states from the
principle of equal a priori probabilities, the distribution
function for nondegenerate semiconductors is obtained as

f ( p) = exp[(( —e)/ks T —5 cos(e) ]

Here, e =p /2m' is the random carrier's kinetic energy and
V= —eg. 1, is the carrier's dipole potential energy in an
electric field. W(5) =cath(5) —5 is the Langevin func-
tion. In the Ohmic limit (8' 0), T, = T as expected. In
the warm-electron regime (5 & 1), Eq. (5) gives
6 T/ T = ( T, —T )/ T = 25 /9; and in the hot-electron regime
hT/T =25/3 is obtained. The experimental data on vari-
ous devices seems to follow this general trend. 7 The com-
parison of Eq. (5) with experiments is complicated because
the results are very much sensitive to the method used to
extract the electron temperature. Noise temperature mea-
surements of Erlbach and Gunn follow the trend of Eq.
(5): a quadratic rise at low fields to a linear rise at high
fields. Similarly, the mobility p, , using the distribution func-
tion of Eq. (1) is obtained as

with

p = po(3/5) ~(5),

po= 4ela/3 Jn (2m "ka T)'l

(6)

e=p /2m' the random thermal energy of the carriers. The
parameter 5 in Eq. (2) defines a transition from the Ohmic
to the hot-electron regime. If 5 is small (or equivalently
tvF ' « hr ), the distribution function of Eq. (1) reduces
to the linearized distribution function in the Ohmic limit.
But, when 5 is large (or 5 » 1) it is strongly protruded in
the direction of carrier travel.

The average energy of an electron in the presence of an
electric field is obtained by averaging (e —5k' T cos8),
which when equated to (r)ks T, gives the effective electron

temperature T, as a function of an electric field:

(5)

with

5 = e I'l, /kaT

1~= nApdU /m Etk'sT

(= ksT [In(n, /W, ) + ln(5/sinh5) ]

(2)

(4a)

(4b)

Equation (6) gives p, = p, o in the Ohmic limit (5 0),
p, = p, o(1 —5'/15) in the warm-electron limit (5 & 1), and

p, = 3p,o/5 in the hot-electron limit (5 « 1).
In Figs. 1 and 2, we show the variation of relative mobili-

ty p/po and relative temperature AT/To with normalized
electric field 5= N'/I' ', where

lg' ' = ks T/el,

Here 8 is the angle between the carrier vector p and the
electric field 5'. g is the Fermi energy in an electric field
(electrochemical potential), l, the mean free path for acous-
tic phonons, pd the crystal density, u the longitudinal speed
of sound, El the deformation potential constant, m' the
electron effective mass, n, the carrier concentration, and

is the critical field (5=1) at which onset of nonlinearity is
expected to take place. It is clear from these figures that
nonlinear effects come into play only as 5' & 8".5'" in-
creases as lattice temperature increases or mobility de-
creases. This is consistent with the earlier experimental
data of Ryder and Shockley.

30 7297 1984 The American Physical Society



729S BRIEF REPORTS 30

1.0

0.9—

0.8—

y- Q7—

a 0.6—
O
X
~ 0.5—

~g 0.4—
4l
cr. 03—

0, 2—

0. 1—

~ 10

UJ
lK

0
+~ 10
K
UJ
G.
X
4J
I

~ 10

I

2
10

10o 10'I

NORMALIZED E LECTR IC FIELD

10 10 10
NORMAL IZ E 0 ELECTR IC FIE LD

10

FIG. 1. Relative mobility vs normalized electric field 5= I'/I'
FIG. 2. Relative change in temperature AT/T of quasi hot elec-

trons as a function of normalized electric field 5= N'/I'

To explain the importance of the field-broadening effect,
we apply the results to the simple model of n-germanium,
where anisotropic effects due to the band structure may be
assumed to be absorbed in I, which we obtain by comparing
the electric field 8'~y2 at which mobility falls to half of its
Ohmic value. 5=4.78 at g = g i/2. At room temperature
(T=300 10 I''=0.59 kV/cm corresponding to l, =442
nm. The relative mobilities obtained from Eq. (6) are 0.85,
0.62, 0.47, and 0.38 for 8' =1, 2, 3, and 4 kV/cm, respec-
tively. These are in excellent agreement with the median
experimental values of 0.82, 0.62, 0.46, and 0.38, respec-
tively, compiled by Nag. Similarly at 77 K, if we take the
experimental data of Zucker, ' for example, with '

I~2

=0.52 kV/cm, the experimental values of p, /p, c are 0.52,
0.29, 0.16, and 0.10 at 8' = 0.5, 1, 2, and 3 kV/cm, respec-
tively. The corresponding theoretical values calculated from
Eq. (6) are 0.51, 0.29, 0.16, and 0.10, respectively. In the
warm-electron regime at room temperature, the warm-
electron coefficien't p[p, = p,c(1+p 5'') j is found to be
p= (15 I"2) '= —1.98x10 ' cm'/V', which compares
well with p,„„=—1.5x10 7 cm2/V' reported by Gunn. "
The saturation velocity v, = 6.2 & 10 cm/s so obtained
agrees with experimental value of v, = 5.5 x 10 cm/s and is

virtually independent of scattering parameters:

u, (8') = (8ksT/mm. ')' 2(1 —8 ')

which accounts for the small temperature variation of the
saturation velocity. In n-Ge at room temperature 5=7 for
'= 4 kV/cm.

In order to explain the anisotropic effects in many-valley
semiconductors, the effective mass tensor needs to be used
in a manner similar to that included in Refs. 3 and 12.
When optical-phonon scattering is also included, it effective-
ly makes I, smaller. But, at sufficiently high electric fields,
the mobility becomes virtually independent of scattering
parameters and is comparable to the thermal velocity of the
carriers. The carriers are thus localized in a distance I„ the
mean free path, with conduction taking place from one lo-
calized site to the other by thermal hopping. The presence
of the electric field thus establishes some order in the
motion of the carriers, which is otherwise fully disordered.

To conclude, we have presented above a simplified distri-
bution function which explains very well the general
features of the high-field transport by including in it the
field-broadening effect which is found to be very important
at high electric fields in limiting the mobility.
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