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Electrical-transport measurements between 20 and 550 K demonstrate impurity conduction below 100 K in
Mn-doped GaAs samples with N, > 10" cm~> Of a group of samples with 10" < N, < 3 X 10"
cm~? and moderate compensation (K < 0.1), some display metallic (activationless) impurity conduction,
whereas others have a finite activation energy of about 0.015 eV in the impurity-conduction range. It is
concluded that this energy should be identified as E, for impurity conduction in a semiconductor with
“intermediate-range” doping, and that the transition range of N, in which E, decreases before
vanishing must be a narrow one. The values for E, are compatible with the models of Mycielski and
of Mikoshiba for this conduction. Since the bound-state wave function for a manganese acceptor has a
characteristic radius a, = 10.1 A, then the critical acceptor density N . for a metal-nonmetal transition
corresponds with the condition a,; N!’* = 0.28. This denotes closer spacing than the Mott-Hubbard
criterion because of the compact nature of the manganese wave function. Hopping conduction was not
detected with samples containing less than 10'° cm~3 of Mn acceptors, and this also is to be expected

from the charge distribution of the manganese bound state.

I. INTRODUCTION

The simplest model for an impurity state in a
semiconductor is obtained by solving the Schroding-
er equation for a scalar effective mass, m*, and a
scaled Coulomb (e/kr) potential. Consideration of
anisotropy of the effective-mass tensor can lead to
considerable complication of the model, but leaves
intact the idea of a Coulomb potential and of the re-
sulting shallow effective-mass bound states. Our
knowledge of shallow impurity states is much bet-
ter than for deep impurities, and it is no surprise
that both experiment and theory for impurity con-
duction have concentrated on shallow impurities.

In this paper, we are concerned with impurity
conduction (IC) for relatively deep manganese ac-
ceptors in gallium arsenide. Shallow acceptors
do exist in GaAs; thus elements such as Ge, Cd,
or Zn provide acceptors with a hydrogenic ioniza-
tion energy E;=0.03 eV, compatible with a Coulomb
potential and a Bohr radius, a,=e?/2kE,=19 A.
However, more compact acceptor states of larger
ionization energy result when transition elements!
are placed in GaAs, and the binding of a hole then
results principally from a short-range core po-
tential rather than a gradual Coulomb potential.
(We look to the heavy-hole band as the dominant
factor for the wave function and eigenenergy of the
ground state. )

The thermal-ionization energy for manganese-
doped gallium arsenide has variously been re-
ported~* in the range 0. 06<E,;<0.10 eV dependent
on the acceptor and compensator concentrations,
and it extrapolates back* to 0. 110 eV for infinite
impurity dilution. It has been observed that E,
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=0.110 eV is also the threshold energy for extrin-
sic photoconductivity®and for photoionizati on®~" of
manganese centers. The magnitude and spectral
dependences of the photoionization cross section
for these centers’ are in good accordance with the
predictions of Lucovsky’s §-function-potential mod-
el, ® a choice of potential which dictates a ground-
state wave function with a radial dependence,

V()= (2nria, )V 2e /oL, (1)

This function is characterized by an effective radi-
us,

a,=(%/2m,E,)"?=10.1 A. (2)

Just the same wave-function radius as in Eq. (2)
is required by the quantum-defect models®!? of
Bebb and Chapman, which start from a different
formulation of the deep impurity problem. Thus
Eq. (2) should serve as a reasonable guide for the
radius of a manganese acceptor, and Eq. (1) for
the radial dependence, even though the Lucovsky
model obviously over simplifies the potential seen
by a hole bound to a manganese center. Equations
(1) and (2) are relevant to consideration of IC re-
sulting from the overlap between neighboring im-
purities.

Free-hole transport for GaAs doped with transi-
tion-element acceptors was studied by Brown and
Blakemore, ® who pointed out that strongly doped
samples were affected by IC below 100 K for Mn
doping and below 200 K for Ni doping. The pres-
ent paper constitutes the detailed study of IC in the
GaAs : Mn system promised in Ref. 3. It is of in-
terest for us to note that Vieland’s original data?
for R, in GaAs : Mnwas affected by IC at his lowest
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temperatures, though this apparently went unrecog-
nized at the time.

As with most other semiconductors, the litera-
ture on IC for GaAs has concentrated on shallow
impurities. Meyerhofer!! reported thermally acti-
vated IC for GaAs doped with shallow Zn or Cd
acceptors. The Hall and resistivity data of Roszto-
czy et al.'? for GaAs containing shallow Ge accep-
tors suggests the persistence of hopping-type IC
with N, as small as 3x10'® cm™3. Both metallic
and activation types of IC were seen by Asai et al.!?
in epitaxial GaAs containing shallow donors, while
Nasledov and Emel’yanenko, ** and Nasledov'® have
reported metallic IC for n-type GaAs containing
unidentified types of shallow donors. A hopping
type of IC has been reported by Coates and Mitch-
ell!® for unidentified 0. 1-eV defect centers result-
ing from neutron irradiation of GaAs.

For an extrinsic semiconductor sample in which
IC occurs, the electrical conductivity can be ap-
proximated well below the exhaustion range in a
crude but useful fashion by!’

+o5e BT (3)

where ¢, >0, or g, and E,>E, >E;. The first
term on the right-hand side is (for p-type material)
the conduction of free holes in the valence bands.
This dominates the behavior at higher tempera-
tures. The second and third terms on the right-
hand side of Eq. (3) concern two distinctly different
mechanisms for IC, for which the respective op-
portunities depend greatly onthe concentrations of
majority and minority impurities. These have been
discussed (within the context of what is expected
for shallow impurities) by Davis and Compton'® in
the light of detailed measurements with Sb-doped
Ge, and are reviewed by Mott and Davis!® with
reference to the general characteristics of IC by
hydrogenic impurities in any semiconductor host.

The term o3e~%3/*7 is the hopping conduction of
holes tunneling from neutral to ionized acceptors
in a partially compensated semiconductor. Hopping
conduction does not by itself produce a very large
conductivity, but with some shallow impurity sys-
tems it can be strikingly evident at low tempera-
tures when the average spacing 7, between partic-
ipating acceptors is as large as 10-20 times the
bound-state radius a;. Tunneling takes place with
the acceptor ground states spread over an energy
range, E,~e"'/x*ra , as a result of the random Cou-
lomb fields arising from compensating donors and
ionized acceptors; thus the transitions have to be
phonon aided and thermally activated. If tunneling
to more remote but energetically favorable accep-
tors becomes a popular process at very low tem-
peratures, then Austin and Mott?® argue that the
hopping conductivity term should convert to the
form ole4/ 7%,

o=0y e-EI/kT+Uze-Ez/hT
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Section IV of this paper will include arguments
that the IC seen in the GaAs:Mn system is not of
the hopping type, and that it corresponds with the
0ze"%2/*T term in Eq. (3). Fritzsche® originally
hypothesized, concerning this conduction, that (in
p-type language) E, is associated with the energy
necessary to place a second hole onto a neutral ac-
ceptor. Thus the “band” in which such conduction
occurs was visualized by Fritzsche as being of
positively charged acceptors (abbreviated as A*
states). Some alternative mechanisms proposed
since Fritzsche’s suggestion have been reviewed by
Pollak, # but the concept of conduction in A* states
still seems to be the most viable, 18-1%23

For a semiconductor doped with shallow impuri-
ties, it is the E3 conduction which dominates the
low-temperature behavior for a modest amount of
doping (and some mandatory compensation). The
E, form of IC only manifests itself with heavier
doping and, in principle, may exert an influence
only for anintermediate temperature range—though
with sufficiently strong doping the E3 conduction can
be banished to indefinitely low temperatures.'® E,
and E3 become indistinguishable as they collapse to
zero for the critical impurity concentration N, of
a metal-nonmetal (MNM) transition, and the rela-
tionship between wave-function size and interim-
purity spacing at the MNM transition condition is
a matter of considerable discussion and literature.!®

In one important sense, a semiconductor is not
truly “metallic” until impurity overlap is so total
that all acceptor states merge with the valence
band, and E, also vanishes. However, in present-
ing the data which follows we shall speak of “ metal-
lic IC” when the impurity conduction itself is
activationless, even though cooling from room
temperature produces a massive depopulation of
the valence bands.

II. EXPERIMENTAL

The manganese-doped GaAs used in this work
came primarily from boat-grown crystals, grown
in the [111] direction. Slices cut perpendicular to
the growth axis were lapped to a 0.05-cm thick-
ness, and bridge-shaped samples cut ultrasonical-
ly. These samples were then chemically polished
in a nitric-hydrofluoric-acetic acid mixture, and
Ohmic contacts of 95-at.% In and 5-at.% Zn were
alloyed at 650 K. Each completed sample was
glued at one end with model No. GE7031 varnish
into a recessed insulating holder, which supported
0.005-cm gold wires from the sample contacts.
This holder permitted safe transport of the sample
from one cryostat to another. Evidence we shall
present in the Sec. III vividly illustrates the need
for the use of a minimum amount of GE7031 var-
nish, well away from the measurement area, in
making mechanical and thermal contact between
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the sample and its holder.

Measurements of the electrical conductivity and
the Hall coefficient were made from room tem-
perature downwards in a vacuum environment with
cooling by a Cryo-Tip hydrogen-nitrogen Joule-
Thomson refrigerator. (Data from 300 to 550 K
was obtained in dry-nitrogen gas with an elec-
trically heated enclosure which fitted between the
magnet-pole pieces.) Conventional dc conductivity
and Hall voltages (for a 4000-G magnetic field)
were measured sequentially using a ten-channel
scanning system and were recorded in digital form.
The customary averages were made with respect
to reversals of current and magnetic field, and
data points were rejected for which the tempera-
ture drifted from its stabilized value during data
acquisition.

Our Hall measurements were normally made as
a matter of convenience with a 4-kG magnetic field,
though we did verify with most samples that R
was independent of field strength over the range
1-8 kG, both at room temperature and at low tem-
peratures. For the samples which displayed
“metallic” impurity conduction, it was possible to
make Hall measurements down to 20 K, the low-
temperature limit of our hydrogen Cryo-Tip. For
these samples we verified that R, at 20 K did not
vary by more than 3% over this 1-8-kG range of
mangetic field.

In view of this invariance of Hall coefficient, it
may be presumed that all data lay within the “weak-
field” Hall regime. The value of the Hall factor
thus depends to some extent on the nature of the
scattering mechanism. However, as a matter of
convenience and simplicity, we arbitrarily decided
to set the Hall factor as unity for the free-hole-
conduction region and assumed that

po=(1/eRy) (4)
in material characterization. In three of the fig-
ures which follow, an ordinate scale labeled as p,
means that the quantity 1/eRy is plotted. Now ob-
viously 1/eR is very different from p, in the low-

temperature IC region, but for the determination
of bulk parameters from

Polpo+Ng) N,
N, =Ny=po - g

=4.27x10"7%/2¢7%/* cm™3,  (5)

e~Fa/ kT

the resulting systematic error in quotations of N,,
N,;, and E, should be trivial.

For each of our samples, Hall data from the
highest temperature employed to the lowest tem-
perature unaffected by IC was fitted to Eq. (5) in
a nonlinear least-squares plot, using an IBM 360-
44 or Univac 1108 computer. The Fermi level
moved in a range compatible with the correctness
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of Eq. (5) in all cases. Table I shows the values
of N,, Ny, and E, deduced in this way for ten
GaAs:Mn samples in which we have studied IC.
The quantities E, of Eq. (3) and E, of Eq. (5) both
describe the same process (conduction by free
holes), but E, is the more exact characterization
of the thermal-ionization energy. It will be noted
from Table I that E, is much smaller for these
samples than the 0.110-eV value of a very weakly
doped sample.

III. IMPURITY CONDUCTION RESULTS

Figure 1 typifies the conduction behavior of
GaAs:Mn samples doped with a little more than
10'° cm™® of manganese. Cooling from room tem-
perature shows the steady loss of conductivity due
to reduction of py, and IC takes over a little below
100 K. Sample Nos. M9 and M16 have activation-
less or metallic IC, yet the comparably doped and
compensated sample Nos. M12 and M15 have a dis-
tinct activation energy for IC. The measured val-
ues for E, for these and other samples appear in
the last column of Table I. The companion data
for Hall effect is shown inFig. 2, with the ordinate
of 1/eR, described as a matter of convenience as
the “free-hole density” p,. It will be seen that
the low-temperature values of 1/eRy for the metal-
lic sample Nos. M9 and M16 are more than three
orders of magnitude smaller than the respective
values of N, - N,. For sample Nos. M12 and M15,
dashed curves at low temperatures indicate the
disappearance of the Hall voltage below noise level.

For these same four samples, Fig. 3 displays
the temperature dependence of the quantity cRy
which can correctly be described as the Hall mobil -
ity py for the free-hole-conduction range. Inter-
pretation of o, Ry, and the combination ¢R; must
(at best) be treated in terms of a two-band model
for the transition range, and we shall comment
in the Sec. IV on the significance of ¢Rj in the IC
regime. In the interim, p, or ‘“Hall mobility” is
a convenient name for the quantity displayed. The
customary temperature dependence of phonon scat-
tering is visible at high temperatures, and IC takes

TABLE I. Characterization of Mn-doped samples
showing impurity conduction.

Sample N, Compensation E, E,

no. (em™) K=Ny/N, (eV) (eV)
M9 2,37x 10" 0.069 0. 0657 0 (metallic)
M14 2,48 x 10" 0.096 0.0614 0 (metallic)
M18 1.61% 10'° 0.074 0.0641 0 (metallic)
M19 1.66x 10" 0.031 0, 0748 0 (metallic)
M16 1.66x 10" 0.076 0.0616 0 (metallic)
M16A 1.66x 10" 0. 076 0.0616 0.0089
M10 1.92x 10" 0. 047 0. 0700 0.0156
M12 2,46 x 10" 0.039 0.0711 0.0165
M13 2,05 10" 0.038 0.0718 0.0141
M15 2,25x 10" 0. 054 0. 0686 0.0161
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FIG. 1. Electrical conductivity vs reciprocal tem-
perature for samples Nos. M16, M9, M15, and M12,

over at low temperatures before one has much of a
chance to see ionized impurity scattering of free
holes.

Figure 4 demonstrates that the metallic IC seen
for sample No. M16 of Figs. 1-3 is preserved es-
sentially without change to much lower tempera-
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FIG. 2. Hall-effect data for samples Nos, M16, M9,
M15, and M12 vs reciprocal temperature.
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FIG. 3. Hall mobility py=0Ry vs temperature for the
samples of Figs. 1 and 2.

tures. Several other metallic-type samples were
checked at 4.2 K with similar findings.

It was a matter of natural interest for us to ex-
plore whether the IC activation energy E, for man-
ganese declines continuously tozero upon increased
doping (as found for germanium with either anti-
mony!® or gallium? doping), or whether the col-
lapse to a MNM transition is precipitous, as postu-
lated by Mott.?*? OQur examination of additional
samples and crystals has not brought out any strong
evidence of a continuous downwards progression
of E,. We make this comment despite the ap-
parently intermediate activation energy of sample
No. M16A in Fig. 5, a sample whose story we
shall pick up again shortly.

In Fig. 5 (and in the companion, Figs. 6 and 7),
sample No. M19 may in some respects be regarded
as transitional. The conductivity of this sample is
as conventionally metallic looking as for four other
samples we studied, but 1/eR, does reach a much
more prominent low-temperature minimum than in
any other metallic sample. This divergence is re-
flected in the curve for Hall mobility from 50 K
downwards, and the low-temperature asymptote of
Hall mobility is smaller than for any of the other
metallic samples.

As will be discussed further in the Sec. IV, we
believe that material inhomogeneity led to filamen-
tary metallic conduction in all of the five samples
listed in the upper part of Table I, and that this in-
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homogeneity resulted in the different-seeming Hall
behavior of sample No. M19. A clear indication of
the effects of inhomogeneity lies in the behavior of
sample No. M16A, which was cut as a miniature-
sized sample from the central part of metallic sam-
ple No. M16. 1t is proper for us to note that the
impurity distribution in the material of sample No.
M16A could have been affected when contacts were
affixed to this tiny sample, for it was too small for
our usual alloyed contacts and had to be heated
strongly while gold thermocompression bonds were
made to it. Thus we must treat the IC results for
sample No. M16A with more caution than for other
samples. Even so, it seems very likely that sam-
ple No. M16 was a metallic-conduction sample via
channels which were not included in the cross-sec-
tional area of sample No. M16A.

There was a brief flurry of excitement when the
conductivity datafor sample No. M13labeled o(orig-
inal) in Fig. 8 was plotted. This looked, surpris-
ingly enough, as though it might be a candidate for
the Mott T*/* relation in hopping conduction. 2° How-
ever, inspection of the sample mounting revealed
an excessive amount of GE7031 varnish, indicating
probable thermal strain and piezoresistance of the
sample. As the second conductivity curve dramati-
cally shows, re-etching and remounting in a strain-
free manner returns this sample to activated IC
behavior similar to that seen in four other samples.

The experience of IC in other semiconductor
systems, notably those involving shallow impuri-
ties, leads one to anticipate weaker hopping-type
IC in GaAs:Mn samples with N, <10'® cm™. This
we have looked for without success in numerous
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FIG. 4. Conductivity and Hall coefficient for M16, with
the former extended downwards to 4.2 K.
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FIG. 5. Conductivity vs reciprocal temperature for

samples Nos. M18, M19, M16A, and M10,

samples and conclude that any IC in such material
has a conductivity of less than 10”” ohm™cm™.

IV. DISCUSSION

It will be apparent from the tabulated values in
Table I that our data does not show any neat divi-
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FIG. 6. Hall-effect data for samples Nos, M18, M19,

and M10 vs reciprocal temperature.
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FIG. 7. Hall mobility uy=0Ry vs temperature for
the samples of Fig. 6.

sion of activated IC below some critical acceptor
density N, and of metallic IC for higher densities.
We have done no more than indicate the range of
values within which N, must lie for completely ho-
mogeneous material, and the evidence strongly
suggests that none of our crystals were truly ho-
mogeneous.

The distinction between the material properties
of the two groups of samples in Table I does not
lie alone in their election to display metallic con-
duction or not. Note that, with one exception (sam-
ple No. M19), the metallic group are perceptibly
more compensated than the nonmetallic group.
With the same notable exception, E, has an ap-
preciably smaller mean value for the upper group
than in the lower group.

The small conductivity 0,=0.04 Q"'cm™! shown
at low temperatures by the metallic IC samples is
indicative of such conduction only within filamen-
tary channels occupying a small portion of the en-
tire cross section. For a comparison with the
degenerate electron-gas conduction model of Mott
and Twose? yields a meaningless value for the
mean free path of 10~*° ¢cm if the holes contributed
by all acceptors are assumed to be active in con-
duction. Suppose alternatively that we take the
value of 1/eRy in the metallic conduction range at
its face value as a density of participating “im-
purity-band” carriers and regard oRy as the
mobility of these carriers. This supposition does
not work either, for the resulting “mean free
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path” still comes out as only a fraction of the in-
teracceptor spacing.

Thus we conclude that metallic IC does not per-
meate the full volume of any of our samples. For
the samples in the upper half of Table I, it occurs
in enough connected microscopic regions to provide
continuous metallic paths through the sample. For
the samples in the lower half of Table I, any metal-
lic regions are too sparse to achieve connectivity.

An extensive literature has accumulated on the
topic of a MNM transition for a randomly distri-
buted set of impurities in a semiconductor. For
shallow (hydrogenic or effective-mass) impurities,
Mott® and Mott and Davis!® apply Thomas-Fermi
screening arguments to suggest a critical concentra-
tion N, such that

ay N3~ 0.20 to 0. 25. (6)

The MNM transition was independently predicted
by Hubbard.?® He was able to show that electron-
electron correlations will split a one-electron band
into twopseudobands. For the impurity conduction
problem, the separation of these pseudobands can
be associated with the quantity we have referredto as
E,. Hubbard finds that each sub-band is broadened
as the lattice parameter decreases, narrowing the gap
between them. He is able to predict a critical con-
centration at which the gap disappears, and this criti-
cal concentration is essentially identical to that for
Mott’s screening argument in the derivation of Eq.
(6).

In the construction of an empirical relation of the
form of Eq. (6) for GaAs: Mn, we shall use the val-
ue N,=2.1x10" cm™ which is the arithmetic mean
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FIG. 8. Conductivity (before and after strain-free
mounting) and Hall effect (after remounting) for sample
No. M13 vs reciprocal temperature.
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of N, for all nine nonequivalent samples in Table I.
Both the §-function-potential® or quantum-defect®*°
models suggest that a;=10.1 A should be used as
the characteristic wave-function radius, and then

a,N}3=0.28. (7)

Thus manganese acceptors must be rather more
closely spaced for a MNM transition than would be
inferred from the Mott-Hubbard criterion. This
apparent discrepancy is in fact entirely reason-
able, for the radius a; in the deep-acceptor wave
functions is a much more real boundary for bound
charge than is the Bohr radius of a scaled hydro-
genic wave function. As an illustration of this con-
trast, 68% of the charge density for a hydrogenic
1s state lies outside a sphere of radius ay, where-
as only 14% of the charge density associated with
the wave function of Eq. (1) lies outside a sphere
of radius a; .

Hubbard’s electron-correlation approach® was
extended when Kikuchi®? explicitly considered a
random array of centers. The potential fluctua-
tions inherent in a doped semiconductor were in-
cluded as the chief band broadening mechanism
leading to disappearance of the gap. Kikuchi ob-
tained good agreement with experimental values
for E, in Sb-doped Ge, but only after considerable
adjustment of the effective bound-state radius. Un-
fortunately, Kikuchi’s model was solved numerical-
ly and graphically and did not lead to an analytic
expression for E, which could readily be compared
with other data. We have not felt justified in em-
barking on the extensive numerical work required
for a comparison of his model with our data, partly
because his graphical solution was specific for a
situation of zero compensation. We shall discuss
our data in terms of two specific analytic expres-
sions arising from other models for E,.

The character of a deep impurity bound state,
in providing a large charge density within a sphere
of radius a; and not much outside, has much to do
with our observations of E,-type impurity conduc-
tion in samples doped just below the MNM transi-
tion, yet the absence of hopping conduction for less
strongly doped samples. Conditions are most un-
favorable for hopping conduction between manganese
centers, for there is very little overlap until they
get quite close to each other. Thus ¥? for the Lu-
covsky wave function [Eq. (1)] at a distance ma,
from a manganese center is smaller by a factor of
2m? than 2 for a hydrogenic state at distance may.

Having concluded that hopping IC of the Mott and
Twose® or Miller and Abrahams?®® type (tunneling
between well-separated acceptors in a partly com-
pensated system, with activation energy E;) is not
seen and should not be seen with our heavily doped
GaAs:Mn, we must now rationalize the observed
activated IC in terms of models for E,-type con-
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duction. As remarked in the Introduction, E,-type
conduction is often viewed as conduction in a “band’
of A* states, though there have been alternative
hypotheses.

One of these alternatives is the suggestion by
Mycielski29 that E, might be associated with the en-
ergy required for hopping over (as opposed to tun-
neling through) the Coulomb barrier between a full
and an empty acceptor. He shows that for this pro-
cess

E,=E - (3Se?/k)N,'3, (8)

where E? is the thermal -ionization energy for an
isolated acceptor (i.e., 0.110 eV for Mn in GaAs)
and the dimensionless parameter S accounts for

the distinction between N;!/® and the interacceptor
spacing 7, . Mycielski considered the consequences
for a set of impurities distributed over a hypotheti-
cal close-packed superlattice (equivalent to fcc
symmetry, with 12 equidistant acceptor nearest
neighbors); for this case S=0.89, since 1/7,
=(N,/V2)}/3=0.89N}/3. Equation(8)with S set at

0. 89 for the GaAs : Mn system would not permit E,
to collapse to zero until N, exceeded 4x10* cm=,
and would require that E,~ 0.03 eV for N, =2x10'®
cm=3, This is, of course, much larger than the
values of E, that we observe.

However, the acceptor distribution even in an
ideally homogeneous real semiconductor does not
lie upon a regular superlattice; there is a distri-
bution of interacceptor spacings. Conduction as
envisaged by Mycielski would be heavily weighted
by those interacceptor spacings which are smaller
than the average value. Thus it seems legitimate
to find a value for S which yields an approximately
correct value for E,; we expect the parameter S
to exceed 0. 89 to a degree which reflects the in-
creased importance of transitions to acceptors at
less than the average spacing.

The entirely plausible choice S=1.15 permits E,
for Mn acceptors to collapse to zero for an accep-
tor concentration N,=2.1x10* ¢cm®. This choice
for S results in E,=0.015 eV for N, =1.4x10"°
cm-, Thus the Mycielski model is not incompati-
ble on energy grounds with the values for E, we
have observed. This contrasts with the experience
of Pollak? with Ga-doped Ge, who could not com-
pare his values of N, and E, with Mycielski’s mod-
el except by adoption of a (physically unreasonable)
value for S considerably smaller than 0. 89.

Since the Mycielski model envisages transitions
of holes from full to empty acceptors, this con-
duction cannot take place unless there is some
compensation. We were not successful in getting
GaAs with a large manganese density and very
small compensation, thus are not able to report on
this factor relative to the viability of the Mycielski
model.
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Frood®® has suggested that E, might be the energy
necessary to excite a hole from an acceptor ground
state to a band formed from excited states. This
model has not found wide acceptance when compared
with data for shallow impurities in semiconductors
and seems much less plausible for a deep impurity
system such as GaAs:Mn, in which the excited
states are very shallow® compared with the ground-
state binding energy.

Both Mikoshiba®® and Nishimura® have considered
hole conduction in a band (the A* band) formed from
states of positively charged acceptors. Mikoshiba’s
model uses a hydrogenic model for the neutral im-
purity ground state, and a screened hydrogenic
wave function for a hole in the weakly bound posi-
tive acceptor ion state. This model yields an ex-
pression for the effective activation energy

E;=E, - (ne®s?/xa2)(aq+s7,) e "’ %, (9)

Here the adjustable parameter n is the mean num-
ber of nearest neighbors, s=0.7 is the screening
parameter for an isolated A* ion, E, is the accep-
tor ionization energy for the heavily doped ma-
terial, and @, is the wave-function radius for the
neutral state. Mikoshiba takes the interacceptor
spacing 7, to be 7, = (3/47N,)'”3, and statistical
arguments for a random-acceptor distribution show
that there is a high probability that any acceptor

will have at least two other acceptors within such
a distance. Substituting E,=0.07 eV for our heavi-
ly doped material in Eq. (9), using @g=a;=10.1 A
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for a manganese neutral center, and requiring that
E, decrease to zero for N, =2.1x10' cm yield

the result that »=2.3. This is in fact an entirely
reasonable value for the effective number of co-
operating neighbor acceptors, since we expect that
each acceptor will usually be involved in hole-trans-
fer traffic with either two or three other acceptors.

E, rises from zero with decreasing acceptor con-
centration at a rather slower rate for Mikoshiba’s
model than in Mycielski’s model. The use of E,
=0.07 eV, ay=10.1 &, and n=2.3 in Eq. (9) yields
an energy E,=0.015 eV for an acceptor density
N,=1.1x10" cm™. This is a rather smaller ac-
ceptor density than those shown in Table I for sam-
ples with a finite E,, but not to a degree which
would indicate an incompatability between our re-
sults and the concept of IC in an A* band.

Thus our results for activated IC in GaAs:Mn
could legitimately be interpreted on the basis of
Mycielski’s model, 2 put are also compatible with
the predictions of E, arising from an A* band. %32
The later interpretation of E, is the one which has
been found most readily applicable for discussions
of IC with shallow impurity systems, *:2
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