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Effects of Disorder on the 'Electronic Density 

of States of III-V Compounds* 

J. D. Joannopoulos and Marvin L. Cohen 

Department of Physics, University of California 

and 

Inorganic Materials Research Divi~ion, 

La~ence Radiation Laboratory, Berkeley, Calif~rnia 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 of disorder reveals 
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valuable information concerning the relationShip 

of the structural nature of an amorphous system to 

its density of states. We present a model of the 

density of states of amorphous 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 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 experimental 

and theoretical interest in the transport, optical and 

electronic properties of amorphous group IV elements like 

Ge and Si. l In addition particular interest has been given 

to the structural nature of the amorphous phase. Many 

techniques have been develop~d to prepare amorphous samples 

and usually special care is taken to minimize the number of 

microvoids present so as to obtain a sampl~ approaching a 

connected network of atoms with a minimum number of 

dangling bonds. 

However, only recently have experimental measurements 

yielded any information related to the electronic density 

of states of the complete valence band. This has been 

accomplished mostly through ultraviolet (UPS) and X-ray 

(XPS) photo emission spectroscopy.2-4 The differences 

observed between the crystalline and amorphous density of 

states spectra has proven to be valuable in probing the 

• 
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the structural nature of amorphous Ge and Si. 5 ,6 In particular 
these calculations indicate that 

/these differences are associated with the presence of five 

and seven fold 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 semiconductors. We shall restrict 

our disorder to topologically disordered stoichiometric 

structures with atoms in four-fold 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). A~ we shall see this division of disorder 

into these t~o types is useful since the effects of like-

atom bonds on the density of states are very strong and for 

the 'most part overshadow effects from disorder (U). Structures 

with disorder (L) will a·lways have equal numbers of III-III 

and V-V bonds since we are assuming stoichiometric systems. 

In general if we let NIII-III' NV_V' NIII and NV be, the 

total number of type III-III bonds, type V-V bonds, type III 

atoms and type V atoms respectively, then we have: 

NIII-III 
2 

NIII - V 
+ 4 = NIII (1) 
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( 2 ) 

so that the difference in percentage of type III-III 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 examine an 

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~r UPS s~ectra on amorphous III-V compound~. 

To understand the influences of disorder (U) and 

disdrder (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-atdm bonds 

(iv) diff~rent clusiering corifigurations of.like-atoms 

(v) topological variations of_riluster~ 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 -amorphousGe and Sl.' We can take a series of crystals 

whose primitive cells are becoming gradually larger. This 

.. 
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permits, and in fact we have an increase in the positional 

disorder of the atoms. Thus a study of the trends observed 

in the density of states for these crystals can give us 

specific information about the effects of particular types 

of disorder. 

As we have shown in our work on complex structures of 

Ge and Si, the effects of long range disorder (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 bur 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-8and ST-12 

structures. The reasons for these choices will be given later. 

To study these crystal structures we shall use simple 

three-parameter tight binding models and the empirical 

pseudopotential method (EPM).7 The tight binding scheme 

will be used to easily di~cern 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 density calculations in order to examirie the nature 

of like-atom bonds. 

In all our calculations we shall take GaAs as a 

prototype of the III-V compounds and we assume that our 

results on these effects of disorder will be applicable to 
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all III-V compounds. However we are not able at the present 

to predict with any certainty what III-V compounds could 

exist with disorder (U) or disorder (L). 

In section II we shall give a description of the crystal 

structures studied and the notation that we shall use 

describing their topological properties. In section III 

we shall discuss the methods of our calculations. In 

sections IV and V we shall present and discuss the results 

of our calculations for disorder (U) and disorder (L) 

respectively. Finally in section VI we present a summary 

and some concluding remarks. 

II. Structures and Statistics 

In this section we shall examine ihe 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 strucrures we find that.we 

can make N! I(NI 2)! ) 2 different substructures respectively 

assuming each atomic position to be distinct, where N 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 substructures into smaller groups defined by the 

percentage of like-atom bonds present. We shall then 

break up each of the smaller groups into sub-groups 

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

'. 
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This is of interest since it characterizes each substructure 

by the immediate environment of each of its atoms. Now 

the substructures in the subgroups can be divided further 

into classes depending upon the particular clustering con

figurations of like atoms. However from stability considera-

tions we restrict ourselves to substructures that have atoms 

with only two or less like atom nearest neighbors. The 

method used to investigate the total energy per atom of 

these structures is described in section III. 

With this restriction we are effectively left with 

substructures that have like-atoms which can cluster into 

chain-like configurations which may be open or closed. 

A chain is defined by a series of nearest neighbor like-

atoms. These substructures can be very conveniently 

characterized or identified by using the following notation: 

(3 ) 

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

in the primitive cell and N~a (N~s) is the number of Ga (As) 

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

in a particular structure is given by 

M . 
I (N~a -1) 

i=l 

i=l 

= 
N -2M 

T (4 ) 

where NT 1S the total number of atoms in the primitive cell. 
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Since we are dealing with stoichiometric structures an 

equivalent expression to equation (4) could be obtained 

by replacing N~a by N~s' In equation (4) we are assumlng 

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

or infinite chains we can use equation (4) but we must 

replace N~a-l by N~a' where N~a would represent the number 

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

primitive cell. We could also make this explicit in the 

notation (3) by placing an R (ring) or I (infinite chain) 

i after the number N. The number of atoms in the structure 

that have zero like-atom neighbors is just given by the 

total number of one-link chains (i.e. Ni = 1). The number 

of atoms that have one like-atom neighbor 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 g~ven by the total number 

of atoms in finite chains of order greater than two minus 

twice the number of finite chains of order greater than 

two plus the total number of atoms in rings or infinite 

chains. 

As an example let us find wha.t information we can 

obtain about two substructures of the ST-12 structure if 

they are designatedby(S,1/4,2)and{3,3/4I,1,1)respectively. 

In the first structure we have two Ga atom chains of order 

five and order one and two As atom chains of order four 

and orde~ 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 

one like-atom nearest neighbor and five (six) atoms with 

two like-atom nearest neighbors. 

We may now proceed to analyze the 2H-~, 4H-8, BC-8, 

ST-12, and SC-lS structures using the aforementioned 

notation as an aid to our characterization a~d 'discussion. 

We shall not study all the possible distinct substructures 

that can be made but rather we shall select and describe 

tho~e which are most useful for our purposes. Furthermore 

. (1 MIL) in many cases the notat10n NGa .•• NGa/NAs .•• NAs 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,I.}. In this case we shall,arbitrarily, 

use stability (see section III) requirements as a discerning 

factor in choosing one substructure to study o~t of this 

set. It should be noted however that the densities 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. 2H~4 

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

with four atoms in a primitive cell and is described by 

lattice constants a and c and a parameter u. Thea and c 

lattice constants were chosen so as to make the bulk density 
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of the 2H-4 structure, th~. same as that. of G~s ~n 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 an ideal tetrahedral-arrangement of atoms with a 

nearest neighbor distance,equal,to ,that ()f GaAs (zincblende).' 

Out of the possible substructures that can be m~de with 

the 2H-4 structure we shall be interested only in two. 

These can be designated bY(l ,Ill ,1) and(2/2~' In the first 

case we have the wurtzite structure with zero like-atom 

bonds and in the second case wa have a fraction of 1/4 

like-atom bonds with the Ga-Ga and As-As bonds occ~pying 

the two vertical bond positions in the ,unit cell. The .first 

structure ban 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 

fraction, other than zero, of like-atom bonds that can be 

made in the 2H-4 structure. 

B. 4H-8 ' 

The 4H-8 structure is a 4H . structure with eigh~ atoms 

in a primitive cell. The lattice constants and internal , ..' 

parameter that describe it are the same as those of 2H-4 
the lattice co~stant 

except that we now take/c4H_8 - 2c2H_4 . Again we have an 

ideal tetrahedral arrangement <;>f atoms exceptth~t we now 

have a bit more topological disorder in the z-direction. 

The 4H-8 structure pre~ents two useful oPt~ons~ 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. 

Secondly the(2,i,1/2,1,1) substructure contains only a fraction 

of 1/8 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 8i 111 8 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 8i 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 2% larger than the ideal 

bond length found in the zincblende structure. There are 

also two types of bond angles approximately equal to 118 0 

and 100 0 respectively. An interesting feature of the BC-B 

structure is that although it only has even numbered rings 

of bonds we cannot create any substructures with a total of 

zero like-atom bonds. In the first group containing the 

small~stfraction (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 thirty two substructures~ This group 
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can be divided fu~ther into two subgroupsc6ntaining t~enty 

four and eight substructures 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 

neighbor '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 

second group of thirty two which is of the type (4/4). These 

two structures will be studied using th~ tighting binding 

model and we shall single out the(2,2/2,2)structure for an 

EPM calculati6n using stability again 'as a discerning factor. 

D. SC-lS 

This structure can be obtained by just considering the 

BC-8 structure as a simple cubic lattice with a basis of 

si~teen atoms. All the BC-8 substructures can therefore 

be obtained ·from the SC-lS structure. The purpose and 

usefulness of the SC-lS structures is that it provides us 

with a substructure 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(l,l,l,l,l,l,l,l/l,l,l,l,l,l,l,~. 

The atoms were then allowed to relax slightly to a 

state of lower energy by a random process described in 

section III. This resulted in a small increase in randomness 

in the bond.lehgths and angles. In particular we obtained 

bond lengths that were up to 3% small'er and 5% larger than 
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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 1II8 structure is a simple tetragonal 

unit cell with twelve atoms as a basi~. It is completely 

specified by two lattice constants a and c and four internal 

parameters xl' xz' x3 and x4 . We took a = 5.91 A and 

c = 6.955 A with xl = 0.09, x 2 = 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 8i III. 

In the ST-12 structure the bond lengths are all about the 

same length and about 1% larger than the nearest neighbor 

distance of GaAs in the zincblende structure. The bond 

angles however range from 20% less to about 25% greater 

than the ideal tetrahedral 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 subgroups containing the 

following statistics. 

(1) twenty four substructures with four atoms having 

two like-atom nearest neighbors and eight atoms with one 

like-atom nearest neighbor. 
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. (2)f6~ty eight substructur~s with six atoms having 

two like-atom nearest neighbors, four atoms with one like~ 

atom' nearest neighbor and two atoms with z.ero like-atom 

nearest neighbors~ 

(3) one hundred and forty four substructures with five 

atoms having two like~atom nearest neighbors, six atoms with 

one like-atom nearest neighbor and one atom with zero 

like-at"6m nearest neighbors. 

In the first subgroup the substructur~~·are all of 

type(3,3!3~3)while in the second subgroup we can find 

substructures of .types (5 ,11 5,~, (3,3 I 4I, 1 ,l).and (4I, 1, Il3 ,3). 

Finally in the 'third subgroup we find.four types of ' 

'. substructures (5~1/3,3), (3,3/5,1), (4,2/5.,1)and(5,1/4,2). We 

ha'vechosen one distinct substructure from each of these 

eight types. These will be studied using our tight bin<;ling 

model: and w~ shall again single ,out one substructure 

(4,2/5,1), using stability consider~tions, whose atomic 

positions we shall relax. This structure will then be 

studied by the EPM. 

Although the fractioti 1/3-of like-atom.bonds in these 

structures is rather large from a realistic point of view, 

neve~theless the ST-12 structure provides us with a series 

of substructures which have atoms in a variety of topological 

configurations and this is useful for studying the effects 

of these configurationi in a simple and realistic way. 

.' 
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III. Calculations 

In this section we shall desqribe the calculational 

methods used to study the ~arious crystals mentioned in 

section II. In particular we shall discuss the EPM and 

the tight binding model used to calculate the band structures, 

the model used to caiculate total energies, the relaxation 

process, and the charge density scheme. 

Once the band structure is known the density of states 

can be obtained usihg the following expres~ion: 

N(E) = 
1 . 

NN a 
I I 8(E ~ E (k» 

n -. 
k n 

where N is the number of atoms in the primitive cell, 
a n is the band index 

( 5 ) 

N is the number of primitive cells,/and N(E) is normalized 

to the number of states per atom. The method used to 
i 

evaluate the integral ineq~atio~ (5) is due to Gilat and 

Raubenheimer. 9 The energy derivatives required by this 

method were 'obtained using ~·E perturbation theory. 

A. EPM 

The Empirical Pseudopotential Method (EPM) has been 

discussed extensively in an article by Cohen and Heine. 7 

The EPM essentially entails removing the ,large potential 

of the core along with the many oscillations of the wave 

functions in the core. The valence pseudowavefunction, 

~k(~)' is then in essence the true valence wavefunction 

minus the core states and satisfies the Schroedinger equation: 

2 [rm + V(~)J ~k(~) = E(~)~k(~) (6) 
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where veE) is the pseudopotential and the E(~)-are th~' 

eigenvalues of the real valence electron·wavefunctions. 

The weak periodic pseudopotential VCr) can now be expanded 

in a small number of plane waves: 

V,(E) = L V(G)ei§~E 
G 

for (7) 

where IG I represents some cutoff reciprocal lattice vector. 
, '.' .' -0 

In the case of two·types of atoms V(§) can be written as: 

(8) 

where SS and .SA are the symmetric and antisymmetr~c 

structure factors and VS and VA are the symmetric and anti-

symmetric form factors given by: 

SS(G) 1 
L 

-iGoT _. e --A-n 
A-

SA(G) i 
L PA 

-iGoT = - - e --A-n 
A 

VSCG) n I 1 
{ VI (E )+v 2 (E ) } -iGor 3 = IT 2" e -'-d r 

VA(G) n I 1 {vl (E)-v 2 (E)} 
'-iGor 3 

= IT 2" e - -d r 

where n is the .number·of atoms in the primitive cell of 

volume 0, vl(r) and v2 (r) are atomic potentials, TA is 

(9a) 

(9b) 

(lOa) 

(lOb) 

the position of the A-'th atom in the primitive cell and PA 

is +1 or ... 1 if A denotes an atom of type 1 or ty·pe 20 Here 

we have assumed that the form factors are independent of 

energy, and, sirice the atomic potentials are taken to be 
.' 
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spherical, the form factors are functions' of /§/ only. "In 

zincblende structures Cohen and BergstresserlO .used only 

three symmetric and three antisymriletric form factors to " 

obtain a good agreement of calculated optical properties 

with experiment. Once one has a good set of form factors, 

the atomic potentials can be obtained in principle from 

"Eqs. (lOa) a"nd (lOb). If one now assumes that the atomic 

potentials do not change very much from one type of crystal 

structure to the next, the form factors can be used for a 

variety of c~yetalline structures. In this sense the EPM 

is extremely useful. -The-procedurell essentially involves 

obtaining a continuous VS(/g/) and vAC/S/) by a suitable 

interpolation scheme and reading off the VS(/§/> and VA(/§/). 

for the set of § spanning the reciprocal lattice of the 

particular structure. 

In bur calculatioris we have interpolated the form 

10 factors obtained by Cohen and Bergstresser for GaAs 

since in this reference VS was constrained to be the Ge potential. 

FOr other form factor~2 the qualitative features in the 

density of states are the same and we only get small shifts 

in the energies of the peaks. 

For good convergence in the 2H-4 structure we used 

50-60 plane waves as a basis set along with another 140 

plane waves through a perturbation scheme developed by 

L6wdin. 13 We calculated E(k) in 1/24 uf· the Brilluoin zone 

(BZ) at 144 grid points. For the 4H-8 structure we used 

approximately 70 plane waves as a basis set with about 
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200 additional pJ.ane waves' through perturbation theory'. 

We diagonalized our Hamiltonian in ·1/24 of·the-~Z at 144 

grid points for thel2,1,1/2,1,~structure and at 62 grid 

points for the(l,l,l,l/l,l,l,l)str~cture .. In the case of 

BC-S we used 60 plane waves .as a basiS and ari additional 

140 plane waves through,the Lowdin Scheme. We used liS of 

the BZ with a grid of 154 points. "For the 8T-12 structure 

we used about 70 plane waves a·s a. basis set and another 

270 plane waVes through perturbation theory. The Hamiltonian 

was diagonalized in 1/2 of the BZ at 192 grid points. 

Finally for SC-l& we used aboutS5 plane Waves as a basis 

set along with approximately 235 more plane'waves through 

the Lowdin scheme. The eigenvalues were obta:lned in 1/2 

of the BZ at 256 grid points. 

B. Tight Binding Model 

. In our tight binding calculations we have' taken the 

d 1 d tl b W · d Th . 14 Th H 'It . mo e use recen y y ealre an orpe. e aml onlan 

can'be written as: 

H = ±V L o 
i,R. 

1<1>· n><<I>·, n I 1 ,.It. 1 ,.It. . (11) 

where the l<I>iR.> represent localized orthonormal basis functions 

which can be taken as (SP3) hybridized directed orbitals 

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

atom and the orbitals of that atom respectively. The first . I 
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term in this Hamiltonian is a diagonal term which is taken 

to be +V~ or -Yo depending on whether the states are 

associated with group V atoms or group III atoms. The 

second term represent~an interaction VI betw~en different 

basis functions on the sa~eatom and the last term is an 

interaction V2 between basis functions ~long the same bond. 

We have thus ignored the difter~nce~ in iheinteractions 

of basis functions on different atomi and alorig the different 

types of bonds and we have assumed equal bond lengths and 

an ideal~tetrahedral arrangement of atom~.· We used 

Vo = 3.2 eV,Vl =~2.7 eV and V2 =-~6:l eV which are the 

same values as those used by Weaire and Thorpe for their 

calculation of GaAs in the zincblende structure. 14 

The most prominent 'features of this tight binding"model 

are an inadequate conduction band because of the' limited 

number of basis functions, a relatively good description of 

thes-like states, and for the case of structures with all 

or no bonds that are like-atom bonds, a delta function peak 

in the density of states at the top o£ the valence band. 

This peak contains pure p-like bonding states with a degeneracy 

of one state per atom~ This is interesting because it says 

that to first order with nearest neighbor intera~tions which 

are independent of the dihedral angle the p-like states are 

not disturbed by topological differences. "This is a fact 

that is supported to some degree by experiment. 4 However if 

we introduce the po~sibility of having like and unlike~atom 

bonds in our structures it is no longer true that the delta 
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function will contain one state per.atom. It would 

therefore be:of interest to obtain an expression f0r the 

degeneracy of the delta ~unction depending upon the~ype 

0f 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 states of zincblende 

is preserved under disorder (L). 

Consider first the case wh.re .we have only one type of 

bond in the structure, then there are thre.e p-like . functions 

that can be formed on each atom from the four hy~rids. 

Therefore there are 3N pure p-l~ke functions that can be 

formed in ,a system. of N atoms. However, there is one 

constraint per bond if we wish to make pure p-like bonding 

or antibonding states. 
15 

Thus as Weaire and Thorpe have 

shown there are 2N independent constraints and,therefore 

3N-2N = N degenerate pure p~like bonding (or anti bonding) 

crystalline states. These states are then responsible for 

the delta function peak with one state per atom. In the 

case of a structure with both like-atom and unlike-atom 

bonds we must be' a bi~ more careful. We must now distinguish 

the p-like functions among bonds of type III-III,·V-V and 

III-V. That is, we are interested in the p~like functions 

. of a-certain type (i.e. III-III, V-V or III-V) which can 

be JIiade from the hybrids along bon.ds of that type. The. 

number of such functions·that can be made on a certain atom 

given the configuration of nearest neighbor atoms is shown 

in Table I. Therefor~, given ~ 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. Ortce this is known the total number of bonding (or 

antibonding) p-like states of a certain type that can be 

made is just given by this number minus the total number of 

constraints for bonds of that type. But the number of 

constraints ofa particular type is just equal to the number 

of bonds of that type. Therefore the degeneracy of the 

delta functio~ DX representing bonding (or antibonding) 

p-like states of type X (where X represents the three 

distinct combinations of III and V) is given by: 

Here 
X-

NI represents the number of atoms with I bonds of 

type X,and NB
X is the total number of bonds of type X. 

If we now express NB
X in terms of the NIX we get: 

(12) 

(13) 

This expression is quite useful since it tells us immediately 

that for the structures we are studying there will be no 

delta function in the density of states representing like

atom (L) bonding states. This is because we chose our 
- L- L 

structures to have N4 and N3 equal to zero due to stability 

requirements. This suggests therefore that in the amorphous 

case the like-atom bonding state regions in the density of 

states will be quite sensitive to different types of 

clustering configurations. On the other hand equation (13) 
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also tells us that in the structures we are studying we will 

definitely have a delta function peak in the density of 

states representing unlike-atom (U) bonding states as in 

the case of zincblende whose degeneracy will be given by 

U 'u 1 U 
D = N4 + 2 N3 · One might thus suggest that there will 

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

of zincblende whose character will be relatively unaffected 

by disorder. In other words the nature. of the unlike-atom 

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 like-atom 

bond clustering configurations it was useful to use 

stability as a final criterion. To calculate 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 contribution. For the short range 

energy we take a repulsive term due to the interaction between 

the ionic cores and an attractive term to take account of 

the covalent bonding nature of the atoms. With a small 

1617 extension of the work of Keating and Martin he can get 

the following approximate but simple expression for U when 

expressed relative to the cohesive energy of the zincblende 

structure. 



-23-

4 4 2 
l' n 3 n [[).(r .·r .)] 

V = 2" L L f .[).r + 16 L L Cl . . -S21. ·-S21. 
S,1. s,i S,1. . (ro .) 2 

s=l i=l s=l i=l S,1. 

n 2 
3 I L e .. [[).(r .·r .)] 1 n (e*)2 M M + S,1.,J -S21. -s,J + L (ClS-ClZB ) "8 2" o 0 Ero s=l i,j (r .r . ) 

j>i S,1. s,J s=l 
(14)· 

Here U is the energy per primitive cell. The sum over s is 

over atoms in the primitive cell, the sums over i and j are 

over the bonds i and j of a particular atom s, f . is a S,1. 

parameter describing the linear term of the repulsive ion 

core potential, Cl . and B . ~ are essentially bond . . S,1. S,1.,J 

stretching and bond bending force cqnstants ~espectively, 

and r O 
. is one of the three equilibrium nearest neighbor . s ,1. 

. bond lengths (since we can have like and unlike ~tom bonds). 

For the coulomb part of the energy we assume r~gid point 

ions wit~charges ±e* which are the effective charges on the 

atoms which interact via a screened coulomb potential with 

the electronic dielectric constant E, Cls
M is the Madelung 

. . . M 
constant of a particular atom s; ClZB is the Madelung constant 

of the zincblende structure and r is the equilibrium nearest o 

neighbor distance for atoms in the zincblende structure. 

For simplicity we take all the Cl . = Cl and all the B . . = B S,1. S,1.~J 

and we also assume that the f . = f. The condition that S,1. 

the zincblende structure be in equilibrium requires 

f = - ~ Cl ZB
M (e*)2 /Ero 2 and we can take e* to be the dynamic 

effective charge. . 17 . Then we have from Mart1.n for GaAs 1.n 

the zincblende structure: 3 Cl = 41.2 x 10 dyn/cm, 
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p = 8.95 x 103 dyn/cm, ro = 2.44 A and (e*)2/ E = 0.441 e 2 

which, along with the r O 
. equal to twice Paulings ~ovalent 

S,l 

radii for Ga and As, are the values we assumed for the 

parameters used in Eq. (13) to study our various GaAs 

structures. 

Equation (13) works fairly well in comparing the 

differences in cohesive energy of various substructures 

of the same basic structure. In particular the most 

important term in Eq. (13) for structures with like-atom 

bonds is the coulomb term. For example the Madelung energy 

per primitive cell of the ST-12 substructures which have 

33-1/3% like-atom bonds can vary by more than 10 eVe In 

addition the largest Madelung energy of these ST-12 

substructures is only 20% smaller than the Madelung energy 

of GaAs in the zincblende structure. On the other hand 

with our approximations the short range energy term will 

vary only by about 0.1 eV and if we take the B .. and s ,1,] 

the a .. not all equal respectively we would expect a 1,J 
variation by not mor'e than 1 eV. 

We selected one substructure to study with the tight 

binding model from each set of substructures with simiiar 

like-atom clustering configurations. The selection of one 

substructure out of a particular set was carried out in two 

simple.steps. First we found the particular atom A in the 

primitive cell with the least binding energy for each 

substructure in the set. 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 each of the five 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 similar to 

that used by Henderson and Ortenburger18 and consisted of 

moving each atom by a small random amount. If the energy 

was lowered the move was accepted, if not then it was 

rejected. This process was carried out about 2000 times 

until a local minimum in the cohesive energy was.reached. 

The consequenc~s of this relaxation were to lower slightly 

the energy of the substructure and to add·a small randomness 

to the distribution of bond angles and bond lengths. 

D. Charge Density Scheme 

Charge density calbulations are particularly useful in 

studying the nature of 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 affect these various regions. 

We can obtain a charge density p(~) using the wave

functions ~ k(r) that we ~et from our EPM calculations. 
n, --

Since the wavefunctions are known as a function of band 

index n or energy E we can postulate a "band" charge density 

Pn (~) or an average ilenergy" charge density PE(~). In the 

former case we would have 

P (r) n ... = e P (k,r) n ... ... (15) 
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and in the latter 

PE(~) ;:; e L L O(En(~)-E)I~n,k(~)12 ;:; L PE(~'~) (16) 

n k k .. 
where the E (k) are the one electron valence energies. n .. 

Therefore in principle in order to obtain Pn(~) or PE(~) 

it is necessary to integrate Pn(~'~) or PE(~'~) over the 

entire BZ. There is however a method to obtain p(r) without 

having to sum over all the k points in the BZ.The idea 

here is to find just a few k points whose charge density 

will give a good approximation to the total charge density. 

Baldereschi19 first proposed this and obtained one repre-

sentative k point which gave an approximate total charge 

density for compounds in an FCC lattice. Chadi and Cohen
20 

using wavefunctions expanded in terms of Wannier functions, 

obtained three representative ~ points whose weighted sum 

of charge densities gives better agreement than the 

Baldereschi point. 21 
In addition Joannopoulos and Cohen 

have presented a simple method of obtaining the same conditions 

for the k points without using any wavefunctions and this 

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

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

~)(k,r) .. .. ;:; L p(Tk,r) .... 
T 

(17) 

where {T} represents the set of point operations for the 

lattice, then ~(k,~) has the symmetry of the lattice in 

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

~(k,r) 
ik·Tt 

e - -- -

~(~'72) = L ~(I~I'72)~(~,I~I) 
I ~ I 

(18) 

(19) 

where ~(0'72) is the total charge density in question. Now 

~(~'72) is a slowly varying function of ~ so that we would 

expect the ~(t,r) to decrease in magnitude as It I increases. -- -
The object then is to find a k that will make as many of 

-0 
the ~(k ,t) 

-0 -
equal to zero as possible for small I ~ I . For 

the case of more than one k equation (19) becomes 
-0 

L a.~(k.,r) = L a.~(o,r) + L ~(t,r) L a.~(k. ,.0 (20) 
1 -1- 1 - - - 1 -1-

i i t i 

with L a. = 1 and with {a.} and {k. } chosen in such a way 
-1 1 -1 

i 
as to make a~ many of the L a.~(k.,t) equal to zero as 

. 1 -1-
1 - 22 

possible up to some large It I. Chadi and Cohen have -max 
recently developed a scheme to generate a series of larger 

and larger special ~i point set~ along with weighting factors 

a.which give L a.~(k.,t) = 0 for all I~I 's up to larger 1 . 1 _1 _ --
1 

and larger values of It I respectively. -max 
Although a one or two point scheme works very well in 

obtaining the total charge density it is rather inadequate 

£or calculating the Pn(72). On the other hand the Chadi and 

Cohen 22 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 p (r). In our calculations we have taken the 2H-4 
n -

(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 p (r). In addition we 
n -

23 have calculated PE E.(r) which is defined by: 
·f' 1. -

PE E (r) = 
f' i -

for various intervals [Ei,EfJ. 

IV. Results for Disorder (U) 

In the study of disorder (U) we are interested in 

(21) 

investigating effects on the density of states caused by 

the following features: 

(i) Topology 

(ii) Bond angle and bond length variations. 

As we have already 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 structures. The 

first two structures have ideal tetrahedral arrangements 

of atoms and provide a comparison of purely topological 

properties. In the 2H-4 structure each atom sees a hexagonal 

neighborhood which is different from the cubic neighborhood 

of the zincblende 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 
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. with distorted tetrahedral 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 it has the same type of third nearest neighbor 

environment. 

The tight binding model is not very useful in studying 

these structures with disorder (U) since we could tell no 

difference between the 2H-4 and 4H-8 structures and only 

small differences ~iththe SC-lS 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. On the other hand the 

EPM is very useful and the results of our calculations 

using the EPM are shown in Fig. l(a)-(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-lS 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 spectra, however, it would be useful to have some 

information about the average distribution of electrons in 

each band.· From the charge density calculations of Walter 

and Cohen 24 we know that the regibn of the density of state~ 

(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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this the Irs-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 eVe Charge density calculations for 

this band show that the electrons are now more concentrated 

on the Ga atoms and in the bond. Part of the bonding nature 

of this band is 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 eV to 0 eV 

contains electrons which are almost entirely concentrated 

in the bonds as in Ge and Si. We shall be referring to this 

region in the density of states as the "p-like region." 

Let us now compare and examine the trends ln the 

density of states spectra shown in Fig. 1. As we go from 

the 2H-4 structure to the 4H-8 structure 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 region between -1.5 eV and -3.5 eVe What we 

are seeing here are the effects caused by purely topological 

diffe~ences. In particular in th~ 4H-8 structure we have 

the effects of averaging over cubic and hexagonal environments. 



In fact the only way to have an amorphous 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-lS 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 distances 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 broadening of this 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 valenc~ band around 

O.S eV. This is caused by the derivations of the bond angles 

from the ideal tetrahedral angle which produce the same 

effects as in Ge. Secondly we notice that 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 bond length 

would tend to broaden the p-like region as is the case with 

the SC-lS structure while structures with only larger bond 
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lengths would get a narrowing 6f the p-like region as is 

the case with Ge ST-12. These effects however are clearly 

very small. In the 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 th~ states in this region although 

it is not really clear what is happening here. 
, 

We can get some idea of the distribution of bond lengths 

and angles in the amorphous case from the radial distribution 

functions CRDF) 6f Shevchik and Paul. 25 The RDF's of their 

amorphous III-V samples were very similar to that of amorphous. 

Ge. In fact the RDF of amorphous GaAs is almost identical 

to that of amorphous Ge. Unfortunately an RDFis not a 

sufficient condition for a particular structure nor can one 

prove the existence of five fold rings of bonds with an RDF. 

Therefore if we were to hypothesize a random network 

structure which gives the same RDF as amorphous GaAs but 

with disorder CU), we would expect to get the density of 

states shown by a dotted line in Fig. 1 Cal. First we 

would expeci the p-like behavior to be verysimila~ to that 

of amorphous Ge since the distribution of bond angles and 

bond lengths of amorphousGe 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-lS. And finally we'~ould expect. to get a 

smaller broadening of the s-like region in the amorphous· 

GaAs case thari in the' SC-lS structure since the distribution 
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of second nearest neighbor distances is centered at 

25 slightly larger distances in the amorphous phase than in 

the SC-16 case. 

As we shall see in the next section, however, the 

effects of disorder (U) are rather small a~d mostly insigni

ficant when compared with the effects of disbrder (L). 

V. Results for Disorder (L) 

In a recent communication26 we described the gross 

effects of disorder (L) on the density of states based on 

a very simple charge density model. We suggested that the 

entire spectrum" would be broadened because of an inbrease 

in the overlap integral between like-atoms and the different 

types of bonding states that are now permissible. We 

estimated at least a 1.0 eV broadening of the s-likere~ion 

.and we suggested that one may be able to distinguish As-As 

(Ga-Ga) bonding states at the low (high) energy sideo.fthe. 

p-like region. 

In thls 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 

(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 substructures. 

of the 2H-4, 4H-8, BC-8, and ST-12 structures mentioned in 

section II. 

In Fig. 2 (a)-(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-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 negative 
with the delta function set at 0 eV 

enefgies/and E designates the bottom of the conduction band. c . 

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 delta function of pure GaAs p-like bonding states whose 

degeneracy is obtained from ~q. (13) and the discussion 

in section II. For example for ST-12 (3,3/3,3) we have 

N4
U = 0, N3 U = 8, and NI

U = 0 so that the degeneracy of 

the delta function is DU = 4. The fraction of like-atom 

bonds for each structure. is given by equation (4). 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%, 

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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th~ 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 6ne peak at higher and lower energies with 

respect to the position in energy of the delta function. 

We get the same qualitative results when we examine the 

density of states for BC-8 (2,2/2,2). The 2H-4 (2/2) and 

BC-8 (2,2/2,2) substructures have diff~rent topological 

properties how~ver 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 

.. produces 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 probably 

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 Ga atomic valence 

states we would expect that the lower energy peak contains 

mostly As-As bonding states while the higher energy peak 

.contains Ga-Ga bonding states. We shall return to discuss 

this point with some evidence 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 
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first case we have the effects of like-atoms in ch~ins 

of order four and like-atom bonds in chain~ 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) and 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 

r'espectively even though they have quite different topological 

properties from the BC-8 and 2H-4 substructures. Fo~ 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 characteristics of 
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chain-like behavior. Nevertheless they are sensitive to the 

Ga atom clustering configurations as can be seen by an 

examination of the wavefunctions in this region. Further

more an examination 6f the wave functions in the p-like 

region can giveJus the nature of the bonding states in the 

low and high energy regions with respect to the delta 

function. However the fact that the lower and higher 

energy peaks in the p-like regions are actually mostly 

As-As and Ga-Ga bonding states respectively is very easily 

observed in Fig. 3 (')-{c). Here we have plotted th~ 
I 

density of states of ST-12 (5,1/3,3), ST-12 (4,2/5,1) and 

ST-12 (3,3/41,1,1). These substructures all have 33-1/3% 

like-atom bonds but they are of particular interest since 

each structure has its Ga and As atoms in different types 

of clustering configurations. In the density of states 

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

region which is consi~tent with the As atoms forming chains 

of order three. If we were now to make bonding states 

that were almost ~xclusively of As-As bonding character we 

would expect two peaks in the p-like region. This is exactly 

what is observed in the lower energy regioh of the p-like 

states. On the other hand at the high energy side of the 

delta function we can distinguish four peaks and this is 

consistent with Ga like-atom bonding states caused by the 

Gd-Ca bonds forming chains of order four. For the ST-12 

(1~,2/5,1) structure we notice that the s-like region has 

essentially five peaks with a small splitting of the middle 
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peak. This splitting is due to a differende in environment 

between the As atoms in the chains of order five and order 

one. In the p-like region we can have the Ga~like atom 
I 

bonding states giving three or four peaks while the As-like 

atom bonding states should give four peaks. From' Fig. 3 (b) 

we notice that both the lower and higher energy peaks are 
' .. 

four and so it is rather difficult to distinguish visually 

the difference between the chains of bonds. Finally in the 

density of states for ST-12 (3,3/41,1,1) we see the effects 

of an infinite (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 essenti~lly the 

familiar one dimensional type of density of states which 

c~n be obtained by taking only nearest neighbdr in{eractions 

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 

energy region of the p-like states. We ndtice that its 

width is large enough to mix in with the states in the 

middle ~eak region. 

By using the tight bin~ing model we bave observed 

some very large effects in the 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 
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which are intimately related to the clustering configurations 

of the like-atoms and like-atom bonds. We must ask however, 

'how realistic in fact are these' large effects? ,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 calculation. Thus the tight binding model 

serves the valuable purpose of providing a simplic~ty that 

aids in the understanding of the effects of disorder (L) 

using a more realistic model. In Fig. 4 (a)-(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 whidh have 33-1/3%, 25%, 25% and 12-1/2% 

like-atom bonds respectively. Like the tight binding case, 

these densitie~ of states are normalized to 24 for each 

sUbstructure and the numbers on top of the peaks rep~esent 

the approximate 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. 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 which correspond 

to the six peaks also found in the tight binding case 

(Fig. 3(b». However a comparison of the s-like region 

in Fig. 3(b) with that of Fig. 4(a) shows that the latter 

peaks using the EPM are not symmetrically'situated around 

the s-like peak of As atoms in chains of order one. This 



-40-

is caused to 'a ma'jor 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 1S 

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 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 gene~al rule the highest 

energy peaks of an s-likechain will overlap with the s-like 

peak of chains of order one. Therefore one of the two 

highest energy peaks iri 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 re~ion 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 shows that the s-like 

region is relatively insensitive to the topological varia

tions of the atomic chain-like configurations~ We also 

notice th~t the higher energy s-like peak for both substructures 

lies very closely in energy to the s-like peak for the As 

atoms in chains of order one (Fig. 1). Finally in the4H-8 

(2,1,1/2,1,1) stibstructute which cohtains both As atom chains 

of order one and order two we can againsee~directly, the 
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overlap between the antibonding like state (weight one) 

of the As-atom chain of order two and the band (weight two) 

6f 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. Ther~fore the size of this splitting, which 

also happens to be the smallest possible broadening of 

the s-like region under disorder (L), is also unaffected 

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

t t U " th h d "t mode1 26 t" t d s ruc ure. slng e c arge enSl y we es lma e 

a ~inimum width of about 3 eV in the amorphous case. This 

is not too far from the results of the present calculations. 

If we were now to assume that the amorphous phase with 

disorder (L) ~ould tend to favor like-atoms clustering in 

chains or 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 glven by lt2(1+H/L~ 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 cif 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 present and not on 

the percentage of like-atom bonds or the particular topo-

logical configuration of these chains. 
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Let us now exa~ine 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 approximately subdivided into 

sections (I, II and III) rep~esentingparticular types 

of bonding characteristics. A comparison of the p-like 

r~gion ror ST-12 (4;2/5,1) using the EPM and the tight 

binding model suggests that the lower energy region of the 

1'5 ... l5.ke states (region I) should presumably represent As-As 

bonding states while the high energy region all) should 

aharaaterize Ga-Ga bonding states. The middle p-like 

region (II) represents the delta funation peak whose 

nature remains unaffected ttl first oreier by effects of 

disorder (1;), This middle p",like regiGh then retains the 

6haraater GJf the p",like reglGJfi without dlst>rdet> and f'ePf'e'" 

sents the Ga ... As banding stat~s ~ f;;ifiLiJ.'ar i21assifi'QatiGfi.s Crafi 

b~ made with th~ p~lik~ ~~gi§fis 6f th~ bther th~ee s~b~ 

strUdtur@s in this figure. A cQrnparis6h of the middle 

p;like ~@Iian§ far the BC~B (~12/211) and 2H;4 (2/1) 

§ub§t~uatu~e§ reveals that th~'sha~@ 6r this region is 

r'ati1e~ §etl.sitive ta the tbp©i6gical pr6p'erties ©f the ·s't"flU~'"' 

tlir~, The Giifferefiee in str~figth 6f the tWG peaks in the 

midale p~li~e ~@gian far the ~M-4 (2i2) GaSe is mGst likely 

caUsed by the faGii that the lawer energy p-like regi6fi :fo'f> 

2~~4 Ci~i/l,l' ~©ntains states that ffi6.tiy d@s~rlbe 

d1oa,genai uftlike;a'Eam bends whLle the higher energy I'egi'0fl 

represefti§ mastly vertieal (al©ng ~ rlireetlon) unllJ<e;atem 
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bonds. Therefore since the 2H-4 (2/2) structure has only 

diagonal unlike-atom bonds this anisotropy in the strength 

of these two peaks is understandable. In an amorphous 

structure however we would not expect this type of aniso-

tropy so that the middle p-like region should look more 

like the one in the BC-8 (2,2/2,2) substructure. The 

effects on the p-like region obtained by reducing the 

percentage of like-atom bonds while retaining similar 

types of like-atom clustering configurations can be seen , 

from Fig. 4(d). The p-like region for the 4H-8 (2,1,1/2,1,1) 

substruc~ure 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 

str~ngth of~he As-As and Ga-Ga bonding state regions. 

Finally all that we ~an say about the middle peak 

regions for these four substructures is that we obtain an 

overall broadening in each case as compared with the middle 

peak region for 2H-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 

corresponding substructures without like-atom bonds. In 

fact the states at the bottom of the conduction band under 

disorder (L) are most probably As-As antiboriding .like states 

in addition to being plane wave like. This is due to the 

fact that the low lying conduction states should be ortho-

gonal 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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influence on these states and would try to bring them 

down to a lower ~nergy. 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 EPMcalculations related to 

disorder (L) yield semimetals. 
.. 27 

Experlmentally a large 

decrease in the gap has been found for amorphous III-V 

compounds and our r~~ults are consistent with Connell's27 

suggestion that this decrease might be caused by like-atom 

bonds. Before we go into this in any more detail, however, 

let us 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 typical 

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 

charge densities p (r)~ Charge density contours for p (r) n _ n -

for bands 1 to 10 in the (110) plane of the 2H-4 structure 

are shown ln Figures 5 to 9. In Fig. 5 we show the s-like 

region where the bonding and antibonding nature of the As 

s-like states is clearly eviden~; . In Fig. 6 we 

have what is es~entiatly the middle peak region. The 

electrons here are mostly spread out around the Gaand 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 around the Ga atoms than band 4, while band 4 has more 

electrons in the Ga-As bond. In addition there seems to 

be slightly more change around the Ga atoms than the As 

atoms. In Fig. 7 we have the charge density for band 5 

which should represent approxi!llately the lower energy 

region of the p-like states. As we see the electrons are 

concentrated primarily on the As-As bonds with a small 

.concentration in the Ga-As bonds and negligible distribution 

in the Ga-Ga bonds. In this same figure we show band 6 

which is effectively 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 Fig. 8 which is 

essentially the other half of the middle p-like region has 

its electrons almost completely occupying the Ga-As bond. 

"The contours to the left of the Ga 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. 

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 electrons are 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 at the same 

time are primarily concentrated on the As atoms in an 

'- i 



-46-

antibonding like configuration. 

These charge densities confirm our earlierspeculation~ 

about the distribution of electrons in certain regions of 

the density of states. Furthermore similar results can be 

obtained by examining an integrated "energy" 'charge density 

PE E (r) for various intervals [El.",EfJ. In Figs. 10-12 
f' i -

we show our calculations of PE E (r) for the 28-4 (2/2) 
f' i -

substructure for the intervals (in eV) [-7.2,-6.-1], 

[-6.l,-5.0J, [-5.0,-3.7], [-3.7,-1.3], [-1.3,0.6] and 

[0.6,2.2]. These intervals are 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. 10. 

We notice immediately that although the general appearance 

of the electronic distributions are the same as bands 3 

and 4 there are som~ interesting differences. Unlike bands 

3 and ,4 the charge density in these two energy intervals 

are almost identical. In going from the low energy interval 

to the higher energy interval we observe a very slight 

increase in charge around the Ga-Ga and Ga-As bonds with 

a corresponding reduction in charge around the As-As bonds. 

Furthermore although the electronic distribution in 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 it is rather difficult to 

characterize the middle peak region but generally speaking 

the electrons are spread out around both types of atoms 

and in all three types of bonds. In Fig. 11 we show the 
i 

charge density for the interval [-5.0,-3.7] which is 

essentially the lower energy p-like region. This electronic 

distribution represents the As~As bonding states and agrees 

well ~ith the charge density of band 5. In this figure 

we also show PE E (r) for the interval [-3.7,-1.3] which 
f' i -

represents approximately the middle p-like region. We 

notice that the charge is mainly concentrated in the Ga-As 

bonds and looks mostly like the charge density for band 7. 

This region then represents the Ga-As bonding states. 

In Fig. 12 we show 'the electronic distribution in the interval 

[-1.3,0.6] and [0.6,2.2]. In the former case we have 

essenti~lly the Ga-Ga bonding states and this agrees very 

closely with the results for band 8. In the latter caae 

we have the hypothetical case of a filled conduction band 

energy interval. We nbtice that again we obtain plane wave 

like behavior but at the same time a distinct antibohdirtg' 

.,. 

s-like distribution around the As atoms. Finally in Fig; .13 

we show the charge density obtained.by suming over all the 

filled bands. We notice that. we obtain definite bonding 

character for all the bonds. The strength~ of the Ga-As 

bonds are very 610se to their strengths in 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. 



· -48-

Let us now return to the qu~stion of the gap,in the 

densi·tyof 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 represents Ga-Ga bonding like state~. 

In addition thebot~om 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 

neighb6r distances of the Ga-Ga and As-As bonds. In our 

calculations of the 2H-4 and 4H-8 substructures we have 

always taken the ideal situation where the Ga-Ga nearest 

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 

conduction band has around the As atoms we would expect a 

larger sertsitivity of the gap to changes ~n Ga-Ga bonding 

distances. Hopefully by increasing the gap we would also 

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 increases by. about 0.08 eV 

for every 1% 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. 14(a) we 

show our res~lts for the density of state~ 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-As bonding distance. In this 

structure we obtain a 0.1 eV gap and at the same time we 

have the same bulk density as before and only very small 

changes in the bonds angles and Ga-As bonding distances. 

This .result on the gap is very encouraging and we would 

expect to get similar effects by changing the Ga-Ga and 

As-As distances in the other structures. The important 

point to remember. is that given a particular configuration 

of like-atom botids the Ga-Ga and As-As nearest neighbor 

dist~tices would be critical in determining whether a gap 

could exist or not. 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 1% change in As-As nearest neighbor 

distance. 

At this point we have enough knowledge about how 

disorder (L) affects various regions of the density of 

states that we could make some definite statements as to 

what would be observed in a random network model with like-

atom bonds. We begin by assuming a 10%pr~sence of like

atom bonds which as Shevchik and Pau1 25 have shown would 

contribute very slightly to the heat of crystallization of 

the amorphous phase. From stability considerations we would 

expect the clustering c6nfigurations 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
28 

of like-atoms since these will affect the possibility of 
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obtaining a non-zero en~~gy"gap as is observed experimentally. 27 

As we have already seen in Fig. 4(a), four-fold 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 

unrealistic changes in the Ga-Ga bondirig distan6es in-order 

to get a non-zero gap. In this model , with only" low order 

chains, we simply assume a 10% decrease in Ga~Ga nearest 

neighbo~ distance~ and a 3% increase i~'As-As nearest 

neighbor distances. This way we would expect to get a 

non-zero gap as in 2H-4 (2/2) fig. 14(a). We should notice 

also that these changes in ne~rest neighbor distances for 

5% Ga-Ga and 5% As-As bonds are comp"atiblewith the RDF' s 

, 25 
of Shevchik and Paul just in case these RDF's represent 

systems wi~h disorder (L). 

Therefore based on 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. 14(b). 

For comparison we also show the density of states of GaA~ 

in the zincblende structure as the solid curve. Let us 

first concentrate on the s-like region. As we mentIoned 

earlier there should be ~ shift 'in th~ 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 
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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 state~ of all the As like

atom chains and would be located around the energy of the 

~tates for As chains of order one. By making these simpli

fications the fraction of like-atom bonds is again given 

by 1/[2(1+H/L)]where Hand L are the strengths of the 

higher and lower s-like peaks respectively. In addition 

as we have already seen the splitting between the higher 

and lower ene~gy 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. 14(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 

~uggest a general overall broadening. In particular our 

results imply an increase in broadening 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 

bonding states. This should 100k'something like the one 

in the BC-t (2,2/2,2) substructure but with less strength. 

In addition we should have a middlep-1ike region which 

represents Ga-As bonding like states and is therefore the 

only part of the density of states whose character is 
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retained under~isorder. Its shape is however iensitive 

to topological di~orde~ so it should look mostly like the 

moddle p-like regions in the BC-8 (2,2/Z,2) orST-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 non-zero gap as in Fig. l4(a). From these considerations 

we propose a p-like region as shown in Fig. l4(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 

similar to those for 2H-4 (2/2) in Fig. l4(a). As we have 

already seen in ~ection 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 conduction 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. 

Unfortunately, however, although the size of the gap is 

very, sensitive to the Ga-Ga bonding distances it cannot be 

used alone as a measure of this bonding distance. This is 

because the contributions from the As-As bonds, eyen though they 

are weaker are not negligible. Nevertheless a measure of 

t,he 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 primarily interested in the 

structural nature of the amorphous III-V phase. From an 

experimental point of view the information obtained from 

t . It· 2 9 d RD F' 2 5 . .. t oplca proper les an s lS not very sensltlve 0 

the microscopic structural aspects of the amorphous phase. 

Neither of these experiments, for example, is able to give 

preClse 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 agre~ very 

closely with the experimental optical data in order to 

get any believable information about the disorder present. 

And in the latter case the RDF is unfortunately not a 

sufficient condition for any structure. tor example random 

network models (RNM) have been able to fit experimental 

RDF's rather well~ In all these RNM's however we find five 

and seve~ fold rings of bonds. It is quit~ 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 disorder that would be 

present in the amorphous phase. 

All this suggests that the aforementioned experimental 

data would still be c6nsistent 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· 
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four fold 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 properties 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 effects on the 

electronic density of states which would be quite sensitive 

to the microscopic structural nature of the amorphous phase. 

In order to study these effects we have used the concept of 

a short range disorder modelS and we have been particularly· 

interested in the effects caused by the following structural 

features 

(i) topological variations of atoms 

(ii) variations in bond lengths and angles 

(iii) percentage of like-atom bonds 

(iv) clustering configurations of like-atoms 

(v) topological variations of clustering configurations 

Our results for disorder (U) and disorder (L) are shown 

in Figs. lea) and l4(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 
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and bond angles. The p-like states are also affected by 

deviations in the bond angles which cause a steepening of 

the band edge as in the case of amorphous Ge. 5 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 disorder (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 sensitive .to the 

types of clustering configurations the like-atoms can form. 

From energy ~onsiderations we have pref~rred 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 configurations of 

chains. We find that we obtain N peaks in the s-like region 

from each group of chains of order N. In addition the 

position in energy of these peaks is not Very sensitive to 

the different topological 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 



'-56-

the ~hiftobserved in the ~lectronic 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 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. 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) and (H) of these low energy and 

high energy s-J,ike peaks respectively by the expression 

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

of 10% like-atom bonds and so H/L - 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 regions (I, II and 

III) which we call the low, middle and high energy p-like 

regions. The low and high p-like regions represent As-As 

and Ga-Ga bonding states respectively. On the other hand, 

the'middle p-like region represents Ga~As bonding states 

anq is therefore the only region of the density of states 

that' retains its character under disorder (L). Tn addition 

the shape of this region is quite sensitive to the topological 

arrangemeni 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 these three 

regions. The width of the p-like regioni~ however sensi

tive to the order of the like-atom chains and to the Ga-Ga 

and As-As bonding distances. We have found that in order 

to get a finite ~nergy gap we would need a structure with 

only low order chains of atoms (~ 4) and Ga-Ga and As-As 

bonding distances which are 'smaller ana larger respectively 

than the ideal Ga-As 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 ariy other III-V compound. This is not 

to say, however, th~t all the III-V compounds are equally 

likely to exist in the amorphous phase with disorder (U) 

6r diso~der (L). In particular in the case of disorder (L) 

we would expect to find only the compounds with the strongest 

bonding cha~acter. Now presum~bly thebondins charge 
. 24 

calculated by Walter and Cohen can be considered a measure 

of this bonding character. 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 tempera-

tures so that the dif£usivity 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. 
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Figure Captions 

Fig. 1. Density of states of GaAs in the (a) 2H-4, 

(b) 4H-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. 

Fig. 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 

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. 

Fig. 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 in Fig. 2. 

Fig. 4. Density of states of GaAs in the (a) ST-12 (4,2/5,1), 

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

(2,1,1/2,1,1) structures using the EPM. There is an 

overlap of the valence and conduction bands near 1 eVe 

Regions I, II, and III represent the p-like region of 

the density of states where region II is analogous to 

the delta function 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 (110) plane 

for bands 3 and 4. 

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

for bands 5 and 6. 

Fig. 8. GaAs 2H-4 (2/2) charge density in the (110) plane 

for bands 7 and 8. 

Fig. 9. GaAs 2H-4 (2/2) charge d~nsity in the (110) plane 

for bands 9 and 10. 

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 eVJ and [-6.1 eV, -5.0 eVJ 

designated by arrows in Fig. 4(c). 

Fig. 11. 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 eVJ and [-3.7 eV, -1.3 eV] 

designated by arrows in Fig. 4(c). 

Fig. 12. GaAs 2H-4 (2/2) charge density in the (110) plane 

for the regions of the density of states in the energy 

intervals [-1.3 eV, 0.6 eVJ and [0.6 eV, 2.2 eV] 

designated by arrows in Fig. 4(c). 

Fig. 13. GaAs 2H-4 (2/2) total charge density in the 

(110) plane. 

Fig. 14. 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 obtain~d from the ideal 
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2H-4 structure by taking a 10% decrease in Ga-Ga 

bonding distances and a 3% increase in the As-As 

bonding distances. This resulted in a merging of 

regions II and III and the formation of a non-zero 

energy gap. The dashed curve in (b) represents the 

consequences of disorder (L) with 10% like-atom bonds 

as discussed in the text. 
~ 

The dotted line distinguishes 

between the low and high energy s-like peaks. 
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