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ABSTRACT

The electron mobility at low temperatures is calculated for a slightly compensated
heavily doped sample of GaAs which undergoes a thermal treatment. Account is taken of
high-temperature ionic correlation and low-temperature electronic screening as well. The
numerical result is found to be in very good agreement with experimental data, especially
at the highest impurity concentrations.
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Theoretical and experimental investigations of heavily doped semiconductors
have been of great practical interest because of the current use of high impurity
concentrations in most of the semiconductor devices. The analysis of the electron
mobility in a doped material at low temperatures is well known to give information
about the impurities: their distribution in space and the field created by them all
seen by charge carriers, and experimental determination of the compensatio). degree
of the sample as well.

Various theories have been developed so far to understand the electrical con-
duction in the presence of ionized impurities. Although these theories proved to be
useful at high temperatures and/or light doping levels, they, based exclusively on a
single-impurity scattering model, failed in explaining the conduction at heavy dop-
ing levels, particularly at low temperatures [lj. Recently, in order to obtain a better
interpretation of experimental data on the electron mobility in heavily doped semi-
conductors, a Green's function formalism has been established, starting from a more
realistic continuous scattering model in which each electron interacts strongly with
many impurities simultaneously [2,3], However, the consideration was restricted to
the case of a random distribution of the impurities when they are spaced totally
independently in the sample, ignoring their Coulomb interaction in the preparation
of it. As a consequence, some discrepancy between the theory and experiments still
remains and is assumed to be connected with the core effect, which is to be taken
into account semi-empirically only [3,4].

In fact, it is weil known that the assumption of random impurity distribution is
not always realized, e.g. when the sample undergoes a thermal treatment that en-
ables the impurities to move and then some correlation in their distribution appears
which is frozen out at lower temperatures [5]. The high-temperature correlation
among impurities has been pointed out to be able to remarkably change the char-
acteristics of the random impurity field, especially the correlation function of its
potential [5,6] and leads correspondingly to significant modification in the electronic
density of states, e.g. in its tail region [7,8]. This has been shown to be essential for
quantitative explanation of experimental data on the observable properties of heav-
ily doped semiconductors, e.g. optical properties [5,6] and transport phenomena
[8-10]. Moreover, the impurity correlation has been found to be of some importance
in Auger recombination occurring in heavily doped materials [11,12].

The aim of the present letter is to calculate the low-temperature electron mobility
in a heavily doped strongly n-type sample, e.g. of GaAs, obtained by pulling from
the melt, taking adequately account of high-temperature ionic correlation and low-
temperature electronic screening as well.

It should be noticed that the impurity correlation has already been shown in [9]
to be important in describing the measured mobility. Nevertheless, the calculation
there was based on a minor modification of the theory of impurity correlation devel-
oped, in essence, for samples of close compensation and, therefore, turns out to be
partly unsatisfactory as proved below and be incapable of interpreting the mobility
at the highest impurity concentrations [1,9].

To start with, we are making use of the following formula deduced by Yussouff
and Zittartz for the low-temperature electron mobility due to scattering in a smooth



random field produced by the long-range fluctuations in impurity concentrations in
terms of the Impurity potential correlator as [13]

= ( e/mc )T

ShkFEF
(2)

erfc(x) being the complementary error function. Here kF = [3w2n)1^3 is the Fermi
wavenumber with n as electron density, Ep is the Fermi energy and mc is the effective
mass of the conduction band. Wfg} denotes the Fourier transform of the correlator
of the total impurity potential, 7 is its root mean square, given by
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For further evaluation, we need an explicit form of the Fourier transform of the
potential correlator W(q) figuring in eqs.(2) and (3). To this end, let us come
to discussion on the role of impurity correlation, imagining an experiment with a
heavily doped semiconductor in two steps:

(i) Sample preparation. Suppose that a heavily doped semiconductor is obtained
by pulling from the melt. Then, prior to solidification of the sample it may be viewed
as a plasma, consisting of following charged particles: ionized donors and acceptors
of average concentrations No and NA, intrinsic electrons aud holes of equal average
densities n; due to thermal excitation, and, at last, extrinsic carriers of density
n« = I ND — NA I arising from doping. In the high-temperature plasma the above-
mentioned particles are free and screen each other via Coulomb interactions, which
can evidently exert a noticeable influence on the probability for a given impurity
ion to occupy some site and, hence, on that for realization of a given configuration
of the impurities. This leads, in general, to a significant decrease of the probability
for large fluctuations in the impurity concentrations and, hence, in the impurity
potential as well [6],

(ii) Measurement. After solidification, at lower temperatures when the analysis
of some observable property of the sample, say, its electrical conduction proceeds
the intrinsic carriers tend to recombine, whereas the extrinsic carriers still exist,
giving rise to the conduction and, at the same time screen the potential for an
electron moving in a given configuration of the impurities. This measss that the low-
temperature electronic screening fixes the shape of the field created by all impurities.
For the case of weak compensation, the use of a screened Coulomb potential is
justified [14].

It should be stressed that the correlation among impurities is to screen the
probability for formation of a given configuration of them, i.e. the one for their
distribution in space, rather than the field due to this configuration.

Upon combining the above-stated ideas concerning the screening of the random
impurity field, we may arrive at the following equation for the Fourier transform of
the impurity potential correlator [11]

W(q) = 2)2][{q2
(4)
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Here Nt = JVrj + NA is the total impurity concentration, KI is the low-temperature
static dielectric constant. The r, , Rc and rc stand for the electronic screening
radius, the ionic and electronic correlation lengths, respectively.

The electronic screening radius is, as quoted above, associated mainly with the
extrinsic carriers of high enough density participating in the conduction at low tem-
peratures (n a; nt) and is known to be identified with the Thomas-Fermi expression
for a degenerate electron gas as [15]

with a = Kih2/rnce
2 being the Bohr radius in the host crystal.

The correlation lengths Rc and rc are connected with the ionized impurities and
the free carriers in the high-temperature plasma, which existed in the sample at the
freezing-out temperature To for the impurity diffusion. They are shown to be given
by the Debye-Hticken expression as [8]

Rc = (6)

and
r, = [nhkI)TQ/i*t>(nr_+2ni)}

l>2 , (7)

Kt, being the high-temperature static dielectric constant. Here n, is the non-degenerate
density of intrinsic electrons at the temperature To, given by

n, = 2(kBT0/2xh2)J/1{mcmv)
3^exp{-Es/2kBT0) , (8)

in which Es is the band gap and mB the effective density-of-state mass for the valence
band

mJ/> = m f + m]12 , (9)

mj, and mi being the effective masses for the heavy and light hole bands, respectively.
It should be noted that the Fourier transform of the impurity potential correlator

given by eq.(4) is, in accordance with the analysis presented before, factorized into
two terms. The first one is easily seen just to be the Fourier transform of the
potential correlator in the case of a random distribution of impurities and takes into
account merely the low-temperature electronic screening of the fieSd due to a given
configuration of them [16]. Then, the second factor obviously describes the influence
of the high-temperature ionic correlai.ion on the potential correlator and tends to
unity when neglecting the correlation effect (Rc —» oo).

Furthermore, it is worthy to mention that for a heavily doped sample of high
compensation degree, the following equation was derived for the Fourier transform
of the impurity potential correlator [8]

W(q) = (10)

For the case of slight comi,,insation, which we are dealing with, it was proposed
in [9,17] that the relevant Fourier transform is also to be taken in the form of
eq.(10) with a small modification : simply replacing the electronic correlation length



rc by the electronic screening radius re. This procedure is readily found to be
partly unsatisfactory in view of the following arguments. First, the second factor
in the right-hand side of eq.(10) is, as stated previously, to describe the impurity
correlation effect and is thus related only to the charged particles making up the
high-temperature plasma existing prior to solidification of the sample, and, hence,
cannot involve the electronic screening radius rc, which is a characteristic of the
charge carriers at low temperatures. Second, an expression like eq.(10) exhibits a
strong divergence at small wavevector (q —* 0) so that a cut-off in wavevector space
is, of course, indispensable in evaluation of integral quantities like those figuring in
eqs.(2) and {3). Finally, the results thus obtained in [9,17] cannot be reduced to
the well-known ones for the case of non-correlated impurity distribution by putting
Rc -» oo.

To end assessing the role of the impurity correlation, we recall it is the second
factor in eqs. (4) and (10) that results in a remarkable modification in band tails in
heavily doped semiconductors of close compensation [7,8] and slight compensation
as well [18].

Now, we return to the electron mobility given by eqs.(l)-(3). With the use of
eq.(4) we get immediately the root mean square of the impurity potential as [11]

7 = '

where 7, is its correlationless value, given by [16]

7r =

1/2

(11)

) U 1 • (12)

It was indicated that the corrections to the Fermi energy appearing in eqs.(2) and
(5) owing to the electron-electron exchange Ep, the band tailing EF and the temper-
ature correction E'F are important and, therefore, must be taken into consideration
as follows [19]

Er = E% - EF - E'F - E'F ,

where

and

LF -

E°F = h2kF/2mc

, E'F = 12/4E°F , EF =

(13)

(14)

\2/Tr3kFa) . (15)

Moreover, the many-body effect on the band gap and the effective masses was
shown to be of minor importance [IS] and will be then omitted in what follows. So,
we can allow for the temperature dependence of the band gap only and get [20]:

with
parameters.

[T + Tx) , (16)

being the free-electron value at zero temperature, and a, T\ as material

We have carried out the numerical calculation of the electron mobility in a heavily
doped strongly n-type sample based on GaAs at a temperature of 77K in a range of
doping level such that the assumption of a smooth random impurity field is proved
to be a good approximation. The material parameters are listed in table 1 [21]
with the freezing-out temperature taken from [10]. The compensation degree is
assumed to be taken as in [9]: iV /̂JVo = 0.28. The numerical result is depicted as
a solid curve in fig.l, where the mobility estimated in [9] is also given (dashed curve)
for comparison. It is clearly seen that the present calculation reveals a very good
agreement with the experimental data obtained in [10), especially at the highest
impurity concentrations.

In conclusion, it is interesting to suggest that the above-presented theory of
impurity correlation might offer a possibility of explaining a weak dependence of the
mobility on the impurity species of the same valency for a given host crystal [2-4]
by assuming an impurity species dependence of the freezing-out temperature.
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Band gap at zero temperature
Temperature dependence of

the band gap :

Effective masses :
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Static dielectric constant at :
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Freezing-out temperature

a
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mc(mc)
mh(mr)
mi(ra,)

KJ

t i l

T0{K)
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0.673
300
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0.45
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13.45
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Fig.l. Electron mobility versus carrier concentration in heavily doped strongly n-
type GaAS at 77K. The solid and dashed curves represent the result of the present
calculation and that obtained in [9], respectively. The points are experimental data
for liquid-phase epitaxial layers after [10].



n ff 11 aiMu. a m s a z


