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Effects of Disorder on the ‘Electronic. Density

of States of III-V Compbunds*

J. D. Joannopoulos and Marvin L. Cohen
Department of Physics, University of California
and

Inorganic Materials Research Division,

LawPence Radiation Laboratory, Berkeley, Califdrnia 94720

Abstract
We investigate the effects of two types of
disorder on the electronic density of states of

III-V semiconductors using simple tight binding

models and the empirical pseudopotential method.

‘For the first type of disorder We'consider a

stoichoimetric system with four fold 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 dis-

order. 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 df disorder reveals



valuable information concerning thé reiationship
of the structural ﬁature of an amorphous system to
its density of states. We present a model of the
density of states of amorphoué GaAs, for each type
of disorder, which we believe would be consistent
with the present experimental radial distribution
data.. The effects of these types of disorder abe
~discussed in general, and hopefully they will be
useful in identifyihg specific tybes of disorder

in amorphous samples.

I. Introduection

For many years there has been considerable experimental"

and theoretical interest in the transport, optical and
electronic properties of amorphous group IV elements like
Ge and Si.. 1In addition particular interest has been given

to. the structural nature of the amorphous phase. Many

techniques'haVe been developed to-prépare amorphous samples -

and usually spécial care is takenvtd 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 héve experimental meaéurements
yiéldéd any information related to the eléctronic density
of states of the complete valence band. This hés been
accomplished mostly through ultraviolet (UPS) and X-ray

-t The differences

(XPS) photo emission'spectroscopy.2
observed between the crystalline and'amorphdus density of

states spectra has proven to be valuable in probing the

o



the structural nature of amorphous Ge and 55,998
these calculations indicate that

/these differences are associated with the preSence'of five

'In particular

and seven fold rings of bonds and deviations in‘the bond
angles in the amorphous phase.
eIn this paper we would like to investigate>in some

detail the effects of disorder on fhe electronic density of
states of amorﬁhous IIi-V semiconductors. We shall restrict
our disorder to  topologically disordered stoichiometric
structures with atoms in four-fold coordinetion‘and no
dangling bonds. We will divide this disorder into f&o.mainv
types which we shall call disorder'(U) and disorder (L);-
Disorder (U) describes a disordered connected network of
atoms with deviatiens from the ideal tetrahedral bond lengthe
~and angles but with the_restrictionbof having only unlike-
atom bonds (i.e. only IIi—V atom bonds). On the other hand |
disorder (L) can also have likg-atom.bonds (i.e. III-III

and V-V bonds). As we shall see this division of disorder
into these two types is-useful since the effects of like-
atom_Bonds on the density of states are vefy strong and for
the most parf overshadow effects from disorder (U). Structures.
with disorder (L) will always_heve-equal numbers of iII-III |
and V-V bonds eince we are assuming stoichiometric systems.-

N and Nv be the

I1I-I11° Nv-v? NIz
total number of type III-III bonds, type V-V bonds, type III

In general if we let N

atoms and type V atoms respectively, then we have:

N N g '

2 R III




+ - N, (2)

so that the difference in percehtage of type III-IIT and
type V-V bonds is equal to the difference in percentage
of type III and type V atoms. |

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 examinerén
experimental amorphous density of states.spectrum and to
determine the type of disorder present.

»:To~our knowledge there have been as yet no published-

experimental XPS or UPS spectra on amorphous III-V compounds.

s

To understand the influences of disorder (U) and
disorder (L) on the density of states we shall be interestéd
primarily in effects due to:

(i)'topoldgical arrangement of atoms

" (1i) bond angle and bond length distortions
(iii) percentage of like-atom bonds |
‘.(iv) different clustering configurations of .like-atoms

(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.

5,6

.amoﬁphouste and Si. 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 fhé'trends observed
in the density of states for these crystals can give us
specific information about the effects of particular types
of.disordef. | | |

As we.haVe shown in-oﬁr work on complex structurés of
Ge_ahd_Si, the_effecté of long range disorder (i.e. the
fact_ﬁhat'We'do‘not have érystals) are df‘éecbndary
imporféhce.‘ | | |

.In this faper we shall take the 2H-4 (wurtzité),,uH—s
(héxagonal 4H), BC-8 (Si iII), ST-12 (Ge III), and SC-16
(BC-8 taken as a simple cubic 1attice5 structurés és a basis
for our studies; In the case of disordef (U) we shall use
the 2H-4, 4H-8 and SC-16 structures while in the case of |
disorder (L) we éhall.examine the ?2H-Y4, 4H-8, BC-8 and ST-12
structures. The reasons for these choices will be given later.

To study these crystal structures we shall use sihple
thﬁee-parameter tight binding modéls and the empirical
pseudopqtential method (BPM).? vThe tight binding scheme
" will be used to éasily discern structural features in the
denéity of states and the EPM will providé a more realistic
examination of fhe densiéy‘of states. We also present
chafge density calculations in order to examine the nature.
of like-atom bonds. | |

in all our calculations we shall take GaAs as a
protétype of the III-V compounds and we assume that our

results on these effects of disorder will be applicable to'



all III-V cémpohhdé. 'Howéver we are not able at the>§resént
to predict with any cef%éinty'what III-V cbmpoﬁhds could
exist with disorder (U) or disbrdér fL). | B o

In section II wé'shall givela description 6f fhe crystal
strucfubes studied and the notation that we shall use |
descfibing their topological prdperties. ‘Ih éectioh.IiI
we shall discuss the methods of our calculations. In
~sections IV and V we shall present and discuss the réSulfé
of éur calculations for disorder (U) and disordér (L)
respecfively; _Finaliy in section.VI we preseﬁt a summary

and some concluding remarks.

II. vStrqptures and Statistics
In this section we shéll examine the structural and

toleogiCallpropertieS of the 2H-4, UH-8, BCQB,'ST-lZ, 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 strucrures we find that .we

can make N!/_((N/Q')l)2 different substrUcfures respecfively
assuming each atomic position to be distinct, where N is

the total number of atoms in the primitive cell. Some of
thése éubstrudtures ére of course identical and maﬁy of them
are quite éimilar. In what follows we shall break up each
group of substructures into smaller groups defiﬁed by the
percentage of like-atom bonds present. We shali,then

break up each of the smaller groups into sub-grogps , -_: v

depénding upon the number of like-atom bonds for each atom.



This is of interest since it characterizes each substructure
by the immediate environment of each of:its atoms; Noﬁ
the sgbstruetures in the subgroﬁps can be divided fﬁrther
into classes depending upon the pafficular clustering con=-
figuratiqﬁs of like atoms. However from stability considera-
tions we restrict ourselves'té substructures that have atoms
with only pr or less like atom nearest neighbors; The
method used to invesfigate the total‘energy per atom of
these strﬁctﬁres is deScribed_in section III. |

With this restriction Qe are_effectiyely left with
substructures that have like-atoms which.can‘cluétériinto:
chain-like configurations ﬁhich may be open or clbséd._
A chain is défined by a series of nearest neighbor like-
.atoms.' These substructures één be Véry_cdnveniently_
characterized or identified by using the following néfation:

(Nl 2 o a2, ) (3)

Ga’ Ga Ga' "As’ As As

where M(L) is the total number of chains of Ga (As) atomév
i
Ga

atoms in the ith chain.  The fraction of like-atom bonds

in the primitive cell and N (Nis) is the number of Ga (As)

iﬁ a particular'structure is given by.

M .

1
) (Nga~1) o
izl S | ()
™M .~ 2N I '
2 z N.'l. T.

Ga
i=1 :

where N, is the total number of atoms in the primitive cell.

T



Since we are dealing with stoichiometric structures an

equivalent expression to equation (4) could be obtained
i i
Ga PY NAS'\

finite chains of like-atom bonds. In the case of rings

by replacing N In equation (4) we are assuming

or infinite chains we can use equation (4) but we must
i i | i |
Ga~t PY Ngy Ga

of like-atoms of the ith ring or infinite chain in the

.repiace N ’ wheré N would fepresent the number
primifive cell. We could also make this explicit in the
notation - (3) by placing an R (ring) or I (infinite chain)
after the number Ni. The number of atoms in the structure
tﬁat have zero 1ike—atoﬁ neighbors is just given by the
total number of one-link chains (i.e. Ni ='i). The_number
- of atoms that have one like~-atom neighbér is given by
twice the total number of finite chains of order greater
than one. Finally the number of atoms in the structure
with.two like-atom neighbors is given by the total number
of atoms in finite chains of order greater fhan two miﬁus
twice the number of finite chains of order greater than

two plus the total number of atoms in rings or infinite
chaiﬁs}.

As an example lét us find what information we can
obtain about two substructures of the ST-12 structure if
they arevdesignated»by(S,l/u,2)and(3,3/HI,l,l)respectively..
in the first structufe we have'twd Ga atom chains of order
five and order one.and two As atom chgins of order four

and order two. In the second structure we_have_two Ga atom

chains of order three, an infinite As atom chain with four
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atoms in a primitive cell and two one As atom chains.

‘The fraction of like-atom bonds in both structures is 1/3.

In the first (second) structure there is one (two) atom(s)

'with zero like-atom nearest neighbors, six (four) atoms with

6nellike—atomlneare8t neighbor and five (six) atoms With:
twoﬂlike-atom_nearest neighbors.

| We may nowrproceedvto analyze the 2H-4, 4H-8, BC-Q,
STF12,.ahd SC~16 structures using the aforementioned
notatiqn’aS'anvaid to'our.charaétérizatioh and ‘discussion.
We shail not.study all the poésible.distinct.substructuréS"

that can be made but rather we Shall select and describe-

those which are most useful for our purposes. Furthermore

in many cases the notation(Néa...NM /N ...Nks)dOes not

v A Ga' "As
uniquely define a particular substructure. For instance

we may have many Substbuctures-forming a,sef in which they

are all of type(I,J/K,Q. In this case we shall, arbitrarily,

~use stability (see section II1) requirements as a discerning’

factor in choosing one substructure tovStudy_out of this
set. It should be noted however that fhe densities of states
of all thé substructures of a given type are'very similarr
so that the method used in choosiﬁg oﬁe'substructure is
relétively'unimportant.

‘A.  2H-u

 The 2H-4 structure is a wurtzite-like 2H structure

with four atoms in a primitive cell and is described by

1attice constants a and ¢ and a parameter u. The a and c

lattice cohstants were choseh'SO'as to make the bulk density
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of the 2H-4 structﬁre-thq same as that_éf GaAs in the
zincblende structure and such that c/a.= 1:633.- If we also
take u = 0.375 then we have an. ideal wurtzite structure
~and én ideal tetrahedral-arrangement of atoms with a
nearest neighbor distance. equal to .that of GaAs (zincblende).:
Out of the pbssible substructures that can be made with
| the 2H-4 structure we shall be interested oniy in two.
Thgse-can be designated by(l,l/i,l§and(2/2¥- In the firét
case we have the wurfzité structﬁre.with_zero like-atom
"bonds and in the second case we have a fpaction of 1/4
like-atomvbondé with the Ga-Ga and As-As bonds occupying
the two vertical bond positions in the unit ceil.l TﬁeAfirét
structure can be used as'a,starting_pqint4fop the study of
disofder (U) while the. second can be'qsed to étudy»the
effects of like-atom»bonds-onvstructures without short
range disorder. The(2/2)structure containS'thélsmallest
fractibn, other than zero, of like-atom bohdsAthat can be
made in' the 2H-4 structure.
B. #H-B-
The 4H-8 structure is a uHﬂstrﬁcture with eighp atoms
in a primitive”ce1l. The lattice constants and internal ‘
paramete? that describe it arevfhe samé as those of72H-N

: the lattice constant )
except that we now take/c = ZCQH_M. Again we have an

4H-8
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 usefulvoptiong, First the -

(l;l,l,l/l,l,l,l)sub-structure.can be. an aid in the study
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of disorder-(U) since it contains some topological variations.
Secohdly the(2,l,l/2,l,i\substructure contains only a fraction
of l/é of like~atom bonds and thusvcontains the smallest
fraction of ‘like-atom bonds other thah zero that can be
obtained from any of the substructures of all the basic
five structures we ‘are stﬁdying. Thé(2,1;l/2,l,l)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»III8 structure is body centered cubic
with eight étoms‘iﬁﬁthe 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 pressufe but persists at normal pressures and
temperatures. One Quarfer of the bonds are abouf 2% smaller B
and the rest of the bonds are about 2% iarger than'fhe ideal
bond length found in the zihcblende structure. There are
‘also two types of bond angles approximately equal to 118°
and 100° respectively. An'intereéting feature of the BC-8
structure‘is that although it only haS’eveninumbered rings
of bonds we cannot create any sgbstructures with é-total of .
zero like-atom bénds. In the firét.group céntaining.the
smaliest:fraction~(l/4) of like-atom bonds there are six
v.subsfructures and they are all of the type(2,2/2,2l The
second group containing the next largest fraction (3/8) of

like-atom bonds contains thirty two substructures. This group
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can be divided further into two subgroupéicéhtaining‘tWenty
four and eight substructures respéétively. The fqrmér
contains four atoms with one like-atom nearest neighbor
and four atoms with two like-atom nearest neigthrs while
the latter contains six atoms with two 1ike-afom nearest
neighbdriand two atoms with zero like-atom nearest neighbors.
'We ﬁsed staﬁiiity édnsiderations to choose one structure’
out of thevfirst group of six andbone‘Structure out of the
second group of thirty two which isvof the type(h/u) Thesé_'
twd srfuctures will be studiedvusing thé tighting binding
model and we shall Sihgle out the(2,2/2,2)structure for an
EPM calculation using stability agaih‘és a discerning»factor.

D. SC-16 o |

This structure can be obtained by just considering the
BC?S,structure as é.simple cubic lattice with a basis of . .
sikteen atoms. All the BC-8 substructures can therefore
be obtained from the SC;16 structure. The purpose and
uéefulneés of the SC-16 structures is that it provides us
with a substructure that has zero like-atom bonds along with
short range disorder. If is therefore very useful in
studying disorder (U). The substructure that we chose was
necessarily of the-type(l,l,1,1,1,1;1,1/1,1,1,1,1,1,1,3.

The atoms were then allowed to relax slightly to a
state of lower energy by a random process described in
: seétion III. This resulted in a small increase in randomness
in the boﬁdllengths and angles. In particular we obtained

bond lengthé that were up to 3% smaller and 5% larger than
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fhe'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 l/u.other fhan zero.:
'E.  ST-12 o
The ST—12 Qr;Gé 1118 structure is a simple tetragonal
unit cell with twelve atoms as avbasis. It is completely

specified by'two lattice constants a and ¢ and four internal

' parameters xi, xz, X5 and x, . We took a _5,91 A and

e = 6.955 A with x, = 0.09, x, = 0.173, x, = 0.378 and

X, = 0.25. The ST-12. structure is a high density metastable

n
state of Ge formed in a similar manner as that of Si III.
In the ST-12 structure the bond lengths are ail about the
same 1ength and'aboﬁt l% larger than the nearest neighbor
distance of GaAs in the zincblende structure. The bond |
angles-hoﬁévér range from 20% less to abouf 25% greater

fhan the ‘ideal tetrahedral bond angle. Since. this structure-
contains odd-numbefed rings of bonds there are‘necessariiy-
no substructures with a total of zero like-atém boﬁds. The '
smallest fraction of like-atom bonds that‘can be found in
theSevsubstructures ié'l/3. The size of,thé group of
substructuﬁes with a fraction of 1/3 liké;atom bonds is 216.
Thiévcan be broken into three Subgrdupsvcontaining the
following statistics.

(1) twenty four substructures with four afoms‘having

two like-atom nearest neighbors and eight atoms with one

like-atom nearest neighbor.

’
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' (2) forty eight'oubstructures with.six afoms having
twovlikeéatom nearest neighbors, four atoms with one like-
atom nearest neighbor ond two atoms wifh.zero like-atom
néarest-neighbors; ' |

(3) one hundred and forty four substructures with five.
atoms having two like-atom nearest neighbors, six atoms with.
one like-afom nearest neighbor and one atom with zero
like-atom nearest neighbors. |

In the first subgroup the subStructuresoére all of
type(3 3/3 3)wh11e in the ‘second subgroup we can find
substructures of ‘types(S 1/5,1), (3,3/41,1,1) and (1,1,1/3,3).
Flnally in the ‘third subgroup we f;nd.four types of . _

" substructures (5;»1/3,3),7(3;3/5,1), (l+.,2/5‘5,v1)anvcji_(5,l/l+,.2). We
have chosen one distinct substructure from each of these
oight types. These will be studiedvusing ouf tight binding:
model: and wé.SHallgagain'singlo:out,one'éubotructure
(4,2/5,1), using.stability‘oonsiderétions; whose atomic
positionsrwe shall relax. bThis,structure will then be
studied by the "EPM. . _- |

Although the fractlon 1/3 of 11ke atom bonds in these
structures is: rather large from a reallstlc p01nt of view,
nevertheless-the ST-12 structure provides us~w1th a serles
of_substructuréé which have atoms in avuariety of topological
configuratibns and this is useful for studying.the effects

of these configurations in a simple and realistic way.
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III. Calculations

In this section ue'Shall deSerbe the calculational
methods used to study the,yarious crystals mentloned in
section II. In particular Qe shall discuss-the EPM and
the tlght binding model used to calculate the band structures,
the model used to calculate total energies, the relaxatlon
process,‘and the charge dens1ty scheme. -

~Once the band structure is known the den51ty of states
vcan be obtalned u51ng the follow1ng expre881on

R I o '
N(E) = 7~ 1 L §(E - E_(k)) (.5)
k n '

Ta

where‘N 1s.the‘number of atoms in the prlmltlve cell
n is the band index

N is the number of prlmltlve cellss/and N(E) is normallzed
to the number of states per atom.‘ The method used to
.eualuate:the integral in,equation,(s) is'due to Gilat and
Raubenheimer.9 The energy derivatives,required by this
method werelobtained using'g-g perturbation theory.

A. EPM :

The Empirical Pseudopotential Method (EPM) has been
discussed extensiuely in an article by Cohen and Heine.7
V,The EPM essentially entails removing the large potential
of the core alcng with.the many oscillations of the wave
functions in the core. The valence pseuchavefunction,
wk(r), is then in eSsence the true valence wavefunction

minus the core states and satisfies the Schroedinger equatidn{

2 ) : : _ o
[5‘5 ‘ V(r)] he(p) = By (D) (6)
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where V(r) is the pseudopotential and the E(gﬁ‘afé the
eigénValues‘of'fhe real Valehce_electfon-Wavefunctions,
The weak periodic pseudopotential V(r) can now'be'expanded

in a small number of plane waves:

V(r) = Z~V(§)ei§7? tor lel < J§o|r‘ i._F7)v
. A

where |§O| represents some cutoff reciprocal lattice vector.

In the case of two types vaatoms_V(Q) can be written as:

v = sS@vi@ristevie) (8)
wher_e_SS and»-SA are the symﬁetric and antisymmetric

S

 structure factors and V° and vA are the symmetric and anti-

symmetric form factors given by:

s5(e) = L] eI L (sa)
A, - i -iGeT, , y Ny -
87(@) = - =] Py e 3 ~A: (9b)‘.
A
VS(Q) = % / %'{vl(g)+v2(§)} e-i§1£d3§ (lOa)
_VA‘Q) ;'g'j 5 {vl(g)—vzgg)}.éfig'gdég (1ob) 

where n is the number of étoms in the primitive cell of
volume Q,.vl(g),and vz(g) ére atomic potentials, T is
the'pbsitidn of the A'th atom in the primitiye cell and PA'
is. +1 or -1 ifgkfdenotes an atom of type 1 of type 2. Here

we have assumed that the form factors are independent of

§

energy, and, since the atomic potentials are taken to be
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spherical,wthé form factors are functionsxof'lgllonly. ‘In’
.zincbiende Structﬁres-Cohen and'Bergstresserlo,usédfonly :
three symmétric and three ahtisymmetric'forﬁ féétors'to'
obtain a good agreement of éalculafed thiéal properties
with.experiment. .Once one has a good set of form factors,
the atomic potentials can bevobtained in principle from |
‘Egs. (10a) and (ldb). 1f one now assumes thaf'the!atomic
potentiais do'ndt'change.Qery much from one type of'crystal.
structure to the next, the form factors can be used for a
variety of crysfélline]étructureé. In this sense the EPM

is extremely useful. _Thejprocedurell essentially'involves
obtaining a éontinuous Vs(lgl) and VA(ISJ)Hﬁy a»suitabie-
‘interpolafion scheme and reading-off the Vs(lgl) and VA(|§|)'“
_fof the set of g spahning the reciprocal 1aftice of the
particular‘strudture.

| In our calculations we have intérpolafed the form
factors obtaiﬁed by Cohen and Bergstressef10 forvGaAs
since in this reference VS was constrained to be the Ge potential.
Fopr thep.form factor%2 the qualitative features in the
density of states are the samevand we onlnget small shifts
in the energies of the peaks.

For good convergencé in the 2H—4.structure”we ﬁsed
‘50-60vp1ane waves as a basis set along wifhvandther 1#0
ﬁléhe'waves tﬁrsugh a pertﬁrbétion schéme.developed by
L6wdin.13 We calculétéd E(k) in 1/24 of.fheuBril1uoih zone
(BZ) af 144 grid points. For the 4H-8 stfucture we uéed

approximately 70 plane waves as a basis set with about
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200 additional plane waves' through perturbation théory.
We diagonalized our Hamiltonian in 1/24% of -the BZ at 1ubu
grid points for the(2,1,1/2,1,1)structure and at 62 grid
points for the(1,1,1,1/1,1,1,1)structure.. In the case of
BC-8 we used 60 plane waves .as a: basis and an additional
140 plane waves through.the LOwdin scheme. We used 1/8 of
the BZ with a grid of 184 points. .For the ST—lé'structure
_wé‘used about 70 plane waves as a .basis set and another
270 plane wéves through”perturbation theory. The Hamiltonian
‘was diagonalized in 1/2 of the BZ at 192 grid points.
Finally for SC-16 we used about 85 plane waves as a basis
set along with approximately 235 more plane waves through
the Lowdin scheme. The eigan&alues were obtained in 1/2
of the BZ at 256 grid points.

B. Tight Binding Model

-In our tight binding calculations we have’ taken the

1y

model usedvrécéntly by Weaire and Thorpe. The Hamiltonian

can-be written as:
CH =V T Jegea<og b vV D ey o<y ol
i,e : ' i,
'Af v, )) |¢i,2><¢i',2| - - - (11)

igi' e ' B '

where the |¢i2> represent'localized orthonormal basis functions

whiéh'can be taken as (SPa) hybridized directed orbitals

(four to each atom). The subscripts i and % label a particular

atom and the drbitals of that atom respectively. The ﬁirst_f
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‘term in this Hamiltonian is a'diagonal term'which is taken
to be +V6 of -Vd:depending on whether'the.stafes are |
associated‘with_gfoup V atoms or‘group IIT atoms.‘ The

second‘term repreSenfsvanbinteraction Vs between different
'basia functions on the same atom and the_last term is an -

“interaction V, between basis functions along the same bond.

2
We have thus ignored the differences in fhefinteractions~'
of basis functions on different atoms and alorg the different'

types of bonds and we have assumed equal bohd'lengths'and

an_ideal~tetrahedral’arraﬁgement of atoms.- We used

V_ = 3.2 eV, V, =-2.7 eV and V, =--6.1 eV which'are the -
same values as those used by Weaire and Thorpe for their
' s RTRR

- calculation of GaAs'in the zincblende structﬁre.v

The most promlnent features of this tlght blndlng model.{“

are an 1nadequate conductlon badnd because of the 11m1ted v;ff
number of basis functlons, a relatlvely good descrlptlon of
the*s-llke states, and for the case of structures with all

or no bonds tﬁat are like-atom bonds, a delta function peak"
in the density of states at the top Qf>the valence band.

This peak contains pure p-like bonding’etates with a degeneracy 
‘of one state per atom. This is interesting}because'it‘saysv
thaﬁ to firsteorder with nearest neighbor interactiQAS’which
are independent of the'dihedrai angleffhe p-like states are
not disturbed byvtopological'differences;‘aThisfis a fact
‘that is supported tovsome degree'by-experiment;u However ifa
we 1ntroduce the p0381b111ty of having like and unlike=atom -

bonds in our structures it is no longer true that the delta
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function will'éontain one state per atom. It would .
therefore be:.of interest .to obtain an expression for the
degeneracy.of the delta function depending upon the type
of like and unlike-atom bond configurations that exist in
a particular structure. One thing this will give us is

an idea of how much-of the density of stateé of zincblende
is preserved under disorder (L).

Consider first the case whére we have only oné type of
bond in the structure, then there are three p-like functions
that can be formed on eéch atom from the four hybrids. |
. Therefore there are 3N pure p-like functions that can be
formed in a syétem,of,N_atoms. However there is one
constraint per bond if we wish to make pure p-like bonding
or antibonding states. Thus as Weaire and Thprpe15 have
shoWn there are 2N independent constraints and therefore .
3N-2N = N degenerate pure pflike bonding (or anti bonding)
crystalline states. These states are then respdnsible for
~the delta function peak with one state per atom. In the
case of a structure with both like—atoh and unlike-atom
. bonds we must be.a bit more careful. We must now distinguish
-the p-1ike functions among bonds of type III-III, V-V and
- III-V. That ié; we are interested in thé p-like functions
. of a-certain type (i,e._iII-III, V-V or III-V) which can.
be made from the hybrids along bonds of that type. The.
number of such functions -that can be made on a certain atom
givén the configuration of nearest neighbor atoms is shown

in Table I. Therefore, given a structure with a particular
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distribution or arrangement of atoms, we can use Table I

:to'find the total number of p-like functions of a particular'

type. Once this is-known the total number of bonding“(or
antlbondlng) p- llke states of a certaln type that can be
made is just given by thls number mlnus the total number of
constralnts for bonds of that type._ But the number of :

constralnts of a partlcular type is ]ust equal to the number

of bonds of that type. Therefore the degeneracy of the

-delta functlon DX representlng bondlng (or antlbondlng)

P~ llke states of type X (where X represents the three

distinct comblnatlons of III and V) is given by:

X X X X X

D™ = 3Nu +2N3 +N2--'NB (12)
HereﬂNIX represents thevnumber of atoms with:I bonds of
typerX,and NBX is the total number of bonds of type X.
If we now express'NBX in terms of the NIX we get:
Koy X,1l X 1 X ’

This expression is quite useful since it tells us immediately
that for the structures we are studying there willvbe'no
delta functlon in the density of states representlng like-
atom’ (L) bondlng states. Th;s is because we chose_our
structures to- have NuL and N3L equal to zero due to stability

requlrements. This suggests therefore that in the amorphous

case the like-atom bondlng state reglons in the density of

states will be quite sensitive to different types of

ciustering configurations. On the other hand equation_(l3)
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also tells us that in the structures we are studylng we will
‘deflnltely have a delta functlon peak 1n the density of
states representlng unlike- atom (u) bondlng states as in

the case;of zincblende whose degeneracy will be glven by

U’ U .1 .U
D™ = Nu f 5 Na_.

be a region of the p-like states in the density of states

One might thus suggest that there will

of zincblende'uhose character will be relatively unaffected
by dlsorder. In other wordsithe naturelof the unlike-atom N
bonding states in the.amorphous density of states should
be very nearly the same as that of the zincblende p-like
states. We shall examine this again in Section V.
| 'C. Stability and Relaxation

In the process of selecting and studying various distinct
substructures from substructures with similar likejatom
hond clustering conflgurations‘it was useful to.use
stability as a final criterion, Toacalculate_the energy U
of a particular configuration of atoms which has both ionic
and covalent character we must have a short range contri-
bution and a coulomb contrlbutlon. For thelshort’range
energy we take a repuls1ve term due to the 1nteractlon betweenv
the ionic cores and an attractlve term to take account of
. the covalent bondlng nature of the atoms. W1th a small

16 and Martln17 he can get

exten31on of the work of Keatlng
Vthe follow1ng approx1mate but 81mple expre531on for U when
expressed relative to the cohesive energy‘of the zincblende

structure.



©
©

effective charge. Then we havé>from-Maftin

L ‘ ‘ : 2
VAR ? v% £ . Ar. . 4+ — E i o . [40es 3,50
2 S,1 s1 16 T U8,1 '(ro )2
s=1 i=1 s=1 i=1 Ts,i
3 . - [Aa(r, v ;)]2 n 2 NEREE
+ 2 Il Bs,i j ~S21 S, + = ) (e*) (a Moo M
8 o . .- o o 2 ED s. 7B
s=1 1,3 (r- :r_ .) o= o
325 oot sl > (14)

Here U is the energy per primitive cell. The sum over svis 
over atoms in the primitive céll, the sums over i and j. are:

is a

over the bonds i and jgof a particular atom s, fs i
: . -9

‘parameter deScribing the linear term of the repulsive ion

core potential, o_ ., and B_ . . are essentially bond
‘ s,1 8,1,] _
stretching and bond bending force constants respectively,

and rg i'is one of the three equilibrium nearest neighbor
b

‘bond lengths (since we can have like and unlike atom bonds).

- For the coulomb part of the enérgy we assume rigid point:

ions witﬁ‘chargés-ie* which are the effective charges on the

atoms which interact via a screened coulomb potential with

~ the electronicidielectric constant €, aSM is the Madelung

constant Qf a particular atom s; aZBM is the Madelung constant
vafhefzincblénde structure. and r, is the equilibrium nearest
neighbor distance for atoms in the zincblende structure.

For simplicity we take all the a_ . =_avand all the 8_ . . = B
: s,1 Sy14] -

and we also assume that the f ;3 = £. The condition that
’ .

the zincblende structure be in equilibrium requires
1 = M 2

f = - T

T Orp and we can take e* to be the dynamic

17

N2

%
(e ).(ero
for GaAs in

fheizincblende structure: o = 41.2 x 103 dyn/cm,
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p = 8.95 x 10° dyn/cm, r, = 2.44 A and (e*)?/e' O.QHl'e

which, along with the rz’i'equal to twice Paulings covalent
radii. for Ga and.As, are the values we assumed for the
paraneters.used in Eq. (13) to studyour various GaAs
structures. |

Equaticn (13) works‘fairly well in comparing the
dlfferences in cohe81ve energy of various substructures
of the same ba81c structure. In partlcular the most
important_term in Eq. - (13) for structures w1th llke—atom
bonds is the coulomb term. For example the Madelung energy
per prlmltlve cell of the ST- 12 substructures whlch have
33-1/3 llke-atom bonds can vary by more. than 10 eV.  In
addition»the largest Madelung energy of these ST-12. o
substructures is only 20% smaller than the Made;ung.energy
of GaAs in the zincblende structure. On the other hand
with'our;approxinations the short'range energy term villu>
vary only by about 0.1 eV and if we take the B 7 and

Ssls]

the a.’j not all equal respectlvely we would expect a
varlatlon by not more than l eV |

- We selected one- substructure to study with the tlght
binding model from each set of substructures w1th 31m11ar
llke—atom clusterlng configurations. The selection of one
substructure out of a particular set was carried out in-two
_simple.steps. Pirst we found the particularhatom A in the
primitive cell with the léiél binding‘energy for each' |
substructure in thevset. Secondly we picked'the substructure

with the largest binding energy for the atom A as our choice

for that particular set.
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_ We chose one substructure from eadh of thebfive basic
structureS'to study with the EPM. The selection was carried
out in a similar fashion as we just described above. In
addition we allowed the energies of these substructures to'
relax to a local minimum. The procedure was siﬁilar'to
.that used by Henderson and Ortehburgerl8 and consisted of
moving each atom by a smell random‘emount. If the energy
wasllowered the move was accepted, if not then it was
rejected. This process was carried out abeut_2000 times
until a local minimum in the.cohesive energy was ‘reached.
.The consequences of this relaxation were to lower sllghtly
the energy of the substructure and to add a small randomness
to the dlstrlbutlen of bond angles and bond lengths.

D. Charge Density Scheme |

Charge density/ealeulations are particularly useful in
studying the nature ef'the like-atom bond. They can also
give us information about the distribution of electrons in
various regions of the density of states and therefore now
like-atom bonds effect these various regions. |

'wé can obtain a charge density p(r) using the wave-
functlons Yo k(r) that we get from our EPM calculations.
Since the wavefunctlons are known as a functlon of band
index n or energy E we can postulate a "band" charge density
on (r) or an average "energy" charge density pE(r) In the

former case we would have

] . . _ .
pn(f)‘= e ) wn’k(g)-wn,kcg) = (k,r) (15)
k “~ ~ .
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and in the 1atter

2 - ‘
pp(r) = e ] } G(En(k)-E)Iwn,k(g)l = ] eplk,r)  (16)
' " n k R k

where the En(E) are the onevelectron valence energies. |
Therefore inbprinciple in order to obtain pn(g) or pE(E)
it is necessary to integrate pn(g,g) or pE(E,g) over the
'entire BZ. There is however a method to obtain p(g) without
having to sum over all the k points in the BZ. The idea
hefe is to find just a few k points whose cherge density
will give.a good approximation to the totalicharge density.
Baldereschilg first propoéed this and obtained one repre-
sehtative k point which gave an approximate total charge
density fof compounds in an FCC lattice.‘ Chadi and Cohen20
using wavefunctions expanded in terms of Wannier functions,
obtained three representative k points whose weighted sum
ef charge densities gives better-agreemeﬁt_than the-
Baldereschi point. ' In addition Joaﬁnopoulos and Co_hen21
have_pfesented a siﬁple method of obtaining'the same conditions
for the k points without usiﬁg any wavefunctions end this

method is valid for any periodic function of k. If we

define p(k,r) in the following way:

plk,r) = ] p(Tk,r) (17)
T

where {T} represents the set of point eperations for the
lattice, then p(k,r) has the symmetry of the lattice in

addition to being a periodic function of k. Fourier
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transforming gives:

ik* TR

pk,r) = 1 pCl2],p) § 57T Cas)
2] T |
Blc,r) = 1 BCl2l,r)e0k,[2]) (19)
I

where 6(0,2) is the total charge density invquestion. Now
6(552) is a slowly varying function of k so that'welwouid
eipeét thé B(%,r) to decrease in magnitude as T%I ihcreases.
The‘object then is to find a Eo that will:maké as many of
the E(EO,&) equal to zero as possible for small.lgl, For
the case of more than one Eo equation”(lQ) becomes

| X’aiﬁ(Ei,g) =) a;plo,r) + ) 6(%;3) ) a;E(ks,2)  (20)

1 - 1 2 . 1

with } a; = 1 and With'{ai} and {ki} chosen in such a way -
as tolmake as many of the ) aiE(ki,l)'equal to zero as
22

possible up to some large |&

| . have
~max

Chadi'and‘Cohen
recently developed a scheme to generate a series of larger
and larger special Ei point sets along with weighting factofé
ai thch give ) dié(gi,g) = 0 for all [&]|'s up to larger |
and iarger valies of '%maxl respectively.v

Although a one or two point schéme works véry.well in.
obtaining the EQEEl charge‘density it is rather_inadequate
for éalCulating the pn(g). vOn the other hand fhe Chadi and

Cohenz2 ten (for FCC) or twelve (for 2H-4) point scheme is

excellent for the total charge density and works very well "
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for the pn(r). In our calculations we have taken the 2H-U4
(2/2) structure as a simple typical example of a structure
with like-atom bonds and we have used the Chadi and Cohen

twelve point scheme to calculate pn(r). In addition we

have calculated p (r)23 which is defined by:
v Eg,Ef "~ :
Er :
pp g () = / pp(r)dE - (21D)
£sE5 > - ~ :
, Ey

for'various intervals [Ei,Ef].

IV. Results for Disorder (U)

In the study ofldisorder (W we are interested in
inveétigating effects on the density of states caused by
the folioWihglfeafures£

(i) Topology

(ii).éond'angle‘and bond'length variations.
As weﬁhave already mentioned these features can be studied
with tﬁe.concépt of short range disorder. In'this case we
také GaAs in the 2H-4,'HH-8 and SC-16 structures. The
firét_two structures havevideal tetrahedral arrangemehts
of atomé and\proQide a comparison of purely topolqgicai
prbperties. In the 2H-4 structure each atom sees a hexagonal
néighbofhodd which is different from the cubic néighborhood ;
of the zincblende structure. This differenéé stabts at
the third nearest neighbor. On the other hand in thé 4LH-8
'strﬁcture each atom-sees alternate‘iayers of cubic and

hexagonal neighborhpods. The SC-16 structure provides us
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with distorted tetrahedral units and therefore has variations

in bond lengths énd angles. It also providés for a new
topology although it is véry similar to the 2H-4 structure

in that it has the same type of third nearest neighbor

‘environment.

- The tight bindihg model is not,very.useful in studying
these. structures with disorder (U) since &e_could tell no
difference between fhe 2H-4 and 4H-8 structures and only
small differences with the SC-lB'structuré, In addition
the simplicity of thé moaelvwould_bé destroyed by the

introduction of many parameters to take into account bond

‘length and bond angle deviations. .On'the other hand the

EPM is very useful and the results of our calculations

- using the EPM are shown in Fig. 1(a)-(c) where we have

'plofted the density of states of GaAs in the 2H?u(l,1/l,l), 

uH-B(l,l,l,l/l,l,l,l) and SC-16 structures._.Thé filled
valence band is shown at negative énergies and part of the
conduction band is shown at positive eﬁergies. These are
unémoothed computer plots and no intérest should be paid

tb the small wiggles along the curves. Beforé we compare
these spectra,‘however;'it would be useful to havé,some
information about the average distpibution of electrons in
eachgband.' From,the chafge densify,caicUlatiohs of Walter
and‘Cohenzu-we:know thét the regiOn'df‘fhe dénsity of states
(Fig. 1) from about -10 eV to -12 eV contains electrons which

are primarily concentrated on the As atoms. They are

. essentially the As s-like states‘and we shall be calling
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fhis the "s-like region" of the density of states. vThe
middlé peak around -6 eV iswactually part.of a band that
tails all the way to 0 eV. Charge density calculations‘for
this band show that the electrons afé now more qqnceﬁtrated
on the Ga atoms-and in the bond. Part of the bonding nature'
of this band is:prpbably comingifrom the tail. Acfually»
if we just ﬁéok a éimple_two potential well model in fhe
fight binding sense, the lower energy>sfate would be s-like
bonding primarily around the As atom and the hlgher energy |
state would be s- llke antlbondlng prlmarlly 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 referringvto as the "middle peak" régién. ‘Finally
the-fegion in the'aensity of states from -4 eV to 0 eV
contains electfons which are almost-entirely.conéentféted
in the bonds as in Gé and Si. We shall be réferring to thié.
region in.the density of states as the "p-like regioﬁ;" |
Let us now compare and examine the trends in the
density of states speétba shown in Fig. i.  As we go from
the 2H-4 structure to the 4H-8 étfucture the spectra seem
to be almost identical. A1l the.widths are the same for
thé two cases and thelonly differéﬁcé is in the structure
in the p-like:region between -1.5 eV and -3.5 eV. What We
‘are-seeing here are the effecté céused by purely fopbldgical
diffefences. In particular in fhg 4H-8 struéture'we have

the effects of averaging over cubic and hexagonal environments.
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In fact the only way to have an amorphbus‘structure with
purely topological disorder is to stack randomly two
dimensional hexagonal layers of atoms such that the bonds
form either eclipsed or staggered configurations. From
our results we would expect that the effects of such an
amorphous structure Would be to smooth out the peaks in
the p-like region.and leave everything else essential intact.
If we now compare the 2H-4 and 4H-8 density of states
with that of SC-16 we notice some small but‘interesting-
differences. First we notice a slight broadening of the
s-like -states. This is caused by variations in the second
nearest neighbor'distancés due to bond angle and bond
length distortions. These variations cause variations in
the overlap integrals of the As s-like states and consequently
a pfoadening ofvthis band. This broadening corresponds to.
about a 0.2 eV increase in the width. For the p-like
states we first notice a steeping of the‘band edge by the
introduction of states at the top of the valence band around
0.5 eV. This is caused by the derivations of the bond angles
from the»ideal tetrahedral angle which produce the séme
effects as in Ge. Secondly we notice fhat the p-like region
also gets broadened. This is caused by the rather large
distribution‘of first nearest neighbor distances in the
SC-iS structure as we discussed in section II-D. The
presence of smaller bond lengths than the ideal bqnd length
would tend to broaden the p-like region aé.is the case_wifh

the SC-16 struéture while structures with only larger bond
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lengths would get a narrowing of the p-like region as is
the case with Ge ST-12. These effects however are'cleérly
very small. Ih thé middle peak 'region the most prominent
difference is a slight shift of the main peak to higher
energies.by about 0.5 eV. Perhaps this is also due to the
bonding character of the states in this region although
- it is not really clear what is happening here.

We éan:get some idea of the distribution of bond lengths
'and'angles'in the amorphous case from the radial distribution

25 The RDF's of their

functions (RDF) of Shevchik and Paul.
amorphous III-V samples were very.similar to that of-amorphpus,
Ge. In fact the RDF of amorphous GaAs is almost identical
fovfhat of amorphous Ge. Unfortuﬁately.an'RDF‘is not a
suffiéient condition for a parficular structure nor can one
érdve the existence of five fold rings of bonds with an RDF.
Therefobe if we were to hypothesize a random network

struéfure which gives the same RDF as amorphous GaAs but

with disorder (U), we would expect to get the density of .
states shown by a dotted line in Fig. 1 (a). First we

would exbect the p-like behavior to be very similar to that
of}émorphous Ge since the distribution of bond angles and
boﬁd‘lengths'of amorphous-Ge and GaAs are very nearly»the
same. Secondly we would probably get slight shift of the

main peak in the middie-peak region to higher energies as

in the case of SC-16. And finally we would expect. to get al
smaller broadening'of the s-like region in the amorphous-

GaAs case than in the SC-16 structure since the distribution
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of second hearest neighbor distances is eentered at
siightly larger distances in the amorphousvph_ase25 than in
the 'SC-16 case. | |

~As we shall see in the next section, however, the
effects of dlsorder (U) are rather small and mostly insigni-
ficant when compared with the effects of dlsorder (L).
..>V._ Results fof:Disorder (L)

Inra recent commu_nication26 we described thevgross
effectS‘of disdfder (L) on the density”of states based on
-eiQery simple‘charge density model. We suggested that the
:‘entire.spectrum~would be broadened because of an increase
in the overlap integral between likeeatoms and the different :
types of bonding states that are now permissible. We
estlmated at least a 1.0 eV broadenlng of "the s-like reglon
and we suggested that one may be able to distinguish As-As
(Ga Ga) bondlng states at the low (hlgh) energy 31de of the}f
pP- ~like region.

In this section we shall examine these‘ideas:mofe"
‘cepefully and analyze them on a more firm theqretieal basis.
In particular we would like to study explicitly the effects
onvthe densify of sfates 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

(v) topological variations in clustering configurations
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The first two features were discussed in section IV and
are overshadowed for the most part by features (iii) to (v).
In what follows, we shall concentrate primarily on the
effects of (iii) to (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'substrﬁctures.
of the 2H-4, YH-8, BC-8, and ST-12 structures mentioned in
section IT.

In Fig. 2 (a)-(f) we show fhe densities of states for
the 2H-b (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) structures using the |
, tight.binding model. The valence band is mostly at negetive

with the delta function set at 0 eV

enefgies/and E, designates the bottom of the conduction band.
Each spectrum is normalized to 24 for ease in combarisone-
and the small numbers on top of the peaks give fhe relative
weight of each peak. The solid iine at 0 eV repreeents
e delta functioh of pure GaAs p-like bonding states whose
degenerecy is obtained from Eq. (13) and the diseussion
'in section II. For example for ST-12 (3,3/3,3) we have
NuU’= 0, N3U = 8, and NlU = 0 so that the degeneracy of
the delta function is DU = 4, The fraction of like-atom
bends for each structure is given by equatioh (4). So that.
for 2H-4 (1,1/1,1) 2H-4 (2/2), BC-8 (2,2/2,2), BC-8 (4/u),
ST-12.(3,3/3,3) and ST-12 (5,1/5,1) we have 0, 25%, 25%,
37%1/2%, 33-1/3% and 33-1/3% 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
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the peaks in both the s-like region and the middle peak
region have nbw sp;it'into two. 1In addition in the p~like
regibn there is.dne‘peak at higher énd lqwervenergies with
erspéét'to the position in énergy of.the deita function.
We get thé same\éﬁalitafive results when we examine the
denSity of stafes:fof BC-8 (2,2/2,2); The 2H-4 (2/2) and
BC-8-(2,2/252)'sﬁbétructures havé different topological
- prbperties howévef'they do have the saﬁe‘type‘of like-atom
clﬁétering cbnfiguratiohs. This suggests-therefore that
thevsplittingvofvfhe.péak in the s-like region'is due to
_ the glustering of As atoms into chains of order two which
':pfdduces essentially a bonding-antibonding splitting.
vIn a simiiar'Way the splitting in the middle peak regibn
iS'eésentially due to the clustering of Ga atoms into chains 
of order two,'although we must again be careful here, as'
with disorder (U) sincé thé states in this region are not
'purély Ga s-like states. As for the p-like fegion the singleU 
peaks at high and iowvenergies respectively are probably
due to the different binding energies of fhe like-atom bonds.
which clustér into chains of order one. Since the As atomic
valencé states lie lower in energy than'fhe‘Ga atomic valence
stéteé we Qould expect that the lower energy peak chtains
mostly As-As bonding étates while the higher éﬁergy peak
contains Ga-Ga bonding states. We shall'feturn fovdiscuésv
this point with somé evidence later. These ideas are'further.
corroborated by an examination of the dehsity of states of

BC-8 (4/4), ST-12 (3,3/3,3) and ST-12 (5,1/5,1). In the

'
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first case wé.haye tﬁé éffects of iike¥atoms in chains
of order.four and iike-étom bonds in chains of order three.
We notice that the s-like regiohlhaé now spiit into four
peaks which is exactly what would happen‘in a sys%emr
consisting of localiéed states in a chain of order four
with 6nly neafest neighbér interactions. Iﬁ fact the
eigenvalues of any sucﬁ’chain of order N are just.the
roots of an Nth order Chebyshev polynomial of'fhe second
kind. We can also distinguish four péaks in the middle
peakvregion presumably caused by the'Ga—atom chéins. In
the p?like fegion we now have three lower energy peaks
and three higher energy peaks. vThié lends suppdrt to the
idea that fhesé peaks represeﬁt like-at&m bonding states’
and are caused by the like-afbm bonds ciustering in chaiﬁs
of order three.

| The denéity of states for ST-lZ’(3,3/3,3) and ST-12
.(5?1/5,1) show the same behavior of the s-like and p-like
régions when analyzed in terms of chains of atoms and bonds
respectively even though théy have quite different topologi;al
pfoberties_from the BC-8 ana 2H-4 substructures. For ST-12
(5,1/5,1) we notice the suﬁerposition of states in the |
s-like region due to éhains of atoms of order five and
Qrdef‘one. For the'p-like’sfates we can almost distiﬁguish
'four lower ‘and higher energy peaks caﬁsed'by the like-atom
boﬁdéuthét are only forming chéins of order four. The
middle peak regions for these two ST-12 substructures

however do not follow very élosely the characteristics of
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chain—like behavior.‘ Nevertheless they'abe sehsitiVe té thé
Ga -atom clustering configurations as can be'seeh'by'an
examination of thé.wavefunctions in this-region. Further-
more.an examinatibh bf the wavelfunctions in the p-like
region can giveﬁﬁs fhe.nature of the bonding states in the
low and high energy regions with respect to the deita
.function. quevéf the fact that the lower ahd higher
energy peaks -in the p-like regions afe acfually mostly
As-As and Ga-Ga bonding states respectively is very easily
obsérved'in Fig. 3 (ﬁ);(c). Here we have plotted th¢
density of states_offST—lé (5,1/3,3), ST—l2'(4,2/5,l) and
.ST—127(3,3/MI;1,1). These substructures all havé‘33-l/3%
 like4atom bonds buf’they are of parficular interest since
each structuré has»its Ga and As atoms in different types
bf‘clustering.cdnfigufations. In the density of states

for ST-12 (5,1/3,3) we notice three peaks in the s-like

: regidn which is cqnsiStent with the As atoms'forming chains
of order three. If we were now to make bonding states

that were almost exciusively of As~As bonding éhabacter we
wouldxexpect_two peaks in1the p-likeiregion. This is exactlyr
what is observed in the lower energy region of the p-like
states. On the other hand at the.high‘energy side of the
delta function we can distinguish foﬁr.peaks and this is
consiétent with Gé.like-atom bonding stateé caused by the
.GaeGa bonds forming'chains of ovder'fqur. For the ST-12
(N;Z/S,l) structure we notice that the s-like region has

esséntially five peaks with a small splitting of the middle
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peak. This splitting is due to s difference in environment
between the As atoms in the chains'Qf ordér five and order
one. In thevp-like region we can have the Ga=like atom
bonding states giving three or four peaks while the As-like
atom bonding statss should give four peaks. From Fig. 3 (b)
we nofice that both the lower and higherlénergy peaks are
four and so it_is'rééhsf difficult to“distinguish visually
fhétdifference between the chains of bonds. Finally in the
‘density of states for ST 12 (3,3/4I,1,1) we see the effects
of an 1nf1nlte (or for that matter, a very long) chain of
As atoms. The s-like region has one slightly split peak
near the middle which is caused by two chains of As atoms
of order one. Superimposed on this is essentially the |
familiar one dimensional type of density of states which
canvbe obtained by taking only nearest neigthr'intéractions
in an infinite linear chain of atoms. The width of this
s-like region is the largest broadening that we would expect
to get'from any of the other substructures. The effects
of,an'infinite chain of As-As bonds is shown in the lower
| enepgy region of the p-like states. We notice that its
width'is large enough to mix in with the states in the
middle peak region. :

By using the tight binding model we have observed
soﬁe very large effects in_thé density of states caused
by disorder (L) which could be understood quite easily.
In particular we found that the s-like and p-like regions.

in this model follow some very simple tight binding rules



-39-=

which are intimately related to- the cluéfebing configurations
of the liké-atoms and like-atom bonds. We must ask however,
*how realistic in fact are these: large effecfs? Use of the |
EPM provides the answer and as‘we shallfshéw'below many

of ﬁhese large effects actually carry thfbugh in a more
complicated calculation. Thus the tight binding'modél
serves the valﬁable pufpose of providing a simplicity that
aids in the understénding of the effecté of disorder (L)
using a more realistic model. 1In Fig. 4 (a)-(d)'we‘have
plbttéd the density of étates using the EPM for the ST-12
(4,2/5,1), BC-8 (2,2/2,2), 2H-H:(2/2)1and'4H-8 (2,1,1/2,1,1)
substfﬁcfupés which have 33-1/3%, 25%, 25% and 12-1/2%
1ike-atoﬁ bonds respeétively. Like the tight bindihg case,
. these densitieé.of‘states are normaliZed to 24 for each
‘substruéturé aﬂd.the numbers on top‘ofvthe peaks represent
the‘approkimate strength of those peaks. In addition there -
is anboverlap befween'conduction and valence band states
ﬁear 1l eV. We notice immediately that thé effects of
disorder (L) using the EPM are just as.spectacular as with
the Simple tight binding model. Let us first examine the
s-like region of the density of states. For the ST-12
(4,2/5,1) substructure we find six:peaks whichvcorrespond

: to_the six peaks also found in thé”tight binding case

(Fig; 3(b)). ‘Howéver a comparison of:fh§ s-1ike region .

in Fig. 3(b) with that of Fig. 4(a) shows that the latter
véeaks using the EPM are not symmetrically situated around

_the s-like peak of As atoms in chains of order one. This
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is caused to a major extent by the increase in the potential
between the atoms in”chains of order greater than one which
causeé a shift of these states to lower energies. This ‘is
similar to shift of the one electron 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 fhe substructures we have studied with the EPM
this shift is approximafely 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 répresenting the As atoms in éhains of order one.
In the s-like region for.the 2H-4 (2/?) and BC-8 (2,2/2,2)
.substructdres we only get two peaks. This is due to the:

As atoms clustering into chains of order two as we saw in
the tight bind;ng case. The similarities between shape and
‘energy splitting of these two peaks for the 2H-u (2/2)

and BC-8 (2,2/2,2) substructures shows that the s-like
region isvrelatiQely‘insensitivg to the topological varia-
tidhé of the atomic chain-like configurations. We also
notice that the higher energy s-like peak for bofh substructures
lies very closely in energy to the s-like peak for the As
atoms:in‘chains of order one (Fig. 1). Finally in the u4H-8
(2,1,1/2,1,1) substructure which contains both As atom chains

of order one and order two we can again .see, directly, the
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oveflap between the'antibondingllike state (weight one)

of fhe 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
'fof_the As atomé in ehains of order two is very nearly

the same as that for the 2H-4 (2/2) and BC-8 (2,2/2,2)
substructuree;’ Therefore the size ofvfhis splitting, which
also happens to be.the smallest>possible‘bfoadening of

“the s—like'region under disorder (L), is also unaffected

- by the percentage of like~atom bonds present in the sub-

26 we estimated

.structure. Using the charge density model
a_minimum widfh of about 3 eV in the amorphous case. This
}islnet too far from the results of the present‘calculations.
If we were now to assume that the amorphous phase with
disorder (L)VWOuld tend to favor like-atoms clustering in
‘chains orvorder 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 Lﬁ2(1+H/Lﬂ where H/L is
the‘fraction of strength of the higher and lower energy
peaks in the s-like regien.' Generally.ebeakingihowever the
effects of disorder (U) are a broadeningbdf 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 primarily on the'types of chain>preSeht and not on
the percentage of like-atom bohds or the particular topo-

logical configuration of these chains.
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Let us now examine the p-like regions for these
substructures. The p=like régions are bounded from
beléw aﬁprcximately by the dashed lines at about =5 eV,
These regions are further approximately subdivided into
sections (I, II and III) representing particular types
of bonding characteristics. A comparison of the p=-like
region for §T=12 (4,2/5,1) using the EPM and the tight

binding model sts that the lower energy region of the
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sugge
p=like states (region I) should presumably represent As=-As
bonding states while the high energy region (III) should
c¢hapacterize Ga=Ga b@ﬁdiﬁg states. The middle p=like
region (II) pepresents the delta funetion peak ﬁh@g@
nature vemains uﬁaffééféa to first order by effects of
diserder (L). This middle p=1 1ke vegioh then retains the
chavacter of the pslikévregi on without diserder and pepre=
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bonds. 'Therefbre since the 2H-4 (2/2). structure has only
diagonal unliké-atom bonds‘this anisotropy in the strength
of these two peaks is understandable. In an amorphous
structure however we wouid not expect this type of aniso-
tropy 50 thét the middle p-like region should look more
like the one in the BC-8 (2,2/2,2) substructure. The
’effects,on.tﬁé leike region obtained by'reducing the
percentage of like-atom bonds while retaining similar
tyﬁes bf like-atom clustering configurations can be seen
from Fig; 4(d). The p-like region for the 4H-8 (2,1;;72,1,1)
:sﬁbsfruéfure is just slightly broader;than the BC-8
 (2,2/2,2)-and 2H=-4 (2/2) substructures. ' In addition the
most important change seems to be just a reduction in
bsfrength of .the As-As and Ga-Ga bonding state regions.
Finally all that we can say about the middle peak
régions for fhese fcur substructures is that we obtain an
overall bfoadening in each case as compared with the middle
peak‘fegion for 2H-U (1,1/1,1). As for the conduction |
~ bands we notice that we get a shift to lower enebgies when
compared to the boﬁtom of the conducti¢n’bands fof_thé
cdrresponding substructures without like-atom bonds. 1In
fact the states at the bottom of the @oﬁduction band undér
disorder (L) are most probably As-Aszanfibohding‘iike stétes
in addition to being plane wave like. .This is due to the
fact that the low lying conduction states should be ortho-
ganal to the top of the valence band and s-like. At the

same,time the deeper As-As potential would be a stronger
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influencé on thésé 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 has some very serious'consequences:

We have found that all our EPM.caléulations.related to
disorder. (L) yield semimetals. Exﬁeriméntally27 a large
decreése in the gap has been found for amorphous ITI-V.
compounds and our rééulté are consistent with Coﬁnell'sz7
suggestion that this decrease might be caused by like-atom
bonds. Before we go into this in any‘more detail, however,
let ué first look at some charge density-calculations.

This way we can explore further some of the speculations
that we have been making regarding the character of various
regions of the density of states and we can get some idea
of the nature of the like-atom~bond, As a simple and typicél
example we shall take the 2H-4 (2/2) substructure. .Some
information about the distribution of electrons .in various
regions of the density of states can be obtained from band
chafge densities pn(é)i Charge deﬁsify contours for pn(g)
for bands 1 to 10 in tﬁe (110) plane of the 2H-4 structure
are shown in Figures 5 to 9. In Fig. 5 we show the s-like
region where the bonding and antibonding nature of the As
sfliké states is clearly evident., -'In TFig. 6 . we
have what is essentially the middle peak region. The
electrons here aré'mostly spread out around the Ga and As
atoms with electrons in the Ga-Ga, Ga-As and As-As bonds.

In particular band 3 has more electrons in the As-As bond
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and afound the Ga atoms thén band ﬁ, while band Y4 has méfé_
ele@trons in the Ga-As bond. In addition thefe seems to

be élightly more change around the Ga atoms than the As
atoms. In Fig. 7 we have the charge density for band 5
Whiéh should represent_approximately thé lower energy

' pegion of the p-like states. As Qe‘see the electrons are
concentrated primarily on the As-As bonds with a small
.coﬁcentration in the.Ga-As bonds and negligible distribution
in the Ga-Ga bdnds. " In this same figure we show band 6
which is effeétively the first half of the middle p-like
region. Now the electrons are primarily concentrated

“in the Ga—As bonds with a small concentration.in the As-As
bonding region. Similarly band 7 in Pig.-B which is
essentially tﬁe ofhér half of the middle p-like region has
iﬁs electrons almost completely occupying the Gé-Asvbond.
"The contours to the left of the Ga atoms and to the right
of the As atoms fepresent croSs—sectional slices of the
othebvdiagonal bonds which are not showﬁ in this plane.

In this same figure we show band 8 which approximately
represents the states in the high energy region of the
p-like states. As we see the electrbnslare now primarily
concentrated around the Ga-Ga bond with negligible distri-
butions around the As atoms. Finally in Fig. 9 we show the
distribution of electrons in the hypothetical situation
where the first.two conduction bands are completely filled.
The electrons are now very plane-wave like but atvthe same

time are primarily concentrated on the As atoms in an



antibonding like configuration.

| These charge densities confirm our earlier speculations
about theAdistribﬁtion of eleétrons.in certain regions of
the density of states. Furthermore similar results can be
obtained by examining an integrated "energy" charge denéity
pEf’E;(E).for_various intervals [Ei,Ef].' In Figs. 10-12

we show our calculations of PE (r) for the 2H-U (2/2)

E
2

v F2™1 v .
substructure for the intervals (in eVv) [-7.2,-6.1],

(-6.1,-5.01, [-5.0,-3.7], [-3.7,-1.3], [-1.3,0.6] and
[0;6,2.2]. . These intervals dre labeled with arrows and
shown in Fig. 4(c). The middle peak region can be also
approximated by the intervals [-7.2,-6.1] and [-6.1,-5.0].
The charge density for these cases is shown in Fig.‘lO.b
We notice immediately that although the general appearance
of the electronic distributions are'the same as bands 3
and.u there are some intéresting differeﬁces. Unlike bands
3 énd,u the cﬁarge density in these two energy intervals
are almost idenfical. In going from the low energy interval
to the higher energy interval wevdbserve_a very slight :
increase in charge around the Gé-Ga and Ga-As bonds with
a cbrfesponding reduction in charge afound the As-As bonds.
Furthermore aithéugh the electronic distribution ih band
3 is very similar to that of the low energy interval, the
charge density of band 4 is quite.different in that it
lacks As~As bonding character. |

This suggests that band 4 has a rather large overlap

with the higher bands presumably in the Ga-As bonding region;’
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As we have aLready mentioned itrisvrather difficult to
characterize the middle peak region but generally‘speaking
the electrons are spread eut arouhd both types of atoms

and in all threevtyPes of bonds. - In Fig. il'we'show the
charge density For the interval [-5.0,-3.7] which is
essentially thehiower energy p4likeJregion; This electrbnic
distributibn represents the As—Asebonding states and agrees
'wellIWith the ehargeadensity of band 5. 1In this figure

. ' ;ﬁ (r) for the interval [-3.7h—1.3] which
'_represents apprgx1mately the mlddle pP- llke region. We

we‘also show o

-notlce that the charge is mainly concentrated in the Ga-As
bonds andsiooks mostly.like the charge density for band 7.
This region then'represents the Ga-As bonding states.

In Fig. 12 we show ‘the electronic’ dlstrlbutlon in the 1nterval
[-1.3,0.6] and [0.6,2.2]. 1In the former case we have

' essentially the Ga—Ga bonding states and this agrees very
closely with the results for band 8. In the.latter caSeah

we have the hypothetlcal case of a filled conductlon band
energy interval. » We notice that again we obtaln plane wave J‘

~like behav1or but at the same time a dlStlnCt antlbondlng

s-like dlstrlbutlon around the As atoms;' Flnally in Flg. 13”T,J77

we show the charge density obtalned by sumlng over’ all the
filled bands. We notice that we obtain definite bondlng
character for all the bonds. The strengths of the Ga-As
‘bonds are very Close to their strengthsiin the zincblende
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.
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Let us now return to the question of the gap.in the
densify-of states. What we must ask is whether we shall
alwayé get avsemimétal under disorder.(L). From the
charge density calculations we have definite proof that the
top of the vaIénée band represents Ga-Ga bondihg like states.
In addition thé'boftom of the conduction band has some
antibonding As séiike characfer. Therefore we would expect
a shift in energy of these regions dependihg«on the nearest
neighbor distances of the Ga-Ga and As-As bonds. In our
calculations of thé 2H-4 and 4H-8 substructures we have .

' always taken the ideal situation where thé Ga-Ga‘nearegt'
neighbor distance is equal to that of the As-As nearest
neighbor distance 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
Cénduétion band has around the As afoms we would'expect-a
lérgér sensitivity ofvthe gap to changes in Ga-Ga bonding
distances. Hopefully by increasing tﬁe gap we would élso
be making the Ga;Ga'bonding states more bonding like in
character and more concentrated in the bonds rather than
what we obtain in Figs. 8 and 12. We find that in the
2H-4 "(2/2) substructure the gap ihcréases by about 0.08 eV
fOr_eveby 1% reduction in the Ga-Ga bonding distance.
Furfhermore'this gap increases by only 0.01 eV for every
1% increase in As-As bonding distance. In Fig. 14(a) we
show our resilts for the density of states of 2H-4 (2/2)

with a 10% decrease in the Ga-Ga nearest neighbor distance
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and a 3% increase in the As-Asvbonding distance. In this
strucfure we obtain a 0.1 eV gap and.at>fhe same time me
have the same bnlk density as before‘and only very small
lchanges in the'bonds angles and Ga-As bonding distances.
Tnis‘result-on‘the gap is very encouraging and we would
expect to get‘eimilar'effects by changing the Ga-Ga and
As-As distanoes in-the other structures. The important
p01nt to remember 1s that given a partlcular conflguratlon
of llke atom bonds the Ga-Ga and As-As nearest nelghbor
dlstances would-be critical in determ;nlng whether a gap
could exist or.not. In fhis 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
va 0.1 eV change for a 1% change in As-As nearest neighbor
distance. o

J At this point we. have enough knowledge abont how
dieorder (L)Y affects various regions of the‘density of
states that we could make some definite statements ae to
what would be observed in a random network model w1th like-
atom bonds. We begin by assumlng a 10% presence of . llke—
atomrbonds which as Shevchlk and Paul25 ‘have shown would
contribute very sllghtly to the heat of crystalllzatlon of .
the amorphous phase. From stability eon51derat1ons we would
"expeot the clustering_oOnfigurations of.liké;atome to be

in the form of chains or ring83 However we must also assume
the'presenoe of only low order (one, two or three) chains28

- of like-atoms since these will.affeot the possibility of
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As we have dlfeady seen in Fig.'u(a), four-fold chains of
atoﬁs would make a rather iéfge overlap between the Ga-Ga -
bonding—iike.states and the conduction band. Thus without
a restriction fbr'léw'ofder'éhains we would need rather large
unrealistic changes in the Ga-Ga bonding distances in order
to get é non~-zero gap. In this model, with only low order
chains, wé simpiy'aésume a lO%Idecrease in Ga-Ga nearest
neighbor distances and a 3% increase in As-As nearest
neighbor disfancés. Thié'waije would expect to get a
non?zerosgap as in 2H-4 (2/2) Fig. 14(a). We should notice
also that these éhanges in nearest neighbbr distances for
5% Ga-Ga and 5% As-As bonds are chpéfiblé with the RDF's

of Shevchik and Paul?®

just in case these RDF's represent
systems with disorder (L).

Therefore based bﬁ all these considerations our model
for the density of states of an amorphous GaAs compound:
with disorder (L) would have the form shown in Fig. 1u(b).
Fér éompafison.we also show the density of states of GaAs
iﬁ the zincblénde structuré‘as.the solid curve. 'Let‘us
first concéﬁtrate on the s-like:fegiOn."Aé we 'mentioned
éérlier there should be afshift’in-the center of mass of
the s-like stafes to a loWer‘enérgy; Along with this is
the fact tﬁat {he'highest energy‘states'of a particular
chain tend to owerlap with the states of chains of order
one;. This sﬁggests that we may divide the s-like region

into two main peaks. The first peak is what we may call
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the lower énergy s-like peak and would contain all the
states'excépt‘the highest energy states of all the'As,'
like-étom chains of order greater than one. Tﬁe'second'
.peak which we may,Call'thé higher energy S—like peak would
: éontain only the highest energy states of all the_As_like-
atom chains and'quid be located around fhe.energy‘of the
States'fdr Asvchains‘of order one. - By making these simpli-
- fications the fraétibn df.like-étom bonds is again given
N by l/f2(l+H/L)]whefe.H and L are the strengths of the
.higher and loWer_s~like peaks respectively. In addition
:’aSVWe have already seen the splitting betweenlfhe higher
and lower energy peaks will be around 3 eV. Thus for 10%
 like—atom bonds H/L ~ 4 and we get an s-like region as
- shown in Fig. lu(bf. In principle therefore an unfolding
of the s-like region into two peaks should giVe us some
idea-éflthe fraction of like-atom bonds which are present
in_aﬁ am&rphoﬁs sample.

" In the middle peak region our célculations can only
suggest a general ovepall broadening. Ih particular our
reSulfs imply an increase in broadening in the amorphéus case
by  about 0.6 eV. In fhe p-like region we should have a
shoulder in the lower energy region représenfing the Aé-As
bonding‘stateé.' This should look‘somethihg_like the.oneb
in the BC-8 (2,2/2,2) substructure but wifh less strength.
In addition we should have a middle p-like regibn which
represents Ga-As bonding like states and is therefore the
only pért of the density df states whose character is

l
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retéined under disorder. . Its shape is however sensitive

to topological disorder. so it should look mostly like the
moddle p-like regioﬁs in the BC-8 (2,2/2,2) or ST-12
(4,2/5,1);substfuctur¢s. Finally the higher energy p-like
region representing the Ga-Ga bonding-like sfates will tend
to overlap with the middle p-like region in order to,obtain

a non-zero gap as in Fig. 1lu4(a). From these'consideratian'
we propose a p-like region as shown in Fig. 14(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 edgeé at energies which are
similar to those for 2H-4 (2/2) in Fig. 1lu4(a). As we have
already seen in section IV 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‘coﬁduction and valence
bands for the 2H-4 (2/2) and BC-8 (2,2/2,2) structures suggests
that theimost important influence'on the gap is just the
_presence of like-atom bonds with or without disordef.
Unfortunately, however, although the size of the gap.is
very‘éensitive to the Ga-Ga bonding distances it cannot be
used:alone as a measure of this bondingvdistance; " This is
because the contributions from the As-As bonds, even ihough they
are  weaker are not negligible. Nevertheless a measure 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 Ga-Ga and As-As nearest neighbor distances. .
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VI. Summary and ConcluSions

In this paper we have been prlmarlly 1nterested in the
structural nature of the amorphous III- V phase.‘ From an |
'experlmental p01nt of view the 1nformatlon obtained from

optical propertl_es29 and RDF's 25

is not very sensitive to
the'microscopic strﬁctural aspeots of the amorphousdphase.
Nelther of these experlments, for example, is able to give
prec1se 1nformatlon as to what type of dlsorder is present
_1n any-glven_III-V sample. In the former case one would
need a theoretical.model that woold have to agfee very
closely with the ekpemimental optioal data in order to
get'any believable informationvaboutvthe disorder present,
| And in_the latter case the RDF is unfortunately not a
sufficient condition for any structure. For ekample random
netwobk:models (RNM) have been able to fit experimental
RDFfsdrather.well; In all these RNM's however we find five
and:sevenlfold rings of bonds. It.is quite conceivable,
nevebtheless, ahd'ihdeed 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
conseqaehces related to the type of disorder that would bei
present in the amorphous phase. |

‘f”All.this suggests that the afofemehtiohed:ekpebimehtal
data would Stlll be con51stent with two. dlstlnct types of
dlsorder whlch could ex1st in an amorphous III V compound
The first type of dlsorder, which can be called dlsorder (U),'

descrlbes a stoichiometric dlsordered system of»atoms in~



four fold coordination with only unlike-atom bonds.- In
addltlon we have varlatlons in the bond lengths and angles
whlle keeplng allvbonds satlsfled. "The second type of
disorder isnneferred to as disorder (L) and encompasses
call thevpropefties of disorder (u) along with the presende
of llke atom bonds | o

In order to be able to dlstingulsh between these two
types of disorder we chose to study their effects on the‘
electronlc density of states whlch would be qulte sen81t1ve.
to the mlcroscoplc structural nature of the amorphous phase.
In order to study these effects we have used the concept of
a short range dlsorder models-and we have been particularly
interested in the effects caused by the foliowing structural
features |

(i) topological variations of atoms

(ii) varlatlons in bond lengths and angles

-(111) percentage of like-atom bonds

(iv) clusterlng configurations of like-atoms

(v) topological variations of clustering configurations

- Our resuits for disorder (U) and disorder (L) are shown

in figs. 1(a) and 14(b). For disorder (U) we find that the -
s-like region of the density of states is ratherrinsensitive
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. Funthernore
the s-like region is influenced by the second nearest neighbor

distances which are affected by variations in the bond lengths
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and . bond aﬁgles.. The p-like sfates_are elso affected'by_
‘eeviations in theebond angies whicﬁ cause a steepening»ofv
the bahd edge as in thevease of amofpheus Ge.® The middle
'peek.region of the density of states‘seemS'alsQ to shift

~ slightly te higher energies;with the ihciusien‘of disorder.
_This is perhaps due‘fo the relatively deloceliied.hature
of'these stetee.? This regioh, however, is not at the present
cleerly understood;‘-Finaily the energy gap does not seem to'
be very sensitive ‘to the tepological properties of the
eystemjand ie.affecfed only slightly by hearest neighbor
dietances All in all the effects of dlsorder (U) on the
'den81ty of states are rather small.

With disorder (L), however, we obtain some very"
‘interestingreffects. Our results show that the s-like
reglon of the den51ty of states 1s very sen51t1ve to the
‘types of clusterlng conflguratlons the l;ke—atoms can form.
From energy considerations we have prefefred clustering
configuratioﬁs in which any given atom does not have more
than'twd like-atom nearest neighbors. This implies thaf
the‘like-atoms'Can cluster into various configurations of
cheine.: We find that we obtain N peaks‘in the s-like region 
fboh'each group of chains of order N; In additien the -
poeition in energy of.these peaks 1is nof’very eensitive to.
the different topologlcal arrangements of these chains.

The center of mass of each set of N peaks is shifted to
lowergenergles by an amount approx1mately equal to the

interaction between atoms in a chain. This is similar to



=56-

the Shift‘observed:in the électronic energy of a’hydrogen
molecule-ion. _The effect of this shift is to make the
highest energy'peaks of each cluster of chains of order N
to overlap.and forh one large peak around the energy of the
peak for chains of order one. Similarly (particularly true
in'thé case of low order chains) the rest of the peaks will
also tend to dyerlap 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. However we have found that the fraction (f) of
like-atom.bonds can be correlated in a simple and approximate .
way to the strength (L) andv(H) of these low energy and

high energy s-like peaks respectively by fhe expreSsioh

f = 1/[2(1+H/L)]. In Fig. 14(b) we have assumed the presence

~

of l0% like-atom bonds and so H/L b

" The p-like fegioh of the density of states is also
very sensitive to the clustering configurations of the
like-atoms and broadens into three main regions (I, II and
IITI) which we call the low, middle ahd high energy p-like
' regioﬁs.' The low and high p-like‘regions fepresent As-As
andvGa-Ga bonding states respectively. Onvthe other hand,
the middle p-like region represents GéfAs bonding!states
and is therefore the only region of the density of states
that retains its character_undef disorder (L). In addition
the shépe of'this'regioh is quite sensitive to the topological
arraﬁgémenf of the atoms. The main effect of the percentage

of like-atom bonds on the p-like region seems to be just
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a variation in the strengths of the peaks in tnese three
regions. The width of thé p-like regionfi$<howevefvsenai_
tive fo the ofder of the like-atom chains and to the Ga-Ga
and As-As bondingvdistanCes; We have found that in order
fo'get a finiteaénergy gap we would nead.avsffucturo with
only‘low“ordér chains.of atomS'(s 4) andfGa-Gavand As-As 
bonding distances Which afe”smaller:and”lafger fespectiveiy'
than the ideal Ga—As bondlng dlstance. | o

‘ Finally we should mention that although we used GaAs

“to study d;sorder (ud and dlsorder (L) we would have obtained
similar nesults from any other III—V_compound. This is not
_to say; however, thaf all the III-V compounds are:equally
likely to exist in tha amorphous phaso with disorder (U)
Or disorder (L).- In particular in the oasa ofvdisordar (L)
‘_'wa'wonld expeot to find only fhe.compounds with the strongest
ibonding chafacter;  Now presumably the bondlng charge
calculated by Walter and Cohen24 can be con81dered a maasure .
of th;s bonding character. 1In that case théin resnltsvwou1d
'indicate; for example,-thathnSb and:InP,are more'likely to
be found with dlsorder (L) than GaAs. ‘Invany.case if
amorphous samples are to be found w1th dlsorder (L), it

would seem preferable-to prepare:them at.low enough_tampera-f

tures so that thé diffusivify - of the_atoms is very small.
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Table I

The number and type of p-like functions that can be made for

a certain atom given the configuration of nearest neighbor atoms.

Number of unlike-
atom nearest
neighbors

i
e i T e e o S

Number of p-like
functions of type
III~-V

Number of p-like
functions of type
ITTI-IIT or V-V

0
1
2 .
3
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Figure Captions
1. Density of states of GaAs in the (a) 2H-4,
(b) MH 8, and (c) SC-16.structures using the EPM.
The dashed line in (a) represents the consequences of
disorder (U) as described in the text. o
2. Density of states of GaAs in the (a) 2H-4 (1,1/1,1),

(b) 2H-4 (2/2), (c) BC-8 (2,2/2,2), (d) BC-8 (4/4),

(e) ST-12 (3,3/3,3), and (f) ST-12 (5,1/5,1) structures

calculated from the simple tight binding model discussed

Fig.

Fig.

in the text. The solid line at 0.0 eV represents a
delta function peak in the density of states. The
bottom of the conduction band is designated by Ec and
the numbers on top of the peaks represent the approxi-
mate strength of these peaks. |
3. Density of states of GaAs in the (a) ST-12 (5,1/3,3),

(b) ST-12 (4,2/5,1) and (c) ST-12 (3,3/4I,1,1) structures

using the simple tight binding model discussed in the

text. The convention is the same as ih Fig. 2.
_u.' Density of states of GaAs in the (a) ST-12 (4,2/5 l),'
(b) BC-8 (2,2/2,2), (c) 2H-4 (2/2), and (d) LH-8
(2,1,1/2,1,1) structures using the EPM. There is an
eVerlap of the valence and conduction baﬁds near 1 eV.
Regions I, II, and IIi represent the p-like region of
the density of states where region IT is analogoes to
the delta functlon peak using the tight binding model.
The small numbers on top ‘of the densities of states
represent the approximate strength of various regions

and peaks in these densities of states.
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Fig. 5. GaAs 2H-4 (2/2) charge density in the (110) plane
for bands 1 and‘2.

Fig. 6. GaAs 2H-4 (2/2) charge.density in the (liO) plane
for bands 3 and u.

| Fig. 7. GaAs 2H-4 (2/2) charge density in the (110) plane

for bahds 5 and 6. | .
Fig.‘8. GaAstH—h (2/2) charge density in the (110) planen
| for bands 7 énd 8.

Fig. 9. GaAs ZH;Q (2/2) charge density in the (110) plane
for bands 9 and 10. 4

Fig. 10. 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 [-6.1 eV, -5.0 eVl
de81gnated by arrows in Fig. 4(e).

Fig. ll. GaAs 2H 4 (2/2) charge density in the (110) plane.
for the regions of the density of states in the energy
intervals [-5.0 eV, -3.7 eV] and [-3.7 eV, =1.3 eV] |
designated by arrows in Fig. 4(05._

Fig. 12. GaAs 2H-4% (2/2) charge density in the (110) plane"
for the regions of the density of states in tﬁé energy ;

- intervals [el.S'eV, 0.6 eV] and [O.S eV, 2.2 éV]
 désignated by arrows in Fig. 4(c). |

Fig, 13. GaAs 2H-4 (2/2) total charge deﬁsity;in the

- (110) plane. | | |

F;g. 14. Density of states of GaAs in the (a) modified

2H-u (2/2) and (b) FC-2 structures using the EPM.

The modified 2H-4 structure was obtained from the ideal
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" 2H-4 structure by taking a 10% decreése in Ga-Ga

bonding distances and a 3% increase in the As-As
bonding disténces. This resulted in a merging.of
regions II and III and the formation of a non-zero
énergyrgap;. The dashed curve in (b) represents the
éonsequences of disorder (L) with 10% like-atom bonds
as'diséuséed in the text. Théihotted line distinguishes

between the low and high energy s-like peaks.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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