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Experimentally, dislocations in germanium have a negative core charge due to the filling of some acceptor
states. These states do not appear to be related directly to “dangling bonds,” since the charge is similar in
screw and edge dislocations. A one-dimensional model is investigated in which a small amount of free volume,
to represent the core of the dislocation, is inserted into a ring of IV atomic potentials. In this model it is
found (a) there is a localized state in the gap; (b) it is pulled out of the upper “conduction” band, in agree-
ment with the sign of the core charge; (c) the localized state exists whether there are bonding states below the
gap and antibonding above, or vice versa, and thus is not related to the Shockley condition for a surface
state; (d) the cause of the extra state is the local decrease in atom density.

T is well known that dislocations in group-IV semi-
conductors carry a charge in the core,!? resulting in

a bending of the bands for a large distance around, as
shown in Fig. 1. In recent years the picture has been
established very precisely through growing regular nets
of known dislocations in the form of low-angle grain
boundaries.* 1% Figure 1 shows the situation in Ge
(n-type), the dislocation having a negative charge.
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F16. 1. (a) Bending of bands around a dislocation in #-type Ge.
Shown are the top of the valence band E,, bottom of the conduction
band E;, and Fermi level Er. (b) The charge density in the same
region. Ionized donors are enclosed in circles, the charges on the
dislocation in squares, and the mobile carriers are shown free. The
width of the space-charge region is typically 10 000 A.
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Sometimes the band bending is sufficiently strong that
the peak of the valence band rises above Ep, resulting
in a narrow “inversion layer” of positive holes perhaps
20 A wide around the dislocation core.®—3

The previous explanation of the behavior has been
as follows.? In the core of the dislocation, some covalent
bonds between atoms are broken, and it was suggested
that this could result in local acceptor states analogous
to surface states. These states have often been thought
of as highly localized! electron states sited at the
“‘dangling bonds.”

There are, however, severe difficulties with any literal
interpretation of such a picture. It is found that in Ge
the negative core charge exists equally on edge disloca-
tions where there may be broken bonds, and on screw
dislocations where there are none.>! This is similar to
the situation with surface states, where the observed
insensitivity of surface properties argues strongly
against surface states having the character of dangling
bond states.’? Moreover, to get a net negative charge in
the dislocation core, one has to pull the localized states
out of the conduction band: States split off from the
valence band do not contribute to the net negative
charge since the total number of states in the band and
split off from it is conserved.® All the conduction-band
states are antibonding, so that one wonders how appro-
priate it is to refer to such localized states pulled out
of it as dangling “bonds.”

The purpose of the present note is to shed some light
on this rather confused situation from a one-dimensional
analog. We consider a ring of NV cells (V even) of length
a with an insertion of width 26 (26<a) somewhere
between two cells (Fig. 2). The insertion represents the

V(x)
-b-a_-b I b b . boNol/Z X
0 0

sesem

F16. 2. One-dimensional periodic potential with an
insertion of width 2b and potential V.
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extra space in the center of the dislocation. We choose
the potential V, there to be above the bottom of the
band (which is equal to the mean pseudopotential in
the solid) but below the band gap. This must correspond
to the situation in Ge where the valence-band width is
of the order of 1 Ry and the variation of the pseudo-
potential in the regular solid about its mean only 0.2
Ry.* We consider in our model the states near the first
band gap at k=7/a of the regular solid in the nearly-
free-electron approximation,’® and choose the 27/a
Fourier component of the pseudopotential to be positive
corresponding to a bonding p-like state E, at the top
of the first band and an antibonding s-like state E, at
the bottom of the second band. We choose as origin
=0 the center of the insertion. All states are either
even or odd about the origin 0, and automatically also
about the point x=56-+3Na (the “anti-origin” 0’) half-
way round the ring. In the limit 6=0 it may easily be
verified that there are 3V41 even states in the first
(or “valence”) band, including one at E,, and 4N —1
odd states. The next odd state lies at the top of the gap
at E,.

In the solid, the wave functions must be linear com-
binations of the Bloch states ¥, ¥_x, and by matching
these onto cosine or sine functions in the insertion with
a nearly-free-electron approximation, there is no diffi-
culty about following what happens to the energy levels
in detail. However all the results we require can be ob-
tained by counting nodes and using the theorem that the
number of nodes increases by one between consecutive
states.

We have to deal with real wave functions, treating
even and odd states separately. At the energy E,, we
can start integrating at 0’ an even state with dy/dx=0,
and obtain a phase of N7 on going half-way round the
ring to =5 Then since Vo <E, we pick up an extra
positive bit of phase on going through the insertion to 0.
Thus the (3NN+41)th even state has energy slightly
below E, and there are V41 even states in the valence
band as for $=0. Similarly we find 3V odd states below
E,. Since for 5=0 there are only $N—1 odd states in
the valence band, we expect from continuity one of the
odd states to be a localized dislocation state in the band
gap, which is pulled out of the conduction band as &
increases from zero. That this is so can be seen explicitly
by integrating an odd state from 0, leading to a positive
value for (dy/dx)/¢ at x=b, which is just the condition
needed!® for a localized state exactly as in the case of
Shockely ‘“‘surface” states. The anti-origin is sufficiently
far away for the matching condition there to make only
an infinitesimal difference.

The result is likely to be valid also in three dimen-
sions. Near a band edge one can do an expansion in
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angular momenta and radial wave functions. The
Shockely condition will give a localized state in the
1=0 wave. The relevant band gap is the gap in a two-
dimensional section of the band structure at constant
k., where k, is the wave vector parallel to the disloca-
tion. The localized states would form a band in %. of
one state per unit lattice periodicity along the disloca-
tion, and part of this band can lie below the absolute
maximum of the valence band. Thus the Fermi level
may come above or below the top of the valence band
according to detailed circumstances, as found in
practice.

We conclude that localized around a dislocation
there is a band of states pulled out of the conduction
band. The core of a dislocation is presumably an
energetically less favorable place for an electron to be,
compared with being in the bonds as the valence states
are. The core therefore appears in a sense as a repulsive
perturbation, and it may seem surprising that it pulls
states out of the dottom of a band. However the extra
space represented by the core allows all the states to
spread out more, thus lowering the de Broglie wave-
length and hence the energy levels. The relevant cri-
terion therefore is that ¥, be less than the energy at the
gap. In the usual effective-mass approximation, we can
represent an electron in the conduction band as a plane
wave expiK-r where K is measured from the band
minimum, and the mean effective potential it sees
inside an atomic cell is equal to the bottom of ¢4at band,
i.e., the conduction band in our case. In comparison the
V, inside the open space in the core of the dislocation is
a deep potential well. In two dimensions perpendicular
to the dislocation, such a perturbation always produces
a bound state,'” as in one dimension. As in the case of
surface states, the lateral dimension of any state in the
band gap is several atomic diameters,'? certainly not as
localized as one bond.

In our model above, the localized dislocation state
was similar to a Shockley surface state, and its existence
related to the Shockley condition of bonding states
below the gap and antibonding above. However the
same argument of node counting shows that we get a
similar state in the gap if E, and E, are reversed, the
antibonding state being below the gap. We conclude
that the existence of the dislocation states is not neces-
sarily associated with the Shockley condition or/and
the existence of a broken bond. They are simply caused
by the extra bit of space and V', and we therefore expect
screw dislocations without broken bonds to have dis-
location states as well as edge dislocations.

Finally as regards InSb, the theoretical situation is
unchanged, as recognized by Holt!® but not all writers.
The pseudopotentials of the two atoms are really quite
similar,”® and provided equal numbers of In and Sb
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atoms are removed in taking away one lattice plane to
form the dislocation, we expect a negative dislocation
charge as in Ge. However a positive core charge is
found®9? experimentally, at least in low-angle grain
boundaries grown from the melt. The explanation we
suggest is that excess Sb atoms are grown in sub-
stitutionally near the core during crystallization, and
more work on dislocations produced by plastic deforma-
tion would therefore be of interest. At the grain bound-
ary during growth there will be dipolar electric fields
alternating in sign as the crystal grows. There is there-
fore no net attraction of In or Sbh atoms due to their
charge, but the field gradient would preferentially
attract Sb atoms since these will be somewhat larger,
“softer,” more polarizable.

In silicon a positive core charge has also been re-

20 H. C. Gatos, M. C. Finn, and M. C. Lavine, J. Appl. Phys.
32, 1174 (1961).
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ported,?! which cannot, of course, be explained by the
mechanism suggested for InSb. It is presumably due to
other causes than those considered in the present paper.
However, it should be noted that in our theory, the re-
moval of some volume, or what is the same thing, a
local excess atom density, will lead to the repulsion of
levels out of the valence band and, hence, a positive
core charge. Now the diamond structure is of course
very open, and germanium for instance shrinks on
melting. It is therefore not impossible, though unlikely,
that the atom density in the disordered region in the
core of the dislocation is somewhat higher than in the
bulk, accounting for a positive core charge in silicon.

It is a pleasure to acknowledge stimulating conver-
satons with Dr. R. K. Mueller, and the warm hospi-
tality of Bell Telephone Laboratories during the
summer of 1964 when this work was started.
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A study of high-energy photon emission (4 —eV>>kT) from various GaAs diodes is reported and the
results analyzed. We find that this emission is produced by most diffused diodes except those doped with
Sn and Ge. Itis not observed in solution-grown diodes, no matter what the doping. It is always accompanied
by a large amount of excess (nonradiative) current and can be explained in terms of the Auger recombination
of carriers at defects with subsequent diffusion of the excited electrons to the p side of the junction.

INTRODUCTION

URING the past few years considerable work has
been done on the electroluminescence of forward-
biased GaAs diodes at wavelengths near the absorption
edge. This work has been directed toward experi-
mentally characterizing the electro-luminescence and
identifying the various recombination mechanisms in-
volved. Pankove! reported that the emission line near
the edge, which gives rise to the laser action at high
current densities, shifts to higher photon energy with
increasing current. He attributed his results to tunneling
with photon emission. Shortly afterward a correspond-
ence between this edge electroluminescence and the
photoluminescence of homogeneously doped p-type
samples was reported, indicating that an acceptor is
involved in this transition.?
Subsequently it was found that the shift reported by
Pankove resulted from a tendency of the low-energy
side of the line to saturate and the high-energy side of

1 J. 1. Pankove, Phys. Rev. Letters 9, 283 (1962).
2 M. I. Nathan and G. Burns, Appl. Phys. Letters 1, 89 (1963).

the line to increase super-linearly with current.3* It
was also found by Nelson et al.3 that the photon energy
of the peak of the line %y satisfied

= eV+3E, (1)

over a range from 1.3 to 1.5 eV, where V is the applied
voltage and 6F is a small correction (a few meV) which
depends on temperature. It was suggested®* that the
shift was caused by a filling up of an exponential tail on
the conduction band density of states which comes about
as a result of the high density of impurities and/or
mobile carriers. Archer ef al.® found that Eq. (1) holds
for applied voltages as small as 1.1 V. In the voltage
range from 1.1 to 1.3 V these workers presented evidence
for tunneling into the forbidden gap with photon
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J. C. Sarace, Appl. Phys. Letters 2, 182 (1963).
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edited by P. Grivet and N. Bloembergen (Columbia University
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