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%'e investigate the efFects of two types of disorder on the electronic density of states of III-U
semiconductors using simple tight-binding models and the empirical pseudopotential method. For the
first type of disorder we consider a stoichiometric system with fourfold coordination, all bonds satisfied,
variations in the bond lengths and angles, and only unlike-atom bonds. The second type of disorder
includes the properties of the first with the addition of like-atom bonds. These two types of disorder
are studied explicitly by taking GaAs as a prototype and making various GaAs structures using the
atomic positions of certain crystal structures with short-range disorder. These structures are crystals;
however, they have atoms in the primitive cells arranged in varying fashions. A comparison of the
trends observed in the densities of states with the inclusion of difFerent types of disorder reveals

valuable information concerning the relationship of the structural nature of an amorphous system to its

density of states. %e present a model of the density of states of our amorphous prototype GaAs, for
each type of disorder, which we believe would be consistent with some of the present experimental
radial-distribution-function data. The eA'ects of these types of disorder are discussed in general, and

hopefully they will be useful in identifying specific types of disorder in amorphous samples.

I. INTRODUCTION

For many years there has been considerable ex-
perimental and theoretical interest in the trans-
port, optical, and electronic properties of amor-
phous group-IV elements like Ge and Si. ' In addi-
tion, particular interest has been given to the
structural nature of the amorphous phase. Many
techniques have been developed to prepare amor-
phous samples and usually special care is taken to
minimize the number of microvoids present so as
to obtain a sample approaching a connected network
of atoms with a minimum number of dangling bonds.

However, only recently have experimental mea-
surements yielded any information related to the
electronic density of states of the complete va-
lence band. This has been accomplished mostly
through ultraviolet (UPS) and x-ray (XPS) photo-
emission spectroscopy. ' The differences ob-
served between the crystalline and amorphous den-
sity of states spectra have proven to be valuable in

probing the structural nature of amorphous Ge and

Si.' In particular, these calculations suggest
that these differences are associated with the pres-
ence of fivefold and sevenfold rings of bonds and

deviations in the bond angles in the amorphous
phase.

In this paper we would like to investigate in some
detail the effects of disorder on the electronic
density of states of amorphous III-V semiconduc-
tors. We shall restrict our disorder to topologi-
cally disordered stoichiometric structures with
atoms in fourfold coordination and no dangling
bonds. We will divide this disorder into two main
types which we shall call disorder (U) and disorder

(L). Disorder (U) describes a disordered connected
network of atoms with deviations from the ideal
tetrahedral bond lengths and angles but with the
restriction of having only unlike-atom bonds (i.e. ,
only III-V atom bonds). On the other hand disorder
(L) can also have like-atom bonds (i.e. , III-III and

V-V bonds). As we shall see this division of dis-
order into these two types is useful since the ef-
fects of like-atom bonds on the density of states
are very strong and for the most part overshadow
effects from disorder (U). Structures with dis-
order (L) will always have equal numbers of III-III
and V-V bonds since we are assuming stoichio-
metric systems.

We wish to examine the effects and differences
of disorder (U) and disorder (L) on the electronic
density of states. The purpose of this would be to
examine an experimental amorphous density-of-
states spectrum and to determine the type of dis-
order present.

To understand the influences of disorder (U) and

disorder (L) on the density of states we shall be
interested primarily in effects due to (i) topological
arrangement of atoms, (ii) bond-angle and bond-
length distortions, (iii) percentage of like-atom
bonds, (iv) different clustering configurations of
like atoms, and (v) topological variations of clusters
of like atoms.

These effects can be studied in the context of
short-range disorder as we have done previously
in our work on amorphous Ge and Si. '6 We can
take a series of crystals whose primitive cells are
becoming gradually larger. This permits, and in
fact we have, an increase in the positional disorder
of the atoms. Thus a study of the trends observed
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in the density of states for these crystals can give
us specific information about the effects of particu-
lar types of disorder.

As we have shown in our vrork on complex struc-
tures of Ge and Si, the effects of long-range dis-
order (i.e. , the fact that we do not have crystals)
are of secondary importance.

In this paper we shall take the 2H-4 (wurtzite),
4H-8 (hexagonal 4H), BC-8 (Si III), ST-12 (Ge III),
and SC-16 (BC-8 taken as a simple-cubic lattice)
structures as a basis for our studies. In the case
of disorder (U) we shall use the 2H-4, 4H-8, and
SC-16 structures while in the case of disorder (L)
we shall examine the 2H-4, 4H-8, BC-8, and
ST-12 structures. The reasons for these choices
will be given later.

To study these crystal structures vre shall use
simple three-parameter tight-binding models and
the empirical pseudopotential method (EPM). ' The
tight-binding scheme will be used to discern promi-
nent structural features in the density of states and
the EPM will provide a more realistic examination of
the density of states. We also present charge-den-
sity calculations in order to examine the nature of
like -atom bonds.

In all our calculations we shall take QaAs as a
prototype of the III-V compounds and we assume
that our results on the effects of disorder will
be applicable to all III-V compounds. Hovrever vre

are not able at the present to predict with any cer-
tainty what III-V compounds could exist vrith dis-
order (U) or disorder (L).

In Sec. II we shall give a description of the crys-
tal structures studied and the notation that we shall
use describing their topological properties. In
Secs. III and IV we shall present and discuss the
results of our calculations for disorder (U) and
disorder (L), respectively. Finally in Sec. V we
present a summary and some concluding remarks.

II. STRUCTURES AND STATISTICS

In this section we shall examine the structural
and topological properties of the 2H-4, 4H-8,
BC-8, ST-12, and SC-16 structures. If we place
equal numbers of Ga and As atoms at the atomic
positions defining the basis for each of these five
basic crystal structures we find that we can make¹!/[(N/2)! ] different substructures respectively
assuming each atomic position to be distinct, where
X is the total number of atoms in the primitive
cell. Some of these substructures are of course
identical and many of them are quite similar. In
what follows we shall break up each group of sub-
structures into smaller groups defined by the per-
centage of like-atom bonds present. We shall then
break up each of the smaller groups into subgroups
depending upon the number of like-atom bonds for
each atom. This is of interest since it charac-

g+!.q(No~ —1) Nr —2M

2$( qNo~ 2Nr (2)

where K~ is the total number of atoms in the prim-
itive cell. Since we are dealing with stoichio-
metric structures an equivalent expression to Eq.
(2) could be obtained by replacing No, by N'„,

We may now proceed to analyze the 2H-4, 4H-8,
BC-8, ST-12, and SC-16 structures using the
aforementioned notation as an aid to our charac-
terization and discussion. We shall not study all
the possible distinct substructures that can be
made but rather we shall select and describe those
which are most useful for our purposes. Further-
more, in many cases the notation (No„. . . , No, /
N„'„.. . , N~~) does not uniquely define a particular
substructure. For instance, we may have many
substructures forming a set in which they are all
of type (I, J/K, L). In this case we shall, arbitrar-
ily, use stability requirements as a discerning
factor in choosing one substructure to study out of
this set. It should be noted however that the densi-
ties of states of all the substructures of a given
type are very similar, so that the method used in
choosing one substructure is relatively unimportant.

A. 20-4

The 2H-4 structure is a vrurtzitelike 2H struc-
ture vrith four atoms in a primitive cell and is de-
scribed by lattice constants a and c and a param-
eter u. The a and c lattice constants vrere chosen
so as to make the bulk density of the 2H-4 struc-
ture the same as that of GaAs in the zinc-blende

terizes each substructure by the immediate en-
vironment of each of its atoms. Novr the substruc-
tures in the subgroups can be divided further into
classes depending upon the particular clustering
configurations of like atoms. However, from sta-
bility considerations we restrict ourselves to sub-
structures that have atoms vrith only two or less
like-atoms nearest neighbors. The total energy
per atom of these structures was obtained from a
small extension of the work of Keating and
Martin. '0

With this restriction we are effectively left with
substructures that have like atoms vrhich can clus-
ter into chainlike configurations which may be open
or closed, A chain is defined by a series of near-
est-neighbor like atoms. These substructures can
be very conveniently characterized or identified by
using the following notation:

2 N 1 2 L
(Noa~ Noa ~ ' ' '

~ Noa/NAs~ NAs~ ' ' '
~ NAS) i

where M (L) is the total number of chains of Ga
(As) atoms in the primitive cell and ¹o,(N„',) is
the number of Ga (As) atoms in the tth chain. The
fraction of like-atom bonds in a particular struc-
ture is given by
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structure and such that c/a = l. 833. If we also
take u= 0. 375 then we have an ideal wurtzite struc-
ture and an ideal tetrahedral arrangement of atoms
with a nearest-neighbor distance equal to that of
GaAs (zinc-blende). Out of the possible substruc-
tures that can be made with the 2H-4 structure we
shall be interested only in. two. These can be de-
signated by (1, 1/1, 1) and (2/2). In the first case
we have the wurtzite structure with zero like-atom
bonds and in the second case we have a fraction of
1/4 like-atom bonds, with the Ga-Ga and As-As
bonds occupying the two vertical bond positions in
the unit cell. The first structure ean be used as a
starting point for the study of disorder (U) while the
second can be used to study the effects of like-atom
bonds on structures without short-range disorder.
The (2/2) structure contains the smallest fra.ction,
other than zero, of like-atom bonds that can be
made in the 2H-4 structure.

B. 40-8

The 4H-8 structure is a 4H structure with eight
atoms in a primitive cell. The lattice constants
and internal parameter that describe it are the
same as those of 2H-4 except that we now take the
lattice constant c4„,=2c,~ 4. Again we have an
ideal tetrahedral arrangement of atoms except that
we now have a bit more topological disorder in the
z direction. The 4H-8 structure presents two use-
ful options. First the (1, 1, 1, 1/1, 1, 1, 1) sub-
structure can be an aid in the study of disorder (U)
since it contains some topological va.riations.
Secondly the (2, 1, 1/2, 1, 1) substructure contains
only a fraction of I/8 of like-atom bonds and thus
contains the smallest fraction of like-atom bonds
other than zero that can be obtained from any of
the substructures of all the basic five structures
we are studying. The (2, 1, 1/2, 1, 1) structure
has Ga.-Ga and As-As bonds occupying two of the
four vertical bond positions in the unit cell.

C. BC-8

The BC-8 or Si III" structure is body-centered
cubic with eight atoms in the primitive cell and it
is completely specified by a lattice constant a and
an internal parameter x. We take a = 6. 896 A and
x=0. 1. The BC-8 structure is a high-density
metastable structure of Ge and Si formed under
high pressure but persists at normal pressures and
temperatures. One quarter of the bonds are about
2% smaller and the rest of the bonds are about PPp

larger than the ideal bond length found in the zinc-
blende structure. There are also two types of bond
angles approximately equal to 118' and 100', re-
spectively. An interesting feature of the BC-8
structure is that although it only has even num-
bered rings of bonds we cannot create any substruc-
tures with a total of zero like-atom bonds without

going to a unit cell with 16 atoms, as we shall see
in Sec. IID. In the first group, containing the
smallest fraction 1/4 of like-atom bonds, there
are six substructures and they are all of the type
(2, 2/2, 2). The second group, containing the next
largest fraction 3/8 of like-atom bonds, contains
32 substructures. This group can be divided fur-
ther into two subgroups containing 24 and eight sub-
structures, respectively. The former contains
four atoms with one like-atom nearest neighbor and
four atoms with two like-atom nearest neighbors,
while the latter contains six atoms with two like-
atom nearest neighbors and two atoms with zero
like-atom nearest neighbors. We used stability
considerations to choose one structure out of the
first group of six and one structure out of the sec-
ond group of 32 which is of the type (4/4). These
two structures will be studied using the tight-bind-
ing model and we shall single out the (2, 2/2, 2)
structure for an EPM calculation using stability
again as a discerning factor.

D. SC-16

This structure can be obtained by just consider-
ing the BC-8 structure as a simple-cubic lattice
with a basis of 16 atoms. All the BC-8 substruc-
tures can therefore be obtained from the SC-16
structure. The purpose and usefulness of the
SC-16 structure is that it provides us with a sub-
structure that has zero like-atom bonds along with
short-range disorder. It is therefore very useful
in studying disorder (U). The substructure that we
chose was necessarily of the type (1, 1, 1, 1, 1, 1,
1, 1/1, 1, 1, 1, 1, 1, 1, 1).

The atoms were than allowed to relax slightly to
a state of lower energy by a random process simi-
lar to that used by Henderson and Qrtenburger. '
This resulted in a small increase in randomness
in the bond lengths and angles. In particular we
obtained bond lengths that were up to 3% smaller
and 5% larger than the ideal bond lengths, and bond

angles that varied from 97' to 119=.
Unfortunately there is no SC-16 substructure that

can be found with a fraction of like-atom bonds
which is smaller than 1/4 other than zero.

E. ST-12

The ST-12 or Ge III" structure is a simple
tetragonal unit cell with 12 atoms as a basis. It is
completely specified by two lattice constants a and
c and four internal parameters x&, x2, x„and x4.
We took a = 5. 91 A and c = 6. 955 A, with x, = 0. 09,
x2=0. 173, x3=0. 378, and x4=0. 25. The ST-12
structure is a high-density metastable state of Ge
formed in a similar manner as that of Si III. In
the ST-12 structure the bond lengths are all about
the same length and about 1% larger than the near-
est-neighbor distance of GaAs in the zinc-blende



1548 J. D. JOANNOPOU LOS AND M. L. COHEN 10

structure. Thebond angles however range from 2'
toabout25%greater thanthe idealtetrahedral bond
angle. Since this structure contains odd-numbered
rings of bonds there are necessarily no substructures
with a total of zero like-atom bonds. The smallest
fraction of like-atom bonds that can be found in
these substructures is 1/3. The size of the group
of substructures with a fraction of 1/3 like-atom
bonds is 216. This can be broken into three sub-
groups containing the following statistics: (i) 24
substructures with four atoms having two like-atom
nearest neighbors and eight atoms with one like-
atom nearest neighbor; (ii) 48 substructures with
six atoms having two like-atom nearest neighbors,
four atoms with one like-atom nearest neighbor and
two atoms with zero like-atom nearest neighbors;
(iii) 144 substructures with five atoms having two
like-atom nearest neighbors, six atoms with one
like-atom nearest neighbor, and one atom with
zero like-atom nearest neighbors.

Out of the first subgroup we pick a substructure
of the type (3, 3/3, 3) and out of the second sub-
group we pick a substructure of the type (5, 1/5, 1).
From the third subgroup we choose a substructure
of type (4, 2/5, 1). These will be studied using our
tight-binding model and we shall again single out
one substructure (4, 2/5, 1), using stability con-
siderations, whose atomic positions we shall relax.
This structure will then be studied by the EPM.

Although the fraction 1/3 of like-atom bonds in
these structures is rather large from a realistic
point of view, nevertheless the ST-12 structure
provides us with a series of substructures which
have atoms in a variety of topological configura-
tions and this is useful for studying the effects of
these configurations in a simple and realistic way.

III. RESULTS FOR DISORDER tU)

In the study of disorder (U) we are interested in
investigating effects on the density of states caused

by the following features: (i) topology and (ii) bond-
angle and bond-length variations. As we have al-
ready mentioned these features can be studied with
the concept of short-range disorder. In this case
we take GaAs in the 2H-4, 4H-8, and SC-16 struc-
tures. The first two structures have ideal tetra-
hedral arrangements of atoms and provide a com-
parison of purely topological properties. In the
2H-4 structure each atom sees a hexagonal neigh-
borhood which is different from the cubic neighbor-
hood of the zinc-blende structure. This difference
starts at the third nearest neighbor. On the other
hand in the 4H-8 structure each atom sees alternate
layers of cubic and hexagonal neighborhoods. The
SC-16 structure provides us with distorted tetra-
hedral units and therefore has variations in bond
lengths and angles. It also provides for a new

topology although it is very similar to the 2H-4

structure in that is has the same type of third-
nearest-neighbor environment.

A. EPM caleulatio»s

The tight-binding model is not very useful in
studying these structures with disorder (U) since
one would find no difference between the 2H-4 and
4H-8 structures and only small differences with
the SC-16 structure. In addition the simplicity of
the model would be destroyed by the introduction
of many parameters to take into account bond-
length and bond-angle deviations. Qn the other
hand the EPM is very useful and the results of our
calculations using the EPM are shown in Figs.
1(a)-l(c), where we have plotted the density of
states of GaAs in the 2H 4(1, -1/1, 1), 4H-8 (1, 1,
1, 1/1, 1, 1, 1), and SC-18 structures. The filled
valence band is shown at negative energies and

part of the conduction band is shown at positive
energies. These are unsmoothed computer plots
and no interest should be paid to the small wiggles
along the curves. Before we compare these spec-
tra, however, it would be useful to have some in-
formation about the average distribution of elec-
trons in each band. From the charge-density cal-
culations of %alter and Cohen" we know that the
region of the density of states (Fig. 1) from about
—10 to —12 eV contains electrons which are pri-
marily concentrated on the As atoms. They are
essentially the As s-like states and we shall be
calling this the "s-like region" of the density of
states. The middle peak around —6 eV is actually
part of a band that tails all the way to 0 eV.
Charge-density calculations for this band show that
the electrons are now more concentrated in the bond
with some charge on the Ga atoms. Part of the bond-
ing nature of thisbandis probably coming from the
tail. Actually if we just took a simple two-potential-
well model in the tight-binding sense, the lower-
energy state would be s-like bonding primarily
around the As atom, and the higher-energy state
would be s-like antibonding primarily around the
Ga atom. Although this model is certainly too
simple it does give us some feeling for the region
around —6 eV, which we shall be referring to as
the "middle-peak" region. Finally the region in
the density of states from —4 to 0 eV contains
electrons which are almost entirely concentrated
in the bonds, as in Ge and Si. Weshall be referring
to this region in the density of states as the "P-
like region. "

Let us now compare and examine the trends in
the density-of -states spectra shown in Fig. 1. As
we go from the 2H -4 structure to the 4H -8 struc-
ture the spectra seem to be almost identical. All
the widths are the same for the two cases and the
only difference is in the structure in the P-like re-
gion between —1.5 and —3. 5 eV. %hat we are
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earest-neighbor distances is centered at slightlynear
larger distances in the amorphous phase than xn

the SC-16 case.
As we shall see in Sec. IV, however, the effects

of disorder (U) are rather small and mostly insig-
nificant when compared with the effects of disorder

IV. RESULTS FOR DISORDER (L)

In a recent communication" we described in
general terms the effects of disorder (L}on the
density of states based on a very simplt, charge-
density model. We suggested that the entire spec-
trum would be broadened because of an increase in
the overlap integral between like atoms and the dif-
ferent types of bonding states that are now permis-
sible. We estimated at least a 1.0-eV broadening
of the s-like region and we suggested that one may
be able to distinguish As-As (Ga-Ga) bonding states
at the low- (high-) energy side of the P-like region.

In this section we shall examine these ideas
more carefully and analyze them on a more firm
theoretical basis. In particular we would like to

study explicitly the effects on the density of states
produced by the following features: (i) topological
arrangement of atoms, (ii) bond-angle and bond-
length variations, (iii) percentage of like-atom
bonds, (iv) different clustering configurations of
like atoms, and (v) topological variations in clus-
tering configurations.

The first two features were discussed in Sec. III
and are overshadowed for the most part by features
(iii)-(v). In what follows, we shaB concentrate
primarily on the effects of (iii)-(v), which can also
be studied in the context of short-range disorder.
Thus we will use the tight-binding model and EPM
to examine the various substructures of the 2H-4
4H-8, BC-8, and ST-12 structures mentioned in
Sec. II. We shall a1.so calculate charge densities
for a 2H-4 substructure using EPM wave functions,

A. Tight-binding cakuh7ftions

In Figs. 2(a)-2(f) we show the densities of states
for the 2H-4 (1, 1/1, 1), 2H-4 (2/2), BC-8 (2, 2/2,
2), BC-S (4/4), ST-12 (3, 3/3, 3}, and ST-12 (5,
1/5, 1) structures using the tight-binding model.
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The valence band is mostly at negative energies
and with the & function set at 0 eV and E, designates
the bottom of the conduction band. Each spectrum
is normalized to 24 for ease in comparisons and
the small numbers on top of the peaks give the
relative weight of each peak. The solid line at 0
eV represents a ~ function of pure QaAs p-like
bonding states whose degeneracy can be obtained
easily by subtracting the total number of QaAs
bonds from the total number of GaAs p-like func-
tions that ean be made. The fraction of like-atom
bonds for each structure is given by Eq. (2), so
that for 2H-4 (1, 1/1, 1), 2H-4 (2/2), BC-8 (2, 2/2,
2), BC-8 (4/4), ST-12 (3, 3/3, 3), and ST-12 (5,
1/5, 1) we have 0, 25, 25, 372, 333, and 33r% of
like-atom bonds, respectively.

When we examine the trends in the density of
states as we go from 2H-4 (1, 1/1, 1) to 2H-4 (2/2)
we notice that the peaks in both the s-like region
and the middle-peak region have now split into two.
In addition, in the p-like region there is one peak
at higher and lower energies with respect to the
position in energy of the 6 function. We get the
same qualitative results when we examine the den-
sity of states for BC-8 (2, 2/2, 2). The 2H-4 (2/2)
and BC-8 (2, 2/2, 2) substructures have different
topological properties, ' however they do have the
same type of like-atom clustering configurations.
This suggests therefore that the splitting of the
peak in the s-like region is due to the clustering
of As atoms into chains of order two which pro-
duces essentially a bonding-antibonding splitting.
In a similar way the splitting in the middle-peak
region is essentially due to the clustering of Ga
atoms into chains of order two, although we must
again be careful here, as with disorder (U), since
the states in this region are not purely Ga s-like
states. As for the p-like region the single peaks
at high and low energies, respectively, are prob-
ably due to the different binding energies of the
like-atom bonds which cluster into chains of order
one. Since the As atomic valence states lie lower
in energy than the Qa atomic valence states we
would expect that the lower-energy peak contains
mostly As-As bonding states while the higher-
energy peak contains Ga-Qa bonding states. We
shall return to discuss this point with some evi-
dence later. These ideas are further corroborated
by an examination of the density of states of BC-8
(4/4), ST-12 (3, 3/3, 3), and ST-12 (5, 1/5, 1}. In
the first case we have the effects of like atoms in
chains of order four and like-atom bonds in chains
of order three. We notice that the s-like region
has now split into four peaks, which is exactly what
would happen in a system consisting of localized
states in a chain of order four with only nearest-
neighbor interactions. In fact the eigenvalues of
any such chain of order N are just the roots of an

Nth-order Chebyshev polynomial of the second
kind. We can also distinguish four peaks in the
middle-peak region presumably caused by the Ga-
atom chains. In the p-like region we now have

three lower-energy peaks and three higher-energy
peaks. This lends support to the idea that these
peaks represent like-atom bonding states and are
caused by the like-atom bonds clustering in chains
of order three.

The density of states for ST-12 (3, 3/3, 3) a.nd

ST-12 (5, 1/5, 1) show the same behavior of the s-
like and P-like regions when analyzed in terms of
chains of atoms and bonds, respectively, even
though they have quite different topological proper-
ties from the BC-8 and 28-4 substruetures. For
ST-12 (5, 1/5, 1) we notice the superposition of
states in the s-like region due to chains of atoms
of order five and order one. For the p-like states
we can almost distinguish four lower and higher
energy peaks caused by the like-atom bonds that
are only forming chains of order four. The middle-
peak regions for these two ST-12 substructures
however do not follow very closely the characteris-
tics of chainlike behavior. Nevertheless they are
sensitive to the Ga-atom clustering configurations
as can be seen by an examination of the wave func-
tions in this region.

By using the tight-binding model we have ob-
served some very large effects in the density of
states caused by disorder (L) which could be under-
stood quite easily. In particular we found that the
s-like and p-like regions in this model. follow some
very simple tight-binding rules which are intimate-
ly related to the clustering configurations of the
like atoms and like-atom bonds. We must ask,
however, how realistic in fact are these large ef-
fects. Use of the EPM provides the answer and as
we shall show below many of these large effects
actually carry through in a more complicated cal-
culation. Thus the tight-binding model serves the
valuable purpose of providing a simplicity that aids
in the understanding of the effects of disorder (L}
using a more realistic model.

B. EPM calculations

In Figs. 3(a)-3(d) we have plotted the density of
states using the EPM for the ST-12 (4, 2/5, 1),
BC-8 (2, 2/2, 2), 2H-4 (2/2), and 4H-8 (2, 1, 1/2,
1, 1}substructures which have 33—,', 25, 25, and

12~% like-atom bonds, respectively. Like the
tight-binding case, these densities of states are
normalized to 24 for each substructure and the
numbers on top of the peaks represent the approxi-
mate strength of those peaks. In addition there is
an overlap between conduction- and valence-band
states near 1 eV. We notice immediately that the
effects of disorder (L) using the EPM are just as
spectacular as with the simple tight-binding model.
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I'IQ. 3. Density of states of Ga~s in the (a) ST-12 (4, 2/5, 1), (b) BC-8
2, 1, 1) structures using the EPM. There is an overlap of the valence and

and III represent the p-like region of the density of states where region II
tight-binding model. The small numbers on top of the densities of states
regions and peaks in these densities of states.

(2, 2j2, 2), (c) '~H-4 (2,'2), and (d) 4H-8 (2, 1, 1/
conduction bands near 1 eV. Regions I, II,
is analogous to the 6-function peak using the
represent the approximate strength of various

Let us first examine the s-like region of the den-
sity of states. For the ST-12 (4, 2/5, 1) substruc-
ture we find six peaks which correspond to the
superposition of peaks from As chains of order
four and order two. However these peaks are not
symmetrically situated around the s-like peak of
As atoms in chains of order one as we would ex-
pect from our tight;-binding results. This is caused
to a major extent by the increase in the potential
between the atoms in chains of order greater than
one which causes a shift of these states to lower
energies. This is similar to shift of the one-elec-
tron s-like energies in the hydrogen molecule-ion.
In the latter case this shift is always greater or
nearly equal to half the splitting or width of the
bonding-antibonding states. Similarly in the case
of all the substructures we have studied with the
EPM, this shift is approximately equal to half the
broadening of the s-like states. So as a general
rule the highest-energy peaks of an s-like chain
will overlap with the s-like peak of chains of order
one. Therefore one of the two highest-energy
peaks in the s-like region of ST-12 (4, 2/5, 1) is a
band representing the As atoms in chains of order
one. In the s-like region for the 2H-4 (2/2) and
BC-8 (2, 2/2, 2) substructures we only get two
peaks. This is due to the As atoms clustering into
chains of order two as we saw in the tight-binding

case. The similarities between shape and energy
splitting of these two peaks for the 2H-4 (2/2) and
BC-8 (2, 2/2, 2) substructures show that the s-like
region is relatively insensitive to the topological
variations of the atomic chainlike configurations.
We also notice that the higher-energy s-like peak
for both substructures lies very close in energy to
the s-like peak for the As atoms in chains of order
one (Fig. 1). Finally in the 4H-8 (2, 1, 1/2, 1, 1)
substructure which contains both As-atom chains
of order one and order two we can again see, di-
rectly, the overlap between the antibonding like
state (weight one) of the As-atom chain of order two
and the band (weight two) of As atoms in chains of
order one. Furthermore the splitting between
bonding like and antibonding like states for the As-
atoms in chains of order two is very nearly the
same as that for the 2H-4 (2/2) and BC-8 (2, 2/2,
2) substructures. Therefore the size of this split-
ting, which also happens io be (;he smallest possible
broadening of the s-like region under disorder C', L},
is also unaffected by ihe percentage of like-atom
bonds present in the substructure. Using the
charge-density model" we estimated a minimum
width of about 3 eV in the amorphous case. This
is not ioo far from the results of the present cal-
culations.

If we were not to assume that the amorphous
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GaAs 2H-4 I2/2)
BAND 1

GaAs 2H-4 (2/2)
BAND 2

Ga C3. FIG. 4. GaAs 2H-4 {2/2)
charge density in the (110)
plane for bands 1 and 2.

Ga Ga

phase with disorder (L) would tend to favor like
atoms clustering in chains of order no larger than
two, then we could estimate the percentage of like-
atom bonds in principle by measuring the strength
of the two s-like peaks. The fraction of like-atom
bonds would then be given by I/2(1+H/f. ), where
H/L is the fraction of strength of the higher- and
lower-energy peaks in the s-like region. Generally
speaking however the effects of disorder (U) are a.

broadening of the s-like region and a shift of the
center of mass of this region to lower energies.
In addition the width of this region depends pri-
marily on the types of chain present and not on the
percentage of like-atom bonds or the particular
topological configuration of these chains.

Let us now examine the p-like regions for these
substructures, The p-like regions are bounded
from below approximately by the dashed lines at
about —5 eV. These regions are further approxi-
mately subdivided into sections (I, II, and III) rep-
resenting particular types of bonding characteris-
tics. A comparison of the p-like region for ST-12
(4, 2/5, 1) using the EPM and the tight-binding
model suggests that the lower-energy region of the

P-like states (region I) should presumably repre-
sent As-As bonding states while the high-energy
region (III) should characterize Ga-Ga bonding
states. The middle P-like region (II) represents
the &-function peak whose nature remains unaffected
to first order by effects of disorder (L). This
middle p-like region then retains the character of
the P-like region without disorder and represents
the Ga-As bonding states. Similar classifications
can be made with the p-like regions of the other
three substructures in this figure. A comparison
of the middle P-like regions for the BC-8 (2, 2/2,
2) and 2H-4 (2/2) substructures reveals that the
shape of this region is rather sensitive to the topo-
logical properties of the structure. The difference
in strength of the two peaks in the middle p-like
region for the 2H-4 (2/2) case is most likely caused
by the fact that the lower-energy p-like region for
2H 4(1, 1/1, 1) c-ontains states that mostly describe
diagonal unlike-atom bonds, while the higher-en-
ergy region represents mostly vertical (along z
direction) unlike-atom bonds. Therefore, since
the 2H-4 (2/2) structure has only diagonal unlike-
atom bonds, this anisotropy in the strength of

GaA

Pg,

I('A. ) ))
(

GssAs 2H-4 {2/2{ ~ i {~p, i {,

{' ~'ii', {ii As /
/

li

FlQ. 5. GaAs 2H-4 {2/2)
charge density in the (110)
plane for the regions of the
density of states in the
energy intervals [-7.2 eV,
—6.1 eV] and I—6.1 eV,
—5.0 eV] designated by
arrows in Fig. 4{c).
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GaAs 2H-4 (2/2)
p jar [—3.7. —

E;,Ef

Ga

FIG. 6. GaAs &0-4 {2/2)
charge density in the (110)
plane for the regions of the
density of states in the
energy (eV) intervals
[-5.0, —3.7] and [-a.7,
—l. H] designated by arrows
in Fig. 4{c).

these two peaks is understandable. In an amor-
phous structure however we would not expect this
type of anisotropy, so that the middle P-like re-
gion should look more like the one in the BC-8 (2,
2/2, 2) substructure. The effects on the P-like re-
gion obtained by reducing the percentage of like-
atom bonds while retaining similar types of like-
atom clustering configurations can be seen from
Fig. 3(d). The P-like region for the 4H 8(2, 1, -
1/2, 1, 1) substructure is just slightly broader than
the BC-8 (2, 2/2, 2) and 20-4 (2/2) substructures.
In addition the most important change seems to be
just a reduction in strength of the As-As and Ga-Ga
bonding -state regions.

Finally, all that we can say about the middle-
peak regions for these four substructures is that
we obtain an over-all broadening in each case as
compared with the middle-peak region for 28-4
(1, 1/1, 1). As for the conduction bands we notice
that we get a shift to lower energies when compared
to the bottom of the conduction bands for the cor-
responding substructures without like-atom bonds.
In fact the states at the bottom of the conduction

band under disorder (L) are most probably As-As
antibondinglike states in addition to being plane-
wave-like. This is due to the fact that the low-

lying conduction states should be orthogonal to the

top of the valence band and s like. At the same
time the deeper As-As potential wouldhave a strong-
er influence on these states and would try to bring
them down to a lower energy. However the effects
of shifting of the conduction band and broadening
of the P-like region due to like-atom bonds have
some very serious consequences.

%e have found that all our EPM calculations re-
lated to disorder (L) yield semimetals. Experi-
mentally'6 a large decrease in the gap has been
found for amorphous III-V compounds and our re-
sults are consistent with Connell's' suggestion that
this decrease might be caused by like-atom bonds.
Before we go into this in any more detail, how-

ever, let us first look at some charge-density cal-
culations which will verify the suggestions we have
been making regarding the character of various
regions of the density of states and wil1. give us
some idea of the nature of the like-atom bond.

oaAs 2H

Flo. 7. Gms ~a-4 (~/2)
charge density in the {110)
plane for the regions of the
density of states in the
energy {eV) intervals [-1.3„
0.6] and [0.6, 2. 2] desig-
nated by arrows in Fig. 4{c).
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FIG. 8. GaAS 2H-4 {2/2) total charge density in the
{110)plane.

C. Charge densities

As a simple and typical example of what happens
to the electrons in a structure with like- and un-
like-atom bonds we calculate charge densities in
the 2H-4 (2/2) substructure. Information about the
distribution of electrons in various regions of the
density of states can be obtained from band charge
densities p„(r) where appropriate and from inte-
grated "energy" charge densities ps& s, (r) for en-
ergies in the intervals [E,, E&] These ch. arge den-
sities are plotted in terms of contours for the (110)
plane of the 20-4 structure in Figs. 4-7. In Fig.
4 we show the results of p„(r) for bands 1 and 2,
which represent the s-like region of the density
of states. The bonding and antibonding nature of
the As s-like states is clearly evident. In Figs.
5-7 we show our calculations for ps E,(r) for the
intervals (in eV) [-7.2, —6. 1], [-6.1, 5. 0],
[-5.0, —3. 7], [-3.7, —1.3], [-1.3, 0. 6], and

[0.6, 2. 2]. These intervals are labeled with ar-
rows and are shown in Fig. 3(c). In Fig. 5 we
show the charge density for the middle-peak region
which can be approximated by the intervals [-7. 2,
—6. 1] and [-6.1, —5. 0]. The electronic distribu-
tions are very similar for these two regions. The
charge is spread out with slightly more charge in
the As-As and Ga-As bonds than in the Qa-Ga bond.
In Fig. 6 we show the charge density for the inter-
val [-5.0, —3. 7], which is essentially the lower-
energy P-like region. As we see, the electrons
are concentrated primarily in the As-As bonds with
a small concentration in the Ga-As bonds and a
negligible distribution in the Ga-Ga bonds. This
region then certainly represents As-As bonding
states. In this figure we also show ps& s, (r) for the.
interval [-3. 7, —1.3] which represents approxi-

mately the middle P-like region. Now the elec-
trons are almost entirely concentrated in the Ga-As
bonds. The contours to the left of the Qa atoms
and to the right of the As atoms represent cross-
sectional slices of the other diagonal bonds which
are not shown in this plane. This region then rep-
resents the Qa-As bonding states. In Fig. 7 we
show the electronic distribution in the interval
[—l. 3, 0. 6] which approximates the high-energy
region of the P-like states. As we see, the elec-
trons are now concentrated primarily around the
Ga-Ga bond so that this region represents the
Ga-Ga bonding states. In this figure we also show
the hypothetical situation where the conduction-
band region [0.6, 2. 2] is filled with electrons. The
electrons are now very plane-wave-like but at the
same time show a. distinct antibonding s-like dis-
tribution around the As atoms. Finally, in Fig. 8
we show the charge density obtained by summing
over all the filled bands. We notice that we obtain
definite bonding character for all the bonds. The
strengths of the Ga-As bonds are very close to
their strengths in the zinc-blende case. The As-As
bonds have a lot of bonding charge which is also
quite localized. On the other hand the Ga-Ga bonds
are rather weak and less localized.

Let us now return to the question of the gap in
the density of states. What we must ask is whether
we shall always get a semimetal under disorder
(L). From the charge-density calculations we have
definite proof that the top of the valence band rep-
resents Ga-Qa bondinglike states. In addition the
bottom of the conduction band has some antibonding
As s-like character. Therefore we would expect
a shift in energy of these regions depending on the
nearest-neighbor distances of the Ga-Qa and As-As
bonds. In our calculations of the 2H-4 and 4H-8
substructures we have always taken the ideal situa-
tion where the Ga-Qa nearest-neighbor distance is
equal to that of the As-As nearest-neighbor dis-
tance, which is in turn equal to the ideal Ga-As
nearest-neighbor distance. Since the top of the
valence band has much more charge around the Ga
atoms than the conduction band has around the As
atoms we would expect a larger sensitivity of the
gap to changes in Ga-Ga bonding distances. Hope-
fully by increasing the gap we would also be making
the Ga-Ga bonding states more bondinglike in
character and more concentrated in the bonds
rather than what we obtain in Fig. 7. We find that
in the 2H 4(2/2) substructur-e the gap increases
by about 0 08 eV for every 1%%u& reduction in the
Ga-Ga bonding distance. Furthermore this gap
increases by only 0. 01 eV for every 1% increase
in As-As bonding distance. In Fig. 9 we show our
results for the density of states of 2H 4(2/2) with-
a 10%%uo decrease in the Ga-Qa nearest-neighbor
distance and a 3/0 increase in the As-As bonding
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FIG. 9. Density of states of GaAs in the (a) modified
2H-4 (2/2) and (b) FC-2 structures using the EPM. The
modified 2H-4 structure was obtained from the ideal 2H-4
structure by taking a 10% decrease in Ga-Ga bonding
distances and a 3% increase in the As-As bonding dis-
tanceses. This resulted inamergingof regions II and III
and the formation of a nonzero energy gap. The dashed
curve in (b) represents the consequences of disorder
(L) for a III-V compound with 10% like-atom bonds taking
GaAs as a prototype as discussed in the text. The dot-
ted line distinguished between the low- and high-energy
s-like peaks.

D. Model for disorder (L)

%e now have enough knowledge about how dis-
order (L) affects various regions of the density of
states that we could make some definite statements

distance. In this structure we obtain a 0. 1-eV gap
and at the same time we have the same bulk den-
sity as before and negligible changes in the bond
angles and Ga, -As bonding distances. This result
for the gap is very encouraging andwe wouldexpect
to get similar effects by changing the cation-cation
and anion-anion distances in the other structures.
The important point to remember is that given a
particular configuration of like-atom bonds with
particular potentials the cation-cation and anion-
anion nearest-neighbor distances would be very
important in determining whether a gap could exist.
In this structure we also obtain a small shift in the
s-like region due to the decrease in As-As bonding
distances. This shift corresponds to about a 0. 1-
eV change for a 1k change in As-As nearest-neigh-
bor distance.

as to what would be observed in a random-network
model with like-atom bonds. %e begin by assum-
ing a 10' presence of like-atom bonds, which as
Shevchik and Paul'4 have shown would contribute
very slightly to the heat of crystallization of the
amorphous phase. From stability considerations
we would expect the clustering configurations of
like atoms to be in the form of chains or rings.
However we must also assume the presence of only
low-order (one, two, or three) chains of like-atoms
since these will affect the possibility of obtaining a
nonzero energy gap as is observed experimentally. '6

As we have already seen in Fig. 3(a), fourfold
chains of atoms would make a rather large overlap
between the Ga-Ga bonding-like states and the
conduction band. Thus, without a restriction for
low-order chains we would need rather large un-
realistic changes in the Ga-Ga bonding distances in
order to get a nonzero gap. In this model, with
only low-order chains, we simply assume a 10%
decrease in Ga-Ga nearest-neighbor distances and
a 3% increase in As-As nearest-neighbor distances.
This way we would expect to get a nonzero gap as
in 2H-4 (2/2}, Fig. 9(a). We should notice also
that these changes in nearest-neighbor distances
for Ok cation-cation and 5/o anion-anion bonds are
compatible with some of the RDF's of Shevchik and
Paul (e. g. , GaP) just in case these RDF's repre-
sent systems with disorder (L).

Therefore, based on all these considerations our
model for the density of states of an amorphous
III-V compound with disorder (L} taking GaAs as a
prototype would have the form shown in Fig. 9(b).
For comparison we also show the density of states
of GaAs in the zinc-blende structure as the solid
curve. Let us first concentrate on the s-like re-
gion. As we mentioned earlier there should be a
shift in the center of mass of the s-like states to a
lower energy. Along with this is the fact that the
highest-energy states of a particular chain tend to
overlap with the states of chains of order one.
This suggests that we may divide the s-like region
into two main peaks. The first peak is what we
may call the lower-energy s-like peak and would
contain all the states except the highest-energy
states of all the As like-atom chains of order
greater than one. The second peak, which we may
call the higher-energy s-like peak, would contain
only the highest-energy states of all the As like-
atom chains and would be located around the energy
of the states for As chains of order one. By making
these simplifications the fraction of like-atom
bonds is again given by I/2(1+H/L), where H and
I are the strengths of the higher and lower s-like
peaks, respectively. In addition, as we have al-
ready seen the splitting between the higher- and
lower-energy peaks will be around 3 eV. Thus
for 10% like-atom bonds H/I. 4 and we get an s-
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like region as shown in Fig. 9(b'). In principle
therefore an unfolding of the s-like region into two
peaks should give us some idea of the fraction of
like-atom bonds which are present in an amorphous
sample.

In the middle-peak region our calculations can
only suggest a general over-all broadening. In
particular our results imply an increase in broad-
ening in the amorphous case by about 0. 6 eV. In
the P-like region we should have a shoulder in the
lower-energy region representing the As-As bond-
ing states. This should look something like the
one in the BC-8 (2, 2/2, 2) substructure but with
less strength. In addition we should have a middle
P-like region which represents Ga-As bondinglike
states and is therefore the only part of the density
of states whose character is retained under dis-
order. Its shape is however sensitive to topological
disorder so it should look mostly like the middle
P-like regions in the BC-8 (2, 2/2, 2) or ST-12 (4,
2/5, 1) substructures. Finally the higher-energy
P-like region representing the Ga-Ga bonding-like
states will tend to overlap with the middle P-like
region in order to obtain a nonzero gap as in Fig.
9(a). From these considerations we propose a. P-
like region as shown in Fig. 9(b) which should be
about 5 eV wide. For the bottom of the conduction
band we should have a small shift to lower energies
as we have observed in all the substructures with
like-atom bonds. For our choice of like-atom
nearest-neighbor distances in this model, we
should have band edges at energies which are simi-
lar to those for 2H 4(2/2) in -Fig. 9(a). As we
have already seen in Sec. III the effects of disorder
(U) on the size of the gap seem to be rather small.
In addition the similarity in the overlap of the con-
duction and valence bands for the 2H 4(2/2) and-
BC-8 (2, 2/2, 2) structures suggests that the most
important influence on the gap is just the presence
of like-atom bonds with or without disorder. Un-
fortunately, however, although the size of the gap
is very sensitive to the eation-cation bonding dis-
tances it cannot be used alone as a measure of this
bonding distance. This is because the contributions
from the anion-anion bonds, even though they are
weaker, are not negligible. Nevertheless a mea-
sure of the energy between the s-like high- and
low-energy peaks, together with the size of the
gap, may be able to provide some information
about both the cation-cation and anion-anion near-
est-neighbor distances.

V. SUMMARY AND CONCLUSIONS

In this paper we have primarily been interested
in the structural nature of the amorphous III-V
phase. From an experimental point of view the in-
formation obtained from optical properties' and
RDF's' is not very sensitive to the microscopic

structural aspects of the amorphous phase. Neither
of these experiments, for example, is able to give
precise information as to what type of disorder is
present in any given III-V sample. In the former
case one would need a theoretical model that would

have to agree very closely with the experimental
optical data in order to get any believable informa-
tion about the disorder present. And in the latter
case the RDF is unfortunately not a sufficient con-
dition for any structure. For example, random-
network models (RNM) have been able to fit ex-
perimental RDF's rather well. In all these RNM's

however we find fivefold and sevenfold rings of
bonds. It is quite conceivable, nevertheless, and

indeed probable that one could make an RNM with

only even-numbered rings of bonds, that would also
fit the experimental RDF's. This would then have

important consequences related to the type of dis-
order that would be present in the amorphous phase.

All this suggests that the aforementioned experi-
mental data would in some cases still be consistent
with two distinct types of disorder which could
exist in an amorphous III-V compound. The first
type of disorder, which can be called disorder (U),
describes a stoichiometric disordered system of
atoms in fourfold coordination with only unlike-
atom bonds. In addition we have variations in the
bond lengths and angles while keeping all bonds
satisfied. The second type of disorder is referred
to as disorder (L) and encompasses all the proper-
ties of disorder (U) along with the presence of
like -atom bonds.

In order to be able to distinguish between these
two types of disorder we chose to study their ef-
fects on the electronic density of states, which
would be quite sensitive to the microscopic struc-
tural nature of the amorphous phase. In order to
study these effects we have used the concept of a
short-range disorder model' and we have been par-
ticularly interested in the effects caused by the
following structural features: (i) topological varia-
tions of atoms, (ii) variations in bond lengths and

angles, (iii) percentage of like-atom bonds, (iv)
clustering configurations of like-atoms, and (v)
topological variations of clustering configurations.

Our results i'or disorder (U) and disorder (L) are
shown in Figs. 1(a) and 9(b). For disorder (U) we
find that the s-like region of the density of states
is rather insensitive to the topological arrangement
of the atoms. This, however, is not true for the
P-like region, whose shape is quite sensitive to the
local environment of each atom. Furthermore the
s-like region is influenced by the second-nearest-
neighbor distances which are affected by variations
in. the bond lengths and bond angles. The P-like
states are also probably affected by deviations in
the bond angles which might cause a steepening of
the band edge as in the case of amorphous Ge. '



1558 J. D. JOANNGPGU LOS AND M. L. COHEN 10

The middle-peak region of the density of states
seems also to shift slightly to higher energies with
the inclusion of disorder. This is perhaps due to
the relatively delocalized nature of these states.
This region, however, is not at the present clearly
understood. Finally, the energy gap does not seem
to be very sensitive to the topological properties of
the system and is affected only slightly by nearest-
neighbor distances. All in all, the effects of dis-
order (U) on the density of states are rather small.

With disorder (L), however, we obtain some
very interesting effects. Our results show that the
s-like region of the density of states is very sensi-
tive to the types of clustering configurations the
like atoms can form. From energy considerations
we have preferred clustering configurations in
which any given atom does not have more than two
like-atom nearest neighbors. This implies that
the like atoms can cluster into various configura-
tions of chains. We find that we obtain X peaks in
the s-like region from each group of chains of
order ¹ In addition the position in energy of these
peaks is not very sensitive to the different topo-
logical arrangements of these chains. The center
of mass of each set of N peaks is shifted to lower
energies by an amount approximately equal to the
interaction between atoms in a chain. This is
similar to the shift observed in the electronic en-
ergy of a hydrogen molecule-ion. The effect of
this shift is to make the highest-energy peaks of
each cluster to chains of order N overlap and form
one large peak around the energy of the peak for
chains of order one. Similarly (particularly true
in the case of low-order chains} the rest of the
peaks will also tend to overlap into one peak at
about 3 eV lower than the first one. The splitting
of these two main peaks is found to be insensitive
to the percentage of like-atom bonds present. How-
ever we have found that the fraction f of like-atom
bonds can be correlated in a simple and approxi-
mate way to strength I- and 8 of these low-energy
and high-energy s-like peaks, respectively, by the
expression f= I/2(1+H/I-). In Fig. 9(b) we have
assumed the presence of 10% like-atom bonds and
so H/f. -4.

The P-like region of the density of states is also
very sensitive to the clustering configurations of
the like atoms and broadens into three main re-

gions (I, II, and III) which we call the low-, mid-
dle-, and high-energy P-like regions. The low and

high P-like regions represent anion-anion and
cation-cation bonding states, respectively. Gn the
other pand, the middle P-like region represents
cation-anion bonding states and is therefore the
only region of the density of states that retains its
character under disorder (L). In addition the shape
of this region is quite sensitive to the topological
arrangment of the atoms. The main effect of the
percentage of like-atom bonds on the P-like region
seems to be just a variation in the strengths of the
peaks in these three regions. The width of the p-
like region is however sensitive to the order of the
like-atom chains and to the cation-cation and anion-
anion bonding distances. We have found that in or-
der to get a finite energy gap we would need a
structure with only low-order chains of atoms ( 4)
and cation-cation and anion-anion bonding distances
which are smaller and larger, respectively, than
the ideal cation-anion bonding distance.

Finally, we should mention that although we used
GaAs to study disorder (U) and disorder (L) we
would have obtained similar results from any other
III-V compound. This is not to say, however, that
all the III-V compounds are equally likely to exist
in the amorphous phase with disorder (U) or dis-
order (L}. In particular, in the case of disorder
(L) we would expect to find only the compounds with
the strongest bonding character. Now presumably
the bonding charge calculated by Walter and Cohen'
can be considered a measure of this bonding char-
acter. In that case their results would indicate,
for example, that InSb and InP are more likely to
be found with disorder (L} than GaAs. In any case,
if amorphous samples are to be found with disorder
(L), it would seem preferable to prepare them at
low enough temperatures so that the diffusivity of
the atoms is very small.
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