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ELECTRON SCATTERING AT LOCALIZED
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Compensated GaAs suffers from depressed electron
mobility^ descritatle ty a contribution proportio
nal to T~ T being temperature. Previously su
spected space charge scattering is contradicted by
photo—Hall effect. Instead, we propose scattering
at centers subtending a localized potential. We
present data on carbon-compensated GaAs and ex
plain them with an iterative solution to the Boltz-
mann equation without having to assume excessively
high compensation ratios.

Magnitude and temperature dependence of electron mobility in
compound semiconductors, such as GaAs, are reasonably well under
stood L1]. An exception is compensated GaAs showing a markedly de
pressed mobility, which can be well approximated by incorporating
a contribution depending on temperature T as t~0.5 [2].

Weisberg [3] suggested that dopant fluctuations cause space charge
regions which contribute to additional carrier scattering. Such space
charge scattering should be particularly strong in heavily compen
sated materials and would indeed display an inverse half-power tem
perature dependence of mobility [4].

In this paper we first summarize experimental evidence against
the space charge scattering hypothesis in our GaAs samples. We then
outline calculations utilizing an iterative solution to the Boltz-
mann equation, incorporating all the relevant scattering mechanisms
in addition to a new mechanism: scattering at centers with a loca
lized potential. We present results explaining the temperature de
pendence and the absolute magnitude of mobility in a number of samp
les of different origin. Finally, we address the problem of compen
sation of semiconductor samples.

Stringfellow and Kunzel [2] measured the Hall coefficient in se
veral compensated samples of GaAs during illumination by light of
800 nm wavelength. The illumination enhanced the low-temperature
mobility as expected from screening of the ionized impurities by
photo-generated carriers [5]; yet there was no enhancement at room
temperature, which would, however, be expected for space charge (SC)
scattering because of the reduction of the sc widths. These re
sults must be considered as strong experimental evidence against
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the hypothesized mechanism of space charge scattering, at least
for those samples [2].

An alternative explanation is based on a center with a loca
lized scattering potential. Carbon is known to be a prevailing im
purity for various methods of crystal growth, A correlation has
been shown for the mobility and carbon content [2], Similar to the
treatment of scattering at isoelectronic impurities, a localized
central-cell potential is assumed for these carbon-related impuri
ty or impurity-complex scattering centers. The scattering cross
section a is given in terms of an energy parameter which is
related to the binding energy, by the relation [6]

a = (4iT/3)*h^ (2m*E + 2m*Ejj^)~^f (1)
where h is Planck's constant divided by 2ir, E is the electron ener
gy, and m* is the electron effective mass. Assuming that Eo>>E,
this relation for the cross section leads indeed to a mobility con
tribution varying inversely as the square root of temperature.

This suggestion requires, however, a careful and quantitative
examination. A complete analysis of electron mobility is necessary,
which not merely assumes this new scattering at localized poten
tials but also includes all other relevant scattering mechanisms
as well as band structure details. It is further necessary to exa
mine if data for various samples can be fitted with one and only
one value for Ej^, satisfying the requirement that Ej^ is much lar
ger than the average electron energy over the temperature range
concerned.

Polar optic, deformation potential acoustic, piezoelectric,
ionized impurity (Brooks-Herring) and localized-potential modes
of scattering are jointly considered in our analysis. Nonparaboli-
city of the conduction band and admixture of valence band p-type
wave functions are also incorporated. All scattering except the po
lar optic mode are describable by relaxation times [6,7]. The com
plete scattering rate for polar optic interaction is considered
[1]. Matthiessen's rule does not have to be assumed; in fact, all
the scattering terms are directly included in the Boltzmann equa
tion which reads

9 f[Et"^(E)+X (E) ]f^ (E) = X^(E)f^ (E+ha)^)+X_(E)f^ (E-hio^)-^ (1+2aE)"^^,(2)
Here denotes the sum of the reciprocal relaxation times for
processes other than the polar mode scattering,X(E) is the scatter
ing-out rate and X±(E) are the scattering-in rates due to emission
and absorption of polar optic phonons of energy hw^, F is the ap
plied electric field, e is the electron charge, a is the nonpara-
bolicity parameter, and fo(E) and f-| (E) are respectively the equi
librium and the functional perturbation in the carrier distribu
tion function.

Equation (2) is solved for f-] (E) by the numerical iterative me
thod [1]. In the iiil step of iteration the values of f-| (E) are ob
tained by using on the right-hand side the values of f-| (E+hUo) ob
tained in the (i-l)th step. For i=1, f■^ (E+hUo) are put to zero.
Four to five iterations are needed to give convergent results on
mobility.

Numerical calculations are performed with parameter values given
in [8]. Experimental results for doping densities below 10^ cm"
are considered. In this range all the compensating acceptor atoms
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are here assumed to produce localized potentials [2]. The electron
concentration, n, is taken to be the same as that quoted for each
sample. Good agreement between the calculated and the experimental
mobilities is obtained for all the samples over the temperature
range 77-300 K with a single value of Ej^, namely 95 meV.

The

Fig.(1)
nature of the agreement is illustrated for two samples in
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.  Variation of Hall mobility with temperature: The solid
indicate the experimental results of Stringfellow and Kiin-
a) and of Podor et al. (b). The dashed and the dash-dotted
give respectively the calculated values including and ex-

ng localized potential scattering.

Here the localized potential scattering is found to be more impor
tant in the sample of Stringfellow and Kiinzel [2] than in the sam
ple of Podor et al.[10]. This is expected from the larger acceptor
concentration in the former case.

The values of the ionized impurity concentration required to fit
the calculations to the experiments when localized potential scat
tering is considered using the single value of 9 5 meV for Ej^ are
denoted by N in Table I. The quantities N' in Table I give the

Table I. Impurity concentrations required to fit various ex
perimental results

Sample No. Sourc e 10 ^^n 10~^^N 10 ̂ ^N'

(cm ^ ) (cm ^ ) (cm ^ )

236 [  9] 1.4 30.8 58.8

85/2 LIO] 22 28.6 44

3TZ-HB/XS [11] 16 51.2 128

GA-2 [12] 1.3 6.5 9.75

AL-1 [12] 27.4 41.1 68.5

1033A [  2] 14.6 73 189.8

III [13] 4 20 40

II [13] 1 3 5

values of ionized impurity concentration needed for a fit with ex
periments excluding localized potential scattering. The required
compensation ratio (N'/n) is found to be significantly larger than
that needed when localized potential scattering is incorporated
(namely, N/n).
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Compensation by minority dopants, e.g. acceptors in n-type mate
rials, is a quantity of great practical significance, because it de
scribes the purity of a semiconductor and directly affects transport
properties. An exact experimental determination of compensation is,
however, still a difficult task. Only estimates can usually be de
rived from Hall mobility data, especially from values in ranges of
temperature where ionized impurities dominate the scattering. Such
methods in essence lump all mobility-depressing mechanisms, thus
ascribe the total exclusively to compensation, which is therefore
usually overestimated. Very large compensation ratios are thus often
quoted for compound semiconductors.

Other methods of measuring the compensation have involved a de
tailed analysis of temperature-dependent photoluminescence from do
nor-acceptor pairs [14]. A substantially lower compensation was
found than from Hall effect. Chemical analysis of Sn-doped GaAs by
secondary ion mass spectroscopy [15] showed that the amphoteric Sn
could not be made responsible for the very high compensation which
would follow from Hall data.

This conflicting evidence is bothersome both for a proper mate
rials analysis and for a thorough understanding of carrier mobili
ties. One solution to this dilema is the assumption that for those
cases the predominant compensation is not caused by the usual shal
low donors but rather by some deeper level, which escaped detection
in the photoluminescence analysis [14], Our data and mobility analy
sis support such an explanation and also indicate that the previous
ly derived, unrealistically high degrees of compensation do not fol
low as inevitable conclusion. The lowered mobility is thus not
caused by excessive shallow acceptors but rather by a comparative
ly smaller concentration of more strongly scattering acceptor cen
ters with localized potentials. The chemical nature of these cen
ters is not clarified at present. A carbon-related complex seems
to be the most probable candidate, for example in the form of an
isoelectronic carbon-carbon pair on adjacent Ga and As sites.

We acknowledge the help of H. KUnzel, J. Lagois, E. Bauser, and
H.G. Fischer.
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