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ABSTRACT 

The results of two theoretical investigations of the 

effects of alloy disorder on the electronic properties of 

some of the technologically important III-V semiconductor 

alloys are reported. In the first part, the coherent 

potential approximation (CPA) for calculating the effects of 

alloy disorder on the electronic structure of alloys is 

generalized to treat quaternary semiconductor alloys of the 

form A B C, D. This generalized formalism is then used, 

in conjunction with calculated bandstructures for the alloy 

constituents, to study the effects of alloy disorder on the 

electronic properties of several III-V quaternary alloys. 

Results are presented for the state densities, 

self-energies, band bowing parameters, and bandstructures of 

these materials. These properties are compared with results 

obtained in the virtual crystal approximation (VCA). The 

principal finding is that the CPA results differ 

significantly from the VCA results for some alloys. In the 

second part, a formalism for obtaining the alloy scattering 

contribution to the electronic mobility in semiconductor 

alloys is developed. This formalism is based upon the Kubo 

theory of electrical conductivity and it evaluates the 
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mobility using the CPA. Utilizing this formalism, along 

with calculated bandstructures for the alloy constituents 

and with CPA results for the alloy electronic structure, the 

alloy scattering contribution to the electronic mobility is 

studied for several III-V ternary semiconductor alloys of 

the form A B, C. The principal finding is that these 
X 1~ X 

results give an important understanding of the mobility when 

compared with other theories and experimental d^ta. • 
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CHAPTER I 

INTRODUCTION 

This work reports the results of two theoretical 

investigations of the effects of alloy disorder on the 

electronic properties of some of the technologically 

important III-V semiconductor alloys. In the first 

investigation, a formalism is developed for calculating the 

effects of alloy disorder on the electronic bandstructures 

and related properties of quaternary semiconductor alloys of 

the form A B C , „ .D. This formalism is then applied to X y i-x-y 

several III-V semiconductor alloys of this type. In the 

second investigation, a formalism is developed for the 

calculation of the alloy scattering contribution to the 

electronic mobility in semiconductor alloys and this 

formalism is applied to the calculation of this quantity in 

several III-V ternary semiconductor alloys of the form 

There are a number of motivations for this work. 

First, the technological importance of the III-V compound 

semiconductor alloys (both quaternary and ternary) is well 

established (1) in devices such as light emitting diodes and 

solid state lasers. This has resulted in numerous 



experimental and theoretical studies of their electronic 

properties (1-4). Secondly, the basic physics of these 

materials is also very interesting, because the random 

distribution of atoms in these systems can produce phenomena 

which do not occur in elemental and compound semiconductors. 

However, very few systematic, theoretical treatments of 

these materials have been carried out (2,4-6). In 

particular, there have been, to our knowledge, no previous 

treatments of the electronic properties of the quaternary 

semiconductor alloys which have both utilized calculated 

bandstructures for the alloy constituents and attempted to 

account for the effects of alloy disorder on these 

properties. Rather, the usual treatments of these materials 

have either ignored the disorder while treating the 

bandstructures of the constituents (6), or assumed a simple 

model for the bandstructures, such as one orbital per atom 

while treating disorder (3). 

In the first problem treated in this dissertation, an 

attempt is made to improve upon this situation for several 

III-V quaternary alloys of the form A B C , D. Similarly, 

to our knowledge, there have been no previous treatments of 

the alloy scattering contribution to the electronic mobility 

in the ternary semiconductor alloys A B, C, which have 
X X"" X 

utilized calculated bandstructures for the constituents. 



which have attempted to account for the effects of alloy 

disorder, and have calculated the mobility beginning with a 

general formalism. The usual treatments of this problem 

have tended either to assume a simple model for the 

underlying bandstructure (7), to treat the disorder using 

perturbation theory (8-10), or to use an assumed functional 

form for the mobility (11-13).. In the second problem 

treated in this dissertation, the alloy scattering 

contribution to the mobility for the III-V ternary alloys is 

calculated in an approximation which attempts to overcome 

all three of these shortcomings. 

The purpose of the first investigation considered in 

this dissertation is to develop a theory of the electronic 

properties of the III-V quaternary semiconductor alloys of 

the type A B r, D which both accounts for the alloy 

disorder and utilizes calculated bandstructures for the 

alloy constituents. Other than coherent potential 

approximation (CPA) formalisms developed for treating simple 

one-dimensional models of these alloys (3), the usual 

approximation in theoretical analyses (5,6) is to make the 

virtual crystal approximation (VCA) (14), which neglects all 

alloy disorder. The formalism developed below (Chapter IV) 

for these alloys is a generalization to the quaternary alloy 

case of the Chen and Sher (4,15) CPA formalism, originally 



developed to treat the electronic properties of ternary 

semiconductor alloys. This formalism shares the advantage 

with the original formalism of Chen and Sher (4,15) that it 

is capable of yielding detailed predictions of a wide range 

of properties, yet it is simple enough to be practical to 

implement on a repeated basis for a large number of alloys. 

The primary disadvantage of our approach, also shared 

with the Chen and Sher (4,15) formalism, is that it accounts 

only for disorder in the diagonal matrix elements of the 

tightbinding Hamiltonian (diagonal disorder--see Chapters 

III and IV for a discussion of this). In particular, 

disorder in the off-diagonal matrix elements of the 

Hamiltonian (off-diagonal disorder), which is due to 

structural differences in the alloy constituents, such as 

bond length differences, is neglected in the present theory. 

However, for quaternary alloys where such differences are 

small compared to the diagonal randomness, our formalism 

should provide an adequate means of estimating the effects 

of disorder on the electronic properties. We note that 

Hass, Lempert, and Ehrenreich (16) have developed a 

molecular coherent-potential approximation (MCPA) for the 

III-V ternary alloys, wherein off-diagonal disorder effects 

are included by applying the CPA to a unit cell of alloy 

constituents. In principle, this formalism could be 



generalized to treat quaternary alloys of the type 

considered here. However, this would be accomplished at the 

expense of computational labor, as the formalism of Hass et 

al. (16) requires the self-consistent determination of an 

8X8 energy-dependent complex self-energy. By contrast, as 

is discussed in detail later, our formalism only requires 

the calculation of two scalar self-energies (although they 

are energy dependent and complex). Furthermore, the present 

theory should provide an adequate first step in the study of 

the effects of alloy disorder on the electronic properties 

of the quaternary semiconductor alloys because there have 

been no previous CPA studies of these materials. 

The purpose of the second investigation considered in 

this dissertation is to develop a formalism for the 

calculation of the alloy scattering contribution to the 

electronic mobility in semiconductor alloys and to apply 

this formalism to the calculation of this quantity in some 

of the III-V ternary alloys A B, C. The primary goal of 
X X ~ X 

this part of the dissertation is to obtain theoretical 

estimates of the temperature and alloy composition 

dependence of the alloy scattering mobility beginning with a 

formalism for the mobility which accounts for the alloy 

disorder effects and uses calculated bandstructures as input 

into the numerical calculations. In order to accomplish 



this, we base our mobility calculations on the linear 

response theory formalism of Kubo (17) for the electrical 

conductivity, and utilize a result obtained by others (18) 

from this formalism for the mobility in metallic alloys 

calculated in the CPA. We modify that result for 

application to semiconductor alloys and input the CPA 

Green's functions, bandstructures, and self-energies which 

are obtained for some ternary alloys by implementing the 

Chen and Sher (4) CPA formalism using calculated 

bandstructures for the alloy constituents. 

Our mobility formalism thus overcomes many of the 

deficiences of previous theories of the alloy scattering 

contribution to the electronic mobility, which often have 

used particular assumed forms for the mobility (often called 

the Brooks' form (12)) and which usually have contained 

various phenomenological parameters which were either fit to 

experiment or calculated from some other theory (7-13). 

Even those theories which have attempted such calculations 

from a more first-principles approach (e.g., Monte Carlo 

techniques) (7,9,10) have often attempted to force the 

mobility into the Brooks' form. Fedders and Myles (13) have 

derived the alloy scattering rates and thus indirectly the 

mobility for the III-V ternary alloys using a tightbinding 

approach and treating the scattering in the Born 
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approximation. The resulting mobility has the Brooks' (12) 

form with composition dependent parameters. However, these 

workers only evaluated the scattering rates near either end 

of the composition range (x-*0 or x-*l). The theory 

presented below (Chapter VI), copes with some of these 

deficiencies. In particular, it enables one to calculate 

the alloy scattering contribution to the mobility with no 

prior assumptions about its functional form, its CPA 

approach treats the scattering at all compositions x, it is 

valid at all temperatures (in the nondegenerate, low 

electron density limit), and its CPA formalism treats the 

scattering in a self-consistent manner which goes well 

beyond the Born approximation. Similar to the formalism 

employed for the quaternary alloy problem, the formalism 

presented below (Chapter VI) for the alloy scattering 

mobility has the disadvantage that it includes only diagonal 

disorder effects. Furthermore, other contributions to the 

mobility, such as electron-phonon scattering and scattering 

from impurities, are not included in this formalism. 

In order to obtain the numerical results discussed in 

Chapters IV and VI, we have utilized the semi-empirical 

3 
sp s* nearest-neighbor tightbinding bandstructures of Vogl, 

Hjalmarson and Dow (19) as input into both our quaternary 

alloy CPA formalism (Chapter IV) and our alloy scattering 
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mobility formalism (Chapter VI). We utilize these 

bandstructures as input into our calculations because this 

bandstructure model has previously been used successfully to 

predict a large number of bulk, surface, and defect 

properties of numerous semiconductor materials (6,19,20). 

In particular, the chemical trends in the electronic 

properties of such materials are known to be well described 

by this model. Furthermore, CPA calculations for quaternary 

alloys based on these bandstructures form the basis for a 

natural extension of previous studies of these materials, 

which utilized the VCA (5,6). Since these bandstructures 

are known to reproduce the major features of the conduction 

bands of the III-V compound semiconductors (19,21,22), 

electronic mobility calculations based on them should also 

give predictions of this quantity. The accuracy of this 

bandstructure model is well documented in the literature 

(19,20). 

The remainder of this dissertation is organized as 

follows. In Chapter II, some background material on alloy 

physics is reviewed, a review of the general theory of 

alloys is given, a discussion of this theory as applied to 

semiconductor alloys is made, and the Vogl et al. (19) 

bandstructures which we use in our numerical calculations 

are discussed. In Chapter III, the general CPA theory 



approach to the treatment of disorder in alloys is reviewed. 

Chapter IV presents a derivation of our CPA formalism for 

the treatment of the effects of alloy disorder on the 

electronic properties of quaternary semiconductor alloys. 

In Chapter V we present results obtained on the basis of 

this formalism for several such alloys. In particular, the 

CPA state densities, self-energies, bandstructures, and 

band-bowing parameters are presented for some of these 

materials, with emphasis on those where the alloy disorder 

effects are expected to be large and thus where deviations 

from the VCA are expected to be the greatest. In Chapter 

VI, after a brief discussion of some background, our 

formalism for the alloy scattering contribution to the 

mobility is developed and described. Chapter VII contains 

our numerical results for this quantity for a number of 

different alloys. A summary and conclusions is presented in 

Chapter VIII. Finally, the Appendices list the major 

computer programs that we have used in our calculations. 



CHAPTER II 

BACKGROUND 

In this chapter, we review some of the properties of 

both substitutionally disordered alloys in general and 

semiconductor alloys in particular. At the end of the 

chapter, we also review and describe the Vogl et al. (19) 

theory for the bandstructures of compound semiconductors, 

which we use as input into all of our numerical 

calculations. 

Substitutionally Disordered Alloys 

In this dissertation, we consider both quaternary 

semiconductor alloys of the form A B r, D and ternary 

semiconductor alloys of the form A B, C. These alloys are 

X X "• X 

composed of the alloy constituent compound semiconductors, 

denoted in general as AD, BD, and CD (for the alloy 
A B C , D) or AC and BC (for the alloy A B, C). These X y 1-x-y ' ^ -̂  X 1-x ' 

compounds are randomly mixed to form such.alloys. In this 

review, we will focus primarily on the III-V compounds and 

their alloys, although most of what we say will be equally 

valid for II-VI materials and their alloys. By III-V or 

II-VI materials, we mean compounds whose atomic constituents 

10 
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come respectively from columns III and V or II and VI of the 

periodic table. All III-V materials of interest in this 

dissertation have a two atom basis (two atoms, or sites per 

unit cell) with the atoms arranged on a zincblende lattice. 

The zincblende lattice is the same as a face centered 

cubic lattice with a two atom basis, where each unit cell 

includes one atom from Group III and one atom from Group V. 

This two atom basis yields one FCC sublattice consisting of 

Group III atoms and another FCC sublattice consisting of 

Group V atoms. Each atom (say from Group III) is 

tetrahedrally surrounded by four atoms of the opposite type 

(say from Group V). The chemical bonding in these materials 

3 is described by sp hybrid orbitals (23,24). The zincblende 

and diamond lattices are very similar, except that in the 

diamond lattice, the two atoms in the basis are the same 

(being, for example, carbon for diamond and silicon for the 

silicon crystal). The III-V materials are semiconductors 

with all of the usual properties associated with such 

materials, including forbidden bandgaps and conduction and 

valence bands. Some of the common III-V semiconductors are 

GaAs, GaP, GaSb, AlP, AlAs, AlSb, InP, InAs, and InSb. In 

these materials, the Group III atomic constituents are 

called cations, and the Group V atomic constituents are 

called anions. 
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A substitutionally disordered III-V semiconductor alloy 

is obtained by forming a random mixture of two or more of 

the III-V compounds, while still retaining the underlying 

zincblende lattice structure. For instance, consider the 

ternary alloy '^a^_^Al^As. In this case, one of the 

sublattices is still composed of only one atom type (As), 

while the other sublattice is disordered and contains a 

random mixture of two atom types (Al and Ga). Assuming a 

completely random alloy, at any given anion site (a site on 

the disordered sublattice) in Ga, Al As, the probability of 
X — X X 

finding an Al atom is x (x<l) and the probability of finding 

a Ga atom is 1-x. Such a ternary semiconductor alloy could 

be formed (in principle) by combining any two III-V 

compounds with either common anions or common cations, such 

as Al Ga, As and GaAs, -.P.., respectively. From the nine 
X X'" X X ~~ X X 

III-V compounds listed in the previous paragraph, one can 

form eighteen ternary III-V semiconductor alloys. We will 

denote a general alloy of this type as A B, C. 
X X ~ X 

The quaternary semiconductor alloys are more 

complicated than the ternaries, because they contain four 

types of atoms. There are two ways in which a III-V 

quaternary alloy can be formed from random mixtures of III-V 

compounds. The first way consists of forming a random 
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mixture of three compounds with either a common anion or a 

common cation, so that one sublattice of the zincblende 

lattice is disordered with a random mixture of three atom 

types and the other is ordered and always contains the same 

atom type. For instance, consider the quaternary alloy 

Ga Al In, ^As. Assuming that this alloy is completely 

random, the probability of finding a site on the disordered 

anion sublattice occupied by a Ga atom is x, by an In atom 

is y (x+y<l) and by an Al atom is 1-x-y. This quaternary 

alloy type is thus very similar to the ternary alloy, in the 

sense that only one of the two sublattices is disordered. 

Using the III-V compounds listed above, one can form six 

quaternary alloys of this type. We will denote a general 

alloy of this type as ^x^v^l-x-v^* 

The second way to form a III-V quaternary alloy is to 

form a random mixture of four compounds such that both the 

cation and the anion sublattices are disordered, with each 

sublattice containing a random distribution of two atoms. 

For instance, consider the quaternary alloy 

Ga Al In, As. For this alloy, assuming a perfectly X y 1-x-y ^ ^ f 2 

random arrangement of atoms, the probabilities of occupation 

of the cation sublattice by Ga and Al atoms are respectively 

X and 1-x (x<l) and the probabilities of occupation of the 
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anion sublattice by As and P atoms are respectively y and 

1-y (y<l). There are nine alloys of this type which could 

be formed from the III-V compounds listed above. The 

general alloy of this type will be denoted as A B C, D. 
X y 1-X y 

A^B^_^C D^ . All of the discussion and theory in this 

dissertation which concerns quaternary alloys will deal with 

the type discussed first and denoted as A B C, D. The 
X y 1-x-y 

quaternary alloys of the second type, A B, C D,_ , have 

recently been treated in the CPA by Ekpenuma, Myles, and 

Gregg and will be discussed elsewhere (25). They will thus 

not be mentioned further in this dissertation. 

A brief word should be said about the chemical bonding 

in the III-V materials (compounds or alloys). The cations, 

coming from column III of the periodic table have three 

electrons in their outer shell in the neutral atom state 

2 1 (electron configuration ns np , where n is the principal 

quantum number), while the anions, coming from column V, 

have five electrons in their outer shell in the neutral atom 

2 3 (electron configuration ns np ). In the solid state, in the 

tetrahedrally coordinated zincblende lattice, the eight 

electrons from the outer shells of the cations'and anions 

3 
are shared between nearest-neighbors in the sp hybrid 
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orbitals, which are responsible for the covalent bonding in 

these materials. For more details on this aspect of these 

materials, the interested reader is referred to the book by 

Harrison (24). 

One final point that we make here is that there is 

growing experimental and theoretical evidence that alloys 

are often non-random (26) in their atomic arrangements on 

disordered sublattices. Specifically, it seems that 

constituents of like types tend to cluster together. 

Throughout this dissertation, we we have assumed a 

completely random distribution of alloy constituents. 

Alloy Theory--A General Review 

Our primary interest in this dissertation is the 

application of alloy theory to the understanding of the 

electronic properties of the ternary and quaternary 

semiconductor alloys. Therefore, it is useful at the outset 

to give a brief review of the theory of alloys in general, 

before specializing to the semiconductor alloys of interest 

here. The reader is referred to the references (14,27-29) 

for more details. 

It is straightforward to understand qualitatively how a 

disordered alloy is different than a perfect, periodic 

material. Consider, for example, the ternary semiconductor 
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alloy GaAs^ ^P , which is one of the alloys in which we are 

interested. In the pure compound GaAs, there is 

translational symmetry because each sublattice has the same 

type of atom on each site. For instance, in this material, 

any Ga atom is tetrahedrally surrounded by four As atoms and 

visa-versa. Similarly, each atom is surrounded by a 

second-neighbor shell of atoms of its own type. In the 

alloy GaAs^_^P^, this translational symmetry is broken 

because of the random occupation of one of the sublattices 

by As or P atoms. In fact, there are five possible distinct 

nearest-neighbor environments for the Ga atoms. These are 

nearest-neighbor shells containing 4 As; 3 As and I P ; 2 As 

and 2P; 1 As and 3 P; and 4 P atoms. The probability that a 

given Ga is surrounded by a particular one of these 

configurations is (assuming a random alloy) a binomial 

distribution in the alloy composition x (30). 

As this example illustrates, alloys present a special 

challenge to solid state physics, since the disorder in one 

or more sublattices breaks the translational symmetry of the 

crystal. This lack of symmetry makes it difficult to 

theoretically treat the alloy electronic properties (or for 

that matter, any properties). In particular, because of the 

disorder, one cannot straightforwardly use any of the usual 

tools of solid state theory, such as Bloch's theorem. 
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k-space, Brillouin zones, etc., because they all require 

translational symmetry in the crystal. To bypass some of 

these problems, a number of of different approaches have 

been developed to treat the properties of alloys (31-67). 

One such method is to try to calculate the "exact" 

electronic properties of large clusters of atoms (usually 

several thousand atoms) where the atomic distribution is 

randomized by a random number generator and the properties 

are calculated using either the negative eigenvalue theorem 

(31-34) or the recursion method (35-37). Both of these 

methods are natural methods to use if one is working in a 

tightbinding basis, but might be more difficult to implement 

using other representations. The negative eigenvalue 

theorem method is an efficient technique for computing the 

distribution of eigenvalues (i.e., state density) of a real, 

symmetric matrix and it has proven effective in application 

to both one-dimensional (3,32,33,38-41) and (to a few) 

three-dimensional alloy problems (33,34). One of its main 

disadvantages is that it is limited to the calculation of 

state densities. Furthermore, one must consider large 

clusters (31-34), Thus, it becomes computationally 

cumbersome to treat real alloy materials. In the recursion 

method (35-37), a simple Hamiltonian is found for a finite 

cluster of atoms (usually about 1000) and progressively more 
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complicated Hamiltonians are found for larger clusters by 

progressive recursions, using periodic boundary conditions 

for the initial cluster. The recursions are taken (about 20 

to 100 times) until convergence of the eigenvalues is 

obtained (35). With the advent of modern, high-speed 

supercomputers, this method will possibly become 

increasingly utilized for alloy problems in three dimensions 

(42). This method is also extensively reviewed in the 

literature (see references in Ref.37). 

Other methods which have been developed to try to 

approximately obtain the properties of alloys may be broadly 

categorized as effective medium and cluster approaches. In 

the effective medium approaches, one replaces the true, 

random alloy by a translationally invariant medium, thus 

recovering the translational invariance needed in order to 

apply the usual tools of solid state theory. This is 

similar in spirit to the Weiss theory of ferromagnetism 

(43). There are a variety of media that may be chosen in 

the effective medium approach, and we now briefly review 

some of them. In the rigid band model (27), a fixed density 

of states is assumed to be appropriate to an entire class of 

alloys and the lower lying bands are assumed to be filled to 

the appropriate Fermi level, determined by the concentration 

of valence electrons. The density of states function is 
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usually chosen from experimental data, making this an 

empirical approach. 

A second type of effective medium which is commonly 

used is obtained by the virtual crystal approximation (VCA) 

(14,27,44,45). The VCA begins with an electronic 

Hamiltonian for each of the compounds and takes a 

composition-weighted average of these to obtain the 

Hamiltonian for the alloy. For example, in this 

approximation, the Hamiltonian for the ternary alloy A B, C 
X X ~ X 

is assumed to have the form 

^VCA = ^^A •" ( I - ^ ) H B ' (2-1) 

where H, and Hg are the Hamiltonians (usually assumed to be 

represented in a tightbinding basis) for compounds AC and 

BC, respectively. It is clear from Eq.(2-1) that the VCA is 

the average of the contributions of the alloy constituents 

and that it completely neglects all alloy disorder effects. 

If the values of the Hamiltonian matrix elements for the 

constituents in a given alloy do not differ appreciably, 

then the alloy disorder is small (4,15,27). Such alloys are 

said to be in the "weak scattering" limit, and the VCA gives 

a good approximation in this case. However, the VCA is 

basically wrong for many applications, particularly those 

where the alloy constituent Hamiltonian matrix elements 
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differ appreciably (alloys in the "strong scattering limit") 

and those where the effects of alloy disorder are the 

primary effects of interest (there is no disorder in the 

VCA). 

There are two other effective medium approaches 

commonly used in alloy theory. They attempt to account for 

some of the alloy disorder left out of the VCA. These are 

known as the average T-matrix approximation (ATA) (14,46-52) 

and the coherent potential approximation (CPA) 

(2-4,14,15,27,38-40,53-61). These methods are applicable to 

alloys in either the weak or the strong scattering limits 

(the CPA is exact in both limits). In these methods, the 

random alloy is approximated by a translationally invariant 

medium, and the price paid for the translational invariance 

is a Hamiltonian with complex eigenvalues. The imaginary 

part of the eigenvalues is related to the lifetimes of the 

single electron states. These approximations are based upon 

a scattering theory approach to the alloy problem. The 

self-energy associated with this Hamiltonian, which 

describes the effect of the introduction of alloy disorder 

into some translationally invariant reference crystal, can 

be determined either self-consistently or 

non-self-consistently. Essentially, this self-energy 

accounts for the electrons, which are in eigenstates of the 

reference Hamiltonian, scattering from the alloy disorder. 
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The real part of the self-energy shifts the eigenvalues 

of the reference Hamiltonian and the imaginary part, which 

is related to the electron state lifetime, is a measure of 

the amount of disorder in the alloy. In this sense, the 

imaginary part of the self-energy can be thought of as a 

broadening of the eigenvalues of the reference Hamiltonian. 

From another viewpoint, the self-energy is a mathematical 

construction such that when the random Hamiltonian of the 

true alloy is replaced by the effective medium Hamiltonian, 

a complex potential is produced at every lattice site. In 

their simplest forms, both the ATA and the CPA consider 

scattering from a single site (or cell) at a time. These 

simplest versions are thus called single-site (or cell) 

theories. If the self-energy is determined 

non-self-consistently, the approximation is called the ATA 

(14,46-52), while if it is determined self-consistently, it 

is called the single-site or single-cell CPA 

(2-4,14,15,27,38-40,53-61). In this dissertation, we 

utilize the CPA exclusively, as it is the superior 

approximation, especially for alloys in the strong 

scattering limit, because of its self-consistent 

determination of the self-energy. 

The CPA treatment of alloy properties was developed 

originally and independently by Taylor (54) for vibrational 
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properties and by Soven (55) for electronic properties. In 

its simplest, single cell form, the self-consistency 

condition for the determination of the self-energy is that 

the scattering of the relevant quasi-particles from each 

unit cell vanishes on the average. These quasi-particles 

may be, for example, phonons (vibrational properties), 

electrons (electronic properties), or magnons (magnetic 

properties). The resulting effective medium is such that a 

single unit cell embedded in this medium will have zero 

average scattering of quasi-particles from it. In this 

sense, the resulting effective medium attempts to mimic the 

case in the true random alloy where, of course, an electron 

in an exact eigenstate of the exact Hamiltonian will 

experience no scattering. 

There have been numerous applications of the CPA and 

its generalizations. We briefly mention just a few that 

will be relevant to the understanding of the CPA approach we 

take in the next chapter to treat the electronic properties 

of quaternary semiconductor alloys. The reader is referred 

to the literature (2-4,14,15,27,38-40,53-61) for more 

details. Application of the CPA to vibrational properties 

of ternary alloys has been discussed by Sen and Hartmann 

(38) for one-dimensional models and by Bonneville (59) for 

real three-dimensional semiconductor alloys. Electronic 
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properties of ternary alloys have been treated in the CPA by 

Y. Shen and Myles (39) for one-dimensional models and by 

Chen and Sher (4,15), Hass and Ehrenreich (16), and Y. Shen 

and Myles (60) for real semiconductor alloys. To our 

knowledge, the only previous applications of the CPA to the 

treatment of the properties of quaternary alloys have been 

to the vibrational properties by Gregg and Myles (40) and by 

Kleinert (41,61) for one-dimensional models, and to the 

electronic properties by J. Shen, Myles and Gregg (3) for 

one-dimensional models. The CPA approach to the treatment 

of quaternary semiconductor alloys, presented in Chapter IV, 

is, to our knowledge, the first application of this approach 

to study the electronic properties in these materials. 

Preliminary results of this theory have already been 

published (2). Numerous other applications of the CPA along 

with various extensions and generalizations are discussed in 

detail in articles by Elliott et al. (14) and Ehrenreich et 

al. (27), in the book by Economou (28), and in numerous 

references within those sources. 

The effective medium approaches briefly mentioned above 

are very useful for describing the global or average 

properties of alloys. However, they have the disadvantage 

that local environment effects are completely ignored by 

such methods, and much valuable physics is thus lost. The 
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embedded cluster method, developed independently by Gonis 

and Garland (62) and Myles and Dow (63), seeks to recover 

some of this lost information. The basic idea of this 

method is to model the global properties of the alloy by 

using an effective medium approach and then to take account 

of some of the local effects by embedding a finite cluster 

of alloy constituents, in a specific configuration, in the 

translationally invariant effective medium. If this 

procedure is repeated for every possible combination of 

alloy constituents in the embedded cluster and appropriate 

averages are taken by weighting each cluster's contribution 

by its probability of occurence, then results obtained using 

this method, (e.g., densities of states, etc.) should 

closely approximate the corresponding quantities for the 

true random alloy. 

There have been several applications of this method to 

problems in alloy physics in general (62,63). Recently, it 

has also been successfully applied by Ford (30,64) and by 

Ford and Myles (65) to account for local environment effects 

on defect-energy levels in semiconductor alloys. We do not 

use this method in this dissertation because the properties 

for which we seek a description in the alloys of interest 

are not strongly dependent on local environment effects. We 

mention it here for the sake of completeness only. The 
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interested reader is referred to Ford's dissertation (30) 

and the numerous references therein for further details. 

Finally, properties of alloys have been described by 

other theories which are essentially modifications of the 

embedded cluster method. Again, we briefly mention them 

here only for completeness and the interested reader is 

referred to the literature for details. In one approach 

(66), the embedded cluster itself is treated in the VCA, so 

that, essentially, one effective medium is embedded in 

another effective medium. Another effective medium approach 

related to the embedded cluster method is the cluster CPA 

method (14,27,67), wherein the embedded cluster is included 

self consistently in the effective medium. Many of these 

cluster CPA theories suffer from non-analycity problems and 

even those which do not (67) are mathematically and 

computationally complicated. 

In this necessarily brief summary of alloy theory, we 

have discussed qualitatively several methods for treating 

the alloy electronic properties. In the theory which is 

presented in the rest of this dissertation, we utilize 

exclusively the CPA method to model the electronic 

properties of quaternary semiconductor alloys and to 

calculate the alloy scattering mobility in ternary 

semiconductor alloys. In principle, our theories could be 
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generalized in the manner of previous CPA theories to 

include, for example, local environment effects. However, 

given that the properties which we are investigating here 

are essentially global, rather than local, properties, it is 

questionable whether such generalizations would be 

worthwhile. 

Vogl, Hjalmarson, and Dow 
Bandstructure Theory 

Now that we have briefly discussed and reviewed alloy 

theory, and before we discuss in more detail the CPA and its 

particular application to the alloys of interest in this 

investigation, it is appropriate that we briefly digress and 

discuss the model for the semiconductor bandstructures which 

we use as input into all of our numerical calculations. 

All effective medium theories mentioned above, and the 

CPA in particular, require as input a model for some 

perfect, reference, translationally invariant system. That 

is, the CPA formalism discussed in the rest of this 

dissertation requires as input a model of the electronic 

properties of some reference crystal. We stress that the 

formalism developed in this dissertation is independent of 

the particular model which is used to describe the reference 

crystal, while the numerical results depend, of course, on 

the parameters of the particular model one uses for that 
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reference crystal. As is briefly mentioned in Chapter I, we 

have chosen the reference electronic Hamiltonian which is 

used as input into our CPA calculations to be the VCA 

Hamiltonian Eq.(2-1), with the Vogl, Hjalmarson, and Dow 

3 
(19) sp s*, nearest-neighbor, tightbinding bandstructure 

parameters describing the alloy constituent (unalloyed 

semiconductor) Hamiltonians. 

It has already been mentioned above that the Vogl et 

al. (19) bandstructure model is well documented and has been 

successfully applied to desrcibe electronic properties of 

numerous semiconductor materials. By now, this 

bandstructure model is becoming a somewhat standard model 

for use in describing the electronic properties of 

semiconductors. The reader is referred to the literature 

for the details of these applications (21,22). We now 

briefly describe some of the features of this bandstructure 

model. 

3 
We have already mentioned that the covalent sp bonding 

3 
in the III-V materials is described by sp hybrid orbitals 

which are made up of four atomic orbitals per atom (one s 

and three p orbitals). In a tightbinding approach with 

nearest-neighbor interactions only, it has long been known 

(19,23,24,68,69) that a four orbital per atom theory is 
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incapable of producing the indirect bandgap which is 

necessary to describe many of the common semiconductors 

(e.g.. Si, Ge, and GaP). Historically, this problem has 

been solved by either 

1) introducing d orbitals on each atom, thus expanding 

the basis from an eight band Hamiltonian to an 

eighteen band Hamiltonian and increasing the number 

of tightbinding parameters in the theory, or 

2) allowing second- and higher-neighbor interactions, 

also increasing the number of parameters. In either 

case, the number of parameters in the theory increases 

tremendously and the computational effort needed to 

obtain various properties is correspondingly 

increased. 

Vogl et al. (19) have cleverly circumvented this 

problem by keeping the nearest-neighbor tightbinding 

approach and introducing one extra, high energy orbital per 

atom (an "excited" s orbital, denoted as s*). These 

orbitals are quasi-atomic, symmetrically orthogonalized 

Lowdin orbitals (70). The parameters associated with the s* 

orbital are chosen so as to give the correct conduction band 

(indirect bandgap) structure for the indirect materials. 

With this scheme, the simplicity of the nearest-neighbor 

tightbinding approach is retained, the number of parameters 



29 

is kept at a minimum, and the computational effort is not 

3 
increased much beyond that in the sp basis (the Hamiltonian 

is expanded from an 8X8 to a 10X10 matrix and the number of 

bands increases from eight to ten, resulting in four valence 

and six conduction bands). Once the bandstructures are 

determined in this way, the s* orbitals (and the associated, 

high energy bands) are disregarded in the sense that they 

are not used in any subsequent calculations of electronic 

properties. Instead, the bandstructures (obtained in the 

presence of the s* states) are themselves used to describe 

these properties. In this sense, then, the s* orbitals and 

states are considered to be somewhat of an artifact of the 

theory. 

It is important for the generation of numerical results 

from our alloy theories that accurate bandstructure 

parameters be used to characterize the reference 

Hamiltonian. Indeed, this is one of the most important 

requirements of our theory. In addition, it is important 

that the bandstructures used are computationally easily and 

rapidly reproducible on a repeated basis for numerous 

applications. The bandstructures which result from 

3 
application of the Vogl et al. (19) sp s* model to the III-V 

semiconductor materials meet these criteria. In particular, 

as is mentioned above, they have been applied to the 
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successful description of numerous electronic properties of 

these materials, and accurately describe the chemical trends 

in such properties (19,20). In particular, the valence 

bands and the lower conduction bands have been shown to be 

well-described throughout the first Brillouin zone by this 

theory for the majority of these materials (19-22). 

Furthermore, this theory is highly successful in 

accurately reproducing these bands in comparison with both 

experiment and with accurate, "first-principles" 

pseudopotential bandstructures (4-6,14,15,19). In addition, 

the indirect bandgap is well reproduced in the materials 

where it exists (19). Further, only thirteen tightbinding 

parameters per semiconductor compound are needed to 

characterize the bandstructures using this theory. It 

should be noted, however, that conduction band effective 

masses are not necessarily well-described by this theory 

(71). This will be relatively unimportant for its use with 

our quaternary semiconductor alloy CPA theory, but should be 

kept in mind in interpreting our theory of the mobility due 

to alloy scattering in ternary semiconductor alloys. The 

Vogl et al. (19) model thus forms an accurate 

parameterization with which to model the VCA reference 

Hamiltonian which is used as input into our CPA 

calculations. 



CHAPTER III 

GENERAL CPA THEORY 

In this chapter we outline some of the material which 

is needed to develop the CPA theory for quaternary 

semiconductor alloys of the form A B C , D. We begin by 

X y 1-x-y ^ ^ 

first introducing some of the general formalism that we use 

and introducing such quantities as the Green's function and 

the density of states. Then, we discuss the CPA theory from 

a general viewpoint. In the next chapter, we apply the CPA 

theory to our particular problem and develop a CPA formalism 

to treat the electronic properties of quaternary 

semiconductor alloys. 

Green's Function and Density of States 
for the Electronic Problem 

Much of what follows in this section is based upon 

Refs. (14,27,28) and the interested reader may refer to 

these references for a more detailed treatment. In quantum 

mechanics it is well known that a system is described by a 

wavefunction |v|/> which is a solution of Schrodinger equation 

H|y> = E|y> , (3-1) 

or 

(E-H) |y> = 0 , (3-2) 

31 
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where H is the total Hamiltonian operator of the system, and 

E is the energy eigenvalue of the Hamiltonian (multiplied by 

the identity operator). Here, and in what follows, we make 

the standard one-electron approximation for the Hamiltonian. 

That is, we ignore electron-electron interactions, except in 

the sense that part of these interactions can be included in 

the lattice potential (29). Further discussion of this 

point would take us far beyond the scope of this 

dissertation. The one-electron approximation has been 

utilized successfully to describe numerous electronic 

properties of solids for about six decades at the present 

time. The derivation of an effective one electron 

Hamiltonian from exact, many electron Hamiltonians is also a 

standard procedure. The interested reader is referred to 

Ref.(29) for a detailed discussion of this point. 

Rather than solving the Schrodinger equation directly, 

it is often convenient to introduce the Green's function 

operator which is defined as 

G(z) = (z-H)"-^ , (3-3) 

where z is a general complex energy (again multiplied by the 

identity operator). It can easily be seen that that G(z) is 

the solution of the operator equation 

(z-H)G(z) = 1 , (3-4) 

where 1 is the identity operator. 
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In a random alloy, the one-electron Hamiltonian H is a 

function of position within the alloy, and its eigenvalues 

are therefore random variables. Furthermore, its 

eigenfunctions depend upon the particular configuration of 

the alloy constituents which exist in a given sample of 

material. Let us now consider a random alloy, assumed to be 

infinite in extent. For this alloy, we may set up a Hilbert 

space formed by the electronic eigenstates |a> of the alloy. 

These eigenstates are assumed to have the following 

properties: 

H|a> = EJa> , (3-5) 

<a'|a> = 5„̂  , (3-6) 

and 

^<a|a> = 1 . (3-7) 
a 

These equations respectively define the random variable 

eigenvalues Ê  of the Hamiltonian, require that the 

eigenstates |a> be orthonormal to one another, and require 

that they form a complete set. 

Applying combi.iations of trie ^bove three equations to 

any arbitrary state |v> in the Hilbert space formed by the 

|a>, that state |v|/>, the Hamiltonian operator H, and the 

Green's function operator G(z) can all be expressed in terms 

of the eigenstates |a> and the eigenstates Ê . This results 



34 

i n t h e f o l l o w i n g s e t of e q u a t i o n s 

|y> = ^|a><a|M/> , ( 3 - 8 ) 
a 

H = ;^EJa><a | , ( 3 - 9 ) 
a 

and 

- l i _ ^ ^ _ i _ v - i _ , ^ < a ' | a > G(z) = ^ l a ' x a ' l ( z - H ) " - ' | a > < a | = ^ | a - > °_'" <a| 
a 

^ T. — V i-, rr — 

( 3 - 1 0 ) 

U.U <z <z ct 

From Eq.(3-10) one can see that the eigenvalues of H 

are determined by the poles of G(z), and that the residues 

at those poles provide information about the corresponding 

eigenfunctions. It is easy to show that G(z) is analytic 

everywhere in the complex z-plane except at the points 

z = Ê . Since H is an Hermitian operator, the eigenvalues Ê  

must be real. Thus the singularities of G(z) can only occur 

at the points on the real z-axis corresponding to the 

eigenvalues. The operator G(z) thus exhibits simple poles 

at the E^. If a particular E^ belongs to the continuous 

spectrum of the Hamiltonian H, then G(z) is not well 

defined. In that case, however, a generalized definition of 

G(z) can be made by a limiting procedure as 

G^(E) = lim G(E±i/.) , (3-11) 
x-0' 
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where G*(E) and G~(E) are known respectively as the retarded 

and advanced Green's function operators. From Eq.(3-3), it 

can be seen that 

G*(z) = G(z*) . - (3-12) 

If z is real, z=E and z*(EJ, it follows from Eq.(3-ll) that 

G(E) is Hermitian, and in particular it is real. If, on the 

other hand, E belongs to the continuous spectrum, we have 

from Eqs.(3-ll) and (3-12) that 

G-(z) = [G*(z)]* , (3-13) 

which yields the following relationships for the real and 

the imaginary parts of the retarded and advanced Green's 

functions 

Re{G-(E)] = Re[G^(E)l , (3-14) 

and 

Im[G-(E)} = -Im{G"(E)] . (3-15) 

Applying the formal identity (which is valid only under 

an integration operation) 

lim —K— = P( —) + inb{x) , (3-16) 
y_0 x±iy X ^ ' 

where P denotes the principal part and 5(x) is the Dirac 

delta function (recall that this function has a singularity 

when the argument, x, is equal to zero). One can rewrite 

the retarded and advanced Green's function G^(E) (Eq.(3-ll)) 

in the following manner: 
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|a><a G-(E) = l im G^{E±iX) = l im y_ l£ I l£LL 
>_n* . n+ VE-E ±i/ ^-0* x-0 

= yiim '°̂ <°l 
E-E ±i>L (3-17) \-0" 

= Ila><a|[P(-r4ir-)+i"5(E-EJ] . 

By definition, the electronic density of states per unit 

cell is defined as 

D(E) = p ( E - E J . (3-18) 
a 

By combining Eqs.(3-17) and (3-18) it can be seen that the 

relation between the imaginary part of the Green's function 

and the density of states is 

D(E) = +A.im[TrG^(E)] , (3-19) 

where N is the total number of unit cells in the alloy and 

the trace runs over all such cells. 

General Formalism for the Coherent 
Potential Formalism 

In this section, we give a general outline of the CPA 

formalism for the Electronic problem. In the next chapter 

we extend and apply this theory to our specific problem of 

the electronic structure of quaternary semiconductor alloys. 

The Coherent Potential Approximation (CPA) was first 

introduced in papers by Taylor (54) and Soven (55) in 1967. 
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This theory has been used to treat a variety of random alloy 

properties in a number of previous works, including magnetic 

properties (72), phonon properties (38,44,41,59,61), and 

electronic properties (2-4,15,39,60). We limit our 

attention in this section to the case of electronic 

properties. Much of what follows is a summary of material 

that can be found in more detail in Refs. (14,27,28). 

As we briefly discussed in the Introduction, a 

substitutional alloy is characterized by a random 

distribution of different substances over all of the lattice 

sites. The lack of periodicity in the lattice structure 

causes theoretical difficulties in the development of an 

appropriate model, since the usual solid state theory 

techniques, such as Bloch's Theorem, are valid only for 

perfectly periodic crystals. As also discussed earlier, the 

CPA method has proven to be among the most effective 

approximation methods for calculating the electronic 

properties of a random alloy system. 

For a random alloy the total Hamiltonian can be writen 

as 

H = HQ + V = HQ + Ĵ v̂  , (3-20) 

where HQ is a periodic Hamiltonian that is suitably chosen 

for the given alloy, and V is the total random potential 
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written as the sum of the atomic potentials v, at each site 

1. More will be said concerning how V is determined for our 

particular problem in the next chapter. Further, it can be 

shown that, since it is a self-consistent theory, the CPA 

results are independent of the choice of HQ. AS is central 

to all CPA theories, we impose the condition that the 

average atomic scattering matrix vanishes. The physical 

reason for imposing this condition is as follows. In the 

true random alloy, the electrons are in exact eigenstates of 

the true alloy Hamiltonian, and hence they have infinite 

lifetimes. Thus, in the absence of external perturbations, 

they will never be scattered out of these eigenstates. 

In the CPA approach one desires to self-consistently 

construct a periodic effective medium which retains, at 

least on the average, as many properties of the true alloy 

as possible. Thus, starting with the periodic Hamiltonian 

HQ, one constructs an effective medium Hamiltonian H'Q and 

requires that the electrons experience no scattering from 

the eigenstates of this Hamiltonian (which are not true 

eigenstates of the true Hamiltonian) on the average. A 

price one pays for this requirement is that the effective 

medium (CPA) Hamiltonian must be non-Hermitian and have 

complex eigenvalues. The imaginary parts of these 
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eigenvalues are interpreted in terms of the finite electron 

lifetime in these (quasi) eigenstates. Physically, the 

electron lifetimes are finite in these eigenstates, because 

alloy disorder scatters them out of these states, even 

though there is no scattering on the average. 

In order to enable us to construct an effective medium 

Hamiltonian which mimics the true alloy Hamiltonian, we 

introduce a periodic effective (coherent) potential I, which 

is unknown at this point but which will be determined later 

by imposing the requirement that the average scattering 

matrix vanish. The quantity I is subtracted from and added 

to Eq.(3-20). The Hamiltonian can then be written as 

H = (HQ + I ) + (V-I) = H'Q + U = H'Q + ^Uj^ , (3-21) 

where we have defined a new, effective periodic Hamiltonian 

as 

H'Q = HQ + I , (3-22) 

and a new random potential as 

U = Yu, = V - I = X(^l~^l^ • (3-23) 

1 1 

Note that we have mentioned that the effective Hamiltonian 

H'Q is still periodic, and it will be shown later that the 

self-energy I will replace v as the periodic alloy potential 

when the configuration average is taken. Furthermore, we 
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have assumed that I, like V, can be decomposed into a sum of 

single site terms a, . 

Of course, the total Hamiltonian H could be constructed 

in detail for a large enough alloy sample and a given 

configuration of alloy constituents, and then the eigenvalue 

problem and density of states and other properties could be 

exactly solved numerically. The alloy sample would have to 

be large enough so that the results would not depend on the 

boundary conditions. Furthermore, the particular 

configuration of the constituents of the sample would have 

to be such that it would not significantly violate the 

assumption of total randomness. This is the idea behind the 

negative eigenvalue theorem method (31-34). This method, 

however, usually becomes impractical when applied to 

problems involving more than one dimension. To solve such a 

problem using the negative eigenvalue theorem in application 

to a realistic three-dimensional model usually becomes 

numerically very cumbersome (33,34). 

Rather than attempt to solve exactly for the detailed 

properties, by contrast, effective medium theories in 

general and the CPA in particular take an average over all 

alloy constituent configurations in order to describe a 

macroscopic property of the material such as the density of 

states. While this is an approximation, it has proven. 
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through the many applications previously discussed, to be 

adequate for describing many of these properties. 

The basic idea of what follows is to develop a method 

for determining the coherent potential, or self-energy, I, 

such that as many as possible of the properties of the 

random alloy are preserved in creating the periodic 

effective medium described by the effective Hamiltonian 

H'Q. First, from Eq.(3-3) we may write the Green's function 

operator corresponding to any given Hamiltonian. The alloy 

Green's function corresponding to the alloy Hamiltonian H is 

defined as 

G(z) = (z-H)"^ = ( Z - H Q - V ) " ^ = (Z-H'Q-U)"^ . (3-24) 

Furthermore, the perfect crystal Green's function 

corresponding to the periodic Hamiltonian H-. is given by 

P(z) = (Z-HQ)"^ , (3-25) 

and the effective medium Green's function corresponding to 

the effective medium Hamiltonian H'Q has the form 

g(z) = (Z-H'Q)"^ . (3-26) 

Combining Eqs.(3-21), (3-25) and (3-26) it is easy to show 

that 

-1 -1 -^ -1 
g(z) = ( Z - H Q - I ) •" = (P -"-I) = P(l-SP) . (3-27) 
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A central idea of the CPA is that the self-energy I is 

to be chosen in such a way that the effective medium Green's 

function g(z) is identical to the configuration average of 

the alloy Green's function G(z). It is straightforward to 

show that the alloy Green's function may be rewritten as 

-1 -1 -^ 1 
G = (z-H' -U) •" = (g -^-U) = g(l-Ug) ^ 

^ (3-28) 

= (1-gU)"-^ = g + gUG . 

Eqs.(3-27) and (3-28) are both forms of Dyson's equation 

(14,73). Eq.(3-27) is the Dyson equation for the effective 

medium, and Eq.(3-28) is the Dyson equation for the alloy. 

Further manipulation shows that G can be written in terms of 

g as an infinite sum (14,73) 

G = g + gUg + gUgUg + ... = g + gTg , (3-29) 

where we have defined the scattering matrix T as 

T = U(l-gU)"-^ = (l-Ug)"-'-U . ' (3-30) 

Formally, the scattering matrix T describes electrons 

scattering off the random atomic potentials un, and 

represents the deviations of the true random alloy from the 

periodic effective medium. In other words, T is the total 

scattering operator due to electrons scattering from the 

disorder in the alloy. Let us now take the configuration-

average of each side of the second form of Eq.(3-29) 

<G> = <g+gTg> , (3-31) 
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where the angular brackets denote a configuration average. 

Now since the effective medium Green's function G is 

periodic and hence configuration independent, we may write 

Eq.(3-31) in the form 

<G> = g + g<T>g . (3-32) 

It is apparent that if <T>=0 then the configuration 

averaged alloy Green's function G equals the effective 

medium Green's function G. The primary assumption of the 

CPA is to require this to be so. In other words, in the 

CPA, the configuration-averaged scattering matrix is set 

equal to zero. The physics behind this requirement is 

discussed above. Hence, G=<g>, and the self-energy will in 

turn be determined by the requirement <T>=0, which in turn 

will determine the properties of the effective medium. 

Combining Eq.(3-28) and (3-29) we obtain an alternate form 

of the scattering matrix 

T = U + ugT = yu^ + Yu^gX^i + I ^ i g l g l ^ i + . • • • (3-33) 

Now let us make what is called the "single-site" or 

"single-cell" approximation. This is the assumption that in 

analogy with V and I the total scattering matrix T can be 

written as the sum of the scattering matrices contributed 

from each site: 

T = yt^ , (3-34) ^h ' 
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where 

t^ = u, + u^gu, + u, gu, gu, + ... 

(3-35) 
-1 = u^(l-guj^) = Uĵ  + u^gu^ . 

This assumption is not necessary in the context of formal 

CPA theory. However, it is often made in practice because 

it simplifies the numerical treatment of the problem by 

avoiding terms that involve clusters. Specifically, it 

means that one can use Eq.(3-33) only for indices in the 

sums being equal. There are generalizations of this theory 

that involve cluster calculations, such as the embedded 

cluster techniques (14,27,62-67). These are discussed 

briefly in the introduction and in detail in the references. 

In the averaging process just described, the random 

potential V of the alloy is replaced by an effective or 

coherent potential, I, which simulates the electronic 

properties of the alloy, and yet is periodic. In this 

single-site approximation we have 

<T> = <tj_> = 0 . (3-36) 

This Is valid for all sites 1, and since average:, quantities 

have lattice periodicity, we need only consider a single 

site, which greatly reduces the numerical calculations that 

must be performed. For convenience we may choose n=0. 
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It should be emphasized that the configuration 

averaging done in the CPA is not a simple arithmetic 

average, but is done self-consistently in order to choose an 

effective, average, self-energy to replace the 

configuration-dependent, real alloy potential. Eq.(3-36) is 

the self-consistency condition that determines the 

self-energy. The latter quantity is related to t, through 

Eqs.(3-23) and (3-35) where it is an unknown quantity. Thus 

Eq.(3-36) must be used to solve for the self-energy I. Once 

this is done, other quantities such as the effective medium 

Green's function and configuration averaged density of 

states can then be determined. For instance, the 

configuration-averaged density of states corresponding to 

the effective medium Green's function g is 

<D(E)> = --i-Im[Tr(g)] . (3-37) 

Nn 

Finally, the general CPA single-site formalism may be 

summarized as follows: 

1. Choose a perfect crystal as a reference and calculate 

the corresponding perfect-crystal Green's function. 

(It should be noted that while the choice of a reference 

crystal is important for actual computational purposes, 

it is arbitrary from a theoretical viewpoint. Since the 

CPA is a self-consistent theory, the solution for the 

self-energy I is independent of this choice). 
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2. Use Eqs.(3-27) and (3-36) to solve for the self-energy 

I as a function of the energy. 

3. Use Eq.(3-27) to obtain the configuration-averaged 

(or effective medium) Green's function and use it to 

calculate the configuration-averaged density of states 

and other properties of interest from Eq.(3-37). 



CHAPTER IV 

CPA FOR QUATERNARY SEMICONDUCTOR ALLOYS 

OF THE TYPE A B C , D 
X y 1-x-y 

In this chapter we apply and generalize the CPA 

formalism outlined above to our specific problem of the 

calculation of the electronic properties of quaternary 

semiconductor alloys of the type A B C , D. To our 

knowledge, this is the first application of the CPA to this 

type of semiconductor alloy. In the next chapter, we 

present numerical results of the application of this theory 

to specific III-V quaternary alloys. In that chapter, 

results for the alloy composition dependence of state 

densities, bandstructures, band bowing parameters, and 

bandgaps are presented for several such materials. 

Determination of the Periodic 
Hamiltonian H^ 

Here we discuss the method used to derive the periodic 

Hamiltonian used as input into our CPA theory. This 

periodic Hamiltonian corresponds to the H^ used in the 

second part of Chapter III. It is well known that, 

formally, the CPA is independent of the choice of H^. 

47 
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However, specific numerical results, such as those obtained 

in the next chapter, do depend on this quantity and the 

associated bandstructure. 

The underlying bandstructures for the alloy 

constituents that we use as input into our CPA theory, come 

from the nearest-neighbor, tight-binding theory of Vogl, 

Hjalmarson and Dow (19) (see Chapter II). We use the 

localized atomic-like orbitals from Ref.(19) to construct 

the Hamiltonian and the wavefunctions |y> that satisfy 

Schrodinger's equation 

(H-E)|y> = 0 . (4-1) 

This Hamiltonian is represented by a 10X10 matrix in the 

quasi-atomic basis. In this basis, the matrix elements can 

be represented as functions of the wavevector k inside the 

first Brillouin zone. The Hamiltonian can then be 

diagonalized to yield ten bands. 

The Hamiltonian is constructed in this way for each 

separate semiconductor compound, such as GaAs or InAs. 

Since the alloy of interest consists of a random mixture of 

three compounds, a method for finding the periodic 

Hamiltonian HQ from the individual compound Hamiltonians is 

needed. Following Chen and Sher (4,15) we construct this 

Hamiltonian in the virtual crystal approximation (VCA), 

which is a good starting point for our CPA theory. The VCA 
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Hamiltonian for the alloy A B C , D is 

^ X y 1-x-y 

^0 = "vCA = ""̂ A ^ y^B ^ (l-x-y)H^ , (4-2) 

where H^ H^, and H^ are the Vogl et al. (19) tight-binding 

Hamiltonians for compounds AD, BD, and CD, respectively. 

This periodic Hamiltonian io a simple weighted average of 

the individual compound Hamiltonians. The constituent 

Hamiltonians in Eq.(4-2) and the tight-binding parameters 

that determine them can be found in Ref.(19). 

The next step in implementing the CPA is to find a 

natural local basis for the tetrahedrally bonded materials 

that are under consideration. Using the wave functions |\|/> 

constructed from the quasi-atomic Lowdin orbitals (19,70), 

and following Harrison (23,24) and Chen and Sher (4), we 

formulate a set of bonding orbitals |b.(l)> and antibonding 

orbitals |a.(l)> oriented along the four ,tetrahedral bonds 

adjacent to the atom at some given unit cell labeled by 1. 

These sets of orbitals are orthonormal functions constructed 

from the atomic-like Wannier basis functions |W_(1)> by the 
n 

unitary transformations 

4 
|b^(l)> = £ Cj,i|W^(l)> , (4-3) 

n=l 

and 
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8 
'^i(^)^ = I ^nil^n(l)> • (4-4) 

n=5 

Here n=l,...,4 correspond to the bonding orbitals (valence 

bands) and n=5,...,8 correspond to the antibonding orbitals 

(conduction bands). The quantities c . and d . are 
^ m m 

normalization constants. 

Two important quantities that can be straightforwardly 

calculated in the bonding-antibonding basis are the bonding 

and the antibonding energies. These are properties of the 

pure semiconductors (AD, BD, and CD in our case) and are 

formally given for each such compound by the expressions 

(see Ref.(4) for further details) 

c^ = <b̂ (l)|Ho|b.(l)> = ^Xl^nt^) = i K ( ^ ) ^ ' (4-5' 
n=lk 

and 

8 

n=5k 
e^ = <a^(l)|HQ|a^(l)> = ^ I le^(k) = - j K * ^ ' ^ ' (4-^) 

where E (k) is the bonding (antibonding) energy (or energy 

eigenvalue) of each bonding (antibonding) orbital. The 

factor of 1/4 is introduced for proper normalization. The 

quantities p (E) and p (E) are the densities of states (per 

unit cell) for the four valence bands and the first four 

conduction bands, respectively. These bonding and 
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antibonding energies are discussed in further detail in the 

book by Harrison (24). 

It will also be necessary in what follows to define 

analogous quantities to Eqs.(4-5) and (4-6) for each of the 

unalloyed semiconductor compounds. We will label them to 

correspond with the compounds for which they are defined. 

For the alloy under consideration we then define quantities 

known as disorder parameters, for the bonding and 

antibonding states 

5j(A) = E^(CD) - £j(AD) , (4-7) 

and 

5j(B) = E^(CD) - E^(BD) , (4-8) 

where E.(CD), E.(AD), and E.(BD) are, respectively, the 

average bonding or antibonding energies (Eqs.(4-5) and 

(4-6)) of the semiconductors CD, AD, and BD (j=b,a). As the 

name implies, these disorder parameters are a measure of the 

amount of disorder present in the bonding states (valence 

bands) and antibonding states (conduction bands) in the 

alloys of interest. Table 1 shows the bonding and 

antibonding energies for the III-V compounds and the 

disorder (scattering) parameters for the III-V semiconductor 

alloys of interest here. The absolute value of the disorder 

parameter is a relative measure of the amount of disorder 
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present in an alloy containing those particular compounds as 

constituents. 

Rather than take the tight-binding Hamiltonian in the 

quasi-atomic basis itself and its corresponding matrix 

elements as random variables, we choose to follow Chen and 

Sher (4) and transform to the bonding-antibonding basis as 

described above and consider the matrix elements of the 

Hamiltonian in that basis as random variables. Further, we 

consider only diagonal disorder and thus neglect the 

disorder in the off-diagonal matrix elements in this basis. 

This is in the spirit of the Bond Orbital model of Harrison 

(23,24) and co-workers and of numerous previous applications 

of the CPA (14,53,56). 

Application of the CPA Theory to 
Quaternary Semiconductor Alloys 

of the type A B C - D 

In this section we apply the CPA theory to the problem 

of the quaternary semiconductor alloy of the form 

A B C, D. Fig.l shows schematic diagram of a piece of X y 1-x-y ^ ^ r-

this cype of alloy. In that figure is shown onv, possible 

nearest-neighbor configuration in the alloy A B C , D. 

X Y X - X — y 

wherein a D atom is tetrahedrally surrounded by two A, one 

B, and one C atoms. Of course, there are numerous other 

possible nearest-neighbor configurations for this particular 
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alloy, but this one example should suffice as an 

illustration. 

We begin by writing the alloy Hamiltonian H as in 

Eq.(3-20), where V is the total random potential written as 

the sum of the atomic (or bond) potentials at each 

individual bond site 1. It is the random nature of the 

placement of atoms on one of the sublattices (sublattice 1) 

that makes the alloy Hamiltonian non-periodic, and allows us 

to write it as the sum of periodic and non-periodic parts in 

Eq.(3-20). In the bond orbital basis, and with the diagonal 

randomness assumption discussed above, the random potential 

V, has the form 

4 
^ 1 = 1 |b^(l)>[Ej^(l)-Ej^]<b^(l)| 

i = l 
(4-9) 

4 
+ £ |a^(l)>[E^(l)-E^]<a^(l)| , 

i=l 

where |b.(l)> and |a.(l)> are, the bonding and antibonding 

orthonormal basis functions, respectively. the quantities 

E, (1) and E (1) are the bonding and antibonding energies of o a 

the pure compounds AD, BD, or CD, depending on which type of 

atom is bonded to atom D for the bond we are considering 

(see Fig.l). The values of these quantities thus depend on 

which of atoms A, B, or C is present for the bond under 

consideration in that unit cell. 
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The quantities L^ and E are respectively the 

concentration weighted averages of the bonding and 

antibonding energy values 

Ê  = XE^(AD) + yE^(BD) + (l-x-y)£ (CD) , (4-10) 

where j=a or b for bonding and antibond'.ng energies, 

respectively. The values of ^^{1) and E (1) in Eq.(4-9) are 

thus determined by the atomic pairs that are bonded together 

at 1. We let these values be exactly the same as the values 

for the appropriate pure compounds, and as already 

mentioned, neglect disorder effects arising from local 

strains and charge distribution shifts. Chen and Sher (4) 

have argued for the ternary alloy case that these effects 

are of a higher order than the fluctuations in E or E, . ^ a b 

Following Ref.(4) we neglect them here as well. 

As in Eq.(3-22), the alloy Hamiltonian is now rewritten 

in terms of an effective Hamiltonian H'O 

H = H'Q + U , (4-11) 

where we have defined the effective periodic Hamiltonian as 

H'Q = HQ + S , (4-12) 

and an effective disorder potential 

U = V - I . ' (4-13) 

In Eqs.(4-12) and (4-13), the quantity I is the CPA 

self-energy, discussed in Chapter III. At this point, S is 



55 

an unknown quantity to be determined for the present 

quaternary alloy case. 

We use the single-cell approximation and assume that 

the self-energy can be written as the sum of the 

contributions from each unit cell as 

1 = Ycj (4-14) 
T 

where the single-cell self-energy operator a, has the fo rm 

4 4 
^ 1 = 1 |b^(l)>aj^<b^(l)| + £ |a (l)>a <a (1)1 . (4-15) 

i=l i=l 

Now let us write the potential U as a sum of single cell 

terms (see Eq.(3-23)) 

^ = 1^1 = I('̂ l"̂ l> • (4-16) 

1 T 

We make the approximation which is central to all CPA 

theories, that on the average the scattering matrix t, from 

a single cell is zero. In the true random alloy, there will 

be no scattering by electrons in eigenstates of the true 

alloy Hamiltonian. In the CPA, one tries to determine a 

periodic medium which will mimic the true alloy as much as 

possible. Thus, for the CPA medium, we require no 

scattering on the average from each unit cell. 

Using Eq.(3-35), we write the atomic scattering matrix 

t, in terms of the potential U as 
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^1 = u^(l-gu3_)"^ = (v^-a^)[l-g(v^-a^)]"^ , (4-17) 

where we have utilized Eqs.(4-13) and (4-16). The next step 

is to write the configuration average which, since we are 

making the single cell approximation, is equivalent to the 

simple weighted average over the three possible unit cell 

arrangements, AD, BD, and CD. This has the form 

^"^1^ = ^^AD ^ y^D "• (^-^-y)^CD • (4-18) 

This last equation can be combined with Eq.(4-17) and 

rearranged to obtain an expression for the single-cell 

self-energy Z.(E). Note that since the bonding states 

|b^(l)> and the antibonding states |a.(l)> are orthogonal, 

one can separately solve for the self-energy using either 

bonding or antibonding parameters in Eq.(4-18). Chen and 

Sher (4) have demonstrated for ternary alloys that the 

self-energy can be written as a block-diagonal matrix with 

4X4 blocks. They showed that the off-diagonal elements of 

this matrix are smaller than the diagonal elements. 

Following Chen and Sher, we assume without proof that they 

can also be neglected for quaternary alloys. The 

consequence of this for either bonding or antibonding 

states, is that the self-energy matrix is diagonal with four 

identical scalar matrix elements. A more detailed 

discussion on this point can be found in Refs.(4,15). 
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With this approximation, we need only consider two 

single scalar self-energies, one for the bonding states 

(valence bands) and one for the antibonding states 

(conduction bands). When this is accomplished, the 

self-energy has the form 

I^(E) = [(x-l)5^(A) + y5^(B) - I^.(E)]G^(E) 

[x5^(A) + (l-y)5^(B) - I^(E)]G^(E) 

[x5̂ .(A) + y5^(B) - 1^{E)] 

+ [(3x-l)5^(A) + (3y-l)5^(B) 

- 2I^.(E)]G^(E)Ij(E) (4-19) 

+ [x(l-x)(5^(A))2 + y(l-y)(5^(B))2 

- 2xy5^(A)5^(B)]G^.(E) . 

This expression is a scalar equation, whereas previous 

equations in this chapter are matrix equations. Here, j=b 

or j=a are for the bonding or antibonding self-energies, 

corresponding to the valence and conduction bands, 

respectively. We use an upper case I for the self-energy, 

to differentiate from the lower rase a, used later for the 

electrical conductivity. In Eq.(4-19), 5.(A) and 5.(B) are 

the disorder (scattering) parameters as defined in Eqs.(4-7) 

and (4-8) for the alloy under consideration. The Green's 

function matrix element G.(E) used here can be expressed as 
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, D.(E')dE' 

^j(^^ = 4 IE-E'-I.(E) ' (̂ -2°) 

where D.(E) is the VCA state density for the valence (j=b) 

or conduction (j=a) band. Thus Eqs.(4-19) and (4-20) are 

coupled nonlinear integral equations for the complex scalar 

self-energy I.(E). 

In order to evaluate the Brillouin-zone sums which are 

necessary to compute the state densities which enter 

Eq.(4-20), and the expressions for the disorder parameters, 

Eqs.(4-5) and (4-6), we have used a technique developed 

originally by Lehmann and Taut (74) and later modified by 

Hjalmarson (75). Once these are obtained, the self-energies 

can be calculated by iterating Eq.(4-19) to 

self-consistency. Note that Eq.(4-19) for the self-energy 

and Eq.(4-20) for the Green's function, are functions of 

energy and are implicit functions of each other. The method 

that we use to obtain the results presented in the next 

chapter is a modification of the Newton-Rapson method. The 

main computer program which calculates the real and 

imaginary parts of the self-energy and the Green's function 

is listed in Appendix A. One of the most important 

quantities, the CPA electronic density of states, can be 

obtained using Eq.(3-37) and the corresponding value of the 

Green's function. Once the self-energies are obtained. 
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essentially any properties of the alloy under consideration, 

such as bandstructures, can be obtained. 

Two final points on the implementation of the above 

formalism should be made. First, before one solves 

Eqs.(4-5)-(4-8) and (4-19) and (4-20), it is necessary to 

shift all energies from zero at the valence band maximum, to 

the vacuum scale (4,15). Following Chen and Sher (4,15), we 

define this scale using experimental photothresholds (76). 

Second, as previously noted, though the calculations 

presented below utilized the Vogl et al. (19) 

bandstructures, the formalism discussed above is independent 

of any particular choice of bandstructure model and can be 

used with any reasonable choice for the electronic structure 

of the alloy constituents. However, if one were to use 

another bandstructure model as input into our formalism, 

quantitative differences in the numerical results would be 

expected in comparison with those obtained here, reflecting 

quantitative differences in the bandstructures. 
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Scattering Parameters for III-V Ternary 
Semiconductor Alloys 

C a l c u l a t e d B o n d i n g 
a n d A n t i b o n d i n g 
E n e r g i e s £ ( A D ) f o r 
I I I - V S e m i c o n d u c t o r 
Compounds AD'"'' 

AD 

GaAs 

GaP 

GaSb 

InAs 

InP 

I n S b 

AlAs 

AlP 

A l S b 

V a l e n c e 

- 1 0 . 7 5 5 

- 1 0 . 8 9 5 

- 9 . 6 8 9 

- 1 0 . 3 2 7 

- 1 0 . 1 9 8 

- 9 . ^ 8 6 

-10 .A3V 

- 1 0 . 6 9 4 

- 8 . 9 7 2 

C o n d u c 
t i o n 

0 . 3 9 8 

0 . 6 7 5 

- 0 . 0 1 8 

0 . 0 6 3 

- 0 . 1 3 3 

- 0 . 3 7 7 

- 0 . 0 0 9 

0 . 5 2 9 

- 0 . 1 7 6 

S c a t t e r i n g P a r a m e t e r s 
S= £ ( A D ) - £ ( B D ) f o r 

T e r n a r y A l l o y s f o r m e d 
from I I I - V S e : ! i i c o n d u c t o r 
Compounds AD and BD^ 

AD 

GaAs 

GaAs 

AlAs 

GaP 

GaP 

AlP 

GaSb 

GaSb 

AlSb 

GaP 

GaP 

GaAs 

AlP 

A IF 

AlAs 

InP 

InP 

InAs 

BD 

InAs 

AlAs 

InAs 

InP 

AlP 

InP 

I n S b 

AlSb 

I n S b 

GaAs 

GaSb 

GaSb 

AlAs 

AlSb 

A l S b 

InAs 

I n S b 

I n S b 

V a l e n c e 

- 0 . 4 2 8 

- 0 . 3 1 8 

- 0 . 1 1 0 

- 0 . 6 9 7 

- 0 . 2 0 1 

- 0 . 4 9 6 

- 0 . 2 0 3 

- 0 . 7 1 7 

0 . 5 U 

-o.uo 
- 1 . 2 0 6 

C o n d u c 
t i o n 

0 . 3 3 5 

0 . 4 0 7 

- 0 . 0 7 2 

0 . 8 0 8 

0 . 1 4 6 

0 . 6 6 2 

0 . 3 5 9 

0 . 1 5 8 

0 . 2 0 1 

0 . 2 7 7 

0 . 6 9 3 

- 1 . 0 6 6 ! 0 . 4 1 6 
i 

- 0 . 2 5 7 

- 1 . 7 2 2 

- 1 . 4 6 5 

0 . 1 2 9 

- 0 . 7 1 2 

- 0 . 8 4 1 

0 . 5 3 8 

0 . 7 0 5 

0 . 1 6 7 

- 0 . 1 9 6 

0 . 2 4 4 

. 0 . 4 4 0 

•"'All energies in eV 
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Figure 1. Structural schematic diagram for a D atom 
tetrahedrally bonded to two A atoms, one B atom, and 
one C atom. This diagram represents one possible 
local arrangement of atoms for the III-V quaternary 
semiconductor alloy A B C , D. 

^ X y 1-x-y 
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CHAPTER V 

RESULTS AND DISCUSSION FOR THE 

QUATERNARY ALLOY CPA 

General discussion of the Numerical 

Results 

We have used the formalism discussed in Chapter IV to 

calculate some of the electronic properties of several III-V 

quaternary semiconductor alloys. As already mentioned, the 

alloys of interest here are the six quaternary alloys that 

can be formed from the nine III-V compounds GaAs, GaP, GaSb, 

InAs, InP, InSb, AlAs, AlP, and AlSb. Of these six alloys, 

there are three with anion disorder, which are 

GaAs^PySb^ ^ y, AlAs^PySb^^ y, and InAs^P^Sb^^ y, and 

three with cation disorder, which are Ga Al In, ^As, 

Ga Al In, P, and Ga Al In, Sb. As stated before, we X y 1-x-y X y 1-x-y 

3 
use the sp s* semi-empirical tightbinding parameters of 

Vogl, Hjalmarson and Dow (19) to obtain our numerical 

results. The first step in these calculations is to use 

this model in the virtual crystal approximation (VCA) to 

calculate the electronic density of states and the 

bandstructures of the relevant quaternary alloys. The VCA 

state density is then used as input directly into our CPA 
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formalism (derived in Chapter IV, and utilizing Eqs.(4-19) 

and (4-20)). 

A summary of the numerical results presented below is 

as follows. In the second part of this chapter, we plot and 

compare the electronic state density obtained in the VCA for 

the six alloys listed above at the compositions x=y=0.33. 

Although the theory is valid for all x and y, it is at these 

compositions that the alloy disorder is expected to be the 

greatest. In that section, we also plot the real and 

imaginary parts of the CPA self-energies for these same six 

alloys. Of these six, the alloy GaAs P Sb, shows the ^ -^ X Y 1-x-y 

most significant deviation between the VCA and the CPA 

results for both the valence and conduction bands. That is, 

the alloy disorder effects are large for this alloy. 

Thus, in the third part of this chapter, the bandedges 

of this alloy are illustrated for several compositions. In 

that section, these bandedges, obtained in both the VCA and 

the CPA, are plotted along with the composition weighted 

average bandedges of the pure compounds These composition 

averaged bandedges will be denoted simply as "average" 

bandedges, for convenience, and are found using 

.c ,r*» ^ave(^'y) = 5 [Min[xE-^(k) + yE-^(k) 
(5-1) 

+ (l-x-y)E^j^(k)]l , 
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where j=v or c for valence or conduction bands, 

respectively. E ^ , E^^, and E^j^ are the energies of the 

highest valence or lowest conduction bands for the pure 

compounds, found from the formalism of Vogl et al. (19). 

The composition average of these energies is taken, and the 

minimum of this composition average is found for the entire 

Brillouin zone. The Kronecker delta function is used since 

the average valence band energy is always zero, for all 

compositions. 

To compare the VCA and the CPA bandedges with the 

average bandedges, we define the function 

E^(x,y) = E^^^(x,y) - bf(x,y) , (5-2) 

where E-̂  is as defined above and E^ is either the VCA or ave 

the CPA bandedge energy. The quantity b is called the 

bowing parameter, and the function f(x,y) is defined for 

convenience as 

f(x,y) = x(l-x) + y(l-y) - xy . (5-3) 

A table of the band bowing parameters is presented in the 

third part of this chapter for the alloy GaAsQ 33PQ 33S^o 34 

for a number of different compositions. 

Finally, the bandstructure of this alloy, obtained by 

both the VCA and the CPA for x=y=0.33, is shown and the 
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results are contrasted for the two cases. The CPA 

bandstructure is found from the VCA bandstructure by using 

^CPA(^^ = ^VCA(^^ "̂  Re[I^(E)] ± Im[I^(E)] , (5-4) 

where E^p^ and E^^^^ are both functions of the wavevector "k, 

^nd I is the CPA self-energy corresponding to E = E^p. . The 

imaginary part of the self-energy adds a width to the CPA 

bandstructure, as has been discussed in the second section 

of Chapter II, and will be discussed in further detail below 

in the third section of this chapter. 

Results for the Density of States 
and Self-Energies 

The results for the state densities and self-energies 

for the six alloys listed in the previous section are 

summarized in Figs.2(a)-7(b). In all of these figures, the 

alloy compositions have been taken as x=y=0.33, which are 

the compositions at which the alloy disorder is expected to 

be the greatest. The state densities (Figs.2(a), 3(a), 

4(a), 5(a), 6(a), and 7(a)) are shown plotted versus energy, 

with the energy ranging from the bottom of the lowest 

valence band to the top of the highest conduction band. The 

CPA self-energies (Figs.2(b), 3(b), 4(b), 5(b), 6(b), and 

7(b)) are plotted versus energy for the same range. The 

relative scaling of the vertical axes of the state density 
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plots is arbitrary, but we choose to normalize them such 

that the surface area under the state density curve is 16 

for both the CPA and the VCA. This means that the area 

under the valence bands is 8 and the area under the 

conduction bands is also 8. These areas are in 

dimensionless units, since the state density is expressed in 

units of inverse energy. 

The reason for doing this is that each unit cell has 

two atoms, one anion and one cation, with a total of eight 

orbitals per cell. Since each orbital can hold two 

electrons, there can be a total of 16 electrons per unit 

cell. Of course, since there are only eight available 

electrons per cell, the four valence bands will be full (at 

zero temperature) and the conduction bands will be empty. 

For all the figures presented in this section, the zero of 

energy is taken to be the top of the valence bands. This is 

accomplished by shifting, back from the vacuum scale, which 

was discussed in the second part of Chapter IV. 

The first alloy that we will discuss is GaAs P Sb, 

X y X ~ X - y 

with x=y=0.33. Some of the results for this alloy have 

already been presented in a previous paper (2). The values 

of the disorder parameters defined by Eqs.(4-7) and (4-8) 

for the valence and conduction bands are, respectively 

(letting the reference material CD be GaSb, with C=Sb and 
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D=Ga), |5j^(As)| = 1.07eV, |5j^(P)| = 1.21eV, |5^(As)| = 

0.42eV, and |5^(P)| = 0.69eV. The sizes of these 

parameters in comparison with those of the corresponding 

bonding and antibonding disorder parameters for the ternary 

alloy GaAs^_^P^ (Ref.60) ( 15̂ ^ | = 0.14eV and |5^| = 0.28eV) 

indicate that the presence of the semiconductor GaSb in the 

quaternary alloy GaAs^P Sb^ ̂  produces large alloy 

disorder effects in comparison with those present in the 

GaAs^_^P^ alloy. This type of effect on alloying GaP and 

GaSb has been noted elsewhere (59). It is furthermore clear 

on the basis of these parameters that the disorder is 

greater in the valence bands than in the conduction bands. 

The origin of the large disorder effects for alloys 

containing GaSb is traceable to the large differences in the 

s- and p-orbital atomic energies of P and Sb and of As and 

Sb which were used by vogl et al. (19) to partially 

determine the tight-binding parameters for GaP, GaAs, and 

GaSb. We note that such effects should not be unique to CPA 

calculations which utilize the vogl et al. (19) bandstruc

tures, but should also occur if other semi-empirical schemes 

which are partially based on atomic energies are used. For 

example, Harrisons* universal model (24) would also be 

expected to predict large disorder effects (in both the 
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valence and conduction bands) for semiconductor alloys 

containing GaSb. 

In Fig.2(a) we display our results for the CPA state 

density for GaAsQ 33PQ 33SbQ 3^ as a function of energy. 

Also plotted in Fig.2(a) for comparison is the state density 

for the same alloy obtained in the VCA. It can be clearly 

seen from that figure that the alloy disorder effects 

accounted for by the CPA have a significant effect on the 

electronic state density. Since the VCA does not take 

disorder into account, the amount of disparity between the 

VCA and CPA state densities is a relative measure of the 

disorder present in the alloy. On examination of Fig.2(a), 

it can be seen that there is more disorder in the valence 

bands than in the conduction bands. It is especially 

noticeable that essentially all of the peaks due to Van Hove 

singularities, which occur in the VCA state density, are 

smoothed out in the CPA state density, as is typical of the 

effects of strong alloy disorder on such peaks (14). The 

large disorder effects found in the CPA for this alloy are 

consistent with the above disorder parameter analysis. 

These large large disorder effects are reconfirmed in 

Fig.2(b), where we plot on the same gragh the real part and 

the negative of the imaginary part of the CPA self-energy 

for the alloy GaAsQ 33PQ 33SbQ 3^ as a function of energy. 
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As already mentioned, the self-energy is a measure of 

the amount of disorder present as a function of energy. An 

examination of Fig.2(b) shows clearly that alloy disorder 

has a significant effect on the electronic properties of 

GaAs^P Sb^_^ In particular, the magnitude of the maximum 

values of the CPA self-energies 21, (E) and I (E) are of the 

order of 0.4 and 0.2eV, respectively. These values are, 

respectively, approximately 80 and 20 times the 

corresponding values found by Shen and Myles (60) in CPA 

calculations using the same bandstructures for the ternary 

alloy GaAsQ ^PQ ̂ . The fact that the alloy disorder effects 

for GaAsQ 33PQ 332^0 34' ^^ measured by the self-energy, are 

greatest for the valence band, and are smaller (but still 

very large) for the conduction band, is consistent with the 

above analysis of the disorder parameters for this alloy. 

It is clear from the results presented in Figs.2(a) and 

2(b) that alloy disorder effects are extremely important for 

understanding the electronic properties of GaAs P Sb, 

^ ^ ^ X y 1-x-y 

In particular, any analysis of this alloy utilizing the VCA 

would clearly be inadequate. Unfortunately, to our 

knowledge, there is no detailed experimental data available 

for this alloy with which to confirm the predictions we make 

here. It would be interesting to see the results of 
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experiments on this material which are designed to confirm 

these predictions. 

In Figs.3(a) and 3(b) we respectively display the CPA 

and the VCA state densities and the real part and the 

negative of the imaginary part of the CPA self-energy, 

plotted as a function of energy for the alloy AlAs P Sb, 

X y 1 X y 

for x=y=0.33. An analysis of this alloy based on the 

disorder parameters defined by Eqs.(4-7) and (4-8) and found 

in Table 1 shows that one would expect more disorder in the 

valence bands and less disorder in the conduction bands than 

the previous alloy discussed. In particular the values of 

the disorder parameters are (letting the reference material 

CD be AlSb, with C=Sb and D=A1), |5j^(As)| = 1.47eV, 
|5,(P)| = 1.72eV, |5^(As)| = 0.17eV, and |5^(P)| = 0.71eV. o a a 

In fact, on the basis of these parameters, we expect that 

this alloy should display the largest valence band disorder 

of any that we consider in this discussion. 

The origin of the large disorder in the valence bands 

and the smaller disorder in the conduction bands for this 

alloy can again be traced to the large differences in the s-

an p-orbital atomic energies of P and Sb and of As and Sb 

which were used by Vogl et al (19) to partially determine 

the tight-binding parameters for GaP, GaAs, and GaSb. 
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An examination of Figs.3(a) and 3(b) shows that the 

expectation of a large amount of disorder in the valence 

bands and a smaller amount of disorder in the conduction 

bands for the alloy AlAs^P Sb^_^ , based on the above 

disorder parameter analysis is realized. In particular, as 

can be seen from Fig.3(a), the CPA valence band state 

density is very different than that obtained in the VCA and 

essentially all of the Van Hove singularities present in the 

valence bands are smoothed out by alloy disorder effects. 

By contrast, the conduction band state densities obtained in 

the CPA and VCA show less discrepancy, although the Van Hove 

singularities are also smoothed out by the disorder included 

in the CPA in this case. This analysis is reconfirmed on 

examination of Fig.3(b) for the self-energy. In particular, 

both the real and imaginary parts of the valence band 

self-energy have maximum values in the 0.8 to l.leV range. 

The conduction band self-energy, on the other hand, is 

relatively small, with the real and imaginary part's having 

maximum absolute values on the order of O.leV. 

Figs.4(a) and 4(b) show our computed results for the 

alloy InAs P Sb, for x=y=0.33. The disorder parameters 

for this alloy from Table 1 are (letting the reference 

material Cd be Insb, C=Sb and D=In) |5j^(As)| = 0.84ev, 
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|5j^(P)| = 0.71eV, |5^(As)| = 0.44eV, and |5^(P)| = 0.24eV. 

On the basis of these parameters, one expects a small amount 

of disorder in both the valence and the conduction bands, 

and that the disorder should be larger in the valence bands 

than in the conduction bands. Examination of Figs.4(a) and 

4(b) confirm this expectation. In particular. Fig.4(a) 

shows a much smaller deviation of the CPA state density from 

the VCA state density in both the valence and the conduction 

bands compared to the two alloys discussed above. The major 

effect of the disorder is to smooth out the Van Hove 

singularities. Likewise, Fig.4(b) shows that the CPA 

self-energy is small, as is expected for alloys with small 

disorder. In particular, the maximum values of the absolute 

values of the real and imaginary parts of the self-energy 

are of the order of O.leV for both the valence and the 

conduction bands. 

In Figs.5(a) and 5(b) we show our computed results for 

the alloy Ga Al In, As for x=y=0.33. An analysis of the 

disorder parameters from Table 1 (letting the reference 

material CD be InAs, with C=In and D=As gives |5, (Ga)| = 

0.43eV, |5j^(Al)| = O.lleV, |5^(Ga)| = 0.34eV, and 

15 (Al)I = 0.07eV) leads us to expect very little alloy a 

disorder in either the valence or the conduction bands. In 



74 

fact, these disorder parameters are the smallest for the 

valence bands and the second smallest for the conduction 

bands than for any of the six alloys that we consider in 

this discussion. Fig.5(a) for the state density and 

Fig.5(b) for the self-energy show that our CPA results are 

consistent with this analysis. In particular, in Fig.5(a), 

it can be seen that the VCA and CPA state densities are 

almost identical in both the valence and the conduction 

bands, with the exception of a slight smoothing of some of 

the most pronounced Van Hove singularities in the VCA state 

density caused by the disorder accounted for by the CPA. 

Similarly, the absolute values of the real and imaginary 

parts of the CPA self-energy, shown in Fig.5(b) for both the 

valence and the conduction bands, are very small, with 

maximum values of the order of 0.04eV. This is typical of 

an alloy in the weak scattering limit or one with a small 

amount of disorder (note that the self-energy in Fig.5(b) is 

plotted on a smaller scale than those for the self-energies 

of the other alloys). 

Our results for the alloy Ga^Al In^_^ P with x=y=0.33 

are shown in Figs.6(a) and 6(b). From Table 1, the relevant 

valence and conduction band disorder parameters are (letting 

the reference material CD be InP, with C=In and D=P) 

|5j^(Ga)| = 0.70eV, |5j^(Al)| = O.SOeV, |5^(Ga)| = O.BleV, 
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and |5^(A1)| = 0.66eV. These parameters lead us to expect 

that this alloy would have a small amount of valence band 

disorder and a larger amount of conduction band disorder. 

In fact, these parameters for the conduction band indicate 

that this alloy should have the largest amount of conduction 

band disorder of any we consider in this discussion. 

Fig.6(a) for the state density is consistent with this 

analysis. As can be seen in that figure, the VCA and CPA 

state densities for the valence bands are very similar with 

the small amount of disorder included in the CPA slightly 

"rounding out" the valence band Van Hove singularities 

predicted by the VCA. On the other hand, the VCA and CPA 

state densities are very different for the conduction bands, 

indicating a large amount of disorder. The conduction band 

Van Hove singularities predicted by the VCA are essentially 

completely removed by the alloy disorder accounted for by 

the CPA and there are large differences in the bandedges 

between the VCA and CPA, especially for the lowest 

conduction bands. Fig.6(b), which shows the results for the 

real and negative of the imaginary parts of the self-energy 

for the valence and the conduction bands, is a 

reconfirmation of this. In particular, the maximum value of 

the self-energy in the valence bands is of the order of 

O.lSeV, indicating a relatively small amount of disorder. 
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while that in the conduction bands is about 0.25eV, 

indicating larger disorder effects. 

As a final example. Figs.7(a) and 7(b) show our 

computed results for the alloy Ga Al In, Sb for x=y=0.33. 

The relevant disorder parameters for this alloy from Table 1 

are (letting the reference material CD be InSb, with C=In 

and D=Sb) |5j^(Ga)| = 0.20eV, |5j^(Al)| = O.SleV, |5^(Ga)| = 

0.36eV, and |5^(A1)| = 0.20eV. These parameters indicate 

for this alloy that there should be a moderate amount of 

disorder in the valence bands and very little disorder in 

the conduction bands. The results for the state densities 

shown in Fig.7(a) indicate that this is indeed the case. As 

can be seen from that figure, the valence band state 

densities, computed in the VCA and the CPA show 

non-negligible differences from one another, with the VCA 

Van Hove singularities essentially disappearing in the CPA. 

On the other hand, the conduction band state densities, 

computed in the VCA and the CPA, show almost no differences 

from one another. In fact, on the scale of Fig.7(a), they 

appear to be identical, indicating that there is very little 

conduction band disorder for this alloy. The results for 

the CPA self-energy, shown in Fig.7(b), are consistent with 

those for the state density. In particular, the maximum 
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value of the absolute value of the real and imaginary parts 

of the self-energy for the valence bands is of the order of 

0.20eV. Also, on the scale of Fig.7(b), the self-energy for 

the conduction bands appears to be zero. However, it is 

actually nonzero, although very small with a maximum 

absolute value of the order of O.OleV. 

Results for Bandedges and Bandgaps-, 
Band Bowing Parameters 

and Bandstructures 

In this section, we confine our attention to the alloy 

GaAs P Sb, for a number of compositions and consider in 

detail its bandstructure computed in both the VCA and the 

CPA. In particular, we focus our attention on the effects 

that the alloy disorder that is included in the CPA, but not 

in the VCA has on these bandstructures. Thus, the primary 

thrust of the discussion will concern the two 

approximations. As should be apparent from the foregoing 

discussion, the discrepancies between the bandstructures in 

the two cases are a direct measure of alloy disorder 

effects. We choose this alloy for such a detailed analysis 

because, as is discussed above, it is highly disordered in 

both the valence and the conduction bands. Thus, the 

discrepancies between the VCA and the CPA are expected to be 

large for this alloy at most compositions. The primary 



78 

results of our analysis of the bandstructures of this alloy 

are found in Figs.8-12 and in Table 2. 

For Figs.8-10, we let two of the three compositions (x, 

y, and 1-x-y) in the alloy be equal to each other and let 

the other composition vary between zero and one. Since 

there are three ways that we can make this selection with 

three separate compositions, there are three figures. 

Figs.8-10 show the composition dependencies of the highest 

valence band and the lowest lying conduction band (and thus 

the bandgaps) in each of three approximations. The first 

approximation is to compute the bandedges of the alloy as 

the linear composition weighted average of the bandedges of 

the alloy constituents as found in the formalism of Vogl et 

al. (19) (the valence and conduction band edges are denoted 

in those figures, respectively, as E and E^ ). The 

second approximation is to compute the bandedges of the 

alloy in the VCA (the valence and conduction band edges are 

denoted, respectively, as E^^^^ and E^^^) • The third 

approximation is to compute the bandedges of the alloy in 

the CPA (the valence and conduction band edges are denoted, 

respectively, as E^p^ and E^p^). 

Some features which are common to Figs.8-10 are worth 

discussing before we discuss those figures on an individual 
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basis. In particular, both the composition weighted average 

valence band edge (Ê ,̂ )̂ and the VCA valence band edge 
ave 

(̂ VCÂ  show no composition dependence at all, while the CPA 

valence band edge (E^p,) shows considerable bowing and 

nonlinear behavior as a function of composition. The fact 

that E and E-,̂ . do not depend on composition can be 

easily understood when one realizes an implicit assumption 

when taking the composition weighted average and when one 

computes the VCA bandstructure, is that the valence band 

edges of all alloy constituents are at the same level of 

energy. That is, it is assumed in these two approximations 

that the zero of energy (the valence band edge) is the same 

for all alloy constituents. It is well known that this is 

not the case, and, in fact, the valence band offsets between 

two different III-V materials can be quite large (76). 

As is discussed in Chapter IV, this valence band offset 

is taken into account in our CPA formalism, by shifting all 

energies of the alloy constituents by the experimental 

photothreshold energies (76) before performing the CPA. 

This accounts for some of the nonlinearity as a function of 

compostion of the CPA valence band edges E^p^. However, 

alloy disorder effects due to differences in the bonding 
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energies between the alloy constituents account for some of 

this nonlinearity also. It is clear from Figs.8-10 that 

^CPA ^^splays considerable nonlinearity, or bowing, as a 

function of composition. All of this bowing is clearly 

missed when one simply averages the bandedges or computes 

them in the VCA. 

The behavior of the conduction band edges shown in 

Figs. 8-10 in the three approximations (E^ , E^-.,, and E-.p,) 

can be qualitatively understood by similar considerations. 

In particular, in all three figures, the bandedge computed 

as the composition weighted average bandedge, E , consists 

of two straight lines which which join at a slight cusp, or 

discontinuity, at some intermediate composition. The 

linearity of E^ with composition on either side of the "* ave 

cusp follows from its definition (Eq.(5-1)). The cusp is 

easily understood and occurs at precisely the composition at 

which the bandgap of the alloy changes from direct to 

indirect. This is appropriately labeled in. the figures. 

The presence of this cusp is thus indicative of the fact 

that the conduction band edges at different points of the 

Brillouin zone (in this case the f and X points) have 

different dependencies on alloy composition, even in the 



81 

,c simple approximation by which E^^^ is computed, and is a 

signature of the direct to indirect crossover in this 

approximation. Such a discontinuity in the conduction band 

edge at the alloy composition where the direct to indirect 

crossover takes place is well-known for ternary 

semiconductor alloys, such as GaAs, P (see Ref.30 and the 
X ~ X X 

Refs. therein). The occurence of this discontinuity in the 

simplest approximation is not surprising for the quaternary 

semiconductor alloys. 

If one defines conduction band bowing as the 

differences between the average conduction band edge E^ 

^ ^ ave 

and the bandedge computed in a given approximation, as in 

Eqs.(5-2) and (5-3), the conduction band edge computed in 
the VCA, E^p, clearly displays band bowing in Figs.8-10. As 

the VCA includes no effects of alloy disorder, this band 

bowing or deviation from the E^„ behavior in the VCA must ^ ave 

be traceable to other effects. Such effects can be 

understood by the following reasoning. The VCA bandedge is 

an eigenvalue of the VCA Hamiltonian, H^^^ (Eq.(4-2)). This 

Hamiltonian is, by definition, a composition weighted 

average Hamiltonian. Thus, all matrix elements of Ĥ -,, are 
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linear functions of the compositions. When H^^. is 

diagonalized, its eigenvalues in general and Ê -., in 

particular will then clearly be complicated nonlinear 

functions of composition. From Figs.8-10, it is clear that 

this band bowing in the VCA, in addition to shifting the 

conduction band edge from E^ , serves to make the cusp at 
ave ^ 

the direct to indirect transition crossover become less 

pronounced relative to its importance in E^ . In fact, the 

cusp is reduced to, at most, a slight discontinuity in some 

cases (Fig.8) and essentially disappears altogether in 

others (Figs.9 and 10). The nonlinearity of the f and X 

conduction band edges as functions of composition predicted 

by the VCA thus tends to make the bandedge itself an almost 

linear function of composition throughout the entire 

composition range, including the region of the direct to 

indirect crossover. 

Using the same definition of band bowing as just 

discussed, it is clear from Figs.(8-10) that the conduction 

band edge computed using our CPA formalism, Epp., contains 

much more bowing than that computed in the VCA. However, 

since the CPA band energies and the VCA band energies are 

related by Eq.(5-4), it is clear that only some of the 



83 

conduction band edge bowing contained in Ep-,. is due to 

alloy disorder effects. In fact, the nonlinear dependence 

on alloy composition contained in E^p, and discussed above 

is clearly present in E^p^. Thus, a measure of the amount 

of conduction band bowing in Figs.(8-10) which is predicted 

by the CPA and which is due to alloy disorder effects is the 

difference lEy^j^-Epp, | in those figures. From those 

figures, it can be seen in this way that alloy disorder 

accounts for approximately one-half of the band bowing 

predicted by the CPA for most compositions considered in 

Figs.8-10. It can also be seen from these figures that the 

effects of alloy disorder included in the CPA have destroyed 

essentially all effects of the direct to indirect bandgap 

crossover for the compositions considered in Figs.8-10. In 

particular, in Figs.8-10, Epp. is an almost linear function 

of composition throughout the composition range considered. 

As a final point before discussing Figs.8-10 in more 

detail, we note that the elimination of the cusp in the 

conduction band edge at the direct to indirect crossover as 

a function of alloy composition predicted here in both the 

VCA and the CPA, should be easily detectable with modern 

optical techniques (77). Also, the alloy disorder effects 
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predicted with our CPA formalism to be present in the 

conduction band edge of GaAsPSb should be detectable. To 

our knowledge, no experiments have been done on this alloy 

which have looked for these effects. Such experiments would 

be an interesting test of our theory. 

We now briefly discuss Figs.8-10 individually. In 

Fig.8 we show the bandedges in the three approximations 

discussed above for GaAs^P Sb^_^ with the choice of 

compositions x=l-x-y, or x=(l-y)/2, plotted as functions of 

the GaP composition y. From that figure, it can be seen 

that the alloy is GaAsQ cSbQ ^ for y=0, and GaP for y=l. 

GaAs and GaP are both direct bandgap semiconductors (the 

valence band maximum is at the same point in k-space as the 

conduction band minimum--the r point) while GaP is an 

indirect bandgap semiconductor (the conduction band minimum 

is at a different point in k-space than the valence band 

maximum--the X point). Therefore, the direct to indirect 

transition discussed above is quite apparent in E 
ave 

However, as noted above, it has almost disappeared in the 

VCA bandedge EH^., but a slight discontinuity in the 

bandedge occurs at about the same composition as in the 

composition weighted average approximation, E . The 
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direct to indirect transition is also not very pronounced in 

the CPA bandedge, E^p^, and it has shifted to a lower 

composition y. The alloy disorder effects which occur are 

present in the CPA and cause the shift between E^p^ and E^^^ 

c c 
and between E^p^ and E^^^ have been discussed qualitatively 

above, as have the valence band discontinuity which is 

present in the CPA and the conduction band bowings which are 

predicted by both the VCA and the CPA. the band bowing in 

the E^p^ at y=0 is due to the fact that at y=0, the alloy is 

GaAsQ CPQ C/ which is, itself an alloy with a valence band 

shift between constituents and with inherent alloy disorder 

effects. 

In Fig.9, we show similar information as in Fig.8 for 

GaAs P Sb, , but for compositions x=y=z/2, where z/2 is a 

variable that is allowed to vary between zero and one. Thus 

l-x-y=l-z and the alloy* is the semiconductor GaSb for z=0 

and the ternary semiconductor alloy GaAsQ ^PQ C fo^ z=l. In 

this case, the direct to indirect transition in the 

conduction band edge, predicted by E , is so near the z=l 

side of the alloy diagram that it is not apparent in either 
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the VCA or CPA conduction band edges E^^^ or E^p^. As is 

expected, the VCA and CPA conduction band edges deviate more 

from E^^^ at the z=l side of the figure. The behavior of 

the bandedges in this figure as a function of composition z 

has been discussed qualitatively above. 

Fig.10 displays similar information as Figs.8 and 9 for 

the alloy GaAs P Sb, ^ ^ . but for compositions fixed at 

X y 1 — X— y 

y=l-x-y=w/2, where w is a variable which is allowed to vary 

between zero and one. Thus x=l-w and the alloy is the 

semiconductor GaAs for w=0 and the ternary semiconductor 

alloy GaPQ cSbQ ^ for w=l. This figure is qualitatively 
similar to Fig.9 in the sense that the direct to indirect 

transition predicted by E occurs very close to w=l and ^ ave 

that this transition is not apparent in either E^p. or 

Epp-. As in the previous case, the VCA and CPA conduction 

band edges deviate more from E near w=l. The qualitative 

features of the bandedges in this figure as a function of 

composition w have been discussed above. 

Before leaving the subject of band bowing in the VCA 

and the CPA, it is worthwhile to have a qualitative 

discussion of this phenomenon. In particular, we have 
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calculated the band bowing parameters b and the function 

f(x,y), defined in Eqs.(5-2) and (5-3) corresponding to all 

of the bandedges of the alloy GaAs P Sb,_ _ shown in 

Figs.8-10 and for the three choices of composition ranges 

appropriate to these three figures. Our results for these 

cases are summarized in Table 2. The bowing parameters b, 

corresponding to the conduction band edges E^p, and E^p, and 

to the valence band edges Epp. are energies which measure 

the size of the band bowing at the particular compositions 

at which they are calculated. As has already been 

qualitatively discussed for Figs.8-10, and is confirmed 

quantitatively in Table 2, the bowing of the conduction band 

is less for the VCA than for the CPA, due to the alloy 

disorder included in the later theory that is missing in the 

former. From Table 2, the VCA bowing parameter for the 

conduction band, b^^^/ ranges from -0.21eV to 0.56eV, for 

the compositions considered, while the corresponding CPA 

bowing parameter, b^p,, ranges from 0.23eV to 1.19eV for the 

same compositions. For the valence band, the CPA bowing 

parameter, b^pn/ ranges from -0.02eV to -1.02eV. In the CPA 

the absolute values of the valence band bowing parameters 
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are somewhat larger than for the conduction band, which is 

consistent with the already mentioned fact that the alloy 

disorder is larger for the valence band than for the 

conduction band for this alloy. 

As a final example of the effects of alloy disorder on 

the electronic properties of the alloy GaAs P Sb, , in 

^ X y 1-x-y' 

Figs.11 and 12, we show the VCA bandstructure (Fig.11) and 

the CPA bandstructure (Fig.12) for x=y=0.33. As is standard 

in bandstructure diagrams, these figures show energy as a 

function of wavevector along certain symmetry directions in 

the Brillouin zone. The VCA bands in Fig.11 are shown with 

no broadening as is usual for such diagrams. Physically, 

this means that an electron in a particular eigenstate of 

the VCA Hamiltonian will encounter no scattering, and hence 

has an infinite lifetime in that eigenstate. Fig.12 

displays the CPA bands along with the VCA bands for energies 

ranging from -4.0eV to 3.5eV. In this figure are shown the 

two highest and part of the second lowest valence bands, and 

the lowest and part of the second lowest conduction bands. 

The CPA bands are obviously broadened, indicating that due 

to disorder these bands are not exact eigenstates of the 

true alloy Hamiltonian, as already discussed. 

The CPA bands are obtained from the VCA bands by use of 

Eq.(5-4). Numerically, the center of each individual band 
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was obtained by taking the VCA bands at each point in 

k-space, and adding the real part of the CPA self-energy for 

each energy at that k point. A width was added to the 

resulting bands which is equal to twice the imaginary part 

of the CPA self-energy. That is, the imaginary part of the 

self-energy at the appropriate energy was added and 

subtracted from the CPA bands obtained in this way and the 

results were used as the limits of the disorder broadened 

CPA bands. Clearly the magnitude of the broadening of any 

band is proportional to the amount of disorder which will be 

experienced by an electron at that energy and wavevector, 

since the broadening is proportional to the imaginary part 

of the self-energy. One can use the CPA bands of Fig.12 to 

help understand the behavior of the CPA state density for 

the same case, shown in Fig.2(a) and discussed previously. 

For example, the bottom conduction band is separate from the 

other bands, which accounts for its separate peak in 

Fig.2(a). Further, the two highest valence bands are 

degenerate over much of k-space, explaining the lack of 

separateness seen in Fig.2(a). These two bands also have 

the greatest broadening (around -2.0 to -3.0eV), and are 

affected most by the disorder. The two lowest conduction 

bands are relatively narrow and vary little in energy 

throughout k-space, explaining their sharp peaks in 



^^^•2(a). It i. also apparent that these two bands are 

a..ected Zess b. the disorder than are the two highest 

valence bands. 
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Table 2. 

Band Bowing Parameters for 
GaAs P Sb , 

X y 1-x-y 

91 

BAND BOWING PARAMETERS* E = E^ - b f ( x , y ) 
ave *^ 

^ ^ ^ ( 1 . y ) / 2 ^ v ^ ^ ( 1 - v ) / 2 f ( x . y ) = 0 . 2 5 + 0 . 5 y - 0 . 7 5 y ^ 

• y 

0 . 0 0 0 

0 . 1 6 7 

0 . 3 3 3 

0 . 5 0 0 

0 . 6 6 7 

0 . 8 3 3 

f(x.y) 
0 . 2 5 0 

0 . 3 1 3 

0 . 3 3 3 

0 . 3 1 3 

0 . 2 5 0 

0 . U 6 

E° ave 
1 .165 

1.^51 

1 .737 

1 .985 

2 . 1 0 7 

2 . 2 2 8 

^VCA 
1.150 

1.-425 

1.650 

1.850 

2 .000 

2 . 1 7 5 

^ C A 
0 . 0 6 

0 . 0 8 

0 . 2 6 

0 . ^ 3 

0.-43 

0 . 3 6 

^CPA 
0 . 1 U 

0 .229 

0 .231 

0 . 2 1 3 

0 . 1 6 5 

0 . 0 6 2 

^GPA 
- 0 . 4 6 

- 0 . 7 3 

- 0 . 6 9 

- 0 . 6 8 

- 0 . 6 6 

- 0 . 4 3 

^CPA 
1.108 

1.280 

1 .482 

1.689 

1.880 

2 .080 

0 . 2 3 

0 . 5 5 

0 . 7 7 

0 . 9 5 

0 .91 

1.01 

° ^ ^ ( z / 2 ) P ( z / 2 ) S ^ l - z ) f ( x , y ) = : 2 - 0 . 7 5 z 2 

z 

0 . 0 0 0 

0 .167 

0 . 3 3 3 

0 . 5 0 0 

0 . 6 6 7 

0 . 8 3 3 

f(x.y) 
0 .U6 
0 . 2 5 0 

0 . 3 1 3 

0 . 3 3 3 

0 . 3 1 3 

0 . 2 5 0 

E° ave 

1.019 

1.258 

1.-498 

1 .737 

1 .976 

2 . 1 9 0 

^VCA 

1.050 

1.250 

1.-450 

1.650 

1.850 

2 .050 

NCA 
- 0 . 2 1 

0 . 0 3 

0 . 1 5 

0 . 2 6 

0.i40 

0 . 5 6 

^CPA 

0 . 0 8 5 

0 . 1 7 ^ 

0 .221 

0 .231 

0 .180 

0 . 0 0 5 

^GPA 

- 0 . 5 8 

- 0 . 7 0 

- 0 . 7 1 

- 0 . 6 9 

- 0 . 5 8 

- 0 . 0 2 

^GPA 

0 . 9 5 9 

1 .124 

1.272 

1 .482 

1 .682 

1 .896 

^CPA 

0 .41 

0 . 5 4 

0 . 7 2 

0 . 7 7 

0 . 9 4 

0 . 6 7 

G ^ A ^ ( 1 . w ) P ( w / 2 ) S ^ w / 2 ) f ( x , y ) = w - 0 . 7 5 w 2 

w 

0 . 0 0 0 

0 . 1 6 7 

0 . 3 3 3 

0 . 5 0 0 

0 . 6 6 7 

jL.Sil. 

f ( x . y ) 

0 . U 6 

0 . 2 5 0 

0 . 3 1 3 

0 . 3 3 3 

0 . 3 1 3 

0 . 2 5 0 

E^ ave 

1 .597 

1.6^3 

1.690 

1 .737 

1 .783 

1 .780 

NCA 
1 .600 

1.650 

1.650 

1.650 

1.650 

1.650 

NCA 
- 0 . 0 2 

- 0 . 0 3 

0 . 1 3 

0 . 2 6 

0 . 4 3 

0 . 5 2 

^CPA 

0 . U 9 

0 . 1 9 3 

0 . 2 1 8 

0 .231 

0 . 2 3 5 

0 . 1 5 0 

^GPA 

-1 . 02 

- 0 . 7 7 

- 0 . 7 0 

- 0 . 6 9 

- 0 . 7 5 

- 0 . 6 0 

^CPA 

1.491 

1.490 

1.481 

1 .482 

1 .475 

1 .482 

^CPA 

0 . 7 3 

0 .61 

0 . 6 7 

0 . 7 7 

0 .99 

1.19 

*A11 e n e r g i e s in eV 
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Ĵ  en d) 
4-> 

• d) cd P: 
< x: -H 
(i4 4J P : 

O O d) 
d) o en EH 
x: -H 

73 •«• • 
>1 p > 1 ^ 
XI -P CPXI 

•ri U ^ 
TJ P3 d) CN 
d) CP C • • 
P: fd d) CP dJ 
•H E I -H J-4 
fd MH U4 p 
4J d) rH CP 
XI A ; dJ C -H 
o 4-» cn -H <H 



107 

> 
<D 

tuO 

CD 

70*0 2 0 ' 0 00*0 20*0 
(A8) i<:§j8ua-jias 

7 0 * 0 -



108 



d) 
>^x; 
U 4J 
fd 
P: > I 
U XI 
d) 
4-> 73 
(d d) 

& . H 
Cd 

d) 4J 
XJX3 
•P 0 
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ĵ 4 d; 
fd en 

4̂ rH -H 
cn Cd 
•H a 
rC 
4J > i 

J-l 
P: cd 

•H c: 
•H 

> 
cn J-l 
fd d) 

rC! 
cn 4-> 
d) 0 
E 

•H cn 
(U CP4J -H 
4-> Cd 
fd E CO P: 
C -H 

•H 
TJ 73 

CO 0 
CO -H 

. 4-' 
^̂  C O <d 
0 cd 

d) rH 
x : cd 
EH d) 

^ 

• d) 
< X! 
P4 4-> 
U 

CH 
d) 0 
Si 
4J d) 

73 
> i P 
XI -P 

•H 
73 C 

4J 
d) d) 

r-i J-l 
Cd a 
o u CO d) 

4J 
cd P: 

•H 

c: 0 d) 

x: CO EH 
•H 

H • 

> i ^ 
C P ^ 
J-l ^ 
d) CN 

d) CP P: • • 
P: cd 
•H E 
fd 
4J d) 
XJ Si 
0 4-J 

d) CP d) 
1 -H J^ 

U-i tu p 
r-i CP 
d; C -H 
cn -H l4H 



115 

o 
o 

o 
o 

o 
o 

. 

o 
o 

> 
CD 

<D 

O 
O 

m 
I 

o 
o 

— o 

o 
o 

u> 

0 2 * 0 01*0 00*0 01*0 

(A8) ^§Jaua-ji8S 

0 2 * 0 -



116 



Figure 8. The valence and conduction band edges of the 
quaternary alloy GaAs P Sb, (with composition x=l-x-y 

=(l-y)/2 obtained by both the CPA and VCA and plotted along 
with the average bandedges of the constituent semiconductor 
compounds. The abscissa is the value of the composition of 
the GaP constituent. In this and the two similar figures 
which follow, the ordinate is the energy of the composition-
dependent bandedges. The top of the valence bands in the 
VCA is set at zero energy for all compositions. The top of 
the valence bands for the constituent semiconductor 
compounds is also always at zero energy. The bandedges for 
the three theories presented in this figure are discussed 
in the text. These bandedge (5uantities are appropriately 
labeled in this and in subsecjuent figures. 
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Figure 9. The valence and conduction band edges of the 
cjuaternary alloy GaAs P Sb,_ _ (with composition x=y=z/2) 

obtained by both the CPA and VCA and plotted along with 
the average bandedges of the constituent semiconductor 
compounds. The abscissa is the value of one minus the 
composition of the GaSb constituent. The interpretation 
is otherwise as in Fig.8. 
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Figure 10. The valence and conduction band edges of the 
cjuaternary alloy GaAs P Sb, (with composition y=l-x-y 

=w/2) obtained by both the CPA and VCA and plotted along 
with the average bandedges of the constituent semiconductor 
compounds. The abscissa is the value of one minus the 
composition of the GaAs constituent. The interpretation 
is otherwise as in Fig.8. 
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Figure 11. The bandstructure of the cjuaternary alloy 
GaAs P Sb, (x=y=0.33) obtained by the VCA and plotted 

X y JL ~ x~ y 

as a function of the wavevector k= (k ,k ,k ). In this and 
^ x' y' 7.' 

in Fig.12 the abscissa is the value of certain symmetry 
points in the l/48th wedge of the first Brillouin zone. 
The ordinate is the energy of the k-point dependent VCA 
bandstructure. There are four valence bands and six 
conduction bands, giving ten total bands. The top of the 
valence bands is set at zero energy for the VCA as in 
previous figures. 
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Figure 12. The bandstructure of the cjuaternary alloy 
GaAs P Sb, (x=y=0.33) obtained by the CPA and plotted X y 1-x-y ^ -̂  ' -f ^ 
along with the VCA results from Fig.11 as a function of 
the wavevector lc= (k ,k ,k ). The abscissa in this figure 

X y ^ 
is the same as in Fig.11. The ordinate is the energy of 
the bandstructures obtained by the CPA and the VCA, and 
displayed here for the upper portion of the valence bands 
and the lower portion of the conduction bands. The solid 
curves represent the VCA bandstructure, while the broadened, 
shaded curves represent the CPA bandstructure. The manner 
in which the CPA bandstructure is obtained from the VCA 
bandstructure is discussed in the text. 
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CHAPTER VI 

ALLOY SCATTERING CONTRIBUTIONS TO THE 

ELECTRONIC MOBILITY IN SEMICONDUCTOR 

ALLOYS 

In this chapter, we begin a discussion of the second 

problem investigated in this dissertation; that of the 

theoretical prediction of the alloy scattering contribution 

to the mobility in semiconductor alloys. Here, we develop a 

formalism for the calculation of this cjuantity in these 

materials which overcomes many of the deficiencies of 

earlier theories. The starting point for our theory is an 

expression for the electrical conductivity derived from Kubo 

linear response theory (17) and a related result derived by 

Velicky (18). The expression obtained by Velicky (18) was 

derived in the framework of the CPA and is a formal 

expression for the alloy scattering contribution to the 

electrical conductivity for any alloy. We utilize the 

Velicky (18) expression for the alloy scattering 

conductivity, make use of the relation between conductivity 

and mobility (Eq.(6-2) below), and modify the resulting 

expression for application to semiconductor alloys in the 

tightbinding approximation. Our resulting formalism for the 
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alloy scattering contribution to the mobility is general in 

the sense that it can be applied to the calculation of this 

quantity in any semiconductor alloy. In this dissertation, 

however, we calculate this quantity only for ternary 

semiconductor alloys of the form A B, C. To obtain 
X X ~ X 

numerical results, we use the results for the CPA 

self-energies and Green's functions for the appropriate 

alloys as obtained by Shen and Myles (60) and the Vogl et 

al. (19) bandstructures as input into our formalism. The 

numerical results that we obtain are for the electronic 

mobility in the conduction band, although the formalism we 

have developed is equally applicable to the calculation of 

the hole mobility in the valence band. 

In the next chapter, we present numerical results of 

the application of our formalism to several III-V ternary 

semiconductor alloys and present predictions of the alloy 

scattering contribution to the mobility for several such 

materials. In particular, predictions for this (quantity as 

a function of alloy composition and temperature are 

presented and are compared with other theories. The 

implications of our results for the understanding of 

experimental data are also discussed. 

To our knowledge, the formalism presented here and the 

numerical results presented in the next chapter represent 
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the first treatment of the alloy scattering contribution to 

the mobility in ternary semiconductor alloys which have 

utilized bandstructures for the constituents which were not 

just simple models. Using this formalism, we have attempted 

to realistically account for the effects of alloy disorder, 

and have calculated the mobility with no prior assumptions 

about its functional dependence on the alloy composition and 

the temperature. 

Background, Motivation, and Summary 
of Our Method 

Here we briefly discuss some background material 

pertaining to the alloy scattering contribution to the 

electronic mobility in semiconductor alloys. The calculated 

results presented in Chapter VII are for ternary 

semiconductor alloys, which have the form A B, C. The 
X X ~~ X 

discussion in the first part of Chapter II gives some basic 

information about this type of alloy. Also, the discussion 

given in the first part of Chapter IV, which pertains to 

quaternary alloys, is equally valid for ternary alloys, 

except that there are now two atoms on the disordered 

sublattice rather than three. 

An important parameter of the III-V ternary 

semiconductor alloys for many device applications (such as 

light emitting diodes and solid state lasers) is the 
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electronic (charge carrier) mobility. Of particular 

interest for this parameter is its variation with alloy 

composition and from alloy to alloy. 

It is worthwhile to briefly remind the reader of the 

simplest approach to the calculation of the electronic 

mobility, which is utilized in introductory courses in solid 

state physics (27-29,78,79) In this approach, the electrons 

are treated in the Free Electron approximation, except that 

they are allowed to scatter off of some unspecified 

scattering potential. It is easily shown that in this 

approximation, the static electrical conductivity has the 

form (79) 

^^ ^ (6-1) a = m* 

where T is a phenomenological time, taken to be the mean 

time between collisions, n is the electron number density, e 

is the electronic charge, and m* is the electron effective 

mass. Often, 1/T is referred to as the scattering rate. 

The electronic mobility is defined from this as 

o ei 
^ = = —r ' (6-2) 

ne m* ^ ' 

where n is the mobility. Much of the theoretical work on 

the mobility (for both semiconductors and other materials) 
has assumed a mobility of this form and attempted to 
calculate the time x for a specified scattering mechanism 
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and with varying levels of sophistication. Among other 

scattering mechanisms in semiconductor alloys, the alloy 

disorder scattering contribution to the mobility can be 

significant. In fact, for some of the III-V alloys, at 

intermediate alloy compositions, it is thought to be the 

most significant contribution to the mobility. Furthermore, 

this mechanism contributes to the scattering of electrons 

throughout the Brillouin zone. Most previous treatments of 

alloy scattering in semiconductor alloys have been based on 

an effective impurity potential that is localized to within 

an atomic cell. Although scjuare wells (7) or screened 

effective charges (8) have sometimes been used to describe 

this potential, the alloy scattering relaxation rate in the 

Born approximation depends only on its volume integral. The 

relaxation rate can thus be characterized by a single energy 

parameter, which is often chosen to be an energy denoted as 

AE. Once this relaxation rate is calculated, it can be used 

to calculate drift mobilities (9) or high-field mobilities 

(10). Various guesses for the energy parameter AE exist 

(15,16) but, other than through the formalism of Ref.(13), 

it cannot be related to any other theoretical parameters or 

to any experimental results except the mobility. In 

Ref.(13), Fedders and Myles have developed a formalism to 

calculate AE in the Born approximation directly from the 

alloy electronic structure. 
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The formalism developed in this chapter takes a 

completely different approach. In particular, it utilizes 

linear response theory (17) and a CPA expression for the 

conductivity (14,18) to develop a formalism for the alloy 

scattering mobility in semiconductor alloys which does not 

depend on any assumed functional form or on any parameters, 

such as the AE mentioned above, other than those that 

characterize the electronic bandstructures of the alloy. 

The formalism which results from this approach is cjuite 

general, and is independent of any assumptions about the 

underlying electronic bandstructures of the alloy under 

consideration, other than the fact that it is implicitly 

assumed that the Hamiltonian has a tightbinding 

representation. In order to obtain the numerical results 

presented in the next chapter, however, we have input the 

Vogl et al. (19) bandstructure parameters into our 

formalism. We emphasize that our formalism could ecjually 

well have been used with any other reasonable choice of 

bandstructure model. The numerical results obtained will, 

of course, depend on this choice. 

In addition, the implementation of our formalism 

rec^uires as input CPA Green' s functions and self-energies 

obtained for the alloy under consideration. For these, we 

use the results obtained by Shen and Myles (60) in their 
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application of the Chen and Sher (4) CPA formalism for 

ternary semiconductor alloys. These results were also 

obtained using the Vogl et al. (19) bandstructures. The 

implementation of the Chen and Sher (4) formalism using the 

Vogl et al. (19) bandstructures is discussed in detail for 

several ternary semiconductor alloys in Ref.(60). In brief, 

the Chen and Sher (4) ternary alloy CPA formalism, is very 

similar to that which we have developed for (quaternary 

semiconductor alloys in Chapter IV. 

The primary purpose of the formalism developed in this 

chapter is to produce a theory of the alloy scattering 

mobility that overcomes some of the shortcomings of previous 

theories. There are two previous theories that will be 

discussed here, and comparisons will be made between the 

results calculated from these theories and those calculated 

from our formalism. 

The first of these previous theories is due originally 

to Brooks. This is a simple phenomenological theory which 

takes a perturbation theoretic approach to the electronic 

scattering from alloy disorder, and attempts to calculate 

the mobility or the scattering time T under these 

conditions. In this approach, it is assumed that either the 

alloy composition x or 1-x is small. What results is a 

formula for the alloy scattering mobility which is an 
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interpolation between the x^O and x^l limits. The 

resulting mobility is commonly referred to as the Brooks' 

formula. It has been used to calculate the alloy scattering 

mobility in numerous applications (7,11-13). The Brooks' 

formula for the mobility is 

_ v'l̂  Ueh^ 
^ 3 = 2~5 2 ' (̂ -2) 

^ kgT(m*)^-^(AE)'^x(l-x) 

where N is the atomic density, T is the absolute temperature 

(in Kelvin), x is the alloy composition, and AE is the 

phenomenological energy parameter discussed above. In the 

simplest application of this theory, AE is either fit to 

experiment or taken from some fundamental energy of the 

material, such as the conduction band edge energy (for 

electron scattering in the conduction band). 

It is apparent that the mobility given by Eq.(6-3) 

diverges as x->0 or x-»l. This is a consequence of the fact 

that this equation includes the scattering of electrons from 

alloy disorder only. Thus, as x approaches either end of 

the alloy composition range, the disorder obviously 

disappears, so that there is no longer any scattering due to 

this mechanism, and the alloy scattering mobility (which is 

inversely proportional to the amount of scattering) 

diverges. It is also worth noting that from the Brooks' 

formula, the alloy scattering mobility becomes smaller as 
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the temperature increases. This means that for higher 

temperatures, the probability of an electron scattering from 

the disorder is greater. 

At this point, it is worthwhile briefly pointing out 

that there are obviously contributions to the mobility due 

to scattering mechanisms other than alloy disorder. For the 

semiconductor alloys under consideration here, the most 

important of these is the scattering of electrons from 

phonons (74). Since the mobility is inversely proportional 

to the scattering rate (1/T) of the mechanism for 

scattering, and such scattering rates for different 

mechanisms add to each other to give the total scattering 

rate, the total mobility in the presence of several 

mechanisms is obtained by adding the inverse mobilities due 

to each mechanism separately. That is, the total mobility 

is obtained from 

^ ^e ^ph ^̂i 

where ii is the mobility from electrons scattering from 

alloy disorder, p , is that due to electron-phonon 

scattering, and p. is that due to electron impurity 

scattering. Obviously, from Eq.(6-4) if any one 

contribution to the mobility is extremely large, it yields a 

very small inverse, and thus contributes very little to the 
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total mobility p.. Since the contribution to the mobility by 

electron-phonon scattering in unalloyed semiconductor 

compounds is the only contribution with relatively small 

numerical values (in this case [i diverges, and p. tends to 

have a smaller effect), it is the most important one for 

these materials. In fact, for most semiconductor alloys, 

the electron-phonon scattering turns out to be the most 

important contribution to the total mobility. The alloy 

disorder component to the mobility (n ), although it is 

important enough to be non-negligible, is generally the 

second most important contribution. It is this contribution 

to the total mobility that we investigate in this and the 

next chapter. Thus, in what follows, when we refer to the 

mobility, we mean the alloy scattering contribution only. 

The second theory with which we will compare our 

results with is that of Fedders and Myles (13). They have 

derived the alloy scattering rates for III-V ternary alloys 

using a tightbinding approach, with the Vogl et al. (19) 

bandstructures as input, and treating the scattering in the 

Born approximation. The alloy scattering rate v, can be 

related to the mobility by the expression 

M = ^ = - I - - (6-5) 
m* m*v 
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where e is the electronic charge in e.s.u., m* is the 

electron effective mass, and v is the alloy scattering rate. 

Using Fedders and Myles (13) expression for the alloy 

scattering rate, we obtain an expression for the mobility 

which has the Brooks' form, Eq.(6-3). However, in the 

Fedders and Myles (13) theory, the parameter AE is not a 

phenomenological parameter, but is calculated directly in 

terms of the alloy composition x and the bandstructure 

parameters of the alloy constituents. Fedders and Myles 

(13) numerically calculated AE only in the limit as x-*0 and 

x-»l, but a reasonable approximation is to linearly 

interpolate this parameter for any composition. 

Furthermore, the Fedders and Myles (13) theory is strictly 

valid only at zero temperature and it only takes into 

account the scattering of electrons in the conduction band 

near the (T point) of the brillouin zone. 

The expression for the alloy scattering mobility that 

we discuss in the next section involves the variables energy 

E, temperature T, and wavevector 1̂ . There is an explicit T̂  

sum that enters this expression. We use standard numerical 

techniques (14,74,75) to do this sum. The Ic sum is 

evaluated at a number of key points in k space in the first 

Brillouin zone (B.Z.). Using symmetry considerations, the 

first B.Z. can be divided into 48 identically symmetric 
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wedges (each is called a 1/48 irreducible wedge). Thus we 

need to only perform the Tc sum over the special k points in 

one irreducible wedge and then multiply by the appropriate 

numerical factors. This technique is similar to the special 

k point scheme developed by Chadi and Cohen (81). 

CPA Theory of the Alloy Scattering 
Contribution to the Electronic 

Mobility 

In this section, we derive the expression that we use 

to calculate the alloy scattering contribution to the 

electronic mobility in ternary semiconductor alloys. As was 

mentioned in Chapter I and the first section of this 

chapter, we begin with the linear response theory formalism 

of Kubo (17). This theory, which defines the electrical 

conductivity in terms of a current-current correlation 

function, was used by Velicky (18) to obtain a formal 

expression for the alloy scattering contribution to the 

conductivity for (in principle) any alloy within the 

framework of the CPA. This derivation is also presented in 

the review paper by Elliott, Krumhansl, and Leath (14). 

In the Elliott et al. (14) article, as well as in 

numerous papers referred to in that reference, it is shown 

that the current-current correlation function can be written 

in the alloy scattering case in terms of a configuration 
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averaged two particle Green's function. Then, using a 

diagrammatic expansion for this configuration averaged 

quantity, it is shown that the first term in the 

diagrammatic series corresponds to writing the configuration 

averaged two particle Green's function as the product of two 

configuration averaged one particle Green's functions of the 

type discussed in Chapters III and IV. It is furthermore 

shown in the Elliott et al. (14) paper that keeping only the 

first term in this diagrammatic series is ecjuivalent to 

making the CPA for the two particle function. In other 

words, in this approximation one has 

<G*> = <GG> = <G><G> , (6-6) 

where G* is the two particle Green's function, G is the 

single particle Green's function discussed earlier, and the 

angular brackets denote a configuration average. Here, the 

quantity <G> is the CPA Green's function calculated in the 

manner outlined in Chapters III and IV, except that here we 

will consider ternary, and not (5uaternary, semiconductor 

alloys. However, it is worth noting that the formalism 

discussed below is valid for the cjuaternary semiconductor 

alloy case, after making minor changes. If one makes this 

approximation for the alloy scattering contribution to the 

electrical conductivity, the result is a convenient 

expression for this cjuantity which has the same level of 
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accuracy for the alloy scattering conductivity as the 

Green's function <G> has in the CPA. 

Using this approximation, the alloy scattering 

contribution to the conductivity can be shown to have the 

form 

2 
<y = ^ ^ f "'^fi^^ X Tr[BIm<G>-BIm<G>] . (6-7) 

;f̂ 2̂  •'band ^E 

Here F(E) is the Fermi function, given by the expression 

^^^^ " EXP[ (E-Ep)/kgT] + 1 ' (6-8) 

where Ep is the Fermi energy (approximately equal to the 

chemical potential). The limits of integration in Eq.(6-7) 

are determined by whichever of the two bands are integrated 

over. For the electrical conductivity, these are Ep, to + oo 

for the conduction band, and for the hole conductivity these 

are -co to E„ for the valence band. In what follows, we 

F 

will consider the electron conductivity and related mobility 

only. However, ti is worth noting that with a minor formal 

change in the limits of integration, our formalism can be 

applied to hole conductivity or mobility as well. In 

Eq.(6-7), V is the volume of the unit cell, and the other 

constants should be familiar to the reader. The quantity 
Im<G> in Eq.(6-7) is the imaginary part of the single 
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particle configuration averaged Green's function matrix 

calculated in the CPA, as already mentioned, and B is a 

quantity depending on the off-diagonal matrix elements of 

the Hamiltonian, which will be discussed in more detail 

below. 

To calculate the alloy scattering mobility from this 

expression for the conductivity, we use Eq.(6-2). In order 

to use this expression, we need an expression for the 

electron density n at the same level of approximation as the 

conductivity (i.e., in the CPA). It can be easily shown 

that such an expression is 

^ = -̂  L D(E)F(E)dE , (6-9) 

V band 

where D(E) is the CPA state density and F(E) is the Fermi 

function. 

At this point it is worthwhile to make a further 

approximation to Eqs.(6-7) and (6-8), which will simplify 

the numerical evaluation of the alloy scattering mobility 

and which is generally valid for the relatively high 

temperature regime for which we are interested in 

calculating this cjuantity. In particular, we make the low 

density, or high temperature approximation for the Fermi 

function, which converts it into a Boltzmann distribution 

Fg(E) = EXP[-(E-Ej,)/kgTl . (e.lO) 
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This is a common approximation for calculating the 

electrical conductivity and related properties in 

semiconductors (79). This approximation will be valid,as 

long as (E-Ep)/kgT>>l, which is reasonable for E in the 

lower conduction band of most semiconductors even at 

temperatures well below room temperature. This 

approximation also has the advantage that the resulting 

mobility (Eq.(6-ll) below) is independent of the chemical 

potential or Fermi level of the material. The resulting 

expression for the alloy scattering mobility has the form 

f dE EXP[-E/k„T] X Tr [ BIm<G> •BIm<G> ] 
^ 2;ie -̂ band ^ 

^ tî k T J dE D(E)EXP[-E/k„T] " ( " ) 

^ B̂-̂  •'band ^ 

There are several terms entering this expression that 

now need to be discussed in more detail. First, in the 

denominator, D(E) is the CPA electronic state density, as 

has already been mentioned. In our approximation, we 

compute D(E) for ternary semiconductor alloys using the 

results of Y. Shen and Myles (60) application of the CPA 

formalism of Ref.(4) with Vogl et al. (19) bandstructures as 

input. Physically, D(E) is the number of energy eigenstates 

in a given energy range. The exponential term in both the 
numerator and the denominator is proportional to the 

probability of occupation of an eigenstate at energy E at 
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temperature T. In the numerator, Im<G>, as has already been 

mentioned, is the imaginary part of the CPA Green's function 

matrix. For our purposes, it is convenient to represent the 

matrix Im<G> in the tightbinding basis, which gives us an 

8X8 matrix with matrix elements 

Im(G„J = y (lml)<a.k|n,k><n,k|p,k> 
^ a9' l^ O n ' (6-12) 

n (E-E^^-Rel)^ - (Iml)^ 

where a and p are indices with values from 1 to 8 

(representing the four valence and the first four conduction 

bands). The quantities Rel and ImZ in Eq.(6-12) are the 

real and imaginary parts of the CPA self-energy for the 

given alloy of interest. The- E ^ terms are the energy bands 

of the VCA bandstructure at the wavevector ^ computed from 

3 

the Vogl et al. (19) sp s* model parameters (n=l,10). 

Finally, the numerator term is the projection of the Bloch 

functions onto the tightbinding basis. These Bloch 

functions are easily computed using standard techniques with 

the Vogl et al. (19) parameters as input. The summation 

over the VCA bands (index n) is in theory done over all ten 

bands, however, in practice only the two lowest conduction 

bands contribute significantly to the electronic mobility 

(n=5,6), while only the two highest valence bands contribute 

significantly to the hole mobility (n=3,4) (although we do 

not calculate the hole mobility in this dissertation). 
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The remaining quantity in Eq.(6-ll) is B, a vector in 

3-space whose cartesian components are 8X8 matrices in the 

tightbinding basis. Thus, B can be written as 

B = B̂ $ + V ^ ̂ z^ ' (6-13) 

where B., j=x, v, z are each 8X8 matrices. Each of these 

8X8 matrices are obtained by taking the gradients with 

respect to k of the VCA Hamiltonian of the alloy of 

interest. Thus each of these can be written 

^j = ^kj "VCA^^^ ' (6-14) 

where j=x, y, z. The VCA Hamiltonian is written in terms of 

the Vogl et al. (19) tightbinding Hamiltonian as 

^VCA = ^^A ^ ( I - ^ ) H B ' (6-15) 

where H, and H„ are the tightbinding Hamiltonian matrices 

for the pure compounds in the ternary alloy of interest. 

The matrix elements of the VCA Hamiltonian and those of the 

vector B consist of the product of one of the Vogl et al. 

(19) tightbinding parameters (constants) and a function of 

k. The 8X8 matrix representing B can be divided into four 

4X4 block matrices, the same as can be done with the VCA 

Hamiltonian matrix. The elements of the two diagonal blocks 

of B are all zero, since the elements of the diagonal blocks 

of the VCA Hamiltonian are all constants. In fact, the 

diagonal blocks of the VCA Hamiltonian only have nonzero 
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elements along their diagonals, hence the matrices B. depend 

only on the off-diagonal matrix elements of the VCA 

tightbinding Hamiltonian. 

Finally, it is worth noting that since Eq.(6-9) for the 

mobility involves a sum over all wavevectors in the first 

Brillouin zone (as discussed earlier), the resulting alloy 

scattering mobility contains contributions from scattering 

at all points in the first Brillouin zone. This is to be 

contrasted with the theory of Fedders and Myles (13), which 

included scattering only for k-points near the center of the 

first Brillouin zone. 



CHAPTER VII 

RESULTS FOR THE TERNARY ALLOY MOBILITY 

AND DISCUSSION 

We have used the formalism discussed in Chapter VI to 

calculate the alloy scattering contribution to the 

electronic mobility of several III-V ternary semiconductor 

alloys. As mentioned in Chapter VI-, the results presented 

in this chapter are for the alloy scattering contribution to 

the electronic mobility in the conduction bands, however, as 

discussed in the previous chapter, our formalism is equally 

applicable the the valence bands as well. Here we present 

results of this formalism applied to three different ternary 

alloys, Ga, Al As,- GaP Sb, , and InAs Sb, . The primary 
X "• X X X X ~ X X X ~ X 

results of this investigation are summarized in Figs.13-22. 

Here, we also compare the results obtained using our 

formalism to two other theories for the alloy scattering 

contribution to the mobility, that of Tietjen and Weisberg 

(11) and that of Fedders and Myles (13). 

The Tietjen and Weisberg (11) theory is essentially a 

phenomenological approach which utilizes the Brooks formula 

(Eq.(6-3)) with the only variable being the composition x. 

The Fedders and Myles (13) theory is similar in that it also 

145 
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uses the Brooks' formula, but is more sophisticated in that 

the (quantity AE in the Brooks' expression is a 

composition-dependent adjustable parameter. Additionally, 

we also compare the results obtained using our formalism 

with two other theories and some experimental data. For the 

alloy *^^i_x^lx^s, we compare our theory for the alloy 

scattering contribution to the electronic mobility with the 

theory for the phonon scattering contribution to the 

electronic mobility of Neumann and Flohrer (80), along with 

experimental data for this alloy, also found by Neumann and 

Flohrer (80). For the alloy InAs Sb, , we compare our 
X X ~~ X 

theory with the theory for the total mobility of Harrison 

and Hauser (7), along with experimental data for this alloy 

found by Corderre and Woolley (82). 

Results for Ga, Al As 

In Fig.13, we show our results for the alloy scattering 

contribution to the electronic mobility for the alloy 

Ga, Al As. In that figure, the mobility is expressed in 
_ X ~ X X 

2 

the S.I. units of cm /volt-sec and is plotted as a function 

of alloy composition x for three different temperatures, 

T=200K, 300K, and 500K. There are two general trends for 

this contribution to the mobility which are apparent in the 
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figure. The first is that the alloy scattering mobility 

curves diverge at each of the two ends of the composition 

range, and the second is that the alloy scattering mobility 

increases as the temperature decreases. The first of these 

general trends can be easily understood by considering that 

this contribution to the mobility is inversely proportional 

to the amount of scattering. This is apparent from Eq.(6-5) 

which relates the alloy scattering mobility to the inverse 

of the relaxation rate v, since the relaxation rate (the 

frequency with which a charge carrier has a collision due to 

the alloy disorder) is directly proportional to the amount 

of scattering. Therefore, when the composition x for 

Ga, Al As approaches either x=0 (the GaAs constituent) or 
X ~ X X 

x=l (the AlAs constituent), the amount of disorder in the 

alloy (hence the alloy scattering) approaches zero. This 

results in the alloy scattering mobility diverging near each 

end of the composition range. 

The second general trend of the alloy scattering 

mobility can be qualitatively explained by again considering 

Eq.(6-5). Since the relaxation rate is the frequency of 

collisions that a charge carrier experiences (due to alloy 

scattering, in this case), we expect the relaxation rate to 

be directly proportional to the average speed (the 

time-averaged value of the absolute value of the velocity) 
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of the charge carrier. Since our formalism is done for the 

static case, we neglect any effects of external 

electromagnetic fields, hence there is zero net drift 

velocity. Therefore, the time-averaged kinetic energy of 

the charge carrier is due only to thermal excitation, where 

the absolute value of the velocity is directly proportional 

to the square root of the kinetic energy. Since the kinetic 

energy is equal to Boltzmann's constant times temperature, 

it is apparent that when a statistical ensemble of charge 

carriers is considered, that the relaxation rate is directly 

proportional to the square root of the temperature. 

Therefore, we expect the alloy scattering mobility to be 

inversely proportional to the square root of the 

temperature, qualitatively explaining the temperature trend 

displayed in Fig.13. 

The general behavior of the alloy scattering mobility 

as a function of the composition and temperature is in 

qualitative agreement with the simpler theories based on the 

Brooks' formula (Eq.(6-3)). In this equation, we see that 

the x(l-x) term in the denominator causes the alloy 

scattering mobility to diverge at the two ends of the 

composition scale (x=0 and x=l), and that the denominator 
» 

also contains the VT term that is expected from the above 

discussion. However, our results show (quantitative 
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differences from the simpler theories. In Fig.14, we 

display the result of our present theory for the composition 

dependence of the alloy scattering mobility in the alloy 

Ga^_^Al^As at T=300K. This curve is the same as that 

presented in Fig.13 for T=300K, and is presented on the same 

scale as in that figure. Also in Fig.14, we present the 

results of the phenomenological theory of Tietjen and 

Weisberg (11) and the more sophisticated theory of Fedders 

and Myles (13). Both of these theories use a version of the 

Brooks' formula, Eq.(6-3). Examination of Fig.14 shows that 

the results of our present theory show considerable 

(quantitative differences from the results of either of the 

other two theories. In particular, our theory predicts that 

the alloy scattering mobility should have a minimum as a 

function of alloy composition near x=0.35, while the other 

two theories predict the minimum to be near x=0.70. 

Furthermore, our theory predicts that this contribution to 

the mobility should be smaller by a factor of two to three 

in the intermediate composition range than the mobilities 

predicted by the other two theories. 

These differences between the results of our theory and 

those of the other two theories can be cjualitatively 

explained by the following considerations. Both the Tietjen 

and Weisberg (11) and the Fedders and Myles (13) theories 
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take into account scattering only near the center of the 

Brillouin zone, while our theory takes into account 

scattering from all parts of the Brillouin zone. Obviously, 

by taking into account scattering from all parts of the 

Brillouin zone, rather than from only a part of it, the 

resultant mobility has smaller values, since, as we have 

discussed previously, the mobility is inversely proportional 

to the amount of scattering. This is particularly important 

for Ga^_^Al^As, which has a direct-indirect transition at 

about x=0.39. At compositions less than this value (GaAs 

side), the alloy is a direct bandgap material with the 

conduction band minimum at the F point. At compositions 

greater than this value (AlAs side), the alloy is an 

indirect bandgap material with the conduction band minimum 

at the X point. Recall that the valence band maximum is 

always at the f point, therefore, this is an indirect 

bandgap alloy over most of the composition range. A ĉ uick 

examination of Fig.12 shows that for the alloy 

GaAsQ nn^n 33^^o 34 ^^® lower conduction band is nearly flat 

between the X and the K points, for both the CPA and the 

VCA. In fact, the lower conduction band turns out to be 

nearly flat over most of the surface of the first Brillouin 

(the one exception is the region around the L point), not 
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just for GaAsQ 32^0.33^^0 34 ^^^ ^ ° ^ ̂ ^^ III-V alloys and 

their constituent compounds (see, for example, the 

bandstructure figures in Ref.(19)). Also note that in the 

region of k-space around the f point that the lower 

conduction band rises rapidly from its local minimum at the 

r point. This is another general trend of III-V 

semiconductor compounds and their alloys. 

Thus, the scattering contributed from the surface of 

the Brillouin zone tends to be much larger than the 

scattering contributed from the region of the r point, since 

a much larger volume of k-space is involved. However, there 

are other factors to consider, such as magnitude of the B 

and Im<G> terms contained in the integrand of Eq.(6-ll). 

These terms vary considerably throughout the Brillouin zone, 

resulting in large contributions to the scattering from some 

parts of the Brillouin zone, and smaller contributions from 

other parts. Recall, however, that Eq.(6-ll) contains an 

exponential term which is a function of the energy, which 

drops off by more than three orders of magnitude at 0.2eV 

above the conduction band minimum for T=300K. Therefore, 

the major contribution to the scattering is always within 

several tenths of an eV from the conduction band minimum.-

From these considerations, we can conclude that in the 

indirect bandgap region (for a conduction band minimum at 
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the X point or at some other point on the surface of the 

Brillouin zone) that the contribution to the scattering from 

the Brillouin zone surface is larger than the contribution 

from the region of the r point. Since the Tietjen and 

Weisberg (11) and the Fedders and Myles (13) theories 

completely neglect the brillouin zone surface contribution 

to the scattering, while our present theory includes such 

scattering, it is not surprising that we have the disparity 

exhibited in Fig.14. In particular, note that the 

prediction for our theory has a minimum at approximately the 

composition of the direct-indirect transition (x=0.39). It 

is apparent that the brillouin zone surface scattering is 

important at this composition, and of relative but 

decreasing importance for compositions approaching x=0. 

In Fig.15, we replot the result for the alloy 

scattering contribution to the mobility in the alloy 

Ga, Al As at T=300k. Also in this figure, we display the 
X ~ X X 

result of the theory for the phonon scattering contribution 

to the mobility of Neumann and Flohrer (80) for Ga, Al As 
X "• X X 

at T=300K, and experimental data for this alloy, also found 

by Neumann and Flohrer (80), at T=300K. This figure is 

plotted with the mobility on a logarithmic scale, rather 

than a linear scale, as was done for Figs.13 and 14. 

Neumann and Flohrer (80) calculated the phonon scattering 
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mobility for polar optical phonons in the direct bandgap 

region and for acoustical, nonpolar, and polar optical 

phonons in the indirect bandgap region. They took relevant 

data for their calculation from a variety of sources (see 

Refs. in Ref.(80)) and found the phonon scattering mobility 

using the Brooks-Herring expression (12,83). For the 

experimental data, they found the total mobility in liquid 

phase epitaxial Ga, Al As for the composition range x=0 to 
X ~ X X 

0.8. The electron concentrations and mobilities were 

determined by Hall effect and resistivity measurements using 

the method of van der Pauw (84). 

The result for our theory for the alloy scattering 

mobility is plotted in Fig. 15 and labeled as |i . The result 

for the theory of Neumann and Flohrer (80) for the phonon 

scattering mobility is also plotted in that figure and 

labeled as n , . The (quantity [i^ is the result of adding the 

alloy and phonon scattering mobilities inversely by 

Eq.(6-4). The 15 data points for the experimental mobility 

are plotted in the figure, with the curve labeled ^ 

representing a fit to the data points. As a final 

calculation for Fig.15, we inversely subtracted the 

alloy-phonon mobility \i^ from the experimental mobility \i 

for the entire composition range to get the result, plotted 
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in the figure and labeled as |î , for our prediction of the 

remaining contributions to the mobility. These other 

contributions consist mainly of scattering off of neutral 

and ionized impurities and intervalley scattering. 

In Fig.15, we see that the various contributions to 

the mobility all show abrupt changes near the transition 

composition, x=0.39. In particular, the alloy scattering 

mobility has a minimum at about x=0.35, and increases away 

from this point in either direction. The phonon, 

alloy-phonon, and total mobilities all decrease as the 

composition increases from x=0, but then decline abruptly in 

the x=0.35 to 0.40 composition range. These three 

mobilities then all rise gently with the composition 

increasing from x=0.4 to 1.0. The predicted values for the 

remaining contributions to the mobility (̂ i.)/ however, show 

somewhat different behavior than the three contributions 

just discussed. This mobility increases away from x=0, then 

has a sharp decline at about x=0.375. After this sharp 

decline, the mobility decreases gradually with composition 

the rest of the way to x=l. It is obvious that the 

direct-indirect transition has a significant effect on all 

the contributions to the mobility, as a result of the main 

scattering shifting from the center to the surface of the 

Brillouin zone as one moves from left to right along the 
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composition axis. Finally, it is interesting to note that 

our prediction for the alloy scattering mobility is the most 

important contribution to the total mobility in the 

approximate composition range x=0.30 to 0.35. 

Results for the Temperature Dependence 
of the Mobility, conductivity, and 

Charge Density for Ga_ Al As .i— i — 1 - x — X — 

In Figs.16(a)-16(c), we analyze the temperature 

dependence of the alloy scattering mobility for Ga, Al As 
X — X X 

at x-0.50. Since the Brooks' formula (Eq.(6-3)) is 

proportional to 1/VT, we want to make a comparison with 

this type of temperature dependence. In Fig.16(a), we plot 

the alloy scattering mobility as a function of temperature, 

and also plot the function Const/VT normalized to our 

results at T=300K. Note that this composition (x=0.50) is 

in the indirect bandgap region. The most notable difference 

between the two curves is that our result falls off faster 

with temperature than 1/V^. What this means in terms of 

Eq.(6-5) is that the product m*v increases more rapidly than 

the S(5uare root of the temperature. In light of the 

discussion earlier in this chapter, we may assume to a first 

approximation that the relaxation rate v increases linearly 

with the average absolute velocity of the charge carrier. 

Thus, the relaxation rate increases as the s(5uare root of 
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the temperature. This approximation is reasonably accurate, 

and a comparison of Eqs.(6-3) and (6-5) does show this 

temperature dependency of the relaxation rate. However, the 

relaxation rate v is also dependent on the effective mass m* 

of the charge carrier. Since the electronic charge e is 

constant, the effective mass in Eqs.(6-3) and (6-5) and the 

AE term in Eq.(6-3) are the only factors that can be 

temperature dependent. 

The AE term is based on the bandgaps of the alloy 

constituents, being ecjual to the difference in the bandgap 

energies of the two alloy constituents in the Tietjen and 

Weisberg (11) theory. In the Fedders and Myles (13) theory, 

the AE term is derived from the difference in the bandgap 

energies, but is composition dependent. However, this AE 

term is found for T=OK in both theories, and therefore shows 

no temperature dedendence in either theory. This term 

should show some temperature dependence since it is based on 

the bandgap energies, and it is well known that the bandgaps 

narrow for increasing temperature. However, this particular 

temperature dependence does not manifest itself even in our 

own present theory, since all of the bandstructure 

parameters that we use are found for T=OK. In the case of 

the effective mass, however, there is some temperature 

dependence that appears in our theory. First, let us note 
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that in the Tietjen and Weisberg (11) and in the Fedders and 

Myles (13) theories the effective mass is usually found from 

a table for the semiconductor compounds, and then 

interpolated to account for the composition dependence. 

However, the values of the effective masses used are usually 

for T=300K. This is how we obtained the effective masses 

for Eq.(6-3), since the results presented are only for 

T=300K. In our present theory, however, the effective mass 

term is implicit in the complicated portion of Eq.(6-ll) 

involving the B and the Im<G> terms. 

The Green's function term, Eq.(6-12), has very 

significant implications for the mobility, since it varies 

greatly as a function of energy E and wavevector k. For the 

conduction bands, the lowest band is essentially the only 

contributor to the mobility, since the exponential term in 

Eq.(6-ll) falls off rapidly with energy. The Green's 

function matrix elements (Eq.(6-12)), therefore, have their 

largest values when the first term in the denominator is 

zero, for the lowest conduction band (E-E , -Rel for n=5). 

This occurs, for a given k-point, at an energy just above 

the lower CPA bandedge. Thus, the largest contributions to 

the Green's function matrix, at a given k-point, come from 

the bottom part of the lowest CPA conduction band. Note 

that the B terms are energy (but not k) independent, and 
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thus are constant for a given k-point. Therefore, the 

largest contributions to the Trace term in Eq.(6-ll) come 

from the lower part of the lowest conduction band. This 

means that the effective mass, which is inversely related to 

the Trace term in Eq.(6-ll), has small values near the edge 

of the CPA lowest conduction band, and has larger values 

higher up in the band. When this Trace term is integrated 

over the energy of the lowest conduction band for increasing 

temperatures, the large effective masses away from the edge 

of the lowest conduction band contribute more and more to 

the integral, because the exponential term in Eq.(6-ll) 

falls off less and less rapidly. Therefore, the average (or 

bulk) effective mass for a statistical ensemble increases 

with temperature. Thus Eqs.(6-3) and (6-5) have temperature 

dependent effective masses, and by the Brooks' formula 

(Eq.(6-3)) we see that the mobility falls off faster than 

the 1/VT dependence, due to the effective mass term in the 

denominator. This explains the behavior seen in Fig.16(a). 

In Fig.16(b), we plot the alloy scattering contribution 

to the electrical conductivity for the alloy Ga, Al As at 
X " X X 

x=0.50. The conductivity is calculated by Eq.(6-7), and is 

necessary in order to calculate the mobility. The results 

are shown here as a function of temperature and are 

expressed in the S.I. units mho/cm. These results are 
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adjusted by the factor EXP( (EQ-Ep)/kgT] , where EQ is the 

energy of the CPA conduction band minimum. This is done to 

allow the scaling of the conductivity axis to have much 

larger numbers. In this figure, the conductivity is plotted 

against the function Const*T, normalized at T=300K. The fit 

between the curves is good, with the conductivity having 

somewhat smaller values than the JT function for low 

temperatures. The conductivity is also seen to begin 

falling away from the the other curve around T=650K. This 

temperature dependence of the conductivity is not typical, 

however, and not predicted by simple theories. In order to 

fully examine the temperature dependence of the 

conductivity, as well as the mobility, we must also consider 

the charge carrier density. 

In Fig.16(c), we show the result for the charge density 

found by Eq.(6-9) for the alloy Ga, Al As at x=0.50. This 
X ~ X X 

is calculated from the density of states as found in the 

Shen and Myles (60) ternary alloy CPA theory, and integrates 

this state density, times the Fermi function (Eq.(6-8)), 

over the relevant conduction band energies. The results 

shown in Fig.16(c) are for the charge carrier density found 

by Eq.(6-9) multiplied by the electronic charge e, as a 

function of temperature, and expressed in the S.I. units 
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3 
coul/cm . These results are also multiplied by the factor 

EXP[ (EQ-Ep)/kgT] . Also in this figure is shown the 

function Const*T, which is normalized to the charge density 

at T=300K. There is obvious agreement between these two 

curves at low temperatures, but at T=350K the charge density 

begins increasing faster than the temperature function. It 

is apparent that for the alloy Ga, Al As at x=0.5 that the 
X ~ X X 

charge density increases faster than linearity with the 

temperature, but not much faster. Again, however, this 

temperature dependency is not typical, nor expected by 

simple theories. We must examine this temperature 

dependence in more detail. 

In simple theories, such as the free electron model 

(see, for example Ref.79), energy eigenvalues are found for 

a single electron as a particle in a box. The density of 

states turns out to be a function proportional to the scjuare 

root of the energy. If this functional form is assumed for 

the state density, in Eq.(6-9), the charge density has a 

temperature dependency proportional to (T) ' . This 

temperature dependence of the charge density implies that 

the conductivity should be proportional to the temperature, 

if the mobility is to be proportional to 1/VT. We assume 

these respective temperature dependencies of the mobility. 
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conductivity, and charge density for the results presented 

in Figs.l7(a)-17(c). In those figures, the mobility, 

conductivity, and charge density for the alloy Ga, Al As 
X ~ X X 

are shown for five different compositions, x=0.05, 0.33, 

0.50, 0.67, and 0.95. Each of these three (quantities is 

divided by the respective temperature dependence discussed 

above, normalized at T=300K, and plotted as a function of 

temperature. 

In Fig.17(a), the alloy scattering contribution to the 

electronic mobility, found for the alloy Ga, Al As by our 
X ~ X X 

present theory, is divided by the function proportional to 

l/vT (normalized at T=300K) and plotted as a function of 

temperature for x=0.05, 0.33, 0.50, 0.67, and 0.95. Recall 

that the direct-indirect bandgap transition occurs at 

x=0.39, thus we consider two compositions in the direct 

bandgap region (x=0.05 and 0.33) and three compositions in 

the indirect bandgap region (x=0.50, 0.67, and 0.95). The 

results in Fig.17(a) show a strong tendency for the mobility 

to decrease faster than 1/VT, since a mobility exactly 

proportional to 1/VT would be a horizontal line segment 

across the figure where the mobility ratio is 1.00. In 

particular, note that for low temperatures the direct 

bandgap composition (x=0.05, and 0.33) mobilities decrease 
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faster with temperature than do the indirect bandgap 

composition (x=0.50, 0.67, and 0.95) mobilities. Also, for 

temperatures above T=300K, the mobilities for compositions 

near the direct-indirect transition region (x=0.33, and 

0.50) decrease less rapidly with temperature than do the 

mobilities for compositions far from the direct-indirect 

transition region (x=0.05, 0.67, and 0.95). 

The general behavior of the mobilities presented in 

Fig.17(a) is explained by the previous discussion where the 

effective mass was seen to be small near the bottom edge of 

the lowest conduction band, for all points in the Brillouin 

zone. As the temperature increases, the average effective 

mass grows larger, so that the mobility decreases more 

rapidly than the 1/V^ dependence in the Brooks' expression 

(Eq.(6-3). Thus we have examined the temperature dependence 

of the effective mass, but not the k-dependence. In 

performing our numerical calculations, we found the 

contribution to the mobility for each one of 123 k-points 

(Eq.(6-ll) computed each k-point) and summed up these 

contributions. It turns out that the contributions from 

points near the V point (within about 4% of the Brillouin 

zone radius--the distance from the T to the X point) are 

much larger than those contributions from points further 

away (about 5-10% of the Brillouin zone radius). This is a 
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consequence of the Trace term in Eq.(6-ll) having large 

values near the T point, and smaller values further away. 

This implies that the effective mass takes on very small 

values near the r point, and larger values further away. 

Since the edge of the lowest conduction band at these points 

is at a higher energy than at the T point, it is expected 

that the small effective masses near the F point are 

emphasized most at low temperatures. Thus, the mobility 

should decrease rapidly with temperature for alloys where 

the F point region contributions are the most significant 

(direct bandgap alloys). 

An examination of the mobility ratios presented in 

Fig.17(a) confirms the above reasoning. For the direct 

bandgap compositions (x=0.05, and 0.33) the mobility ratios 

decrease rapidly with temperature up to about T=300K. For 

higher temperatures, the mobility ratio for x=0.05 continues 

to decrease more rapidly with temperature than the 1/vT 

dependence. The reason is that this composition is far from 

the direct-indirect transition composition (x=0.39) so that 

only the F point region contributes to the mobility. On the 

other hand, the mobility ratio for x=0.33 flattens out and 

has a temperature dependence very close to 1/VT for higher 

temperatures. The reason for this is that this composition 

is close to the transition composition, so that 
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contributions from the X point and other parts of the 

Brillouin zone surface become increasingly more important 

for higher temperatures. The large effective masses 

encountered just outside the F point region are averaged out 

to smaller values by the small effective masses at the 

bottom edge of the lowest conduction band at the Brillouin 

zone surface (since effective masses add inversely). Thus, 

for x=0.33, the average effective mass is approximately a 

constant for large temperatures, and according to Fig.17(a), 

even decreases sightly for increasing temperatures. 

The mobility ratios for the indirect bandgap 

compositions (x=0.50, 0.67, 0.95) show somewhat different 

behavior. For all three of these compositions, the mobility 

ratios decrease less rapidly with temperature for low 

temperatures (T<300K) than do the mobility ratios for the 

direct bandgap compositions. In the indirect bandgap 

region, the lowest conduction band has its absolute minimum 

at the X point. Also, as discussed before, the bottom edge 

of the lowest conduction band is nearly constant in energy 

over most of the surface of the Brillouin zone. It turns 

out that the Trace term in Eq.(6-ll) has similar values for 

all k-points on and near the Brillouin zone surface (unlike 

the F point region). Since this Trace term has its largest 

values (corresponding to small effective masses) near the 
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bottom edge of the lowest conduction band, we expect the 

average effective mass to be small for low temperatures and 

to increase with larger temperatures. The effective masses 

at the Brillouin zone surface do not increase as rapidly 

(with wavevector or energy) as those near the F point. 

Thus, we expect that the average effective mass for an 

indirect bandgap alloy would increase more slowly with 

temperature than the average effective mass for a direct 

bandgap alloy. 

The above reasoning is seen to be correct when 

examining Fig.17(a). The mobility ratios for the indirect 

bandgap compositions (x=0.50, 0.67, 0.95) decrease with 

temperature, but less rapidly than the mobility ratio for 

x=0.05. The mobility ratio for x=0.33 is seen to exhibit 

uni(jue behavior in that it actually begins increasing with 

temperature above T=400K. This behavior is due to this 

composition being very close to the direct-indirect 

transition composition (x=0.39), where significant 

contributions to the mobiltiy come from both the center and 

the surface of the Brillouin zone. For x=0.95, the mobility 

ratio does decrease with temperature, but less rapidly than 

the mobility ratio for x=0.05. This is, in line with the 

above discussions on the effective masses. For x=0.67, the 

mobility ratio decreases with temperature less rapidly than 
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the mobility ratio for x=0.95. Also, the mobility ratio for 

x=0.50 decreases less rapidly than that for x=0.67. 

This effect is due to x=0.50 being closer to the 

transition composition than x=0.67, which in turn is closer 

than x=0.95. For indirect bandgap compositions that are 

progressively closer to the direct-indirect transition 

composition, the contributions to the mobility from the F 

point region become increasingly more important for a given 

temperature. For x=0.50, for example, the low effective 

masses in the F point region are at the same energy as the 

larger effective masses found several hundredths of an eV 

above the lowest conduction band minimum at the X point. 

This has the effect of making the average effective mass 

increase less rapidly than it otherwise would. Thus, the 

mobility decreases less rapidly with temperature than it 

otherwise would. This effect is, of course, less pronounced 

for x=0.67 and even less pronounced for x=0.95 because the F 

point is further-a^ove the X point at these compositions. 

In Fig.17(b), the alloy scattering contribution to the 

electrical conductivity, also found for the alloy Ga, Al As 
X ~ X X 

by our present theory, is divided by the function 

proportional to T (normalized at T=300K) and presented as a 

function of temperature for the same five compositions 

(x=0.05, 0.33, 0.50, 0.67, and 0.95). In this figure we 



167 

find a very definite composition dependence of the 

conductivity ratio. For the indirect bandgap compositions 

(x=0.50, 0.67, and 0.95) it is apparent that the 

conductivity ratios decrease with temperature over the whole 

temperature range. This means that the conductivities for 

these compositions increase less rapidly than a linear 

dependence on the temperature. This trend is most 

pronounced for x=0.95, less pronounced for x=0.67, and even 

less so for x=0.50. For x=0.33, a direct bandgap 

composition, the conductivity ratio decreases with 

temperature up to T=300K, then flattens out to become nearly 

horizontal. This shows a nearly linear dependence on the 

temperature for high temperatures by the conductivity for 

x=0.33. The conductivity ratio for x=0.05 shows a different 

type of behavior. In this case, the conductivity ratio 

increases with temperature over most of the temperature 

range, only decreasing for T=100K to 150K. 

The conductivity ratios show a very distinct trend, 

such that they decrease with temperature for compositions in 

the indirect bandgap region, increase with temperature for 

compositions in the direct bandgap region, and most closely 

obey the expected temperature dependence for compositions 

near the direct-indirect transition region. A detailed 

analysis of the conductivity ratios is difficult to do. 
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since by Eq.(6-1) it is obvious that the conductivity 

depends explicitly on the charge density en. The mobility 

is e(3ual to the conductivity divided by the charge density 

(Eq.(6-2)), thus the conductivity is the product of the 

mobility and the charge density. Since the temperature 

dependence of the mobility for the alloy Ga, Al As has 
X " X X 

already been discussed in detail above, a discussion of the 

temperature dependence of the charge density would provide a 

complete analysis. 

Therefore, in Fig.17(c) we show the charge density 

(using Eq.(6-9)) for the alloy Ga, Al As found from the CPA 
X ~* X X 

density of states and divided by the function proportional 

to (T) (normalized at T=300K). This ratio is plotted as 

a function of temperature for the same five compositions 

(x=0.05, 0.33, 0.50, 0.67, and 0.95). The charge density 

ratios show the same type of behavior as the conductivity 

ratios in Fig.17(b). For the indirect bandgap compositions 

(x=0.50, 0.67, and 0.95) the charge density ratios decrease 

with temperature over the whole temperature range. The 

charge density ratio for x=0.67 decreases least rapidly, 

although there is not that much difference between the three 

compositions. The charge density ratio for x=0.05 (a direct 

bandgap composition) increases over the entire temperature 
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range, being almost a straight line for most of this range. 

For x=0.33, the charge density ratio is nearly horizontal 

for most of the temperature range, increasing only slightly 

for low temperatures. It is at this composition'that the 

charge density ratio most closely shows the expected 

temperature dependence. 

The temperature dependence of the charge density can be 

explained by the following reasoning. As discussed above, 

the density of states is needed in Eq.(6-9) to find the 

charge density. As is usually assumed in the Free Electron 

model, the density of states increases as the s<5uare root of 

the energy, above the conduction band minimum. When a state 

density with this type of energy dependence is used in 

Eq.(6-9), and the limits of integration are appropriately 

taken, the charge density has a temperature dependence 

proportional to (T) ' . Note that the exponential term in 

Eq.(6-9) falls off rapidly with energy, so that the limits 

of integration are taken to be from the energy of the 

conduction band minimum up to some energy which makes the 

exponential term decrease to, say, 0.001 its value at the 

energy of the conduction band minimum. This "maximum" 

energy is proportional to the temperature, therefore the 

energy dependence of the state density directly determines 

the temperature dependence of the charge density. With this 
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consideration, an integral of the type in Eq.(6-9) will 

yield a result where the exponent of the charge density 

temperature dependence will be larger by 1 than the exponent 

of the state density energy dependence. 

As we know from the results presented in Chapter V, the 

state densities do not have a VE type of energy dependence, 

at least not for the majority of the energy range. Since 

the integrand in Eq.(6-9) decreases rapidly with energy, the 

density of states need only be considered for energy values 

ranging from the conduction band minimum up to several 

tenths of an eV above the conduction band minimum. It is 

the behavior of the state densities in this relatively 

narrow energy range that we wish to examine. 

In this chapter we have examined the behavior of the 

mobility and the effective mass near the bottom of the 

conduction band, where the primary effects occur. This 

conduction band minimum occurs at either the F point or the 

X point, and it is at these two points that we wish to 

examine the behavior of the density of states. In the F 

point region, the bottom edge of the lowest conduction band 

(in both the VCA and the CPA) is a parabolic function of the 

wavevector k. The energy at the F point can be approximated 

by the formula 

E(k) = E^ + h^k^/2m* , C^-^) 
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where EQ is the conduction band minimum energy (at the F 

point in this case), k is the modulus of the wavevector k, 

and m* is the electron effective mass at the conduction band 

minimum. An examination of Figs. 11 and 12 shows this 

approximation to be correct for GaAsQ 33PQ 33SbQ 3^. 

However, this parabolic behavior of the lowest conduction 

band in the F point region is typical of all III-V compounds 

and their alloys. 

Since the F point is where the conduction band has its 

minimum in a direct bandgap alloy, the electronic 

eigenstates near the conduction band minimum are all in the 

F point region. The density of states is defined as a 

function of energy, being the number of eigenstates in the 

energy range E to E + AE, divided by the energy width AE. 

Considering energies above but close (within 0.1-0.2eV) to 

the F point energy, the energy of the bottom edge of the 

lowest conduction band is proportional to the scjuare of the 

wavevector k. Since the wavevector k is a three-dimensional 

vector, the eigenstates in the energy range E to E+AE are 

contained in an ellipsoidal volume around the F point, with 

a radius proportional to the s(3uare root of the energy. 

Therefore, the volume of this ellipsoid in k-space is 

proportional to (E) * . Using this as the energy dependence 
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of the density of states in Eq.(6-9), the charge density 

turns out to have a temperature dependence of (T)^'^. 

In indirect bandgap alloys, the lowest conduction band 

has its minimum at the X point. As we have seen, the bottom 

edge of the lowest conduction band, in the CPA, has nearly a 

constant energy for most k-points at the surface of the 

Brillouin zone. Therefore, for indirect bandgap alloys, the 

density of states increases rapidly with energy from the 

conduction band minimum energy at the X point. However, 

since the bottom edge of the lowest conduction band is 

nearly flat for most of the surface of the Brillouin zone, 

the Density of states (juickly (within O.leV) becomes almost 

a constant. In the extreme, an absolutely flat band would 

produce a step function density of states. We do not have 

(juite this situation, however; the density of states is 

never a constant in energy, but slowly increases. A density 

of states with this type of energy dependency, when used in-

Eq.(6-9), yields a charge density which increases with 

temperature somewhat faster than linearity. 

In Fig.17(c), the charge density ratio for Ga, Al As 
X ~ X X 

at x=0.05 is an increasing function of temperature. Since 

this charge density ratio is for a direct bandgap alloy, it 

is expected that the charge density should increase with 
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temperature as (T)^*^. Thus, for x=0.05, the charge density 

ratio should be linear, and double in value for a doubling 

of the temperature as plotted in Fig.17(c). In this figure, 

we see that this is approximately the case, where the charge 

density ratio is very close to being linear with 

temperature. However, for increasing temperature, the 

charge density ratio increases at a progressively faster 

rate. This can be attributed to the fact that while the 

bottom edge of the lowest conduction band is parabolic in 

wavevector k near the F point, it widens out more further 

away from the F point. This serves to increase the charge 

2 5 density by a faster rate than the (T) ' dependence. It is 

worth noting here that there is no significant contribution 

to the charge density at x=0.05 by the density of states 

contributions of the Brillouin zone surface. This is 

because the lowest conduction band edge at the X point is 

about 0.375eV above the lowest conduction band edge at the F 

point. With this energy difference, even at T=700K, the 

exponential term in Eq.(6-9) is about 500 times smaller at 

the X point than at the F point. 

For the indirect bandgap compositions (x=0.50, 0.67, 

and 0.95), the charge density ratios shown in Fig.17(c) 

display very similar behavior. From the above discussion, 

these curves are expected to decrease with temperature 
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slightly less rapidly than 1/VT, given that they are 

plotted on a 1/(T) * scale. This is indeed the case, as 

these charge density ratios decrease relatively smoothly by 

about 60% over a seven-fold increase in temperature. This 

translates to an increase in the charge densities with 

temperature of somewhat more than linearity. 

The composition x=0.33 is near the direct-indirect 

transition composition (x=0.39), so it is expected that the 

charge density ratio should show a temperature dependency 

somewhere between that of the direct and that of the 

indirect compositions. This is seen to be the case in 

Fig.17(c), as the charge density ratio is linear for most of 

the temperature range. This ratio does increase from about 

T=100K to 300K, but at an increasingly slower pace. Since 

x=0.33 is a direct bandgap composition, this increase for 

low temperatures is not unexpected. For higher 

temperatures, however, the contributions to the density of 

states from the Brillouin zone surface are already dominant, 

causing the charge density ratio to flatten out and even 

begin to decrease beyond T=600K. These contributions from 

the surface of the Brillouin zone are significant for high 

temperatures at x=0.33, since the bottom of the lowest 

conduction band at the X point is only about 0.09eV above 

the bottom of the lowest conduction band at the F point. 
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This means that at T=700K the exponential term in Eq.(6-9) 

is only about 7 times larger at the F point than at the x 

point. 

Results for GaP Sb. and InAs Sb, 
X—1-x X—1-x 

In Fig.18, we show our results for the alloy scattering 

contribution to the electronic mobility for the alloy 

GaP Sb, . In that figure, the mobility is expressed in the 
X X"- X 

2 

S.I. units of cm /volt-sec and is plotted as a function of 

alloy composition x for three different temperatures, 

T=200K, 300K, and 500K. It is apparent that the mobilities 

plotted in this figure obey the same general composition and 

temperature trends as Ga, Al As (Fig.13). In particular, 
X " X X 

the mobility diverges towards each end of the composition 

range when the composition x approaches either x=0 (GaSb 

constituent) or x=l (GaP constituent). 

Recall that Ga, Al As has a direct-indirect transition 
X ~ X X 

at x=0.39. GaP Sb, also has a direct indirect transition, 
X X — X 

at about .x=0.45. Therefore, for compositions less than thi£. 

value (GaSb side), the alloy is a direct bandgap material 

(with the conduction band minimum at the F point) and for 

compositions greater than this value (GaP side), the alloy 

is an indirect bandgap material (with the conduction band 
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minimum at the X point). It is obvious from Fig.18 that the 

mobility (for all three temperatures) diverges much faster 

as the composition x approaches 0 than it does as x 

approaches 1. This is due to the fact that there is less 

alloy disorder scattering in the direct bandgap region than 

there is in the indirect bandgap region. Therefore, we may 

conclude that in the indirect bandgap region, the scattering 

at the surface of the Brillouin zone is more important than 

the scattering at the center of the Brillouin zone. 

In addition, we may also conclude that based on 

Eqs.(6-3) and (6-5) and the discussion in the section above, 

that the effective masses, at least in terms of composition 

dependence, are much heavier in the indirect bandgap region 

than in the direct bandgap region. Also, the results for 

the mobility presented in Fig.18 show a temperature 

dependence such that the mobility falls off faster that the 

1/VT term in the Brooks' formula, Eq.(6-3). The reason for 

this is the same as that discussed for Ga, Al As, where the 
X ~ X X 

effective mass is temperature dependent, increasing as the 

temperature increases. 

In Fig.19, we display the result of our present theory 

for the composition dependence of the alloy scattering 

mobility of the alloy GaP^Sb, ^ at T=300K. This result is 
X X - X 
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presented on the same scale as in Fig.18, along with the 

results of the Tietjen and Weisberg (11) and the Fedders and 

Myles (13) theories. Similar to the results for Ga, Al As 
X " X X 

presented in Fig.14, we predict a lower mobility than either 

of the other two theories. The explanation for this is 

similar to that for the Ga, „A1 As case, where the Tietjen 
X ' 2\ X 

and Weisberg (11) and the Fedders and Myles (13) theories 

only take into account scattering at the center of the 

Brillouin zone. Our theory, however, takes into account 

scattering throughout the entire Brillouin zone. This is of 

particular importance for the alloy GaP Sb, , since there 
X X ~ X 

is a direct-indirect transition at x=0.45, and the 

scattering at the Brillouin zone surface is dominant in the 

indirect bandgap region. This explains the differences 

between the prediction of our theory and the predictions of 

the other two theories in Fig.19. 

In Fig.20, we plot our results for the composition 

dependence for the alloy scattering contribution to the 

electronic mobility for the alloy InAs Sb, . In that 
X X ~ X 

figure, the mobility is expressed in the S.I. units of 
2 

cm /volt-sec and is plotted as a function of alloy 

composition for the three temperatures, T=200K, 300K, and 

500K. Again, it is apparent that the mobilities plotted in 
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this figure obey the same general composition and 

temperature trends as Ga^ ^Al As (Fig.13) GaP Sb^ 
A ~ X X X X — X 

(Fig.18). In particular, it is apparent that the mobilities 

in this figure are nearly symmetric about x=0.5, and that 

they have extremely large values. Unlike Ga, Al As and 
X " X X 

GaP Sbl-x, InAs Sb, has no direct-indirect transition, 
X X JL — X 

and is a direct bandgap material for all alloy compositions. 

Thus, the only significant contributions to the scattering, 

for all compositions, come from the F point region. 

The symmetry about x=0.5 of the mobilities presented in 

Fig.20 is partially explained by the insignificance of the 

Brillouin zone surface contributions to the scattering. 

Also, the alloy constituents InAs and InSb have very small, 

similar room temperature effective masses (0.023 and 0.014 

of the free electron mass, respectively). The fact that the 

only significant scattering is near the center of the 

Brillouin zone, and that the effective masses are so small, 

explains the very large values of the mobility. These large 

values indicate that the alloy scattering contribution to 

the mobility is insignificant to the total mobility, since 

mobilities add inversely. In addition, it is apparent that 

the mobilities in Fig.20 decrease more rapidly with 

temperature than 1/VT. This similar to the cases for 
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Ga^_^Al^As and GaP^Sb, , where the effective mass increases 

with temperature. 

In Fig.21, we display the result of our present theory 

for the composition dependence of the alloy scattering 

mobility for the alloy InAs^Sb, ^ at T=300K. This result is 
X X ~* X 

presented on the same scale as in Fig.20, along with the 

results of the Tietjen and Weisberg (11) and the Fedders and 

Myles (13) theories. It is apparent that the prediction of 

our theory and the prediction of the Fedders and Myles (13) 

theory are very similar, both in the magnitude and shape of 

the mobility curves. This is explained by the fact that the 

Fedders and Myles (13) approach uses the same bandstructures 

as our theory, and also accounts for the scattering at the 

center of the Brillouin zone only. Since such scattering is 

expected to be the only significant contribution to the 

total scattering, the similarity between the two theories is 

not surprising. 

On the other hand, while the prediction of the Tietjen 

and Weisberg (11) theory for the alloy scattering mobility 

have a composition dependence similar to our approach, their 

theory predicts smaller values for the mobility at most 

alloy compositions. This is probably explained by the fact 

that Tietjen and Weisberg (11) have not taken into account 

the composition dependence of the AE term in Eq.(6-3), 
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whereas Fedders and Myles (13) have. This is significant, 

since Tietjen and Weisberg (11) use the value of the 

difference of the conduction band minima of the alloy 

constituents for the AE term, making it a constant in alloy 

composition. Fedders an Myles (13), on the other hand, find 

values for the AE term that are different by more than a 

factor of two (0.027eV for InSb and 0.012eV for InAs). 

These are linearly interpolated to find the value of AE at 

any composition between the pure constituents. Therefore, 

the smaller value of AE near the InAs end of the composition 

range, in the Fedders and Myles (13) theory, explains the 

increased difference between theirs and the Tietjen and 

Weisberg (11) theory (recall that there is no AE parameter 

that enters our theory). 

As a final example, in Fig.22 we show the result of our 

theory for the alloy scattering contribution to the mobility 

for the alloy InAs Sb, as a function of composition for 
X X ~ X 

T=300K. This result is plotted on a logarithmic scale along 

with the theoretical calculation for the total mobility of 

InAs Sb, at T=300K by Harrison and Hauser (7), and with 
X X — X 

experimental data for the total mobility of InAs Sb, at 
X X ~ X 

T=300K found by Corderre and Woolley (82). The result of 

our theory is labeled in Fig.22 as \i . The theoretical 
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calculation of Harrison and Hauser (7) is labeled as n., . 

This prediction was made using known approximations for the 

various mobility contributions (such as the Brooks' formula 

for the alloy scattering mobility), along with experimental 

and theoretical parameters. These contributions to the 

mobility were then added inversely. 

The experimental data for the total mobility found by 

Corderre and Woolley (82) appears in the figure as the small 

dots. The curve labeled ^ is fit to these experimental data 

points. The theoretical calculation for the total mobility 

included phonon, piezoelectric, and ionized impurity 

scattering mechanisms. The fact that this calculation 

differs by as much as a factor of two more than the 

experimental data indicates that other scattering mechanisms 

might be involved. However, it is obvious from the 

prediction of our theory that the alloy scattering 

contribution to the mobility in InAs Sb, is an 
X X ~ X 

insignificant contribution to the total mobility. Our 

prediction gives values that are about three orders of 

magnitude larger than the values of the experimental data. 

This also helps the interpretation of the mobility shown in 

Fig.13 for Ga, Al As and in Fig.18 for GaP Sb, , where 
X —X X X X-X 

evidently any III-V semiconductor alloy rich in any of the 
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direct bandgap constituents GaAs, GaSb, InAs, or InSb has 

large values for the alloy scattering mobility. 
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Figure 13. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
Ga, Al As obtained by utilizing the CPA formalism along 

X ~ X X 

with the CPA Green's function and self-energy as input. 
The mobility is plotted as a function of composition x 
for three different temperatures (T=200K, 300K, and 500K). 
In this and in subse(3uent figures, the abscissa is the 
composition x and the ordinate is the mobility expressed 

2 
in the S.I. units, cm /volt-sec. The predictions of our 
present theory for the alloy scattering contribution to 
the electronic mobility is displayed for the three 
different temperatures and appropriately labeled in the 
figure. 
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Figure 14. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
Ga, Al As obtained as for Fig.13 (T=300K) and plotted 

X ~ X X 

as a function of composition x along with the theories of 
Tietjen and Weisberg, and Fedders and Myles. The interpre
tation for the axes notation is as in Fig.13. The predic
tions for our present theory and for the other two theories 
for the alloy scattering contribution to the electronic 
mobility is displayed for the single temperature T=300K 
and appropriately labeled in the figure. 
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Figure 15. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
Ga, Al As obtained as for Fig.13 (T=300K) and plotted 

X ~* X X 

as a function of composition x along with the calculated 
phonon scattering contribution and experimental data 
found by Neumann and Flohrer. The abscissa is as in 
Fig.13 and the ordinate is the mobility expressed in the 

2 
S.I. units, cm /volt-sec, on a logarithmic scale. 
The prediction for our present theory for the alloy 
scattering contribution to the electronic mobility is 
displayed for the single temperature T=300K and labeled 
in the figure \i . The prediction for the phonon 
scattering contribution of Neumann and Flohrer is also 
displayed for T=300K and labeled [̂ ŷ.- The result of 
adding the inverse mobilities using Eq.(6-4) for the alloy 
and the phonon contributions is displayed and labeled n^. 
Experimental data for the total mobility at T=300K, also 
found by Neumann and Flohrer, is displayed as the points 
in the figure. The curve labeled as î is fit to these 
experimental data points. Using Eq.(6-4) with the alloy 
and phonon contributions and the fitted curve, the predic
tion for all remaining contributions to the electronic 
mobility is displayed and labeled \i. . 
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Figure 16(a). The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
Ga, Al As (x=0.5) obtained as for Fig.13 and plotted 

X ~ X X 

as a function of temperature. In this and in subse<5uent 
figures, the abscissa is the temperature in Kelvin. 
The ordinate is the mobility expressed in the S.I. units, 
2 

cm /volt-sec. The prediction of our present theory for 
the alloy scattering contribution to the electronic 
mobility is displayed for the single composition x=0.5 
along with the function proportional to 1/VT, normalized 
at T=300K, and appropriately labeled in the figure. 
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Figure 16(b). The alloy scattering contribution to the 
electrical conductivity for the ternary semiconductor alloy 
Ga, Al As (x=0.5) obtained from the mobility (as in Fig.13) 

X ' X X 

and plotted as a function of temperature. The abscissa is 
as in Fig.16(a), and the ordinate is the conductivity 
expressed in the S.I. units, mho/cm. The prediction of our 
present theory for the alloy scattering contribution to the 
electrical conductivity is displayed for the single 
composition x=0.5 along with the function proportional to 
V^/ normalized at T=300K, and appropriately labeled in the 
figure. 
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Figure 16(c). The electronic charge density for the ternary 
semiconductor alloy Ga, Al As (x=0.5) obtained using the 

X ~ X X 

density of states from the CPA and plotted as a function 
of temperature. The abscissa is as in Fig.16(a), and the 
ordinate is the charge carrier density expressed in the 

3 
S.I. units, coul/cm . The prediction of our present theory 
for the charge density is displayed for the single 
composition x=0.5 along with the function proportional 
to T, normalized at T=300K, and appropriately labeled 
in the figure. 
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Figure 17(a). The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
Ga, Al As obtained as for Fig.13 and divided by the 

X ~ X X 

function proportional to 1/V^. This ratio is plotted as 
a function of temperature for five different compositions 
(x=0.05, 0.33, 0.50, 0.67, and 0.95). In this and in 
subse(5uent figures, the abscissa is the temperature in 
Kelvin, on a different scale than in Figs.16(a)-16(c). 
The ordinate is the value of the ratio of the mobility to 
the function which is proportional to 1/V^ and normalized 
at T=300K. The prediction of our present theory for this 
mobility ratio is displayed for the five different 
compositions and appropriately labeled in the figure. 



o 
o 

196 

^^0.5^^0.5^^ 

o 
o 

o 
o 

o 
o 

o 
CD 
CQ 
I 
-P 
r-i 

o 
> 
E 
o 
o 
O vO 
O 

-P 
•H 
r-i 
•H 

O -

O 
O 

O 
O 

_Present 
Theory 

Present 
Theory 

o 
o 

—I i r 
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Ni. 

Figure 17(b). The alloy scattering contribution to the 
electrical conductivity for the ternary semiconductor alloy 
Ga, Al As obtained from the mobility (as in Fig. 13) and 

X ~ X X 
divided 
plotted 
compositions (x=0.05. 
The abscissa is as in 
value of the ratio of 
which is proportional 
The prediction of our 
ratio is displayed for 

by the function proportional to T. This ratio is 
as a function of temperature for five different 

0.33, 0.50, 0.67, and 0.95). 
Fig.17(a), and the ordinate is the 
the conductivity to the function 
to T and normalized at T=300K. 
present theory for this conductivity 
the five different compositions 

and appropriately labeled in the figure. 
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N ^ ^ 

Figure 17(c). The electronic charge density for the 
ternary semiconductor alloy Ga, Al As obtained using 

X ~ X X 

the density of states from the CPA and divided by the 
1 5 the function proportional to (T) * . This ratio is plotted 

as a function of temperature for five different compositions 
(x=0.05, 0.33, 0.50, 0.67, and 0.95). The abscissa is as 
in Fig.17(a), and the ordinate is the value of the ratio 
of the charge density to the function which is proportional 

1 5 to (T) ' and normalized at T=300K. The prediction of our 
present theory for this charge density ratio is displayed 
for the five different compositions and appropriately 
labeled in the figure. 
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Figure 18. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
GaP Sb, obtained by utilizing the CPA formalism along 

X X ~ X 

with the CPA Green's function and self-energy as input. 
The mobility is plotted as a function of composition x 
for three different temperatures (T=200K, 300K, and 500K) 
Other than the obvious change in the alloy, the interpre
tation is as in Fig.13. 
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Figure 19. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
GaP Sb, obtained as for Fig.18 (T=300K) and plotted 

X X ~ X 

as a function of composition x along with the theories of 
Tietjen and Weisberg, and Fedders and Myles. Other than 
the obvious change in the alloy, the interpretation is as 
Fig.14. 
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Figure 20. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
InAs Sb, obtained by utilizing the CPA formalism along 

X X ~ X 

with the CPA Green's function and self-energy as input. 
The mobility is plotted as a function of composition x 
for three different temperatures (T=200K, 300K, and 500K) 
Other than the obvious change in the alloy, the interpre
tation is as in Fig.13. 
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Figure 21. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
InAs Sb, obtained as for Fig.20 (T=300K) and plotted 

X JL — X 

as a function of composition x along with the theories of 
Tietjen and weisberg, and Fedders and Myles. Other than 
the obvious change in the alloy, the interpretation is as 
in Fig.14. 
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Figure 22. The alloy scattering contribution to the 
electronic mobility for the ternary semiconductor alloy 
InAs Sb, obtained as for Fig.20 (T=300K) and plotted 

X X ~ X 

as a function of composition x along with the calculated 
mobility of Harrison and Hauser and experimental data 
found by Corderre and Woolley. The abscissa is as in 
Fig.20, and the ordinate is the mobility expressed in the 

2 
S.I. units of cm /volt-sec, on a logarithmic scale. 
The prediction for our present theory for the alloy 
scattering contribution to the electronic mobility is 
displayed for the single temperature T=300K and labeled 
in the figure as n . The prediction for the total mobility 
of Harrison and Hauser is also displayed for T=300K and 
labeled V^^y.- The experimental data for the total mobility 
at T=300K found by Corderre and Woolley is displayed as the 
points in the figure. The curve labeled as ̂  is fit to 
these experimental data points. 
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CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

In this dissertation we have presented the results of 

two separate but related theoretical investigations of the 

effects of alloy disorder on the electronic properties of 

some of the technologically important III-V semiconductor 

alloys. In the first part, the coherent potential 

approximation (CPA), was generalized to calculate the 

effects of alloy disorder on the electronic structure of 

(quaternary semiconductor alloys of the form A B C, D. 

This formalism was then used in conjunction with the 

bandstructures of Vogl, Hjalmarson and Dow (19) for the 

alloy constituents, to study the effects of alloy disorder 

on the electronic properties of several III-V quaternary 

alloys. Results were presented for the state densities, 

self-energies, band bowing parameters and bandstructures of 

these materials. Furthermore, we calculated the bonding and 

the antibonding energies for the semiconductor compounds, 

and from these obtained the disorder (scattering) parameters 

for various pairs of alloy constituents (pure compounds). 

The scattering parameters give an approximate indication of 

the amount of disorder present in any particular alloy. In 

211 
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our calculated results, the disorder is a measure of the 

amount of deviation of the CPA from the VCA. 

The primary finding for this problem is- that certain 

alloys show considerable deviations between the CPA and the 

VCA, in (qualitative agreement with an analysis of the 

disorder parameters. In particular among these alloys, for 

AlAs^P Sb^_^ we found that disorder strongly affects the 

valence band states. We believe that this is due primarily 

to the presence of the AlSb constituent, because of the 

large valence band disorder parameters involved between AlSb 

and both AlAs and AlP. For the alloy Ga Al In, As we 

X y i-x-y 

have found that the conduction bands are strongly affected 

by alloy disorder, due primarily to the presence of the InP 

constituent. This is due to the large conduction band 

disorder parameters involved between InP and both InAs and 

InSb. Our results for the alloy GaAs P Sb, showed that 

the alloy disorder strongly affects the electronic states of 

both the valence bands and the conduction bands. The GaSb 

constituent seems to be mainly responsible for this 

disorder. In this case, the reason is that both the valence 

band and the conduction band disorder parameters are large 

for GaSb and both GaAs and GaP. 
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In the second part of this dissertation, we developed a 

formalism for obtaining the alloy scattering contribution to 

the electronic mobility in semiconductor alloys. This 

formalism is based on an expression derived by others (18) 

using the linear response theory (17) of the electrical 

conductivity. Our formalism uses this expression for the 

electrical conductivity, suitably modified for semiconductor 

alloys, and the ternary alloy CPA results (60) to obtain an 

expression for the alloy scattering contribution to the 

mobility in ternary semiconductor alloys of the form 

A B, C. Our numerical results were also generated in this 

case using the Vogl et al. (19) bandstructures. Results 

were presented for the dependence of the mobility on both 

the alloy composition and the temperature for several 

ternary semiconductor alloys. These results were also 

compared with those of the theories of Tietjen and Weisberg 

(11) and Fedders and Myles (13) as well as the theories of 

Neumann and Flohrer (80) and Harrison and Hauser (7), along 

with experimental data found by Neumann and Flohrer (80) and 

Corderre and Woolley (82). 

There are two main conclusions for this part of the 

dissertation. First, it is evident that the alloy disorder 

mobility is extremely dependent on the type of approximation 

used in the calculations. We have shown that certain 
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parameters, such as the effective mass, are dependent on the 

alloy composition and the temperature. Second, it is 

evident that alloy scattering contributions from regions of 

the Brillouin zone other than the center are of major 

importance in certain III-V semiconductor It was found in 

one alloy, InAs^Sb^_^, that the Fedders and Myles (13) 

result was very similar to our result. For this particular 

alloy the conduction band is not affected very strongly by 

the alloy disorder, correlating with the very large values 

of the mobility we found. The Fedders and Myles (13) theory 

only considers scattering near the center of the Brillouin 

zone. This approximation works well for an alloy such as 

InAs Sb, , which has direct bandgap for all compositions so 

X X ' X 

that the major portion of the scattering comes from the 

center of the Brillouin zone. 

However, the Fedders and Myles (13) theory is 

inadecjuate to treat the alloy scattering mobility in an 

alloy where there is a direct-indirect transition so that 

scattering from other parts of the Brillouin zone are also 

important. In particular, for the other two alloys for 
which we calculated the mobility, Ga, Al As and GaP Sb, 

x~xx x x ~ x 

this theory yielded results quite different from ours. This 

is no doubt a consequence of the fact that Fedders and Myles 
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(13) neglected scattering in other parts of the Brillouin 

zone, where such contributions can be a significant part of 

the total scattering. This theory is also inade(5uate to 

treat alloy scattering for alloys where the disorder is 

large. Such disorder is included self-consistently in our 

CPA approach. The Tietjen and Weisberg (11) theory yielded 

results that were quite different from ours for all three 

alloys. This can be attributed to the simplicity of the 

expression that they used. 

Finally, we would like to mention some possible 

improvements upon the formalisms developed here. For both 

the (quaternary alloy CPA and the alloy scattering mobility 

problems, there are several such possible improvements. 

First, the inclusion of off-diagonal disorder in the CPA 

formalism; second, the use of a cluster CPA or embedded 

cluster formalism; and third, the inclusion of 

non-randomness in the alloy. All of these would be an 

enhancement of the formalisms we used here, and should yield 

an improvement of the results presented. For an improvement 

in the CPA numerical results, it is suggested that a 

different bandstructure model be used. Possibly, a 

bandstructure model that utilized more than six conduction 

bands would make a noticeable difference in the CPA state 

densities, particularly at the conduction band edges. This 
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would also improve the results for the alloy scattering 

mobility problem, since the behavior of the state densities 

and self-energies is crucial, particularly for low 

temperatures (where numerical problems occur). Finally, in 

addition, a self-consistent approach to calculating the 

phonon scattering plus other contributions to the mobility 

would allow for a detailed comparison with experimental 

data. 
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APPENDIX A 

COMPUTER CODE FOR THE QUATERNARY 

SEMICONDUCTOR ALLOY CPA 

C NEWTON--RAPSON ROUTINE TO SOLVE CPA EQTNS TO FIND THE 

C DENSITY OF STATES AND THE SELF-ENERGIES OF III-V 

C SEMICONDUCTOR ALLOYS. THIS PROGRAM SPECIFICALLY DOES 

C THE CALCULATION FOR THE QUATERNARY CASE, AXBYCl-X-YD, 

C FOR THE CONDUCTION BAND. 

C0MPLEX*8 SO,S,Z,ZZ,GC,GCP,ZP 

COMPLEX*8 CONE,CTWO,CZERO 

DIMENSION DA(240),DB(240),DC(240),Z(240) 

DIMENSION E(240),EA(240),EB(240),EC(240) 

COMMON GC,DABC(240) 

DATA NPTS,NI/240,6/ 

DATA PI/3.141592654/ 

DATA ONE,TWO,FIVE,CONE/1.,2.,5.,(l.,0.)/ 

DATA CZERO,CTWO/(0.,0.),(2.,0.)/ 

C NPTS= # OF POINTS OVER WHICH FCC DOS IS KNOWN 

C & OVER WHICH INTEGRALS ARE DONE. 

DATA GAMA,GAME,GAMC/-5.50,-5.70,-4.80/ 

C GAMA=ENERGY AT GAM15V WITH RESPECT TO VACUUM LEVEL 

C FOR GAAS 

C GAMB=ENERGY AT GAM15V WITH RESPECT TO VACUUM LEVEL 

224 
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C FOR GAP 

C GAMC=ENERGY AT GAM15V WITH RESPECT TO VACUUM LEVEL 

C FOR GASB 

DATA EPS/1.E-05/ 

DATA X,Y/0.3333333,0.3333333/ 

C EPS=DESIRED CONVERGENCE PRECISION 

N=NPTS/2 

C READ IN PERFECT CRYSTAL DOS,DA AND DB,ALLOY DOS,DAB 

C DA, DOS FOR COMPOUND A, (E(I),DA(I),I=1,NPTS) 

C DB, DOS FOR COMPOUND B, (E(I),DB(I),1=1,NPTS) 

C DC, DOS FOR COMPOUND C, (E(I),DC(I),I=1,NPTS) 

C DABC, DOS FOR ALLOY A(X)B(Y)C(1-X-Y), 

C (E(I),DABC(I),I=1,NPTS) 

READ(21,1) (E(I),DA(I),DB(I),DC(I),DABC(I),I=1,NPTS) 

1 FORMAT(5E11.4) 

CALL TAREA(E,DA,NPTS,ADA) 

CALL TAREA(E,DB,NPTS,ADB) 

CALL TAREA(E,DC,NPTS,ADC) 

ADA=ADA/2. 

ADB=ADB/2. 

ADC=ADC/2. 

PRINT 5,ADA,ADB,ADC 

5 F0RMAT(2X,'ADA=',E16.7,5X,'ADB=',E16.7,'ADC=',E16.7) 
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C PRINT 2 

2 F0RMAT(2X,'E',10X,•DA',10X,'DB',10X,'DC',10X,'DABC) 

C PRINT 3,(E(I),DA(I),DB(I),DC(I),DABC(I),I=1,NPTS) 

3 FORMAT(5(2X,E11.4)) 

GAMABC=X*GAMA+Y*GAMB+(1.0-X-Y)*GAMC 

DO 4 1=1,NPTS 

EA(I)=E(I)+GAMA 

EB(I)=E(I)+GAMB 

EC(I)=E(I)+GAMC 

E(I)=E(I)+GAMABC 

DA(I)=DA(I)*EA(I)/2. 

DB(I)=DB(I)*EB(I)/2. 

DC(I)=DC(I)*EC(I)/2 

DABC(I)=DABC(I)/8. 

4 CONTINUE 

C CALL TAREA TO CALCULATE EVA, EVB, EVBAR(VALENCE BAND) 

C EVA=(1/4)INTEGRAL(E*DAVAL(E)*DE),ETC. 

C WHERE DAVAL(E) IS DOS OF VALENCE BAND FOR PERFECT 

C CRYSTAL A (E.G.GAAS) 

CALL TAREA(EA,DA,NPTS,EVA) 

PRINT 31,(EA(I),1=1,10) 

CALL TAREA(EB,DB,NPTS,EVB) 

PRINT 31,(EB(I),1=1,10) 

CALL TAREA(EC,DC,NPTS,EVC) 

PRINT 31,(EC(I),1=1,10) 
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31 FORMAT(/2X,5E16.7) 

EVA=EVA/ADA 

EVB=EVB/ADB 

EVC=EVC/ADC 

EVBAR=X*EVA+Y*EVB+(1.0-X-Y)*EVC 

PRINT 20,EVA,EVB,EVC,EVBAR 

20 F0RMAT(//2X,'EVA=',E16.7,2X,'EVB=',E16.7,2X, 

l'EVC=',E16.7,2x,•EVBAR=',E16.7) 

C NOW WE WANT TO SOLVE CPA SELF-ENERGY EQTN 

C THIS ROUTINE WILL DO EITHER THE VALENCE OR 

C THE CONDUCTION BANDS 

C CALCULATE EI AND EF 

RN=NPTS 

EI1=E(1) 

EF1=E(NPTS) 

EGRID1=(EF1-EI1)/RN 

E1=EI1-EGRID1 

E2=EF1+EGRID1 

C INITIAL GUESS 

S0=(0.0,0.0) 

C ITERATION 

WRITE(6,14) 

14 F0RMAT(15X,'E',24X,'S') 

DO 6 1=1,NPTS 

C GIVE A SMALL IMAGINARY PART TO E TO ENHANCE CONVERGENCE 
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Z(I)=CMPLX(E(I),EPS) 

ZZ=Z(I) 

101 CALL NEWT0N(N,E1,E2,S0,ZZ,EVA,EVB,EVC,EVBAR,EPS, 

1NI,IER,S,I) 

IF(I/10*10 .EQ.I) WRITE(6,13) I,E(I),S,IER 

IF(I/10*10 .NE.I) WRITE(6,15) E(I),S,IER 

13 F0RMAT(2X,15,2X,E16.7,5X,2E16.7,5X,'IER=',14) 

15 FORMAT(9X,E16.7,5X,2E16.7,5X,'IER=',14) 

RS=REAL(S) 

AIS=-AIMAG(S) 

RGC=4.*REAL(GC) 

AIGC=-4.*AIMAG(GC) 

D0S=-4.*AIMAG(GC)/PI 

IF(DOS.LT.O.O) DOS=-DOS 

WRITE(24,18) E(I),RS,AIS,RGC,AIGC,DOS 

18 FORMAT(6E11.4) 

6 CONTINUE 

STOP 

END 

C ROUTINE TO ITERATE COMPLEX CPA EQUATIONS 

SUBROUTINE NEWTON(N,El,E2,SO,ZZ,EVA,EVB,EVC,EVBAR, 

1EPS,NI,IER,S,II) 

C0MPLEX*8 SO,ZZ,ZP,GC,GCP,S,F,FP 

COMPLEX*8 CONE,CTWO,CTHREE,CFOUR 

COMPLEX*8 CEVA,CEVB,CEVC,CEVBAR 
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COMMON GC,D(292) 

DATA CONE,CTWO,CTHREE,CFOUR/(1.,0.),(2.,0.),(3.,0.), 

1(4.,0.,)/ 

IS=II 

CEVA=EVA 

CEVB=EVB 

CEVC=EVC 

CEVBAR=EVBAR 

C IF(IS.GT.220) PRINT 8 

8 F0RMAT(5X,'I',2X,'DIFFl',12X,'DIFF2',12X,'SR',lOX, 

I'SI',10X,'GCR',10X,'GCI',10X,'GCPR',lOX,'GCPI') 

DO 1 1=1,NI 

ZP=ZZ-SO 

CALL WZFN(ZP,E1,E2,N,D,GC,GCP) 

GC=-GC 

F=SO-GC*GC*(CEVA-CEVBAR-SO)*(CEVB-CEVBAR-SO) 

1*(CEVC-CEVBAR-SO) 

1+GC*(CTW0*S0*S0-(CEVA+CEVB+CEVC-CTHREE*CEVBAR)*S0 

1+(X+Y)*(CEVA-CEVBAR)*(CEVB-CEVBAR) 

1+(CONE-Y)*(CEVA-CEVBAR)*(CEVC-CEVBAR) 

1+(CONE-X)*(CEVB-CEVBAR)*(CEVC-CEVBAR)) 

FP=CONE-CTWO*GC*GCP*(CEVA-CEVBAR-SO) 

1*(CEVB-CEVBAR-S0)*(CEVC-CEVBAR-S0) 

1+GC*GC*((CEVA-CEVBAR-SO)*(CEVB-CEVBAR-SO) 

1+(CEVA-CEVBAR-S0)*(CEVC-CEVBAR-S0) 
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1+(CEVB-CEVBAR-SO)*(CEVC-CEVBAR-SO)) 

1+GCP*(CTWO*SO*SO-(CEVA+CEVB+CEVC-CTHREE*CEVBAR)*S0 

1+(X+Y)*(CEVA-CEVBAR)*(CEVB-CEVBAR) 

1+(CONE-Y)*(CEVA-CEVBAR)*(CEVC-CEVBAR) 

1+(CONE-X)*(CEVB-CEVBAR)*(CEVC-CEVBAR)) 

1+GC*(CFOUR*SO-(CEVA+CEVB+CEVC-CTHREE*CEVBAR)) 

S=SO-F/FP 

DIFF1=CABS(S-S0) 

DIFF2=CABS(F) 

C IF(IS.LT.20.OR.IS.GT.220) PRINT 7,I,DIFF1,DIFF2,S,GC,GCP 

7 F0RMAT(2X,I3,8E14.5) 

IF(DIFF1.LE.EPS.AND.DIFF2.LE.EPS) GO TO 2 

SO=S 

1 CONTINUE 

IF(I.GE.NI.AND.DIFF1.GT.EPS.AND.DIFF2.LE.EPS) GO TO 3 

IF(I.GE.NI.AND.DIFF1.LE.EPS.AND.DIFF2.GT.EPS) GO TO 3 

IF(I.GE.NI.AND.DIFF1.GT.EPS.AND.DIFF2.GT.EPS) GO TO 4 

C IER=0,CONVERGED WITH BOTH CRITERIA IN NI ITERATIONS 

C IER=1, ONLY ONE OF THE TWO CONVERGENCE CRITERIA ARE 

C SATISFIED IN NI ITERATIONS 

C IER=2, FAILED TO CONVERGE IN NI ITERATIONS 

2 IER=0 . 

GO TO 5 

3 IER=1 

GO TO 5 
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4 IER=2 

5 RETURN 

END 

C SUBROUTINE TO CALCULATE THE GREEN'S FUNCTION 

C AS A FUNCTION OF COMPLEX ARGUMENT, GIVEN THE 

C DENSITY OF STATES 

C I.E. CALCULATE THE INTEGRAL: 

C W(Z)=INTEGRAL(D(E')DE'/(E'-Z)) 

C ALSO CALCULATES THE DERIVATIVE OF THIS 

C WRITTEN BY P.A. FEDDERS IN JULY,1982 

SUBROUTINE WZFN(Z,El,E2,N,DF,WF,WPF) 

C Z=COMPLEX ARGUMENT,El,E2=LIMITS WHERE DOS IS KNOWN, 

C N=(NPTS-l)/2,WHERE NPTS=#OF POINTS WHERE DOS IS KNOWN 

C DF=DOS WHICH IS INPUT, W=DESIRED GREEN'S FUNCTION 

C WPF=DERIVATIVE 

C0MPLEX*8 Z,WF,WPF,AL,XZ,ZL,WT,WTP,X2,ZIP,YZ,ZG 

DIMENSION DF(292) 

XN=N 

PI=3.141592654 

DL=(E2-E1)/(2.*XN) 

ZIP=CMPLX(0.,0.) 

WF=ZIP 

WPF=ZIP 

DO 10 K=1,N 

K2=2*K 
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XK=K2-1 

CC=DF(K2) 

BB=(DF(K2+l)-DF(K2-l))/2. 

AA=(DF(K2+l)+DF(K2-l)-2.*DF(K2))/2. 

AL=E1-Z+XK*DL 

XZ=DL/AL 

TS=CABS(XZ) 

IF(TS.LE..1) GO TO 11 

YZ=1./XZ 

ZL=CLOG((AL+DL)/(AL-DL)) 

WT=CC*ZL+YZ*(AA*YZ-BB)*(ZL-2.*XZ) 

ZG=1./(YZ*YZ-1.) 

WTP=2.*ZG*CC+BB*(ZL-2.*ZG*YZ) 

WTP=(WTP+2.*AA*(-YZ*ZL+1.+YZ*YZ*ZG))/DL 

GO TO 12 

11 X2=XZ*XZ 

WT=CC*(((X2/5.)+(l./3.))*X2+1.) 

WT=WT-BB*(((X2/7.) + (l./5.))*X2+(l./3. ))*XZ 

WT=WT+AA*(((X2/7.) + (l./5.))*X2+(l./3. )) 

WT=2.*WT*XZ 

WTP=CC*((X2+1.)*X2+1.) 

WTP=WTP-2.*BB*(((3.*X2/7.)+(2./5.))*X2+(l./3.))*XZ 

WTP=WTP+AA*(((5.*X2/7.)+(3./5.))*X2+(l./3.)) 

WTP=2.*WTP*XZ/AL 

12 WF=WF+WT 
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WPF=WPF+WTP 

10 CONTINUE 

RETURN 

END 

SUBROUTINE TAREA(X,Y,N,A) 

IMPLICIT REAL*4 (A-H,0-Z) 

DIMENSION X(N),Y(N) 

ZERO=O.E+00 

TWO=2.E+00 

A=ZERO 

N1=N-1 

DO 3 1=2,NI 

A=A+Y(I) 

3 CONTINUE 

A=A+(Y(1)+Y(N))/TW0 

H=X(2)-X(1) 

A=A*H 

RETURN 

END 



APPENDIX B 

COMPUTER CODE FOR THE TERNARY 

SEMICONDUCTOR ALLOY DISORDER 

MOBILITY 

PROGRAM TO CALCULATE THE DISORDER CONTRIBUTIONS TO 

THE MOBILITY OF III-V SEMICONDUCTOR ALLOYS. 

THIS PROGRAM SPECIFICALLY DOES THE CALCULATION 

FOR THE TERNARY CASE, AXBl-XC, FINDING THE 

ELECTRONIC MOBILITY (CONDUCTION BAND). 

DIMENSION DENSYM(600),PARAM(21),ENERGY(299),DOS(299) 

DIMENSION C1(299),C2(299),C3(299) 

DIMENSION C4(299),C5(299),C6(299) 

DIMENSION VK(3),EB(10),ENER(299),DOES(299),ENK(10) 

DIMENSION VECT1(35,3),VECT2(89,3) 

DIMENSION WTFCT1(35),WTFCT2(89) 

DIMENSION VECTOR(123,3),WTFACT(123) 

DIMENSION TTEMP(96),FN(96),TRACER(96),TRACEI(96) 

DIMENSION DENM(96) 

DIMENSION ANUMR(96),ANUMI(96),AMOBR(96),AMOBI(96) 

DIMENSION PSIRL(10,10),PSIIM(10,10),G(8,8),A(16,3) 

DIMENSION B1R(8,8),B2R(8,8),B3R(8,8) 

DIMENSION B1I(8,8),B2I(8,8),B3I(8,8) 

234 
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C 

DIMENSION AM1R(8,8),AM2R(8,8),AM3R(8,8) 

DIMENSION AM1I(8,8),AM2I(8,8),AM3I(8,8) 

DIMENSION AM1RPR(8,8),AM2RPR(8,8),AM3RPR(8,8) 

DIMENSION AM1IPR(8,8),AM2IPR(8,8),AM3IPR(8,8) 

DIMENSION AM1RIP(8,8),AM2RIP(8,8),AM3RIP(8,8) 

DIMENSION AM1IRP(8,8),AM2IRP(8,8),AM3IRP(8,8) 

DIMENSION G01(4,4,10),G0(2,10),G1(2,10) 

COMPLEX SIGMA(299),SIGM(299),S,S00 

COMMON /PARAMS/PARAM 

C SET INDEX VALUES FROM TBPRA3 (NR0W1,NR0W2) FOR 

C COMPOUNDS. SET COMPOSITION X (COMP) FOR ALLOY. 

C FOR THE ALLOY, COMP IS FOR COMPOUND WITH INDEX NR0W2. 

C (1-COMP) IS FOR COMPOUND WITH INDEX NROWl. 

C WEIGHTING FACTORS (WTFCTl,WTFCT2) ARE FOR THE POINTS 

C IN THE 1/48TH WEDGE OF THE 1ST BRILLOUIN ZONE. 

C THERE ARE 89 BASIC POINTS IN THE WEDGE, WEIGHTED BY 

C THE FACTORS WTFCT2. THE VOLUME AROUND THE POINT 

C (KX,KY,KZ)=(0,0,0) IS FURTHER SUBDIVIDED TO INCLUDE 

C 35 POINTS, WEIGHTED BY THE FACTORS WTFCTl (DIVIDED 

C BY WTFD=125). THE SUM OF ALL THE WEIGHTING FACTORS 

C IS 2048, A NUMBER TO BE DIVIDED BY LATER, FOR PROPER 

C NORMALIZATION. 
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DATA NROWl,NROW2,COMP/5,13,0.5/ 

DATA WTFCT1/1.,3.,3.,1.,3.,6.,3.,3.,3.,1.,3.,6., 

•*• «3.,D.,o.,o.,3.,3.,3.,l.,3.,5.,3.,6., 

2 6.,3.,6.,6.,6.,3.,3.,3.,3.,3.,1./ 

DATA WTFCT2/1.,6.,12.,8.,6.,24.,24.,12.,24.,8., 

1 6.,24.,24.,24.,48.,24.,12.,24.,24.,8., 

2 6.,24.,24.,24.,48.,24.,24.,48.,48.,24., 

3 12.,24.,24.,24.,4.,6.,24.,24.,24.,48., 

4 24.,24.,48.,48.,24.,24.,48.,48.,24.,12., 

5 24.,12.,6.,24.,24.,24.,48.,24.,24.,48., 

6 48.,12.,24.,48.,24.,24.,24.,3.648,6.,24., 

7 24.,24.,48.,24.,24.,48.,24.,24.,24.,7.296, 

8 3.,12.,12.,12.,24.,8.352,12.,16.704,6./ 

WTFD=125.0 

SET VALUES FOR VARIOUS PARAMETERS. AY AND AX ARE 

LATTICE CONSTANTS FOR NROWl AND NR0W2, RESPECTIVELY. 

VOLUME OF UNIT CELL (VOLCEL) IS CUBE OF COMP WEIGHTED 

AVE LATTICE CONST. EGRID TERMS ARE VARIOUS ENERGY 

INTERVALS OVER WHICH INTEGRATION IS DONE. NGRID IS 

NUMBER OF ROWS IN THE CPA DATA FILE, CALCULATED AT 

INTERVALS OF EGRIDl. 
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PI=3.1415927 

AY=5.65E-08 

AX=5.66E-08 

ALNGTH=(1.0-COMP)*AY+COMP*AX 

VOLCEL=(ALNGTH)* * 3 

EGRID1=0.005 

EGRID2=0.1*EGRID1 

EGRID3=0.01*EGRID1 

EGRID4=0.001*EGRID1 

EGRID5=0.0001*EGRID1 

EGRID6=0.00001*EGRID1 

NGRID=299 

READ TBPRA3 TO GET THE APPROPRIATE 

VOGL-HJALMARSON PARAMETERS TO USE AS 

INPUT INTO THE SUBROUTINE BALPHA 

NRMAX=AMAXO(NROWl,NR0W2) 

IPRM=13 

USE DENSYM FOR TEMPORARY STORAGE. 

DO 11 I=1,NRMAX 

INDX=(I-1)*IPRM 

READ(24,12) (DENSYM(INDX+II),II=1,9) 
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READ(24,13 ) (DENSYM( INDX+II ) , 1 1 = 1 0 , 1 3 ) , A( 1 , 1 ) , 

1 A ( I , 2 ) , A ( I , 3 ) 

12 FORMAT(9F8.4) 

13 F0RMAT(4F8.4,3A5) 

11 CONTINUE 

DO 14 11=1,13 

INDX1=(NROWl-1)*IPRM+II 

INDX2=(NR0W2-1)*IPRM+II 

14 PARAM(II)=(1.0-COMP)*DENSYM(INDX1)+COMP*DENSYM(INDX2) 

WRITE(6,15) (PARAM(II),II=1,9) 

15 FORMATC PARAM=',9F9.4) 

WRITE(6,16) (PARAM(II),11=10,13) 

16 FORMATC PARAM=' , 4F9 . 4) 

C READ APPROPRIATE CPA FILE FOR EITHER CONDUCTION BAND 

C (ELECTRONS) OR VALENCE BAND (HOLES). 

C SIX COLUMNS IN FILE ARE: ENERGY,REAL SELF-ENERGY, 

C IMAGINARY SELF-ENERGY, REAL GREEN'S FUNCTION, 

C IMAGINARY GREEN'S FUNCTION, AND DENSITY OF STATES. 

C WE NEED BOTH PARTS OF THE SELF-ENERGY FOR SUBROUTINE 

C GREENS AND THE DOS FOR THE DENOMINATOR INTEGRAL OF 

C THE MOBILITY (MOBILITY=CONDUCTIVITY/N). 
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READ(23,17) (Cl(I),C2(I),C3(I),C4(I),C5(I),C6(I), 

11=1,NGRID) 

17 F0RMAT(6E11.4) 

DO 18 1=1,NGRID 

ENERGY(I)=0.1+0.005*FLOAT(I-l) 

SIGMA(I)=CMPLX(C2(I),C3(I)) 

DOS(I)=2.0*C6(I) 

18 CONTINUE 

SET UP THE NEEDED K-PTS(VECTOR) AND WEIGHTING FACTORS 

FOR THE 1/48 WEDGE. ALSO FIND THE MINIMUM VCA BAND 

ENERGY(EBAND) AND THE MINIMUM CPA BAND ENERGY(EO). 

Nl=5 

N2=9 

NVECT1=35 

NVECT2=89 

NVECT=123 

IPLANE=12 

EBAND=20.0 

FOR 35 POINTS IN SMALL VOLUME AROUND (0,0,0) WE 

SET POINTS INTO AN ARRAY (VECTl). FOR THESE POINTS 

WE ALSO FIND THE MIN ENERGY FOR THE 5TH BAND (THE 
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LOWEST CONDUCTION BAND) IN THE VCA (CALLED EBAND). 

IVECT=1 

DO 20 IX=1,N1 

DO 20 IY=1,IX 

DO 20 IZ=1,IY 

XK=(FLOAT(IX-1)+0.5)/80.0 

YK=(FLOAT(IY-1)+0.5)/80.0 

ZK=(FLOAT(IZ-1)+0.5)/80.0 

WTFCTl(IVECT)=WTFCT1(IVECT)/WTFD 

VK(1)=XK 

VK(2)=YK 

VK(3)=ZK 

CALL HHYBR(VK,PARAM,EB,PSIRL,PSIIM,lERR) 

IF(EBAND.LT.EB(5)) GO TO 21 

EBAND=EB(5) 

21 WRITE(6,22) (VK(1),VK(2),VK(3),EB(5),EB(6),EBAND) 

22 FORMAT(2X,3F8.5,2X,2F10.5,2X,IFIO.5) 

VECTl(IVECT,1)=XK 

VECT1(IVECT,2)=YK 

VECT1(IVECT,3)=ZK 

IVECT=IVECT+1 

20 CONTINUE 

DO THE SAME AS ABOVE FOR THE 89 BASIC POINTS 
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C IN THE 1/48TH WEDGE. FIND THE SMALLEST ENERGY 

C (CONDUCTION BAND MIN) FOR ALL 124 POINTS. 

C 

IVECT=1 

DO 30 IX=1,N2 

DO 30 IY=1,IX 

DO 30 IZ=1,IY 

IF (IX+IY+IZ-3.GT.IPLANE) GO TO 30 

XK=FLOAT(IX-1)/8.0 

YK=FL0AT(IY-l)/8.0 

ZK=FL0AT(IZ-l)/8.0 

VK(1)=XK 

VK(2)=YK 

VK(3)=ZK 

CALL HHYBR(VK,PARAM,EB,PSIRL,PSIIM,lERR) 

IF(EBAND.LT.EB(5)) GO TO 31 

EBAND=EB(5) 

31 WRITE(6,32) (VK(1),VK(2),VK(3),EB(5), EB(6),EBAND) 

32 FORMAT(2X,3F8.5,2X,2F10.5,2X,IFlO.5) 

VECT2(IVECT,1)=XK 

VECT2(IVECT,2)=YK 

VECT2(IVECT,3)=ZK 

IVECT=IVECT+1 

30 CONTINUE ' 
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SET ALL 123 POINTS (OMIT (0,0,0)) INTO ONE ARRAY. 

DO 40 IVECT=1,NVECT1 

VECTOR(IVECT,1)=VECT1(IVECT,1) 

VECTOR(IVECT,2)=VECT1(IVECT,2) 

VECTOR(IVECT,3)=VECT1(IVECT,3) 

WTFACT(IVECT)=WTFCT1(IVECT) 

40 CONTINUE 

DO 50 IVECT=1,NVECT2 

IF(IVECT.EQ.I) GO TO 50 

IVECT1=IVECT-1 

JVECT=IVECT1+NVECT1 

VECTOR(JVECT,1)=VECT2(IVECT,1) 

VECTOR(JVECT,2)=VECT2(IVECT,2) 

VECTOR(JVECT,3)=VECT2(IVECT,3) 

WTFACT(JVECT)=WTFCT2(IVECT) 

50 CONTINUE 

USE CPA DATA FILE TO FIND CPA CONDUCTION BAND MIN 

(EO) BY TAKING VCA COND BAND MIN (EBAND) AND ADDING 

REAL PART OF SELF-ENERGY THEN SUBTRACTING ABSOLUTE 

VALUE OF IMAGINARY PART OF SELF-ENERGY. 

IC0UNT=1 
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DO 60 1=1,NGRID 

SUME=ENERGY(I) 

IF(SUME.GT.EBAND) GO TO 61 

ICOUNT=ICOUNT+1 

60 CONTINUE 

61 DELEN=EGRID1 

DELTA=(SUME-EBAND)/DELEN 

E2=ENERGY(ICOUNT)+C2(ICOUNT)-ABS(C3(ICOUNT)) 

El=ENERGY(ICOUNT-l)+C2(ICOUNT-l)-ABS(C3(ICOUNT-l) ) 

E0=(1.0-DELTA)*E2+DELTA*E1 

SET UP A NEW CPA DATA SET FOR ENERGY, SELF-ENERGY 

AND DENSITY OF STATES BY USING EO AS LOWEST ENERGY 

AND USING LINEAR INTERPOLATION TO GET VALUES FOR 

THESE PARAMETERS IN INCREMENTS OF ENERGY OF EGRIDl. 

WRITE NEW DATA FILE UP TO MAX ENERGY OF OLD DATA 

FILE. 

IC0UNT=1 

DO 70 1=1,NGRID 

SUME=ENERGY(I) 

IF(SUME.GT.EO) GO TO 71 

IC0UNT=IC0UNT+1 

70 CONTINUE 

71 DELEN=EGRID1 
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DELTA=(SUME-EO)/DELEN 

JCOUNT=ICOUNT-1 

WRITE(6,72) 

72 FORMAT(//) 

DO 80 1=1,NGRID 

J1=JC0UNT+I 

J2=J1-1 

IF(J1.EQ.300) GO TO 82 

ENER(I)=(1.0-DELTA)*ENERGY(J1)+DELTA*ENERGY(J2) 

SIGM(I)=(1.0-DELTA)*SIGMA(J1)+DELTA*SIGMA(J2) 

DOES(I)=(1.0-DELTA)*DOS(Jl)+DELTA*DOS(J2) 

RSIGM=REAL(SIGM(I)) 

ASIGM=AIMAG(SIGM(I)) 

WRITE(6,81) (ENER(I),RSIGM,ASIGM,DOFS(I)) 

81 F0RMAT(2X,1E12.5,2X,2E12.5,2X,1E12.5) 

80 CONTINUE 

NPTS=100 

GO TO 83 

82 NPTS=I-2 

83 MPTS=I-2 

INTEGRATE THE APPROPRIATE FUNCTION OVER THE ENERGY 

GRID COVERING THE BOTTOM OF THE CONDUCTION BAND OR 

THE TOP OF THE VALENCE BAND. THIS FUNCTION IS TAKEN 
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C FROM ELLIOTT ET AL. FOR THE CONDUCTIVITY (NUMERATOR 

C OF THE MOBILITY). THE CHARGE CARRIER DENSITY IS 

C THE DENOMINATOR OF THE MOBILITY. WE FIND THE 

C MOBILITY FOR A NUMBER NTEMP DIFFERENT TEMPERATURES, 

C RANGING FROM IK UP TO lOOOK (THE NUMERICAL ACCURACY 

C OF THIS PROGRAM DROPS OFF FOR VERY LOW TEMPERATURES). 

C 

C SET TEMP=T,BOLTZMANN'S CONST=BK 

NTEMP1=50 

NTEMP2=60 

NTEMP=96 

BK=0.0000861645 

SET CONSTANTS FOR NUMERATOR AND DENOMINATOR. 

CONSTl IS FROM CONDUCTIVITY EXPRESSION, C0NST2 

COMES OUT OF THE B TERMS IN THIS EXPRESSION, WHEN 

WE TAKE A DERIVATIVE OF THE VOGL ET AL. ALLOY 

HAMILTONIAN. IN C0NST3, 2304=48*48, WHICH IS NEEDED 

TO CANCEL OUT FACTORS IN SUBROUTINE PAIRGN (WHICH IS 

A MODIFIED VERSION OF PAIRSM) WHICH ENTER INTO THE 

GREEN'S FN TERMS IN THE CONDUCTIVITY EXPRESSION. 

C0NST1=(1.594E+13) 

C0NST2=(0.5*ALNGTH/PI)**2 

CONST3=(CONST1*CONST2)/(2304.0*VOLCEL) 
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C0NSTD=1.0/VOLCEL 

C 

C SET ZERO VALUES FOR NUMERATOR AND DENOMINATOR. 

C THESE THREE SUMS BEGIN AS ZERO AND HAVE TERMS 

C ADDED TO THEM IN THE INTEGRATION PROCESS (WHICH 

C IS ACTUALLY A SUMMATION). THESE TERMS ARE THE REAL 

C PART OF THE NUMERATOR, THE IMAGINARY PART OF THE 

C NUMERATOR (WHICH SHOULD BE ZERO IN THE FINAL RESULT, 

C BUT IS ACTUALLY A VERY SMALL NONZERO TERM, DUE TO 

C ROUNDING OFF), AND THE DENOMINATOR TERM. THESE ARE 

C COMPUTED FOR NTEMP DIFFERENT TEMPERATURES AND SET 

C INTO AN ARRAY. 

DO 90 1=1,NTEMP 

ANUMR(I)=0.0 

ANUMI(I)=0.0 

DENM(I)=0.0 

. TTEMP(I)=FLOAT(I) 

IF(I.LE.NTEMPl) GO TO 90 

TTEMP(I)=5.0*FLOAT(I)-200.0 

IF(I.LE.NTEMP2) GO TO 90 

TTEMP(I)=25.0*FLOAT(I)-1400.0 

90 CONTINUE 

WRITE(6,91) 

91 FORMAT(//) 
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C 

C 

C THIS LOOP TO LINE 100 COMPUTES. THE NUMERATOR 

C (CONDUCTIVITY) OF THE MAIN EXPRESSION IN TERMS 

C OF GAUSSIAN UNITS. CONSTN IS THE NUMERICAL CONSTANT 

C C0NST3 TIMES THE APPROPRIATE WEIGHTING FACTOR AND 

C DIVIDED BY 2048 FOR PROPER NORMALIZATION. WE COMPUTE 

C CONTRIBUTIONS FOR EACH OF THE 123 K-POINTS SEPARATELY 

C AND ADD THEM TOGETHER. FOR EACH K-POINT WE FIND THE 

C CPA ENERGY OF THE 5TH BAND (LOWEST CONDUCTION BAND) 

C AND DENOTE IT AS EOK. ALL INTEGRATION IS DONE FROM 

C THE CONDUCTION BAND MINIMUM ENERGY EO UPWARDS. 

C WE ALSO FIND FOR EACH K-POINT THE CPA ENERGY EOO 

C SUCH THAT EOO MINUS THE REAL PART OF THE SELF-ENERGY 

C CORRESPONDING TO EOO IS EQUAL TO THE VCA ENERGY OF 

C THE LOWEST CONDUCTION BAND (EBND5). THIS ENERGY EOO 

C MAKES THE GREEN'S FUNCTION TERM IN THE CONDUCTIVITY 

C EXPRESSION VERY LARGE, HENCE MAKING THE INTEGRAND 

C LARGE IN THE VICINITY OF THIS ENERGY. FOR EACH 

C K-POINT CONTRIBUTION, WE PERFORM THE INTEGRATION 

C (SUMMATION) UP TO 0.5 EV ABOVE EOO. WE ALSO SUM 

C OVER PROGRESSIVELY SMALLER ENERGY GRIDS IN THE 

C VICINITY OF EOO. 

C 

DO 100 IVECT=1,NVECT 
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C0NSTN=C0NST3*WTFACT(IVECT)/2048.0 

VK(1)=VECTOR(IVECT,1) 

VK(2)=VECTOR(IVECT,2) 

VK(3)=VECTOR(IVECT,3) 

XK=VK(1) 

YK=VK(2) 

ZK=VK(3) 

CALL HHYBR(VK,PARAM,EB,PSIRL,PSIIM,IERR) 

EBND5=EB(5) 

IC0UNT=1 

DO 110 1=1,NGRID 

SUME=ENERGY(I) 

IF(SUME.GT.EBND5) GO TO 111 

IC0UNT=IC0UNT+1 

IF(ICOUNT.EQ.300) GO TO 100 

110 CONTINUE 

111 DELEN=EGRID1 

DELTA=(SUME-EBND5)/DELEN 

E2=ENERGY(ICOUNT)+C2(ICOUNT)-ABS(C3(ICOUNT)) 

E1=ENERGY(ICOUNT-1)+C2(ICOUNT-1)-ABS(C3(ICOUNT-1)) 

EOK=(1.0-DELTA)*E2+DELTA*E1 

IC0UNT=1 

DO 120 1=1,NGRID 
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SUME=ENERGY(I)-C2(I) 

IF(SUME.GT.EBND5) GO TO 121 

ICOUNT=ICOUNT+1 

IF(ICOUNT.EQ.300) GO TO 100 

120 CONTINUE 

121 DELEN=SUME-ENERGY(ICOUNT-1)+C2(ICOUNT-1) 

DELTA=(SUME-EBND5)/DELEN 

E00=(1.0-DELTA)*ENERGY(ICOUNT)+DELTA*ENERGY(ICOUNT-1) 

S00=(1.O-DELTA)*SIGMA(ICOUNT)+DELTA*SIGMA(ICOUNT-1) 

DELTAE=EOO-EO 

IF(DELTAE.GT.0.50) GO TO 100 

TRACER AND TRACEI ARE THE REAL AND IMAGINARY PARTS 

OF THE PARTIAL SUMS OF EACH K-POINT CONTRIBUTION. 

PAIRGN FINDS THE NON-ENERGY DEPENDENT SYMMETRIZED 

WAVEFUNCTIONS USED IN THE GREEN'S FUNCTION MATRIX 

ELEMENTS FOR EACH K-POINT, AND BALPHA FINDS THE 

MATRIX ELEMENTS OF THE B-MATRIX TERM FOR EACH 

K-POINT. NOTE THAT THESE QUANTITIES ARE ALL 

INDEPENDENT OF THE ENERGY. 

DO 130 1=1,NTEMP 

TRACER(I)=0.0 

TRACEI(I)=0.0 

130 CONTINUE 
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WRITE(6,131) (VK(1),VK(2),VK(3),EBND5,E0K,E00, 

1EBAND,E0) 

131 FORMAT(2X,3F8.5,2X,2F10.5,2X,1F10.5,2X,2F10.5) 

CALL PAIRGN(XK,YK,ZK,ENK,G01,G0,G1) 

CALL BALPHA(XK,YK,ZK,PARAM,BIR,BlI,B2R,B2I,B3R,B3I) 

C 

C THIS LOOP DOES THE INTEGRATION (SUMMATION) OVER THE 

C ENERGY. THE LOOPS CONTAINED WITHIN THIS ONE ALLOW 

C ONE TO SUM OVER PROGRESSIVELY SMALLER ENERGY GRIDS 

C WHEN THE ENERGY VARIABLE IS CLOSE TO EOO, WHERE THE 

C DENOMINATOR OF THE GREEN'S FUNCTION TERMS BECOME 

C SMALL, CONTRIBUTING SIGNIFICANTLY TO THE SUM. 

C 

DO 200 J=1,NPTS 

E=ENER(J) 

S=SIGM(J) 

EGRID=EGRID1 

C THESE OPTIONAL COMMANDS ALLOW ONE TO SUM IN UNITS 

C OF EGRID2 NEAR THE CONDUCTION BAND EDGE. 

C DELTAE=E-EO 

C IF(DELTAE.LT.0.025) GO TO 201 

EP=E+2.0*EGRID1 

EM=E-EGRID1 

IF(EP.LT.EOO) GO TO 202 

IF(EM.GT.EOO) GO TO 202 
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201 DO 210 K=l,10 

J1=J+1 

FRAC=0.1* FLOAT(K-1) 

E=(1.0-FRAC)*ENER(J)+FRAC*ENER(Jl) 

S=(1.0-FRAC)*SIGM(J)+FRAC*SIGM(J1) 

EGRID=EGRID2 

EEP=E+2.0*EGRID2 

EEM=E-EGRID2 

IF(EEP.LT.EOO) GO TO 202 

IF(EEM.GT.EOO) GO TO 202 

DO 220 KK=1,10 

FRAC1=0.01*FLOAT(KK-1) 

E=(1.0-FRAC-FRACl)*ENER(J)+(FRAC+FRACl)*ENER(Jl) 

S=(1.0-FRAC-FRAC1)*SIGM(J)+(FRAC+FRAC1)*SIGM(J1) 

EGRID=EGRID3 

EEEP=E+2.0*EGRID3 

EEEM=E-EGRID3 

IF(EEEP.LT.EOO) GO TO 202 

IF(EEEM.GT.EOO) GO TO 202 

DO 230 KKK=1,10 

'FRAC2=0.001*FLOAT(KKK-1) 

E=(1.0-FRAC-FRAC1-FRAC2)*ENER(J) 

1+(FRAC+FRAC1+FRAC2)*ENER(Jl) 

S=(1.0-FRAC-FRAC1-FRAC2)*SIGM(J) 

1+(FRAC+FRAC1+FRAC2)*SIGM(J1) 
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EGRID=EGRID4 

EEEEP=E+2.0*EGRID4 

EEEEM=E-EGRID4 

IF(EEEEP.LT.EOO) GO TO 202 

IF(EEEEM.GT.EOO) GO TO 202 

DO 240 KKKK=1,10 

FRAC3=0.0001*FLOAT(KKKK-1) 

EFRAC=FRAC+ FRAC1+FRAC2 + FRAC3 

E=(1.0-EFRAC)*ENER(J)+EFRAC*ENER(J1) 

S=(1.0-EFRAC)*SIGM(J)+EFRAC*SIGM(J1) 

EGRID=EGRID5 

EEEEEP=E+2.0*EGRID5 

EEEEEM=E-EGRID5 

IF(EEEEEP.LT.EOO) GO TO 202 

IF(EEEEEM.GT.EOO) GO TO 202 

DO 250 KKKKK=1,10 

FRAC4=0.00001*FLOAT(KKKKK-1) 

EFRAC=FRAC+FRAC1 + FRAC2 + FRAC3 + FRAC4 

E=(1.0-EFRAC)*ENER(J)+EFRAC*ENER(Jl) 

S=(1.0-EFRAC)*SIGM(J)+EFRAC*SIGM(J1) 

EGRID=EGRID6 

WITH THE CHOSEN VALUE OF THE ENERGY, THE EXPONENTIAL 

FACTOR IS FOUND (FN, A FUNCTION OF ENERGY AND TEMP). 
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202 XO=(E-EO)/BK 

DO 260 ITEMP=1,NTEMP 

TEMP=TTEMP(ITEMP) 

X=X0/TEMP 

IF(X.LT.20.0) GO TO 211 

FN(ITEMP)=0.0 

GO TO 260 

211 FN(ITEMP)=EXP(-X) 

260 CONTINUE 

HERE WE COMPUTE THE ENERGY-DEPENDENT GREEN'S 

FUNCTION MATRIX ELEMENTS USING GREENS. 

THE GREEN'S FUNCTION AND BALPHA MATRICES ARE 

MULTIPLIED TOGETHER USING MATRIX, SEPARATED INTO 

REAL AND IMAGINARY PARTS. THESE MATRICES ARE THEN 

ADDED TOGETHER, AND THEIR TRACES TAKEN. 

CALL GREENS(XK,YK,ZK,E,ENK,S,G,GOl,GO,GI) 

CALL MATRIX(BIR,G,AMIR) 

CALL MATRIX(B2R,G,AM2R) 

CALL MATRIX(B3R,G,AM3R) 

CALL MATRIX(B1I,G,AM1I) 

CALL MATRIX(B2I,G,AM2I) 

CALL MATRIX(B3I,G,AM3I) 

CALL MATRIX(AM1R,AM1R,AM1RPR) 
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CALL MATRIX(AM2R,AM2R,AM2RPR) 

CALL MATRIX(AM3R,AM3R,AM3RPR) 

CALL MATRIX(AM1I,AM1I,AM1IPR) 

CALL MATRIX(AM2I,AM2I,AM2IPR) 

CALL MATRIX(AM3I,AM3I,AM3IPR) 

CALL MATRIX(AM1R,AM1I,AM1RIP) 

CALL MATRIX(AM2R,AM2I,AM2RIP) 

CALL MATRIX(AM3R,AM3I,AM3RIP) 

CALL MATRIX(AM1I,AM1R,AM1IRP) 

CALL MATRIX(AM2I,AM2R,AM2IRP) 

CALL MATRIX(AM3I,AM3R,AM3IRP) 

SUMKR=0.0 

SUMKI=0.0 

DO 300 L=l,8 

SUMRSQ=AM1RPR(L,L)+AM2RPR(L,L)+AM3RPR(L,L) 

SUMISQ=AM1IPR(L,L)+AM2IPR(L,L)+AM3IPR(L,L) 

SUMRI=AM1RIP(L,L)+AM2RIP(L,L)+AM3RIP(L,L) 

SUMIR=AM1IRP(L,L)+AM2IRP(L,L)+AM3IRP(L,L) 

SUMKR=SUMKR+SUMRSQ-SUMISQ 

SUMKI=SUMKI+SUMRI+SUMIR 

300 CONTINUE 

DO 270 1=1,NTEMP 

TEMP=TTEMP(I) 

FUNCT=FN(I) 

TRACER(I)=TRACER(I)+(1.0/TEMP)*EGRID*CONSTN*FUNCT 
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1 *SUMKR 

TRACEI(I)=TRACEI(I)+(1.0/TEMP)*EGRID*CONSTN*FUNCT 

1 *SUMKI 

C WRITE(6,271) (E,FUNCT,SUMKR,SUMKI,TRACER(I),TRACEI(I)) 

271 F0RMAT(2X,2E12.5,2X,2E12.5,2X,2E12.5) 

270 CONTINUE 

IF(EGRID.EQ.EGRIDl) GO TO 200 

IF(EGRID.EQ.EGRID2) GO TO 210 

IF(EGRID.EQ.EGRID3) GO TO 220 

IF(EGRID.EQ.EGRID4) GO TO 230 

IF(EGRID.EQ.EGRID5) GO TO 240 

250 CONTINUE 

240 CONTINUE 

230 CONTINUE 

220 CONTINUE 

210 CONTINUE 

200 CONTINUE 

DO 140 1=1,NTEMP 

TEMP=TTEMP(I) 

ANUMR(I)=ANUMR(I)+TRACER(I) 

ANUMI(I)=ANUMI(I)+TRACEI(I) 

C WRITE(6,141) (VK(1),VK(2),VK(3),TEMP,ANUMR(I), 

C lANUMI(I)) 

141 FORMAT(2X,3F8.5,2X,lE12.5,2X,2E12.5) 

140 CONTINUE 
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100 CONTINUE 

C HERE WE FIND THE DENOMINATOR OF THE MOBILITY, WHICH 

C IS THE CHARGE CARRIER DENSITY. THIS SUM IS TAKEN IN 

C UNITS OF EGRID2 (=0.0005 EV). 

C 

DO 400 J=1,MPTS 

DO 400 K=l,10 

J1=J+1 

FRAC=0.1* FLOAT(K-1) 

E=(1.0-FRAC)*ENER(J)+FRAC*ENER(J1) 

DS=(1.0-FRAC)*DOFS(J)+FRAC*DOFS(J1) 

XO=(E-EO)/BK 

DO 400 ITEMP=1,NTEMP 

TEMP=TTEMP(ITEMP) 

X=XO/TEMP 

IF(X.LT.20.0) GO TO 401 

FUNCT=0.0 

GO TO 402 

401 FUNCT=EXP(-X) 

402 DENM(ITEMP)=DENM(ITEMP)+EGRID2*C0NSTD*FUNCT*DS 

400 CONTINUE 

C 

C 
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C NOW WE FIND THE MOBILITY FOR EACH TEMPERATURE, BY 

C DIVIDING THE NUMERATORS BY THE DENOMINATORS. 

C 

DO 500 ITEMP=1,NTEMP 

AMOBR(ITEMP)=ANUMR(ITEMP)/DENM(ITEMP) 

ANUMI(ITEMP)=ANUMI(ITEMP)/DENM(ITEMP) 

500 CONTINUE 

COMPUTE THE MOBILITY IN TERMS OF SI UNITS, WHERE WE 

HAVE THE MOBILITY IN TERMS OF CM*CM/VOLTS-SEC 

INSTEAD OF THE GAUSSIAN UNITS OF CM*CM*CM/SEC. 

THE CONDUCTIVITY IS IN 1/OHMS-CM INSTEAD OF 

1/SEC, AND THE CARRIER DENSITY IS IN 

COUL/CM*CM*CM INSTEAD OF #/CM*CM*CM 

WRITE(6,510) 

510 FORMAT(//,' THE SI UNITS ARE:') 

UNITF=(1.0E-ll)/9.0 

DO 520 ITEMP=1,NTEMP 

ANUMR(ITEMP)=UNITF*ANUMR(ITEMP) 

ANUMI(ITEMP)=UNITF*ANUMI(ITEMP) 

DENM(ITEMP)=(1.6E-19)*DENM(ITEMP) 

AMOBR(ITEMP)=ANUMR(ITEMP)/DENM(ITEMP) 

AMOBI(ITEMP)=ANUMI(ITEMP)/DENM(ITEMP) 

520 CONTINUE 

WRITE(6,530) 

530 FORMAT(//) 
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DO 540 ITEMP=1,NTEMP 

TEMP=TTEMP(ITEMP) 

ANUMRT=ANUMR(ITEMP) 

ANUMIT=ANUMI(ITEMP) 

DENMT=DENM(ITEMP) 

AMOBRTi=AMOBR (I TEMP) 

AMOBIT=AMOBI(ITEMP) 

WRITE ( 6, 541) (TEMP, ANUMRT, ANUMIT, DENMT, AMOBRT, AMOBIT) 

541 FORMAT(2X, 1E12 . 5, 2X, 2E12 . 5, 2X, 1E12 . 5, 2X, 2E12 . 5 ) 

540 CONTINUE 

WRITE(6,101) 

101 FORMAT(//,' PROGRAM IS FINISHED') 

STOP 

END 

SUBROUTINE GREENS(XK,YK,ZK,E,ENK,S,G,GOl,GO,GI) 

DIMENSION G(8,8),ENK(10) 

DIMENSION GOl(4,4,10),GO(2,10),GI(2,10) 

COMPLEX W(8,8,10) 

COMPLEX S,DENOM,SUM 

CQO=CMPLX(0.0,0.0) 

CQ1=CMPLX(1.0,0.0) 

COMPUTE THE CONJUGATE PRODUCTS OF THE 

DENSITY OF STATES 
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C THE OFF-DIAGONAL PRODUCTS: 

C 

Dp 5 N=l,10 

W(1,5,N)=CQ1*G01(1,1,N) 

DO 6 J=6,8 

W(l,J,N)=(1.0/SQRT(3.0))*CQ1*G01(1,2,N) 

6 CONTINUE 

DO 7 1=2,4 

W(I,5,N)=(1.0/SQRT(3.0))*CQ1*G01(2,1,N) 

7 CONTINUE 

5 CONTINUE 

DO 10 N=l,10 

W(2,6,N)=(1.0/3.0)*CQ1*(G01(2,2,N)+2.0*G01(2,3,N)) 

W(3,7,N)=(1.0/3.0)*CQ1*(G01(2,2,N)+2.0*G01(2,3,N)) 

W(4,8,N)=(1.0/3.0)*CQ1*(G01(2,2,N)+2.0*G01(2,3,N)) 

W(2,7,N)=(1.0/3.0)*CQ1*(G01(2,2,N)-G01(2,3,N)) 

W(2,8,N)=(1.0/3.0)*CQ1*(G01(2,2,N)-G01(2,3,N)) 

W(3,8,N)=(1.0/3.0)*CQ1*(G01(2,2,N)-G01(2,3,N)) 

W(3,6,N)=(1.0/3.0)*CQ1*(G01(2,2,N)-G01(2,3,N)) 

W(4,6,N)=(1.0/3.0)*CQ1*(G01(2,2,N)-G01(2,3,N)) 

W(4,7,N)=(1.0/3.0)*CQ1*(G01(2,2,N)-G01(2,3,N)) 

10 CONTINUE 

DIAGONAL TERMS 
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DO 30 N=l,10 

DO 30 1=1,4 

DO 30 J=l,4 

IF (I.EQ.J) GO TO 31 

W(I,J,N)=CQO 

GO TO 30 

31 W(1,1,N)=CQ1*G0(1,N) 

W(2,2,N)=CQ1*G0(2,N) 

W(3,3,N)=CQ1*G0(2,N) 

W(4,4,N)=CQ1*G0(2,N) 

30 CONTINUE 

DO 40 N=l,10 

DO 40 1=5,8 

DO 40 J=5,8 

IF (I.EQ.J) GO TO 41 

W(I,J,N)=CQO 

GO TO 40 

41 W(5,5,N)=CQ1*G1(1,N) 

W(6,6,N)=CQ1*G1(2,N) 

W(7,7,N)=CQ1*G1(2,N) 

W(8,8,N)=CQ1*G1(2,N) 

40 CONTINUE 
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C COMPUTE THE GREEN'S FUNCTION MATRIX ELEMENTS 

C 

ECMPLX=CQ1*E 

DO 60 1=1,4 

DO 60 J=l,4 

SUM=0.0 

DO 60 N=l,10 

EBNDCX=CQ1* ENK(N) 

DENOM=ECMPLX-EBNDCX-S 

SUM=SUM+W(I,J,N)/DENOM 

G(I,J)=AIMAG(SUM) 

60 CONTINUE 

DO 70 1=5,8 

DO 70 J=5,8 

SUM=0.0 

DO 70 N=l,10 

EBNDCX=CQ1*ENK(N) 

DENOM=ECMPLX-EBNDCX-S 

SUM=SUM+W(I,J,N)/DENOM 

G(I,J)=AIMAG(SUM) 

70 CONTINUE 

DO 80 1=1,4 

DO 80 J=5,8 

SUM=0.0 

DO 80 N=l,10 
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EBNDCX=CQ1* ENK(N) 

DENOM=ECMPLX-EBNDCX-S 

SUM=SUM+W(I,J,N)/DENOM 

G(I,J)=AIMAG(SUM) 

80 CONTINUE 

DO 90 1=5,8 

DO 90 J=l,4 

G(I,J)=-G(J,I) 

90 CONTINUE 

RETURN 

END 

C 

C 

C ROUTINE PAIRGN (IN FILE PRSYM.FOR) 

C COMPUTES THE EIGENVALUES AND SYMMETRIZED 

C COMBINATIONS OF EIGENVECTORS WHICH ARE INPUT 

C INTO THE SPECTRAL DENSITY OF STATES ROUTINE 

C FOR PAIRS. THE EIGENVECTORS ARE THOSE WHICH 

C ARE USED TO CALCULATE THE GREENS FUNCTION 

C APPROPRIATE FOR PAIRS OF DEFECTS. THIS PROGRAM 

C HAS INPUT AND OUTPUT PARAMETERS... 

X(23) THE TIGHT BINDING PARAMETERS 

(ONLY X(I) 1=1,13) 
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C XK,YK,ZK=WAVE VECTOR IN UNITS OF X POINT 

C E E(l) E(10) ENERGIES FOR 10 BAND TB MODEL 

C NN LOCATION OF PAIRS 

C NN=1 NEAREST NEIGHBOR PAIRS (ANION AND CATION) 

C 

C G01(4,4,) THE APPROPRIATE OFF DIAGONAL 

C DENSITY OF STATES FCTN. COUPLING THE DEFECT AT 

C THE ORIGIN AND THE DEFECT AT L=NN 

C 

C GSS GSX GSY GSZ 

C GXS GXX GXY GXZ 

C G01(I,J)= GYS GYX GYY GYZ 

C GZS GZX GZY GZZ 

C 

C 

C G0(2) THE DIAGONAL DENSITY OF STATES FUNCTION 

C WHICH IS FOR THE ANION AT THE ORIGIN 

C G0(1)=GSS 

C G0(2)=GXX 

C Gl(2) THE DIAGONAL DENSITY OF STATES FUNCTION 

C WHICH IS FOR THE CATION(OR ANION) AT L=NN 

C G1(1)=GSS 

C G1(2)=GXX=GYY=GZZ 

C 

C 0.SANKEY (JAN/80) 
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C 

C 

C 

C 

SUBROUTINE PAIRGN(XK,YK,ZK,ENK,GOl,GO,GI) 

DIMENSION ENK(10),ZR(10,10),ZI(10,10) 

DIMENSION C3(3),S3(3),VK(3),C(3),S(3),X(21) 

DIMENSION G01(4,4,10),G0(2,10),G1(2,10) 

COMPLEX AI,AJ,A(4,4,10),XCOMP,FOCC,FXCC,FYCC,FZCC 

COMPLEX ANI(4,10),CAT(4,10),CATCC(4,10),ANICC(4,10) 

COMMON /PARAMS/X 

C 

C 

AI=CMPLX(0.,1.) 

PI=3.14159265 

VK(1)=XK 

VK(2)=YK 

VK(3)=ZK 

CALL HHYBR(VK,X,ENK,ZR,ZI,IERR) 

C 

C COMPUTE THE COEFFICIENTS OF THE BLOCH WAVE 

C ANI(I,N) I=1,4=S,X,Y,Z N=l,10 10 BANDS 

C ANI ARE THE COEFFICIENTS FOR THE ANION 

C CAT(I,N) I=1,4=S,X,Y,Z N=l,10 10 BANDS 

C CAT ARE THE COEFFICIENTS FOR THE CATION 
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C CATCC=CONJG(CAT) 

C ANICC=CONJG(ANI) 

DO 1 N=l,10 

ANI(1,N)=CMPLX(ZR(1,N),ZI(1,N)) 

CAT(1,N)=CMPLX(ZR(2,N),ZI(2,N)) 

L=l 

M=4 

DO 2 1=2,4 

ANI(I,N)=CMPLX(ZR(L+I,N),ZI(L+I,N)) 

2 CAT(I,N)=CMPLX(ZR(M+I,N),ZI(M+I,N)) 

DO 3 1=1,4 

ANICC(I,N)=CONJG(ANI(I,N)) 

3 CATCC(I,N)=CONJG(CAT(I,N)) 

1 CONTINUE 

C 

C FIRST COMPUTE THE OFF DIAGONAL SYMMETRIZED 

C WAVEFUNCTIONS. WE DO NOT COMPUTE ALL OF THEM 

C SINCE SYMMETRY CONSIDERATIONS INTRODUCES 

C RELATIONSHIPS BETWEEN THE VARIOUS ELEMENTS. 

C THE SYMMETRIES VARY WITH NN, SO EACH NN IS 

C TREATED SEPARATELY. 

NN=1 
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P 2 = P I / 2 . 

DO 101 1 = 1 , 3 

C ( I ) = C 0 S ( V K ( I ) * P 2 ) 

101 S ( I ) = S I N ( V K ( I ) * P 2 ) 

F 0 C C = ( C ( 1 ) * C ( 2 ) * C ( 3 ) + A I * S ( 1 ) * S ( 2 ) * S ( 3 ) ) * 4 . 

F X C C = ( - C ( 1 ) * S ( 2 ) * S ( 3 ) - A I * S ( 1 ) * C ( 2 ) * C ( 3 ) ) * 4 . 

F Y C C = ( - S ( 1 ) * C ( 2 ) * S ( 3 ) - A I * C ( 1 ) * S ( 2 ) * C ( 3 ) ) * 4 . 

F Z C C = ( - S ( 1 ) * S ( 2 ) * C ( 3 ) - A I * C ( 1 ) * C ( 2 ) * S ( 3 ) ) * 4 . 

DO 102 N = l , 1 0 

A(1 ,1 ,N)=6 .*ANI(1 ,N)*CATCC(1 ,N)*F0CC 

A ( 2 , 2 , N ) = 2 . * ( A N I ( 2 , N ) * C A T C C ( 2 , N ) 1 

ANI(3,N)*CATCC(3,N) 2 ANI(4,N)*CATCC(4,N))*FOCC 

A(1 ,2 ,N)=2 .*ANI(1 ,N)*(FXCC*CATCC(2 ,N) 1 

FYCC*CATCC(3,N)+FZCC*CATCC(4,N)) 

A(2 ,1 ,N)=2 .*CATCC(1 ,N)*(FXCC*ANI(2 ,N) 1 

FYCC*ANI(3,N)+FZCC*ANI(4,N)) 

A(2 ,3 ,N)=FXCC*(ANI(3 ,N)*CATCC(4,N) 

1 +ANI(4 ,N)*CATCC(3,N)) 

2 +FYCC*(ANI(2,N)*CATCC(4,N)+ANI(4,N)*CATCC(2,N)) 

3 +FZCC*(ANI(2,N)*CATCC(3,N)+ANI(3,N)*CATCC(2,N)) 

102 CONTINUE 

DO 103 N = l , 1 0 

G 0 1 ( 1 , 1 , N ) = 2 . * R E A L ( A ( 1 , 1 , N ) ) 

G 0 1 ( 2 , 2 , N ) = 2 . * R E A L ( A ( 2 , 2 , N ) ) 

G 0 1 ( 1 , 2 , N ) = 2 . * R E A L ( A ( 1 , 2 , N ) ) 
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G01(2,1,N)=2.*REAL(A(2,1,N)) 

G01(2,3,N)=2.*REAL(A(2,3,N)) 

DO 104 1=2,4 

G01(1,I,N)=G01(1,2,N) 

G01(I,1,N)=G01(2,1,N) 

G01(I,I,N)=G01(2,2,N) 

DO 105 J=2,4 

IF(I.EQ.J) GO TO 106 

G01(I,J,N)=G01(2,3,N) 

106 CONTINUE 

105 CONTINUE 

104 CONTINUE 

103 CONTINUE 

END OF GOl FOR NN=1 

DO 21 N=l,10 

XCOMP=ANI(1,N)*CONJG(ANI(1,N)) 

GO(1,N)=48.*REAL(XCOMP) 

XCOMP=ANI(2,N)*CONJG(ANI(2,N)) 

1 +ANI(3,N)*CONJG(ANI3,N)) 

2 +ANI(4,N)*C0NJG(ANI(4,N)) 

G0<2,N)=16.*REAL(XC0MP) 

XCOMP=CAT(1,N)*CATCC(1,N) 
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GI(1,N)=48.*REAL(XCOMP) 

XCOMP=CAT(2,N)*CATCC(2,N)+CAT(3,N)*CATCC(3,N) 

1 +CAT(4,N)*CATCC(4,N) 

Gl(2,N)=16.*REAL(XCOMP) 

21 CONTINUE 

RETURN 

END 

SUBROUTINE BALPHA(XK,YK,ZK,PAR,BIR,BlI,B2R,B2I, 

1 B3R,B3I) 

DIMENSION PAR(21),C(3),S(3),VK(3) 

DIMENSION B1R(8,8),B2R(8,8),B3R(8,8) 

DIMENSION B1I(8,8),B2I(8,8),B3I(8,8) 

COMPLEX B1(8,8),B2(8,8),B3(8,8) 

COMPLEX GO,GI,G2,G3,CGO,CGI,CG2 , CG3 

CQO=CMPLX(0.0,0.0) 

PI=3.1415927 

P2=PI/2. 

VK(1)=XK 

VK(2)=YK 

VK(3)=ZK 

DO 10 J=l,3 

C(J)=C0S(VK(J)*P2) 

10 S(J)=SIN(VK(J)*P2) 

GO=CMPLX(C(l)*C(2)*C(3),-S(l)*S(2)*S(3)) 

G1=CMPLX(-C(1)*S(2)*S(3),S(1)*C(2)*C(3)) 
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G2=CMPLX(-S(1)*C(2)*S(3),C(1)*S(2)*C(3)) 

G3=CMPLX(-S(1)*S(2)*C(3),C(1)*C(2)*S(3)) 

CGO=CONJG(GO) 

CG1=C0NJG(G1) 

CG2=CONJG(G2) 

CG3=CONJG(G3) 

DO 20 1=1,4 

DO 20 J=l,4 

B1(I,J)=CQO 

B2(I,J)=CQO 

20 B3(I,J)=CQ0 

DO 30 1=5,8 

DO 30 J=5,8 

B1(I,J)=CQO 

B2(I,J)=CQO 

30 B3(I,J)=CQ0 

P5=P2*PAR(5) 

P6=P2*PAR(6) 

P7=P2*PAR(7) 

P8=P2*PAR(8) 

P9=P2*PAR(9) 

DEFINE THE MATRIX TERMS 

THE X-COMPONENTS ARE: 

B1(1,5)=P5*G1 

B1(2,5)=-P9*G0 
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=-P9*G3 

=-P9*G2 

=P8*G0 

=P8*G3 

=P8*G2 

=P6*G1 

=P6*G1 

=P6*G1 

=P7*G2 
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B2 

B2 

B2 

B2 

B2 

B2 
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B3 

B3 
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B3 

B3 

B3 

B3 

B3 

B3 

B3 

B3 

B3 

B3 

2,7 

2,8 

3,8 

3,6 

4,6 

4,7 

Z-COMPONENTS ARE 

1,5 

2,5 

3,5 

4,5 

1,6 

1,7 

1,8 

2,6 

3,7 

4,8 

2,7 

2,8 

3,8 

3,6 

4,6 

=P7*G1 

=P7*G0 

=P7*G3 

=P7*G1 

=P7*G0 

=P7*G3 

=P5*G3 

=-P9*G2 

=-P9*Gl 

=-P9*G0 

=P8*G2 

=P8*G1 

=P8*G0 

=P6*G3 

=P6*G3 

=P6*G3 

=P7*G0 

=P7*G1 

=P7*G2 

=P7*G0 

=P7*G1 

B3(4,7)=P7*G2 

NOW THE COMPLEX CONJUGATES 

DO 40 1=5,8 
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DO 40 J=l,4 

B1(I,J)=C0NJG(B1(J,I)) 

B2(I,J)=C0NJG(B2(J,I)) 

B3(I,J)=C0NJG(B3(J,I)) 

40 CONTINUE 

DO THE REAL AND IMAGINARY PARTS 

DO 50 1=1,8 

DO 50 J=l,8 

B1R(I,J)=REAL(B1(I,J)) 

B1I(I,J)=AIMAG(B1(I,J)) 

B2R(I,J)=REAL(B2(I,J)) 

B2I(I,J)=AIMAG(B2(I,J)) 

B3R(I,J)=REAL(B3(I,J)) 

B3I(I,J)=AIMAG(B3(I,J)) 

IF(ABS(B1R(I,J)).LT.O.lE-03) GO TO 51 

GO TO 61 

51 B1R(I,J)=0.0 

61 IF(ABS(B1I(I,J)).LT.O.lE-03) GO TO 52 

GO TO 62 

52 B1I(I,J)=0.0 

62 IF(ABS(B2R(I,J)).LT.0.1E-03) GO TO 53 

GO TO 63 

53 B2R(I,J)=0.0 

63 IF(ABS(B2I(I,J)).LT.0.1E-03) GO TO 54 

GO TO 64 
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54 B2I(I,J)=0.0 

64 IF(ABS(B3R(I,J)).LT.0.1E-03) GO TO 55 

GO TO 65 

55 B3R(I,J)=0.0 

65 IF(ABS(B3I(I,J)).LT.0.1E-03) GO TO 56 

GO TO 50 

56 B3I(I,J)=0.0 

50 CONTINUE 

RETURN 

END 

SUBROUTINE MATRIX(B,G,AM) 

DIMENSION B(8,8),G(8,8),AM(8,8) 

DO 1000 1=1,8 

: WRITE(6,102) (B(I,J),J=l,8) 

102 FORMAT(2X,8F6.2) 

1000 CONTINUE 

DO 111 1=1,8 

: WRITE(6,112) (G(I,J),J=1,8) 

112 FORMAT(3X,8F6.2) 

111 CONTINUE 

DO 1 1=1,8 

DO 1 J=l,8 

AMO=0.0 

DO 1 K=l,8 

AME=B(I,K)*G(K, J) 



274 

AMO=AMO+AME 

AM(I,J)=AMO 

1 CONTINUE 

DO 11 1=1,8 

C WRITE(6,12) (AM(I,J),J=1,8) 

12 FORMAT(2X,8F6.2) 

11 CONTINUE 

RETURN 

END 


