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ABSTRACT 

A formalism for investigating the effects of lattice relaxation on the deep 

levels associated with substitutional impurities in semiconductors is developed. 

This theory includes the effects of both first- and second-neighbor relaxation. It 

combines a tight-binding Green's function method for calculating deep levels 

with a molecular dynamics technique for determining the magnitude and 

direction of the host atom relajcation around an impurity. The results of 

applying this theory to various impurities in eight semiconductors are presented 

and compared with experiment and other theories. Chemical trends in deep 

levels and the effects of varying amounts of relajcation are explored with this 

formalism. In addition, deep energy levels including the effects of lattice 

relajcation for specific impurities are predicted. The corresponding deep level 

wavefunctions are also computed using this theory. The results show that the 

effects of lattice relajcation have a strong influence on the electronic properties of 

deep levels. In particular, both the positions of deep levels in the band gap and 

the deep level wavefunction are sensitive to such effects. 
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CHAPTER I 

INTRODUCTION 

Semiconductors are very important materials in the electronic industry 

because their properties can be manipulated over a wide range through the 

control of impurities and other imperfections. They are insulators at zero 

temperature and their energy band gap is relatively narrow, with typical values 

being of the order of 1 to 2 eV. Impurities and other lattice defects, such as 

vacancies and antisite defects, may form energy levels which lie within the 

fundamental band gap and these levels can strongly affect both the electrical 

and the optical properties of such materials. These defect levels in the band gap 

fall into two general classes. These are "shallow" levels and "deep" levels. As 

their names imply, "shallow" levels usually He within O.leV of the valence- or 

conduction-band edge, and "deep" levels often lie well within the band gap. 

However, for the last several years, semiconductor theorists have used alternate 

definitions for these two kinds of defect levels. Rather than emphasizing the level 

energies, these definitions refer to the type of potential which produces the 

levels. In particular, the term "shallow levels" is now used to describe those 

which are produced by the long-ranged Coulomb potential of the defect. On the 

other hand, the term "deep levels" is now used to denote those which are 

produced by the central cell potential of the defect. This potential is more 



locaHzed and short-ranged than the Coulomb potential. Thus, for example, 

utilizing this definition, even though the Ai-symmetric defect level produced by 

N substitutional for P in GaP is energetically very shallow (within a few me \ ' of 

the lowest conduction band), it is still considered a '"deep" level because it is 

known to be produced by a short-ranged central cell potential.^ This definition 

of deep levels is used throughout tliis dissertation. 

The purpose of this dissertation is to study the electronic properties of deep 

levels in semiconductors, such as their symmetries, their positions in the band 

gap and their wavefunctions. Specifically, the main interest is the effects of 

lattice relaxation on deep levels. In this dissertation, I develop two formalisms. 

The first is designed to predict the positions of deep levels in the band gap 

including the effects of lattice relaxation and to investigate the chemical trends 

associated with lattice relaxation. This formalism is applied to the calculations 

of the effects of lattice relaxation on deep levels due to substitutional impurities 

in 8 semiconductors. The second formalism, which is based on the molecular 

dynamics technique, is designed to compute the magnitude and the direction of 

the lattice relaxation produced by substitutional impurities in host 

semiconductors. This formalism is also applied to various impurities in several 

semiconductors. The results obtained by applying these formalisms are 

compared with other theories and available experimental data. With these 

formalisms and the results obtained using them, I hope that the theoretical 
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understanding of deep levels, especially the understanding of the effects of lattice 

relaxation on them, will be improved. In addition, I hope that the theory 

developed here will give experimentahsts some theoretical guidance. I will briefly 

introduce some background in tliis chapter, and give more detailed theory 

background in the next chapter. 

It is known that impurities which produce shallow levels in the band gap, so 

called "shallow impurities," generally contribute extra charge carriers to the host 

material. Their role, therefore, is to primarily control the type and the 

magnitude of the conductivity of the material. Unlike shallow impurities, 

impurities which produce deep levels in the band gap, so-called "deep 

impurities," act primarily as carrier traps or recombination centers. As such, 

they are undesirable in devices where carriers must have long lifetimes, for 

example, in solar cells. However, they are useful when the carrier concentration 

needs to be reduced sharply on a short-time scale, as in a fast switch. In 

addition, when the recombination or carrier capture energy is released as Hght, 

deep impurities are used in making light-emitting diodes(LEDs).^ 

The microscopic properties and the roles of shallow impurities in 

semiconductors were well understood many years ago through a combination of 

theory (effective mass theory) and experiments (primarily optical absorption 

spectra).^ The main point of this theory is that an electron in the conduction 

band or a hole in the valence band can be treated analogously to an electron in a 
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hydrogen atom with an effective mass m". Then, the physical picture of a 

shallow impurity in a semiconductor becomes that of an electron with mass m" 

under the action of the screened Coulomb potential (produced by the crystal 

lattice). The energy levels of shallow impurities in the band gap can then 

immediately be given by 

^n = £ c - e X / 2 ^ ^ V (1.1) 

for donor levels, and 

Er, = E^^ e''mll2nh^n'^ (1.2) 

for acceptor levels, where n is an integer, Ec is the edge of the conduction band, 

Ev is the edge of the valence band, m^ and m^ are, respectively, the effective 

masses of the electron and hole, e is the charge of the electron, h is Planck's 

constant, and e is the dielectric constant of the material.^ 

Deep impurities have proven far more difficult to investigate than shallow 

impurities. Deep levels can never be predicted by simple equations as shallow 

levels are by the above equations. Since deep levels were discovered in 1952,'* 

many experimental techniques and theories have been developed and applied to 

investigate these phenomena.^ For example, experimental techniques, such as 

electron paramagnetic resonance (EPR) and electron nuclear double resonance 

(ENDOR) were often used to investigate the properties of deep levels in the 

1960's and 1970's.® These techniques, with more sophisticated electronics, are 



still used today."^'^ Since the mid-1970's, people have developed many other 

experimental techniques to study deep levels. Among these are deep level 

transient spectroscopy (DLTS),^ and optical detected magnetic resonance 

(ODMR).^° 

Theorists working on deep impurities usually focus their attention on one of 

two main theoretical techniques. One technique is called the cluster method, and 

another is called the Green's function method. The cluster method, which wa5 

pioneered by Messmer and Watkins,^^ attempts to simulate the infinite crystal 

by a limited number of atoms. This cluster of atoms is treated as a large 

molecule for which Schrodinger's equation is solved as exactly as possible using 

various quantum chemical methods based on the many-electron approximation. 

Among these methods are extended Huckel theory.^^ the CNDO (Complete 

Neglect of Differential Overlap) method and MNDO (Modified Neglect of 

Differential Overlap) method.^^ Although these methods do an excellent job of 

predicting the equilibrium geometry of the lattice around a defect,^^'^^ they 

cannot easily yield the correct band structure of the host,^'* especially the 

positions of the conduction bands. This method, thus, cannot be easily used for 

accurately predicting the positions of deep levels in the energy band gap. For 

this reason, the formalisms which I develop in this dissertation are based on 

Green's function methods. 
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Modern deep level theories based on Green's function techniques were only 

developed in the late 1970's to the eariy 1980's.^^-^^ These theories are based on 

the one-electron approximation. The primary advantage of Green's function 

theories is that they treat an isolated defect in an infinite crystal with the same 

accuracy that one chooses to treat the corresponding perfect crystal. That is, for 

a given defect potential, their accuracy is identical to that of the band structure 

one uses to describe the host crystal. The key to their success is the fact that one 

first treats the infinite perfect crystal, taking the advantage of the periodicity 

and Bloch's theorem.^° The changes induced by the impurity are then calculated 

by taking advantage of the fact that they are produced by a central cell potential 

which is localized in the lattice, so that the calculations of the perfect crystal 

and the crystal containing the impurity can be done separately. Since these 

theories usually give quite accurate band structures of semiconductors, they are 

easily used to predict the positions of deep levels in the band gaps. 

There are two basic types of Green's function methods, both of which have 

their uses for understanding the basic physics of deep levels. The first of these 

are often called "first principles" deep level theories,-^^"^^ and are based on the 

local density approximation^^ and the theory of pseudopotentials.^^ These 

theories usually concentrate on the accurate predictions of deep levels for a few 

specific defects (such as vacancies and antisite defects) in a few host 

semiconductors (such as Si, GaAs, and GaP).^^~^^'^^ The advantages of these 



methods are that they can be made self-consistent and parameter free, and that 

they often yield accurate results for deep levels in comparison with experimental 

data. Their disadvantages are that they require tremendous amounts of 

computer time and that they are not easily able to predict the chemical trends 

in data because of their computational complexity. 

The second Green's function method was first introduced by Hjalmarson, 

Vogl, Wolford and Dow in 1980.-̂ ® It is based on a tight-binding formalism. The 

advantages of this method are (1) that one can use it to easily predict the 

chemical trends in deep levels as a function of defect and host for numerous 

defect-host systems, (2) that these trends usually do remarkably well in 

comparison with both experimental data and "first principles" theory results, 

and (3) that the absolute deep level energies obtained by this method are also 

often qualitatively and semi-quantitatively correct. However, because of its 

semi-empirical nature, absolute level depths obtained by this method are not 

expected to be as reliable in comparison with experimental data as those 

obtained by "first principles" theories. Generalizations of this theory to treat 

various types of defects and impurities in semiconductors have been successfiil in 

their predictions of chemical trends in the defect related properties of numerous 

materials. For example, this theory and its modifications have been successful 

(in comparison with experimental data) in their treatments of (a) isolated, pairs, 

and triplets of impurity and vacancy associated defects in Group IV and III-V 
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semiconductors,^®'^^-^^ (b) core excitons in bulk materials,^^ (c) Schottky-barrier 

heights in III-V semiconductors,^^ (d) energy levels of impurities at 

semiconductor-semiconductor interfaces,^® (e) pressure dependences of deep 

levels,^® (f) charge-state splittings of deep levels,^° (g) deep level wavefunctions 

and magnetic hyperfine parameters of deep levels,^^"^^ (h) the alloy composition 

dependence of deep levels in semiconductor alloys,^'* (i) alloy broadening of deep 

levels in semiconductor alloys,^^ and (j) deep levels in semiconductor 

superlattices.^® Obviously, this of type Greei. function method is very flexible 

and powerful for investigating various deep level properties. Further, some of 

these properties are very difficult to study by "first principles" theories because 

of their computational complexity. I will discuss this theory in detail in the next 

chapter. 

This theory does, however, suffer from the drawback that it neglects the 

effects of lattice relaxation in the calculations. Thus, while it is useful for 

predicting chemical trends, the quantitative accuracy of this theory is limited. It 

is known that when a defect is added to a semiconductor, it will interact with 

the surrounding host atoms, the lattice stabiHty around it wiU be altered, and 

the surrounding host atoms will be displaced.^^ Because deep levels are produced 

by a localized, short-ranged defect potential, the distortion of the lattice around 

a defect will strongly affect them. In order to improve the accuracy of the 

predictions, the effects of lattice relaxation on deep levels clearly have to be 
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included. In fact, Hjalmarson et al. mentioned such effects in their original 

paper,-^^ and argued that lattice relaxation is usually very small and thus could 

be neglected to a first approximation. Thus, they did not study such effects 

further. 

This theory, thus, left some significant problems and open questions which 

should be discussed in a more complete theory. Among these questions are: (a) 

What is the size of the lattice relaxation? (b) In which direction do the 

surrounding atoms around an impurity move, inward or outward? (c) How does 

the lattice relaxation depend on the host and defect? (d) How will the lattice 

relaxation affect the properties of deep levels? That is, how will a deep level be 

shifted due to the lattice relaxation? Obviously, correctly answering these 

questions will strongly improve this type of Green's function theory, and make it 

more realistic and complete. This is what I try to do in this dissertation. 

In this dissertation, what I am primarily doing is generalizing the Hjalmarson 

et al. theory to include lattice relaxation effects on deep levels. To do this, I 

develop formalisms (i) to investigate the properties of deep levels including the 

effects of lattice relaxation using the Hjalmarson et al. theory as a starting 

point, and (ii) to calculate the lattice relaxation due to particular defects in 

semiconductors using molecular dynamics techniques. By studying such effects 

systematically, I hope to answer the questions which were unanswered by 

Hjalmarson et al. theory. These formedisms retain much of the simplicity of this 
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earlier theory. However, as I show in this dissertation, its quantitative accuracy 

can be considerably improved in comparison with experimental data by 

including lattice relaxation. Using this theory, I calculate the chemical trends in 

deep levels and the trends associated with varying amounts of lattice relaxation 

in eight semiconductors for various impurities. The magnitudes and directions of 

the lattice relaxation for particular impurities in several materials are also 

computed. I also predict the positions of deep levels in the energy band gap for 

specific impurities in these materials, and these results are compared with 

experimental data and other theories, such as "first principles" theories. 

The remainder of this dissertation is organized as follows. In Chapter II, I 

present a brief discussion of the Hjalmarson et al. theory and the Vogl et al. 

band structure theory which I use to characterize the host crystals. The 

combinations of these two theories form the starting point of my theory. In 

Chapter III, I present an outline of the formalism which I use to investigate the 

properties of deep levels associated with varying amounts lattice relaxation. In 

this chapter, only the effects of lattice relaxation of the nearest-neighbor host 

atoms are considered. This formalism is applied to eight semiconductors for 

various impurities. In Chapter IV, I present a simple model based on the 

covalent radius approximation to calculate the magnitudes and directions of the 

nearest-neighbor lattice relaxation for various impurities in these materials. 

Chapter V contains a formalism based on the molecular dynamics approach to 
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calculate the amounts of nearest-neighbors lattice relaxation. In this chapter, 

the results obtained using this formalism for impurities in GaP, Si, GaAs, and 

Ge are also presented. In Chapter VI, a formaHsm for calculating the effects of 

lattice relaxation including both the first and the second nearest-neighbor host 

atoms is presented. Chapter VII contains the predicted deep levels for specific 

impurities in GaP, Si, GaAs and Ge obtained from this formalism. These 

predicted deep levels are also compared with experimental data and other 

theories where they are available. In Chapter VIII, a formalism for calculating 

the impurity wavefunction including nearest-neighbor relaxation effects is 

presented and used to predict wavefunctions for various impurities in Si, GaP 

and GaAs. Where data is available, these predictions are compared with 

wavefunctions obtained (indirectly) from ENDOR data. A summary and 

conclusions are presented in Chapter IX. 



CHAPTER II 

THEORY BACKGROUND 

In this chapter, I briefly describe the Vogl et al. semi-empirical tight-binding 

theory of electronic energy bands in zincblende and diamond structure 

materials,^® and the Hjalmarson et al. theory of deep levels due to substitutional 

impurities.^® I also briefly describe the theory of deep level wavefunctions which 

is based on these theories. I do this here because these theories form the starting 

point for my theory. I also include this chapter as a review for the readers who 

are already famihar with deep level theory and as an introduction for the readers 

who are new to this field. 

2.1 Vogl Band Structure for the Host Semiconductors 

I have mentioned in Chapter I that, in order to use Green's function methods 

to deal with deep level problems, one must first calculate the band structure for 

the host crystal. The band structure theory which is best suited for my deep 

level calculations should be computationally simple and rapidly reproducible on 

a repeated basis for numerous defect calculations. That is, it must be simply 

parameterized. Furthermore, it should produce band structures which are 

accurate in comparison both with experimental data and with very accurate 

band structures obtained by "first principles" techniques. 

12 
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The Vogl et al. sp^s" semi-empirical tight-binding structure theory meets all 

of these criteria. This theory uses an s, p^,, py, p^, and s" orbital basis on each 

atom. The use of excited s" orbitals cillows a description of the conduction bands 

that is flexible enough to treat both direct and indirect band gap 

semiconductors.^® The host crystal Hamiltonian in this theory is written as 

HQ = Y.i\iaR> E^ <iaR\~\icR> El <icR\) 

+ Yl lliaR > VzAR, R') <icR'\'h.c.], (2.1) 
i,j,R,R' 

where i=s , pa,, py, p̂ ^ or s" labels the orbital, a and c denote anion and cation. R 

specifies the unit cell, h.c. denotes the Hermitian conjugate, and the transfer 

matrix elements Yij[R,R') are nonzero only if R and R' are nearest neighbors. 

Thus, this Hamiltonian only includes the effects of the nearest neighbors around 

a host atom. The on-site and nearest-neighbor interaction parameters, E^, E^ 

and Vij{R,R'), can be found in Table I of Ref. 38 for 16 different 

semiconductors. They were obtained by an empirical fit to accurate 

pseudopotential band structures, such as those from Ref. 39. The states |iai?> 

and | i c^> in Eq.(2.1) are locahzed basis orbitals centered on the anion at R and 

cation on R+d, respectively, where d is the nearest-neighbor vector. The 

tight-binding parameters of the Vogl et al. Hamiltonian have the properties that 

the on-site matrix elements E° and EJ are proportional to the corresponding 

atomic energies of the host atoms, as first suggested by Harrison.'*° The nearest 
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neighbor transfer matrix elements V̂ -̂ in this Hamiltonian scale roughly 

according to the inverse square of the bond length d, following Harrison's d"^ 

scaling rule.^° That is, Vogl et al. found that \\j^Cijd-^. where dj depends on 

the material. For example, Vogl et al. have calculated that for all materials 

V,,^-42d"2 and Yp^p^^i2d-^eX.^^ For all calculations reported in this 

dissertation, I use this band theory to characterize the host crystal materials. It 

is also worth stating that this band-structure theory has been widely tested on a 

variety of problems.^®'^^"^^ However, I emphasize here that the formalism I 

develop in this dissertation is independent of this particular choice and is valid 

for other tight-binding band-structure models. 

2.2 Hjalmarson et al. Deep Level Theory 

I now briefly discuss the Hjalmarson et al. theory of deep levels due to 

substitutional impurities.^® This theory is based on a method originally 

developed by Koster and Slater.'*^ If one supposes that an atom of the perfect 

crystal is replaced by an impurity atom, the Schrodinger's equation becomes 

{Ho + V)\^>=E\^>, (2.2) 

where Ho is the Hamiltonian of the perfect crystal (given by Eq.(2.1)), and the 

defect potential V is formally given by V=H-Ho, where H is the Hamiltonian of 

the crystal containing the impurity. In Eq.(2.2), | ^ > is the impurity 
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wavefunction and E is the impurity energy. The host crystal Green's function is 

defined as 

G'{E) = {E - Ho)-\ (2.3) 

For impurity energy levels E in the band gap, Eq. (2.2) can be rewritten as 

1^ > = G°( i : )U |^ >, (2.4) 

or 

{I-G\E)V)\^ >=0, (2.5) 

where I is the unit matrix. More details of the Green's function techniques can 

be found in Ref. 42. Thus, the impurity energy levels E in the band gap of a 

semiconductor, which are produced by the defect potential W are given by the 

non-trivial solutions of the determinant equation 

det[I - G''{E)V] = 0. (2.6) 

In principle, the defect potential V describes the many-body interactions of an 

electron (or a hole) with the host crystal and the impurity atom. For example, 

because of the size of the impurity atom, it sHghtly distorts its lattice 

environment (this effect is called lattice relaxation) and because of its charge, it 

slightly polarizes neighbor atoms (this effect is called charge state splitting). 

Thus, these effects should be included in the potential, V. I would also like to 

point out that , since I am just interested in deep levels, I only include the central 
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cell potential part of the defect potential V. and neglect the Coulomb potential 

which produces shallow levels, as Hjalmarson et al. have done. Thus, the 

solutions of Eq. (2.2) will represent deep levels only. 

The Hjalmarson et al. theory makes two approximations about the form of 

defect potential V.̂ ® These are (1) that the atomic energy differences between 

two atoms in a soHd are similar to those differences for two free atoms, so that 

the on-site matrix elements of V are proportional to the atomic energy 

differences of the impurity and host atoms, and (2) that, since lattice relaxation 

effects should be small, the transfer matrix elements of V can be taken to be 

zero. Thus, in this theory, the defect potential matrix is diagonal in the 

tight-binding representation, and the effects of lattice relaxation are neglected. 

For the isolated substitutional impurity in tetrahedrally symmetric 

zincblende or diamond structure materials, the point group is T j . Such an 

impurity can, thus, have defect states with either non-degenerate Ai (s-like) or 

triply degenerate T2 (p-like) symmetry. The determinantal equation (2.6) can 

then be factored to become 

3 

detll - G''{E)V] = n det[I, - Gi^'W] = 0, (2.7) 
t = 0 

where the subscript i is a symmetry index; i=0 corresponds to Ai states, and 

2=1, 2 and 3 correspond to T2 states, G°, Vj and Î  are, respectively, the Green's 

function submatrix, the defect potential submatrix, and the unit matrix in the 

subspace i. From now on, unless otherwise noted, the index i will be used only to 
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stand for Ai or T2 symmetric states. Equation (2.7) enables one to calculate the 

deep levels for Ai and T2 states separately. With the two approximations of the 

Hjalmarson et al. theory and considering only the nearest-neighbor atoms, the 

defect potential V of an impurity on the anion site at the origin has the form as 

V = Y}\ = X l̂iaO > U, < ia6\, (2.8) 
i i 

where Ui is the on-site matrix element of submatrix V^. The basis states i ia^> 

are orthogonalized, symmeterized Lowdin orbitals which are linear combinations 

of sp^ hybrid orbitals.'*^ For an impurity on the cation site, the label a is 

replaced by c in Eq. (2.8). Using Eq. (2.8), Eq. (2.7) can be written as two 

scalar equations as 

Ui = 1/GUE), (2.9) 

where Gaa(E) is the on-site element of the Green's function matrix G°(E). That 

is 

GiaiE) =< iaO\G''(E)\ia6 > , (2.10) 

where 0 denotes the origin, and superscript i here has the same meaning as 

subscript i before. According to the first approximation of the Hjalmarson et al. 

theory, U,- can be calculated as 

Ui = l3i{Ei^, - ElJ, (2.11) 

where E^ and E L , * are, respectively, the impurity and host atomic energies for 
'imp 

states of symmetry i, and ft is an empirical parameter, which, for fixed t, is a 
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constant for all defects and all host systems. I note that Eq. (2.11) is consistent 

with the Vogl et al. bandstructures (Eq. (2.1) for the on-site matrix elements. 

Hjalmarson et al. have determined that /5^^=0.8 and ^73=0.6.^® I will use many 

of the ideas which have been briefly discussed here to develop my formaHsm for 

including the effects of lattice relaxation on deep levels. The details will be 

discussed in the next chapter. 

2.3 Wavefunction of Deep Levels 

As was already discussed, deep levels are produced by a localized, 

short-range defect potential. This feature should, of course, be presented in the 

associated wavefunctions. Starting with the Hjalmarson et al. theory, the 

wavefunctions of deep levels due to substitutional impurities were studied in the 

absence of lattice relaxation in real space by Ren et al.^^ and in k space by Dai 

et al.^^. In Ref. 31, the results for deep level wavefunctions as a function of the 

distance R measured from the impurity site for a S"*" impurity in Si are compared 

with experimental data which is derived from ENDOR data^'* and atomic 

parameters.'*^ From both the theoretical results and the data, it is found that the 

magnitude of the wavefunction decreases rapidly with R. This confirms the idea 

that the deep levels are characterized by localized, short-range states. 
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One can formally write the deep level wavefunction of a substitutional sp^ 

bonded impurity as 

1̂  >= E < hb,RMf > \i,b,R>, (2.12) 
i,R 

where i labels the orbital, i^ is a position vector in the lattice, and b can be 

either the anion (a) site or the cation (c) site. 

From Eq. (2.4), the z-symmetric part of the deep level wavefunction on site b 

at R is related to the Green's function as 

< i,b,R\'9 >=< i,b,R\G\E)V\<i! > . (2.13) 

For simplicity, consider an impurity on the anion site at the origin, so that its 

defect potential is given by Eq. (2.4). Then, using Eqs. (2.4), (2.9) and (2.10), 

one can easily obtain 

. , -J,, <i,b,R\G°(E)\i,a.6> . -.^ ^ ,^ , ^, 
< i,b,R\'9 > = '-^—^ '̂ ^ '^ < i , a , 0 ^ > . (2.14) 

' <i,a,0\G%E)\i,a,0> ^ ^ 

In addition, Ren et al. have shown that 

,̂ ^ ,2 (<i,a,6\G\E)\i,a,6>y ,^ ^ 

< i , a , 0 ^ > =--, ^ '^ ^ '̂ -.^ . (2.15) 
' ' ' ' ^ ( < i , a , 0 | G ' O ( E ) | i , a , 0 > ) ^ 

Using Eqs. (2.15) and (2.14), the part of wavefunction on any site b at position 

R can be determined. It is also interesting to note that these two equations give 

an expression for the wavefunctions that they are independent of the explicit 

form of the defect potential. In fact, they express it in terms of host properties 
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only. In Ref. 31, the very interesting result is found that, for a given symmetry. 

the wavefunction depends only slightly on the deep level energy E. That is, deep 

level wavefunctions are hostlike and almost independent of the impurity! This 

means that , for the same host crystal and for impurity states of a given 

symmetry, different impurities have similar wavefunctions. 



CHAPTER III 

EFFECTS OF NEAREST-NEIGHBOR LATTICE 

RELAXATION ON DEEP LEVELS 

In this chapter, I outline my formalism for calculating the effects of lattice 

relaxation on deep levels. As mentioned before, this formalism is a generalization 

of the Hjalmarson et ELI. theory^® and uses the Vogl et al. band structure theory 

as input.^® However, any other tight-binding band-structure theory could in 

principle be used. I only consider isolated sp^ bonded substitutional impurities 

in zincblende and diamond structure semiconductors. However, in principle, 

more complicated defects could also be treated by a generalization of the present 

theory. Further, in this chapter, only the effects of the relaxation of the 

nearest-neighbor-host atoms around an impurity are considered. In Chapter VI , 

the formalism is extended to include the effects of the relaxation of the 

second-nearest-neighbor-host atoms. Also, in order to focus on the effects of 

lattice relaxation on deep levels, I only consider neutral impurities. That is, I 

neglect the effects of charge state splitting. Such charge-state effects could, in 

principle, be included by combining the present theory with that of Ref. 30. 

In this chapter, I also discuss the results of applying this formalism to the 

deep levels produced by various impurities in eight semiconductors. They are Si, 

Ge, GaP, GaAs, GaSb, AlP, AlAs, and InP. These materials are among the most 

21 
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technologically important zincblende and diamond structure materials. Of 

course, the formalism can easily be extended to other materials. 

3.1 Qualitative Effects of Lattice Relaxation 

It was mentioned already that the effects of lattice relaxation will strongly 

affect the properties of deep levels. However, in the past, theorists have usually 

studied such effects and deep levels separately. For example, the effects of lattice 

relaxation were studied by cluster methods, 1̂ -13,46 ^y ^.j^^ valence force 

model,^ '̂̂ '̂ "^® and by total energy methods.^^ In these theories, people were 

mainly interested in the magnitudes and directions of such effects induced by 

defects, and did not consider such effects on deep levels. Such effects have, 

however, been studied in some deep level theories, such as "first principles" 

theories.^°'^^ These approaches, which are certainly more accurate than that 

outlined in this chapter, have the disadvantages mentioned in Chapter I. 

I also note that a previous generalization of the Hjalmarson et al. theory^® to 

include lattice-relaxation effects for S, Se, and Te impurities in Si and Ge was 

made by Talwar et al. using a theory of total energy,^^ However, despite the fact 

that the approximations used in Ref. 52 to calculate such effects are very 

sophisticated, the resulting deep levels fail to improve on the results obtained by 

the Hjalmarson et al. theory^® in comparison with experimental data. 

Lattice relaxation falls into two general classes. These are breathing-mode 

relaxations, which preserve the point group symmetry of the deep impurities 
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during the relaxation, and symmetry breaking relaxation. One major cause for 

symmetry breaking lattice relaxation is the Jahn-Teller instabiHty. The 

Jahn-Teller theorem states that a localized system in an orbitally degenerate 

state distorts spontaneously to lower its symmetry until the resulting state has 

no orbital degeneracy.^^ The proof of this theorem is straightforward, and 

readers can find more details in Ref. 53. Jahn-Teller effects play a very 

important role in the case of vacancies in Si, because some of their deep levels 

are produced by an orbitally triply degenerate state (a T2 state).^°~^^ However, 

in this dissertation, I mainly consider the non-degenerate Ai symmetric deep 

levels. Although a few cases where symmetry breaking distortions occur even 

though the undistorted configuration has no orbital degeneracy can be related to 

Jahn-Teller effects,̂ "^ for most of the cases in which I am interested, the lattice 

relaxation due to the impurities can be exactly or approximately described by a 

symmetry conserving "breathing-mode" relaxation. Thus, in rest of this 

dissertation, only this type of lattice relaxation is considered. 

3.2 Deep Levels with Lattice Relaxation 

In order to include the effects of lattice relaxation on deep levels, I modify 

the second approximation of the Hjalmarson et al. theory^® and allow for 

non-zero off-diagonal matrix elements of the defect potential. Using a tight-

binding band-structure representation and the same basis used in Eq. (2.1) in 

the nearest-neighbor approximation, the defect potential V should have a form 
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similar to that of the Hamiltonian of Eq. (2.1). That is, for an impurity on the 

anion site at the origin in a zincblende crystal, the defect potential including the 

off-diagonal matrix elements which can be used to represent the effects of the 

nearest-neighbor-lattice relaxation can formally be written as 

y = E i i a O > C/f < ia0| ^ X^lliaO > V°^ < jcd - h.c], (3.1) 
* ijd 

where a and c refer to the anion and cation, ^ = 0 is the unit cell at the origin, 

the sum on d is taken over the four nearest-neighbor cations, Uf is the diagonal 

matrix element of the potential at the anion site for symmetry i, V^^ is the 

off-diagonal matrix element, which couples the the orbital i at the anion site to 

orbital ;' at the cation site, and h.c. denotes the Hermitian conjugate. Formally, 

V=H-Ho, where H is the Hamiltonian of the defect containing crystal and Ho is 

the perfect crystal Hamiltonian given by Eq. (2.1). Thus, U^ is a difference in 

the on-site matrix elements of the Hamiltonian for the defect containing and 

perfect crystals, and V^j is a difference in transfer-matrix elements. For a similax 

impurity on the cation site, the labels a and c are interchanged in Eq. (3.1). In 

the case of diamond-structure semiconductors, the labels a and c lose their 

meanings except to denote the atoms at the origin and their nearest neighbors. 

This defect potential can be simplified by symmetry considerations. As 

mentioned earlier, I only consider symmetric lattice relaxation of the host atoms 

around an impurity. In this type of relaxation, the host atoms relcix either 

inward or outward in a symmetric fashion, and the impurity will stay at the 
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origin without any movement. Thus in this case, the Tj symmetry is conserved 

in the relaxation, the impurity still has either non-degenerate Aj states or 

triply-degenerate T2 states and Eq. (2.7) remains vahd. Since only effect of the 

nearest-neighbor relaxation around the impurity is considered in this chapter, 

only the four nearest-neighbor-host atoms around the impurity are allowed to 

move either inward or outward. The other host atoms stay at their original 

positions. Thus, each of the submatrices in Eq. (2.7) are of size 5x5 . In 

addition, the defect potential in subspace i has the form 

Vi = \iaO > Ui < iaO\ + 5I[Ka0 > a^ < icd\ - /i.e.], (3.2) 
d 

where Ui is a shorthand notation for Uf, ai is a linear combination of the V̂ '̂̂ , 

and i=Ai and T2. By adopting a defect potential of the form given by Eq. (3.2), 

in effect, I have enlarged the defect from an isolated substitutional impurity to a 

five atom cluster consisting of the impurity and its four nearest-neighbor atoms. 

Unlike the so-called cluster methods, however, the Green's function technique 

allows the calculations to be done for the infinite crystal (containing this 5 atom 

cluster). For each symmetry i, this means that the determinantal equation (Eq. 

(2.7)) (and all matrices in it) become of size 5x5 . I will show below that the 

effects of lattice relaxation are included in parameters a^. With similar 

considerations, the Green's function can be block-diagonalized, so that one of 
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the submatrices of the host Green's function G?(E), which enters Eq. (2.7) can 

be written as 

a c c c c 

a 

G'i(E) = 

^ a a '^ac ^ac ^ac ^ac 

\ 

Gca Gcc G' G' G' 

(-Tea G Gcr G G 

Gca G G Gcc G 

(3.3) 

c \ Gca G G G Gcc I 

where a and c again label the anion and cation site. Gaa=Gaa(E) is given by Eq. 

(2.10), for convenience, the superscript i has been suppressed, and the other 

matrix elements are given by 

Gac = Gac{E) =< iad\G\E)icd>, (3.4) 

Gca = Gca{E) =< icd\G''{E)\ia6>, 

Gcc = Gcc{E) =< icd\G\E)\icd >, 

(3.5) 

(3.6) 

an( 

G' = G'(E) =< icd'\G\E)\icd' > (3.7) 

Here dis the vector between the impurity on the anion site and a 

nearest-neighbor atom on the cation site, and d' is the vector between two 

nearest-neighbor atoms (which are second neighbors each other). By solving Eq. 
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(2.7) with Eq. (3.3) as input, one can find a relation between the parameters U. 

and ai and the elements of Green's function matrix G°(E) which has the form 

Tj •*• ^ c a "^ ^ac A 4GacGca — GccGaa ~ SGaaG . / o /o o\ 

^i = -r r ^^' ~ 7^ ^("») • t^-^) 
^aa '^ aa ^aa 

When ai=0 (no lattice relaxation), the above equation becomes the result of 

Hjalmarson et al. theory given by Eq. (2.9). Since all of the Green's function 

matrix elements are the functions of energy E, for those elements corresponding 

to energy E in the band gap, Eq. (3.8) is an imphcit equation for the 

i-symmetric deep levels E as a function of the parameters Û  and ai for a 

particular host material band structure. For ai=0, it can then be used to 

generate level energy E versus diagonal defect potential elements U^ as 

Hjalmarson et al. have done.^® For fixed ai^O, which includes the effects of 

lattice relaxation, one can also use Eq. (3.8) to generate such E versus U .̂ 

Alternately, for fixed Ui, one can also generate deep level energy E versus ai 

diagrams from Eq. (3.8). Such diagrams allow one to explore the chemical 

trends in the deep levels (by varying Ut for fixed ai) or to explore the trends in 

the deep levels with varying amounts of lattice relaxation (by varying Qi for 

fixed Ui). Clearly, both Ai and T2 symmetric deep levels can be treated in this 

way by choosing i=Ai or i=T2 in Eq. (3.8). Most of the results discussed below 

were obtained for Ai synmietric levels. 
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3.3 Form for QJ 

As mentioned above, the off-diagonal elements of the defect potential matrix, 

ai , represent, in the nearest-neighbor approximation, the effects of lattice 

relaxation around an impurity in a host crystal. In order to calculate the deep 

levels including such effects, ai must be specified. Hjalmarson et al. have 

suggested that ai may be calculated by a generaHzation of Harrison's 

inverse-bond-length-squared approximation.^® Here, I present a formalism to 

calculate ai based on this approximation. In the Appendix, another form for ai 

is discussed, which, following Menon and Allen,^^ is based on an exponential 

form for the off-diagonal matrix elements. 

Harrison showed that the nearest-neighbor-transfer-matrix elements of the 

host Hamiltonian scale approximately as the inverse bond length squared.'*° Vogl 

et al. have used this approximation to partially determine the off-diagonal 

parameters in their sp^s" host band structure theory (see section 2.1).̂ ® I assume 

that this same scaling rule holds for the transfer-matrix elements of both the 

defect containing and the perfect crystals. Since the off-diagonal elements, ai, of 

the defect potential matrix are differences in such transfer matrix elements 

(V=H-Ho), this allows them to be written as 

"» = -^»(32 - 3 r ) ' (3-9) 
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where d/ is the bond length between the impurity and a nearest-neighbor-host 

atom, and dn is the bond length of the host crystal. The first minus sign has 

been chosen for convenience. Following Vogl et al..̂ ® C, is a proportionality 

constant which depends on i but is independent of material. It is shown in Ref. 

38 that Ci (for perfect crystals) can be determined by fitting to experimental 

data. However, the values of Ci in Eq. (3.9) are different by a factor four from 

those of the similar constants in Ref. 38. This is because Vogl et al. define the 

host off-diagonal elements as 4<ia0|H°|icc?>, so that the contributions of the four 

nearest neighbors can be included simultaneously. However, the host off-diagonal 

elements in my theory are <ia0|H°|icrf> which only contain the contributions of 

one of the four nearest-neighbor atoms. The values of Ci in Eq. (3.9) are thus 

chosen to be the same as those found by Vogl et al. (divided by four). This 

results in the numerical values C^i=10.5eV(A)^, and Cr2=-3eV(A)^. Because Ci 

is independent of material, I also assume that this quantity has the same value 

for the impurity containing and the perfect crystal. It is shown later that using 

these two constants in my formzdism produces very good deep levels in 

comparison with experimental data. 

As can be seen in Eq. (3.9), ai is simply and directly related to the 

impurity-host bond length d/, which represents the magnitude of lattice 

relaxation. Further, from Eq. (3.9) and the numerical values of Ci, it can be 

seen that for an outward relaxation (dff<d/), a^, (aj^) is positive (negative). 
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while for an inward relaxation (dfl->d7), a^^ {(^T^) is negative (positive). Thus. 

the off-diagonal elements of the defect potential matrix, a^, are a measure of the 

lattice relaxation produced in a state of symmetry i by an impurity. The effects 

of nearest-neighbor lattice relaxation can thus be completely characterized in 

both magnitude and direction by the parameters a^^ and a j j . 

3.4 Results for Chemical Trends with Lattice Relaxation 

The results for the deep level energies E in the band gap as functions of the 

appropriate on-site defect potential energy, U^^ or UTJ? and the appropriate 

off-diagonal parts of the defect potentials, a^^ or a^j, are summarized in Figs. 

3.1-3.19, for the case where only nearest-neighbor-lattice relaxation is 

considered. If Ai (T2) symmetric levels are considered in the figure, the 

appropriate parameters are U^^ ( U j J and a^^ (Q^TJ)- For convenience, in what 

follows, I often refer to these parameters as U and a when the symmetry of the 

corresponding deep levels is clear from the context of the discussion. 

The figure numbers which correspond to the predictions for deep levels in 

various materials are as follows: GaP, Figs. 3.1-3.5; Si, Figs. 3.6-3.8; GaAs, Figs. 

3.9 and 3.10; Ge, Fig.3.11; AlP, Figs. 3.12 and 3.13; AlAs, Figs. 3.14 and 3.15; 

GaSb, Figs. 3.16 and 3.17; and InP, Figs. 3.18 and 3.19. 

Figures 3.1-3.4, 3.6, 3.7, and 3.9-3.19 show diagrams for deep level energies E 

versus U. The various curves in these figures correspond to the solutions of Eq. 
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(3.8) for the various values of the parameter a shown in the figure labels. In 

these figures, the zero on vertical scale corresponds to the top of the valence 

band, and the maximum energy corresponds to the bottom of the conduction 

band. The horizontal scale corresponds to the on-site defect potential U 

calculated from atomic energy differences via Eq. (2.11). The corresponding 

impurities are labeled at the appropriate U on the top of the figures. Chemical 

trends (variation in E for fixed a, as the impurity is changed) can, thus, be 

obtained from these figures as is usual in the Hjalmarson et al. approach.^® Since 

the parameter a is a measure of lattice relaxation, the trends for varying 

amounts of relaxation (varying in E for fixed U as a is changed) can also be 

extracted from these figures by comparing the E versus U curves for different 

values of a. In these figures, the curves for a = 0 , which correspond to the case of 

no lattice relaxation, are the same as the results obtained in Ref. 18. 

The deep levels for a particular impurity with a particular value of a can be 

obtained from these figures by finding the intersection with the curve for that 

value of a with a vertical fine drawn from the label for that impurity at the top 

of the figure. If there is no intersection for a particular case, then no deep level 

of the appropriate symmetry is predicted in the band gap for that impurity with 

that value of a. 

Figures 3.5 and 3.8 show predictions for the dependences of Ai-symmetric 

deep levels due to specific impurities (fixed U) on the impurity-bond-length to 
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host-bond-length ratio (dj/dij) . Figure 3.5 shows such results for N and 0 

substitutional for P in GaP and Fig.3.8 shows similar results for S. Se, and Te in 

Si. In these figures, the ordinate is the energy in the band gap, measured from 

the top of the valence band, and abscissa is the ratio d / /d^ . 

Specific results for deep levels in particular materials will now be discussed in 

more detail. 

3.4.1 Results for GaP 

Figures 3.1-3.4 display diagrams for the deep levels energies E versus the 

diagonal part of defect potential U for the deep levels produced by substitutional 

impurities in GaP. Figures 3.1 and 3.2 show the results for Ai-symmetric levels 

due to impurities on the anion site (substitutional for P) and on the cation site 

(substitutional for Ga), respectively. Figures 3.3 and 3.4 display the similar 

results for T2-symmetric levels due to impurities on the anion and cation sites. 

Inspection of Figs. 3.1 and 3.2 reveals the qualitative effects of lattice 

relaxation on Ai-symmetric deep levels. First, it can be seen that the a^^O curves 

all have chemical trends which are similar to the a = 0 (no lattice relaxation) 

curves. This result can be understood by noting that the chemical trends of deep 

levels for a = 0 are determined by Eq. (2.9), and when a^^O, they are determined 

/^ 
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by Eq. (3.8). However, if the terms proportional to a and a^ in Eq. (3.8) are 

moved from the right side to the left side, that equation has the form 

U' = 1/Gaa (3.10) 

which is the same form as Eq. (2.9). Here U' is defined as 

TT' — TT 1 '̂ '̂  ^ ^•'^ A 4GacGca — GccGaa ~ oGaaG ^ /n •, i \ 

U = L/H — 4a — 4 a ^ (3.11) 
^aa Gaa 

Thus, by adding the effects of lattice re laxat ion(a/0) , the predicted deep level 

energy for a specific impurity will change, but their chemiccd trends will be 

similar to the case without relaxation ( a=0) . 

It can also be seen that the deep levels for a fixed U are shifted up toward 

the conduction-band edge as a becomes increasingly negative and down toward 

the middle of the band gap (Fig.3.1) or the valence-band edge (Fig.3.2) as a 

becomes more positive. As discussed in the last section, for Ai states, negative a 

corresponds to inward relaxation ( d ^ > d / ) , and positive a corresponds to 

outward relax:ation (dff<d/). These results, thus, show that inward relaxation 

about an impurity moves its Ai-symmetric deep levels toward the conduction 

band, while outward relaxation moves it toward the valence band. This behavior 

can also be understood by comparing Eq. (3.8) with Eq. (2.9), that is by using 

Eqs.(3.10) and (3.11). From the detailed calculations, I find that for inward 

relaxation ( a < 0 ) , U' is always larger (in magnitude) than U for the same 

impurity. This is means that a predicted deep level with a given amount of 
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inward relaxation is equivalent to that level without relaxation (a=0) for a 

larger (more negative) U. From Figs. 3.1 and 3.2, one can see that a larger 

(more negative) U gives a higher energy level in the band gap along the a = 0 

curve. Thus, inward relaxation moves energy levels upward in the same way as a 

larger (more negative) U without lattice relaxation would. A similar 

consideration can be used for the case of outward relaxation. In particular. I find 

that , for outward relaxation, U' is always smedler (in magnitude) than U, so 

outward relaxation moves the deep levels downward in the band gap in the same 

way as a smaller (less negative) U without relaxation would. 

This behavior can also be explained from a different viewpoint using 

tight-binding theory. In this theory, the Ai- and T2-syinmetric states are linear 

combinations of the sp^ hybrids."^^ When the nearest-neighbor-host atoms 

around an impurity move inward or outward, two changes occur. First, the 

hybrid energy changes because the state is no longer made up of pure sp^ 

orbitals.^° The energy associated with this change is called the dehybrization 

energy Ej by Harrison. The hybrid energy is lowered by this amount when the 

nearest-neighbor atoms move toward the impurity, and is increased by it when 

they move out.'*° The second change occurs in the potential V,., (Harrison's 

notation) which describes the interaction between two hybrid orbitals. This 

potential, called the "covalent energy" by Harrison'*^ is enhanced for an inward 

relaxation and weakened for an outward relaxation. Of course, these changes of 
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Ed and V^ wiU affect the Ai- or T2-symmetric energy levels in the band gap. and 

could move them up-ward or downward depending on the ratio of E^ to \%.^°'^^ 

It is cdso worth noting that one-dimensional model calculations for Ai-

symmetric antibonding states^^ yield similar results. In particular, in these 

model calculations, it was found that such states are pushed toward the 

conduction band (valence band) for inward (outw^ard) relaxation. Since 

Hjalmarson et at.-̂ ® have shown that the Ai-symmetric states associated with 

substitutional impurities are conduction band derived antibonding hosthke 

states, this simple model result lends further support to the results of the 

present calculations. I note that the opposite trend has been predicted by 

Talwar, Suh, and Tang,^^ who included both first- and second-neighbor 

relaxation in their theory. In particular, they found that inward relaxation 

moves Ai-symmetric deep levels downward, while outward relaxation moves 

them upward. Since, in the results presented in this chapter, I have only 

considered the first-neighbor relaxation, one might think that such higher 

neighbor relaxation might reverse the trend predicted here. However, based on 

results I have obtained using molecular-dynamics simulations where 

second-neighbor relaxation is included, I do not befieve this to be the case. 

These results are discussed in Chapter VI. Further, as is discussed below, the 

agreement of the present theory with experimental data and "first principles" 

theories also tends to confirm my predicted trend. 
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This behavior can be seen more clearly in Fig. 3.5. In this figure, results are 

shown for the Ai-symmetric deep levels produced by the impurities 0 and N 

substitutional for P in GaP. This is equivalent to fixing U for O and N in Fig. 

3.1. In Fig. 3.5, the predicted deep levels as a function of the ratio dj/d/f are 

shown. In that figure, the ordinate is the deep level energy measured from the 

top of the valence band and the abscissa is the ratio dj/dfl-. The trends of the 

curves in that figure are in agreement with the above discussion. In particular, it 

can be seen that inward relaxation moves the deep levels towards the conduction 

band and outward relaxation moves them deeper into the band gap. Also from 

Fig. 3.5, it can be seen that the deep levels are almost the linear functions of d/. 

I note that a first-order perturbation treatment would predict a linear 

dependence of E on the parameter a. Thus, this predicted linear dependence on 

dj is somewhat unexpected. However, I have noted that some similar results 

were found using "first principle" Green's function methods.^°'^^ 

These predicted trends can be further illustrated by discussing a specific case 

in detail. For example, consider the N impurity substitutional for P in GaP. 

From Fig. 3.1, it can be seen that this impurity is predicted to have a deep level 

which changes from about 1.88 eV above the valence band for a=1.0 eV 

(corresponding to an outward relaxation with d/=1.46dff), to about 2.10 eV for 

a=0 .0 eV (no relaxation, or d/=dff). Similarly, this deep level moves further 

toward the conduction band as a is decreased below zero, occurring at about 
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2.21 eV for a=-0.5 eV (corresponding to an inward relaxation with d/=0.89d/f) 

and becoming conduction band resonant for a<-0.9 eV (d/<0.82d^). 

Similar trends can be obtained for Ga-site impurities in GaP by examination 

of Fig. 3.2. For example, consider the P at Ga antisite defect "impurity". First, 

from Fig. 3.2, it can be seen that a large variation in the associated deep levels 

is predicted, depending on the amount of lattice relaxation. In fact, by varying 

a, this level can be made to move across a significant fraction of the band gap. 

Specifically, this level changes from about 0.71 eV above the valence band edge 

for a=1 .0 eV (corresponding to an outward relaxation with d/=1.46d£r) to about 

1.10 eV for a=0 .0 eV (no relaxation, or d/=dff), and to about 1.63 eV for 

a=-1.0 eV (corresponding to an inward relaxation with d/=0.81dfl^). 

In Figs. 3.3 and 3.4, the deep energy levels E versus \JT2 diagrams for 

T2-symmetric levels due to impurities substitutional for P and Ga respectively in 

GaP are shown. One can see from these figures that the chemical trends of T2-

symmetric levels in Fig. 3.3 are predicted to be very different from those of the 

corresponding Ai-symmetric levels shown in Figs. 3.1. In particular, the 

predicted Ai levels in Fig. 3.1 are all located in the top half of the band gap and 

near the left corner of the figure. Also, the values of U^^ are all negative. The 

smaller the magnitude of U^^ is, the closer the deep levels are to the conduction 

band. By contrast, the corresponding T2 levels in Fig. 3.3 are mainly located in 

the bottom half of the band gap and near right side of the figure, and the values 
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of UTJ are all positive. The smaller the magnitude of Uj, is. the closer the deep 

levels are to the valence band. Comparing Fig. 3.1 to Fig. 3.3. one also finds 

that negative a in Fig. 3.3 moves the curves towards the conduction-band edge, 

and positive a moves them towards valence-band edge. The predicted variation 

with a for the T2 levels in Fig. 3.3, thus, is the same as for the Ai levels in Fig. 

3.1. That is, increasingly negative a moves the predicted deep levels towards the 

conduction band, while increasingly positive a moves them towards the vcdence 

band. 

However, from the discussion following Eq. (3.9). it is clear that a^, and aj-, 

have opposite signs. That is, for T2 states, a < 0 corresponds to outward 

relaxation ( d / > d ^ ) , while a > 0 corresponds to inward relaxation [dj<d[j). Thus, 

in the case of GaP with an impurity on the P site, the physical meaning of the 

predicted trend for T2 states is opposite to that for Ai states. In particular, in 

this case, a T2 deep level should move towards the conduction band with 

outward relaxation, and it should move towards the valence band with inw^ard 

relaxation. The reason for this difference is that Ai and T2 deep levels in GaP 

with an impurity on the p site have the opposite chemical trends discussed 

above. It is also interesting to compare Fig. 3.2 with Fig. 3.4, which are both for 

Ga site impurities in GaP. In these two figures, the values of U are negative in 

both cases, and the smaller the magnitude of U is, the closer the deep levels are 

to the conduction band. That is the Ai and T2 levels have similar chemical 
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trends. In Fig. 3.4, it can be seen that positive a moves the deep levels towards 

the conduction band, and negative a moves them tow^ards the valence band. The 

predicted variation with a for T2 levels is, thus, opposite to that for Ai levels in 

the case of an impurity on the Ga site in GaP. However, from the discussion 

following Eq. (3.9), this means that in this case, T2 levels move towards the 

conduction band with inward relaxation, and they move towards the valence 

band with outward relaxation. This trend is the same as that for the Ai levels 

shown in Fig. 3.2. 

3.4.2 Results for Si 

Figures 3.6 and 3.7 show the predictions for Ai- and T2-symmetric deep level 

energies E due to substitutional impurities in Si. These are plotted versus U^j 

and UT2-, respectively, for the values of a shown in the figure labels. Figure 3.8 

shows the predicted dependences of the Ai-symmetric deep levels on the ratio 

dj/dn for the impurities S, Se, and Te in Si. 

It can be seen that the predicted chemical trends of the Ai-symmetric levels 

in Fig. 3.6 are similar to those of Fig. 3.2 for Ga-site impurities in GaP, but 

different from those in Fig. 3.1 for P-site impurities in GaP. However, the above 

predicted trends with varying amounts of relaxation (as a function of a ) are 

similar in this case to those in both Figs. 3.1 and 3.2. In particular, from this 

figure, it is clear that Ai levels are predicted to move upward towards the 
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conduction band for an inward relaxation (a<0) and downward for an outward 

relaxation ( a > 0 ) . This trend can again be seen in Fig. 3.8. which shows the 

trends of the Ai levels versus the ratio dj/djy for S. Se. and Te in Si. Similar to 

Fig. 3.5, it is clear from Fig. 3.8 that the predicted deep levels have an almost 

linear dependence on d/. It can also be seen that the predicted chemical trends 

and trends in a in Figs. 3.6 and 3.7 are similar to the predictions for an 

impurity on Ga site in GaP in Figs. 3.2 and 3.4. In particular, in Fig. 3.7, T2 

levels axe predicted to move towards the valence band as a becomes more 

negative, while they move towards the conduction band as a becomes more 

positive. This is opposite to the predicted variation with a for Ai levels shown 

in Fig. 3.6. However, following the discussion in Fig. 3.4, this means that T2 

levels in Fig. 3.7 move towards the conduction band with inward relaxation, and 

they move towards the valence band with outward relaxation. This predicted 

trend is the same as that for the Ai levels shown in Fig. 3.6. 

To be more specific, I discuss a numerical example here. Consider a S 

substitutional impurity in Si. From Fig. 3.6, this impurity is predicted to have 

an Ai-symmetric deep level which changes from about 0.39 eV above the valence 

band for a=0.6eV (corresponding to an outward relaxation with d/=1.2djy), to 

about 0.56 eV for a=0.0 eV (no relaxation or d/=di j) . Similarly, this deep level 

is predicted to move further towards the conduction band as a is decreased 

below zero, occurring in Fig. 3.6 at about 0.66 eV for a=-0 .3 eV (corresponding 
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to an inward relaxation with d/=0.9d^) and at about 0.74 eV for a=-0.6 eV 

(corresponding to an inward relaxation with d/=0.87dff). That is. when a 

changes from 0.6 eV to 0.0 eV, the deep level moves upward by 0.18 eV. This is 

almost equal to the predicted shift of the deep level when a changes from 0.0 e\ ' 

to -0.6 eV. It appears from this that same amount outward or inward relaxation 

(as measured by a change in a) shifts the deep levels by about the same amount. 

This feature is found to be true for most cases. Further, if one considers the case 

of Si:C, from Fig. 3.6, one finds that this impurity is predicted to have an 

Ai-symmetric deep level which changes from 0.97 eV above the valence band for 

a=0 .6 eV to 1.1 eV for a=0.0 , which is a shift of 0.1 eV. This shift is about half 

of the predicted shift for the case of Si:S. That is, for different impurities in the 

same material, the same change in a will shift the deep levels by different 

amount. In the case of Si:C, from Fig. 3.6, it can be seen that when a<-0.28 eV 

(corresponding to an inward relaxation with d/<0.93dH), the deep level is 

predicted to be resonant with the conduction band. 

3.4.3 Results for Other Materials 

Figures. 3.9-3.19 display the energy E versus U diagrams for Ai-symmetric 

deep levels due to substitutional impurities in GaAs, Ge, AlP, AlAs, GaSb, and 

InP. From these figures, it can be seen that the predicted chemical trends for the 

deep levels can mainly be divided into two groups. The first group displays 
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trends similar to the chemical trends for Ai symmetric deep levels due to 

impurities on the P site in GaP shown in Fig. 3.1 and it consists of the results 

for most impurities on the anion site in compound materials. For example, for 

the Al deep levels produced by impurities on the As site in GaAs, the P site in 

AlP, the As site in AlAs, and Sb site in GaSb, they all have similar chemical 

trends. The second group displays trends similar to the chemical trend for deep 

levels due to impurities on the Ga site in GaP shown in Fig. 3.2 and it consists 

of the results for most deep levels due to impurities on the cation site in 

compound materials. Impurities in diamond structure materials also display this 

trend. For example, the Ai levels produced by impurity on the Ga site in GaAs, 

the Al site in AlP, the Al site in AlAs, the Ga site in GaSb, In site in InP, and 

impurity site in Si and Ge aU display this trend. The only exception occurs for 

Al levels due to impurities on the P site in InP. In Fig. 3.18, it can be seen that , 

in this csae which does not fall into either category, deep levels are all located in 

the right side of the figure, the values of U are all positive, and the smaller the 

magnitude of U is, the closer the deep levels are to the valence band. Further, 

when the a is increasingly positive (corresponding to outward relaxation), the 

deep levels move towards the conduction band, and when a is increasingly 

negative (corresponding to inward relaxation), they move towards the valence 

band. All these features are opposite to those in Fig. 3.1. 
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Comparing Figs. 3.9 and 3.10, which show the Ai-deep levels for impurities 

on As site and Ga site in GaAs, with Figs. 3.1 and 3.2 for impurities on the P 

site and Ga sites in GaP, it can be seen that the levels in these both materials 

are predicted to have almost the same the chemical trends and trends with 

varying amounts lattice relaxation (varying a ) . To be more specific, I show a 

numerical example here for the case of GaAsiAsca- That is As on Ga, an antisite 

defect "impurity" in GaAs. From Fig. 3.10, it can be seen that, similar to the 

case of GaPiPca in Fig. 3.2, by varying a, this deep level can be made to move 

across a significant fraction of the band gap. Specifically, this level changes from 

about 0.5 eV above the valence band for a=1.0 eV (corresponding to an outward 

relaxation with d/=1.5 dn) to about 0.95 eV for a=0.0 , and to about 1.48 eV 

for a=-1.0 eV (corresponding to an inward relaxation with d/=0.80dif). Thus, 

as a varies between 1.0 eV and -1.0 eV, this deep level is predicted to have a 

total shift of about 0.98 eV. This is almost equcd to 0.92 eV shift of the 

analogous deep level for GaP:PGa

it is also seen that the general features which I have discussed for GaP hold 

qualitatively for all these materials. For example, in all of the materials studied, 

an inward relaxation ( a<0) moves their Ai-deep levels upward towards the 

conduction bcind, while an outward relaxation (a>0) moves them downward 

towards the valence band. The only exception is the case of an impurity on P 

site in InP. 
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Figure 3.2: Energy levels of Ai symmetry produced by an impurity substitutional 
for Ga in GaP. The remainder of the interpretation is as in Fig.3.1. 
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Figure 3.3: Energy levels of T2 symmetry produced by an impurity substitu
tional for P in GaP. The abscissa is the diagonal part of T2 state defect poten
tial Urj, and p is a shorthand notation for T2 symmetry. The sp^-bonded 
impurities are shown at the top of the figure at the values of Urj. The 
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Figure 3.4: Energy levels of T2 symmetry produced by an impurity substitutional 
for Ga in GaP. The remainder of the interpretation is as in Fig.3.3. 
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Figure 3.5: Energy levels of Ai symmetry produced by N and 0 substitutional 
for P in GaP as a function of d//djy. The abscissa is the ratio dj/d^. The 
ordinate is the band-gap energy with the zero of energy equal to the top of 
the valence band. Since d//dfl- is a measure of the nearest-neighbor-lattice 
relaxation around the impurity, this figure gives the dependence of the deep 
levels on this relaxation. 
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Figure 3.6: Energy levels of Ai symmetry produced by a substitutional impurity 
in Si. The a=0 .6- , 0.3-, 0.0-, -0.3-, and -0.6-eV results are shown, respectively, 
as dashed, dotted, solid, chained, and dotted-dashed curves. These values of a 
correspond to impurity-bond-length to host-bond-length ratio di/d^ of 1.21, 1.09, 
1.00, 0.93, and 0.87, respectively.^ The remainder of the interpretation is as in 
Fig.3.1. 
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Figure 3.8: Energy levels of Ai symmetry produced by Te, Se, and S in Si aw 
a function of dj/d^^. The remainder of the interpretation is as in Fig. 3.5. 
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55 

-10.0 -5.0 0.0 5.0 
IMPURITY s POTENTIAL (eV) 

Figure 3.11: Energy levels of Ai symmetry produced by a substitutional impurity 
in Ge. The a=0.6-, 0.3-, 0.0-, -0.3-, -0.6-eV correspond to the ratio d//dH of 1.23, 
1.11 1.00, 0.92, and 0.86, respectively. The remainder of the interpretation is as 
in Fig.3.1. 
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Figure 3.12: Energy levels of Ai symmetry produced by an impurity substitutional 
for P in AlP. The a=1.0-, 0.5-, 0.0-, -0.5-, and -1.0-eV correspond to the ratio 
di/dn of 1.47, 1.17. 1.00, 0.91, and 0.83, respectively. The remainder of the 
interpretation is as in Fig.3.1. 
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Figure 3.13: Energy levels of Ai symmetry produced by an impurity substitutional 
for Al in AlP. The remainder of the interpretation is as in Fig.3.12. 
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Figure 3.14: Energy levels of Ai symmetry produced by an impurity substitutional 
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Figure 3.15: Energy levels of Ai symmetry produced by an impurity substitutional 
for Al in AlAs. The remainder of the interpretation is as in Fig.3.14. 
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Figure 3.16: Energy levels of Ai symmetry produced by an impurity substitutional 
for Sb in GaSb. The a=1.0-, 0.5-, 0.0-, -0.5, and -1.0-eV correspond to the ratio 
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interpretation is as in Fig.3.1. 



61 

Si Ti 

O C i N S e 
00 

d J Br 
3. 

S 

Q_ 
< 
CD 
Q 

< 
CQ 

CD 
DC 
LU 

LU 

CO 

d 

d 

GaSb 

IMPURITY ON Ga SITE 

A-i Levels 

CM 

d 

o 
d 

— a= 
— a= 
— a= 

a= 
-- a= 

=-1.0 
=-0.5 
= 0.0 
= 0.5 
= 1.0 

V.B. 

'c:s. 

-30.0 -20.0 -10.0 0.0 10.0 
Ga-SITE IMPURITY s POTENTIAL (eV) 

Figure 3.17: Energy levels of Ai symmetry produced by an impurity substitutional 
for Ga in GaSb. The remainder of the interpretation is as in Fig.3.16. 
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Figure 3.18: Energy levels of Ai synametry produced by an impurity substitutional 
for P in InP. The a=1.0-, 0.5-, 0.0-, -0.5-, and -1.0-eV correspond to the ratio 
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interpretation is as in Fig.3.1. 
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CHAPTER IV 

A SIMPLE MODEL TO CALCULATE THE 

AMOUNT OF NEAREST-NEIGHBOR LATTICE 

RELAXATION 

In the last chapter, I predicted results for the trends in deep levels as a 

function of a, which was the off-diagonal matrix element of the defect potential. 

In those calculations, a was considered as a parameter and the variation of the 

deep levels with varying a was predicted. For a particular impurity, a takes the 

form given by Eq. (3.9). Thus, in order to calculate a for a particular impurity 

in a particular host and to predict the deep levels for this impurity, the bond 

lengths d/ and dff must be specified. The host bond length d^ is well known for 

all of the common semiconductors and experimental data can, thus, be used for 

this purpose.^^ By contrast, the determination of the impurity-host bond length 

d/ is more difficult. For some impurities in some semiconductors, it might be 

possible to infer these bond lengths experimentally.^® However, for most of 

impurities of interest, no experimental data exists which can be used for this 

purpose. In this chapter, I present a simple model for calculating d/, which 

utilizes the concept of covalent radius,^°'^'' originally proposed by PauHng.^^ In 

the next chapter, I will develop a more accurate and general formalism to 

compute d/ based on a molecular dynamics technique. 
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In this simple model, I assume that 

di = ri~TH: (4.1) 

where r/ and r^ are, respectively, the covalent radii of the impurity atom and 

the nearest-neighbor-host atom. Such radii are tabulated for most atoms in Ref. 

40 and 57. I believe that Eq. (4.1) is a reasonable assumption for a number of 

reasons. First, a similar assumption for the host crystal, which is 

dR = r),- T'g, (4 .2) 

where r^ and r̂ y are, respectively, the anion and the cation host atom covalent 

radii, yields the host bond lengths d^ within 1% of the experimental values. 

Second, the d/ computed by Eq. (4.1) are within 5% of the experimental data 

for the appropriate material (if it exists) formed from the impurity atom-host 

atom molecular unit. Table 4.1 shows the results obtained using Eqs. (4.1) and 

(4.2) for some semiconductors and impurities in which I am interested. In 

addition, molecular dynamics calculations, which will be discussed in the next 

chapter, yields impurity-host bond lengths d/ within 10% of those predicted by 

Eq. (4.1) for many impurity-host systems (with the exceptions discussed below). 

Finally, the values of d/ obtained by Eq. (4.1) are also within 5% of those 

obtained in the valence force model of Martins and Zunger."*® 

Using the experimental data for d^ from Table 4.1 and the d/ computed by 

Eq. (4.1), the values of a^^ and aj^ can be computed from Eq. (3.9). Table 4.2 
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displays these results for various impurities in 8 semiconductors. One can. thus. 

predict the deep levels for Ai- and Tj-symmetric states including the effects of 

lattice relaxation using this table along with Figs. 3.1-3.19. The positions of deep 

levels for particular impurities in the band gap can be predicted by using the â  

from Table 4.2 and fixing Ui for that impurity in the appropriate figure. From 

this table, it can be also seen that IQ^^ | is always larger than the corresponding 

lar^l by a factor of 3.5. This is because, in Eq. (3.9), |C^J=3.5|Cr2| . This 

means that , for all systems, the effects of lattice relaxation are greater for 

Ai-symmetric states than for T2-symmetric states. Furthermore, most of 

experimental data on deep levels produced by substitutional impurities in the 

materials in which I am interested is available for Ai-symmetric states only. For 

these reasons I mainly discuss Ai-symmetric deep levels in this dissertation. 

I note, however, that T2 symmetric deep levels are very important for 

vacancies in semiconductors.^°'^^ For example, a vacancy in Si will produce both 

Al- and T2-syinmetric deep levels.^°'^^ Further, results obtained by 

self-consistent Green's function methods show that these T2-syinmetric vacancy 

levels are also sensitive to lattice relaxation.^°'^^ In addition, as already noted, 

since they cire orbitally degenerate, T2-symmetric levels will be expected to 

display Jahn-Teller distortions under the relaxation of the host atoms.''^ Since I 

only discuss deep levels produced by substitutional impurities and breathing 
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mode distortions in this dissertation, I will not discuss the problems of T2 

symmetric states any further. 

It is worth discussing a very interesting and special case of an oxygen (0 ) 

impurity substitutional for P in GaP when one uses the above model to compute 

d/. For this case, GaP :0 , one finds from Eq. (4.1) that d/ = 1.92 A. similar to the 

Ga-0 bond length in Ga203.^'' This thus corresponds to an inward relaxation of 

the nearest-neighbor Ga atoms. However, Baraff et al. have performed 

calculations using a pseudopotential Green's function technique for this case and 

they found that the nearest-neighbor Ga atoms relax away from the oxygen 

impurity instead of inward.®^ Later, Morgan investigated this problem in more 

detail and gave a more physical discussion of Baraff's results.®^ He pointed out 

that the Ga atoms should relax away from oxygen impurity due to the fact that 

0 is a very electronegative atom in GaP. In addition, due to the small radii of 

the O orbital in comparison with those of Ga, there is a very small overlap 

between the Ga and O orbital. Thus, the Ga-0 bond is very weak and the 

nearest-neighbor Ga atoms are pulled away by the second nearest-neighbor 

atoms.®^ Morgan estimated that the nearest-neighbor Ga-0 bond length in 

G a P : 0 is about 0.85 A larger than that in Ga203, or a d/=2.77 A which 

corresponds to an outward relaxation.^^ The molecular dynamics calculation, 

which I will discuss in the next chapter, yields d/=2.78 A. It thus tends to 

support Morgan's model®^ and Baraff's theory.^^ Since GaAs has a similar 
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electronic structure as GaP, one can expect that this discussion for GaPrO should 

also be qualitatively correct for GaAsrO. Using the simple model discussed here, 

the bond length of Ga-0 in GaAs:0 is also 1.92 A, which corresponds to an 0.53 

A inward relaxation. However, from the molecular dynamics calculation 

discussed below, this bond length is predicted to be 2.73 A, which corresponds 

to an 0.28 A outward relaxation. Thus, on the basis of this calculation, one can 

conclude that the case of GaAs:0 is indeed similar to the case of GaP :0 . 

Comparison of the molecular dynamics calculations for dj , which will be 

discussed in the next chapter, with that from the simple covalent radius model 

discussed here shows that this simple model can, with a few exceptions Hke 

G a P : 0 , easily be used to determine the directions of the relaxation. Further, it 

usually gives the magnitude of the relaxation to within about 10% for many 

impurities in various materials. Of course, this simple model can only include 

the effects of nearest-neighbor-lattice relaxation. In order to include the effects 

of higher neighbors, one must use the method I will discuss below (Chapters V 

and \ T ) , the molecular dynamics approach. 
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Table 4.1: Covalent radii and the bond lengths calculated 
from them. All quantities are in A. 

system 
GaP 
GaAs 
GaSb 
GaN 
AlP 
AlAs 
AlSb 
InP 
InAs 
C 
Si 
Ge 
impurity-
system 
GaAs:In 
InAs:Ga 

r/f(cation)° 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.50 
1.50 
0.77 
1.17 
1.22 

host 

1.50 
1.25 

r^(amon)° 
1.10 
1.21 
1.41 
0.70 
1.10 
1.21 
1.41 
1.10 
1.21 
0.77 
1.17 
1.22 

1.21 
1.21 

d 
cal. 
2.35 
2.46 
2.66 
1.95 
2.35 
2.46 
2.66 
2.60 
2.71 
1.54 
2.34 
2.44 

d 
cal. 
2.71 
2.46 

H 

exp.^ 
2.36 
2.45 
2.64 
1.95 
2.37 
2.44 
2.66 
2.54 
2.62 
1.54 
2.35 
2.45 

exp. 
2.59̂ = 
2.47̂ ^ 

a. Ref. 60 
b. Ref. 57 
c. Ref. 58 
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Table 4.2: Bond lengths, covalent radii, and parameters a^^ and aj^ for various 
impurities in 8 semiconductors. 

system 
GaP:N 
GaP:0" 
GaP:0'^ 
GaP:PG. 
GaP:Ge 
GaP:Sb 
GaP:C 
Si:S 
Si:Se 
Si:Te 
Si:N 
Si:C 
Ge:S 
Ge:Se 
Ge:Te 
GaAs:0 
GaAs:AsG^ 
A1P:N 
AlAs:N 
InP:Ga 
GaSb:In 

d/r(A)'^ 
2.36 

2.35 

2.44 

2.45 
2.45 
2.37 
2.44 
2.54 
2.64 

^HW 
1.26 
1.26 
1.26 
1.10 
1.10 
1.26 
1.26 
1.17 

1.22 

1.26 
1.21 
1.25 
1.25 
1.10 
1.41 

r/(A)̂  
0.70 
0.66 
1.51 
1.10 
1.22 
1.36 
0.77 
1.04 
1.14 
1.32 
0.70 
0.77 
1.04 
1.14 
1.32 
0.66 
1.21 
0.70 
0.70 
1.25 
1.50 

d/(A) 
1.96 
1.92 
2.77 
2.20 
2.32 
2.62 
2.03 
2.21 
2.31 
2.49 
1.87 
1.94 
2.26 
2.36 
2.54 
1.92 
2.42 
1.95 
1.95 
2.35 
2.91 

Q^^i(eV) 

-0.85 
-0.96 
0.52 
-0.28 
-0.07 
0.36 
-0.66 
-0.25 
-0.07 
0.21 
-1.10 
-0.89 
-0.31 
-0.14 
0.12 
-1.10 
-0.04 
-0.89 
-0.99 
-0.27 
0.27 

aT.ieV) 
0.24 
0.27 
-0.15 
0.08 
0.02 
-0.10 
0.19 
0.07 
0.02 
-0.06 
0.31 
0.25 
0.09 
0.04 
-0.03 
0.31 
0.01 
0.25 
0.28 
0.08 
-0.08 

a. Ref. 57 
b. Ref. 40, 60 
c. Without correction from Ref. 62 
d. With correction from Ref. 62 



CHAPTER V 

MOLECULAR DYNAMICS FORMALISM FOR 

NEAREST-NEIGHBOR LATTICE RELAXATION 

In order to develop a more accurate and general model to calculate the 

effects of lattice relaxation, one must consider the entire process in more detail. 

As is well known, a defect in a semiconductor will interact with the surrounding 

host atoms, the lattice will be distorted, and the surrounding atoms will be 

displaced.^"^ That is, these atoms will experience a net force and move either 

inward or outward under this force until they achieve a new configuration where 

that force is zero. If one can accurately determine this configuration, one can 

obtain an accurate impurity-host bond length dj. This can then be used in the 

formalism discussed in Chapter III to determine the deep levels produced by 

that defect. 

In this chapter, I discuss a formalism by which this bond length d/ can be 

determined using forces derived (mostly) from electronic structure along with 

standard molecular dynamics techniques. I begin with a discussion of the form of 

the forces. Again, for simplicity, I only consider the nearest-neighbor relaxation 

around the impurity in this chapter. This approximation will be modified in the 

next chapter where both nearest- and second-neighbor relaxation is considered. 

71 
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5.1 Theory 

For an ideal impurity, the four nearest-neighbor-host atoms remain in their 

perfect crystal positions. In a more realistic treatment, these atoms experience a 

net force and the lattice distorts to a new configuration where that net force is 

zero. The total force acting on each of these nearest-neighbor-host atoms can be 

divided into attractive and repulsive parts, so that it can be written 

schematically as 

E, = F: + F:, (5.1) 

where the subscript x is the impurity-host atomic bond direction, and F^ and F^ 

represent, respectively, the attractive and repulsive parts of the force. Since in 

the present chapter, I only consider the relaxation of nearest-neighbor atoms 

around an impurity in tetrahedrally symmetric materials, there are four forces 

between those atoms and the impurity. These are independent of each other 

along the four impurity-host atomic bond directions in an unit cell. Further, 

from the fact that I consider only symmetry conserving distortions, the net force 

acting on the impurity equals zero for all time, so that the impurity will stay at 

the origin. 

The origin of F^ is the repulsion between electrons in overlapping states. 

I compute it from a pair potential based on Harrison's model.^^ Following 

this model, the repulsive pair potential Vo(d) has the form as 



Vo{d) = - 2 5 T ; . (5.2) 

where V2 is called covalent energy by Harrison^^ and has properties similar to 

the transfer matrix elements of the host Hamiltonian.'^^ That is, \'2 is also 

proportional to the inverse bond length squared. In Eq. (5.2), d is the bond 

length, and S is the overlap integral of the coupled orbitals. In Harrison's model, 

S is calculated using V2=K£S, where i is the average energy of the hybrid state 

and K is a constant depending on the material. Equation (5.2) thus becomes 

Void) = -2V2'/\Ke\. (5.3) 

One can see easily from Eq. (5.3) and the fact that V20cl/d^, that Voocl/d'*. I 

compute F^ by using Eq. (5.3) with FJ=-dVo/dx, so that F^ has the form 

F: = -A/x\ (5.4) 

if the bond length d is replaced by the variable x. Here A is a constant which, in 

Harrison's model, has the form 

85.2 Ji^ 2 ^ /K '\ 
K m \e\ 

where h is Planck's constant and m is the mass of electron.®^ However, I will 

determine this constant by another method which I think is more natural and 

accurate. This will be discussed after a discussion of the attractive part of the 

force. 
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In my formalism, the attractive part of the force, F^, which originates from 

the occupied one-electronic levels, is computed from the electronic structure by 

use of the Hellmann-Feynman theorem.^'* According to this theorem, if z is a 

component of the position coordinate of an atom, the x component of the force 

on that atom can be computed from the derivative of the total quantum 

mechanical energy Etot as 

f ; = - ^ = - | . / % ( £ ) r f £ , (5.6) 
ox OxJ-oo 

where Ey is the Fermi energy, and p(E) is the electronic density of states in the 

presence of the impurity. The latter quantity p{E) is intimately related to the 

band structure of the material, and can be computed using a Green's function 

technique.'^^ Formally, it is given as 

p[E) = --ImTrG{E), (5.7) 
TT 

where Im means the imaginary part, Tr means the trace, and G(E) is the 

Green's function matrix, which includes the effects of the impurity. In my 

formalism, it can be found from the Green's function matrix of the perfect 

crystal G°(E) and the defect potential matrix V, which are discussed in Chapter 

III, using the Dyson equation 

G = G'' + G^'VG = {I- G ^ y ) - ' ^ ^ . (5.8) 
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By combining Eqs.(5.6), and (5.7), the attractive force can be written as 

F^^-ImTr^'E^dE. (5.9) 
TT J-oo OX ^ ' 

From the Dyson equation (5.8), one has 

ox dx ^ ' dx dx (5.10) 

Because G° is independent of x, this becomes 

^ = GofG-a°vf, (5.11) 
OX ox ox 

or 

Th en 

(^-^"^)£=^°S^- ^'-''^ 

f = iI-G^vrG''^G = G^G, (5.13) 
OX ox ox 

where the last step follows from Eq. (5.8). With this result, Eq. (5.9) becomes 

1 r^f dV 
F^ = -ImTr / EG^G dE. (5.14) 

TT y-oo dx ^ ' 

For the host crystal in the absence of the impurity, each atom is fixed at its 

perfect crystal equilibrium position and it must be true that F°(dH)=-F^ (d^y) 

so that the total Fa:=0. By using this condition along with Eqs. (5.4) and (5.14) 

in the absence of the impurity, the constant A in Eq. (5.4) can be determined. I 

have found that this constant A is dependent on the matericd. Table 5.1 shows 

the values of this constant in various materials. These values differ by about 
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10% from those determined by Eq. (5.5). When an impurity is placed in the 

host crystal, FJ(d/) and F;(d/) will, in general, no longer be equal, so that the 

total Fa./0 and the nearest-neighbor-host atoms around this impurity will move 

under the net force. 

Using Eqs. (5.4) and (5.14) and beginning with the nearest-neighbor-host 

atoms in their perfect crystal positions, one can calculate the motion of each of 

these atoms for a small time interval ^t using Newton's second law along with 

standard "molecular dynamics" methods.®^ In this way, new atomic positions 

can be determined and a new defect potential matrix V (that is new off-diagonal 

elements, new a ) and a new force can be computed. This process can be 

repeated for successive intervals ^t until the net force acting on each 

nearest-neighbor-host atom approaches zero. Then, one can determine d/ and \" 

(or a) for the relaxed lattice. The magnitude and direction of the relaxation 

depend on the competitions between the attractive and the repulsive parts of the 

force. If the initial net force is large, one can expect a large amount relaxation. 

If the initial net force is negative, an inward relajcation will occur, while if the 

initial net force is positive, an outward relaxation will occur. 

In order to obtain a clearer physical picture of this approach, I consider a 

numerical example which will give the orders of magnitude of the relevant 

quantities. For this case, I assume an impurity is substitutional in a Si host 

crystal, so that the nearest-neighbor Si atoms around the impurity will relax to 
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new equilibrium positions under the net force due to the impurity from their 

perfect crystal positions. For a very small interval (5t, I assume that the net force 

is a constant, so that the relaxed distance x along one of the bond lengths is 

1 . . . . , 1-F, 

2 m ^ - ^«(<^0' = o-( '^0 ' - (5.15) 

where F^ is the net force, m is the mass of a Si atom, and a is the acceleration 

due to Fa,. The initial force has a typical order of magnitude about leV/A 

= 1.602xlO~^N, (although sometimes it can be as much as 10 times this value).^^ 

The relaxed distance x is typically O.lA in the first bi due to this force. Since 

the mass m of a Si atom is 28.086 au=4.66xl0~^®kg, from Eq. (5.15), one can 

obtain ^t:^2.4x 10~-^^s. In practical calculations, I have found that, while the 

best choice of ^t depends on the particular case, it is always of this order of 

magnitude. Since the acceleration a=Fa./m, using those values of Fj. and m, one 

can obtain the rather large initial acceleration of asi;3.435xl0^^m/s^. Letting the 

initial velocity be Vo=a^t, this yields Vo^8xl0^m/s. Thus, even for a very small 

initial force, both the initial acceleration and velocity axe stiU very large. 

However, as discussed below, I find that the acceleration and velocity decrease 

rapidly with time as does the net force. 

5.2 Results 

In Figs. 5.1 and 5.2, I present the results for the time dependence both of the 

magnitude of the total force along an impurity atom-host atom bond and of the 
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bond length for the N and 0 substitutional for P in GaP. In the results 

presented in these figures, only the relaxation of the nearest neighbors has been 

considered, so the total force shown is that between the impurity (N or O) and 

one of the nearest-neighbor Ga atoms along an impurity-host atomic bond. 

Under this force, the Ga atoms move inward or outward with respect to the 

impurity, and the impurity stays at its original position. In these figures, the 

force and d/ are plotted versus t "= t / (^ t ) , where 6t=0.35xlQ~^^s for N and 

^t=0.8xl0~"^'* for O. This choice of Si was obtained by trial and error. A smaller 

^t uses considerably more computer time to achieve similar results and a larger 

value can cause an "overshoot" of the final equilibrium position and an 

oscillatory behavior of d/ versus t". 

These figures reveal the details of the dynamics of the process of lattice 

relaxation, and several interesting features can be found by inspection of them. 

First, the magnitude of the initial force between the N and the nearest-neighbor 

Ga atoms is quite different than that between the 0 and the Ga atoms. A N 

impurity causes the magnitude of the initial force to be about 21 eV/A, but an 

0 impurity causes this initial force to have the much smaller value of only about 

4.6 eV/A. The difference of the size of the initial forces will obviously affect the 

relaxation time, t=t*((5t). In Fig. 5.1 for GaP:N, after about 16 time steps, the 

force approaches zero, giving a relcixation time about 0.06 ps. However, from 

Fig. 5.2 for G a P : 0 , one can see that, after about 27 time steps, the force 
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approaches zero, corresponding to a relaxation time about 0.22 ps. which is 

much larger than the time for GaP:N. 

From Fig. 5.1, one can also see that the initial force produced by N in GaP 

causes an inward relaxation, because the atomic bond length of Ga-N at the 

equiHbrium position is smaller than the GaP host bond length. From that figure, 

as the Ga atoms approach their new equilibrium positions, the Ga-N bond 

length d/ approaches about 2.15 A, which gives an inward relaxation distance 

Ad=d/-dfl- =-0.21 A, or a change of about 9% in comparison with the 2.36 A 

GaP host bond length. By contrast, the initial force produced by 0 in GaP 

causes an outward relaxation, because the bond length of Ga-0 at the 

equilibrium position is larger than the host bond length. I note that an outward 

relaxation for GaP :0 contradicts the analysis based on the covalent radius model 

discussed in the last chapter. However, it is in qualitative agreement with 

Morgan's model.^^ From Fig. 5.2, when the Ga atoms approach their new 

equilibrium positions, the bond length of Ga-0 is 2.78 A. In this case, the 

relaxation distance Ad is 0.42 A, or a change about 18% of the GaP host bond 

length. The qualitative differences between the results for N and O in GaP are 

partially due to the fact that O is much more electronegative than N and 

partially due to the small radii of the 0 orbitals in comparison with those for 

Ga, which cause a small overlap between the Ga and O.®^ Thus, the Ga-0 bond 

is much weaker than the Ga-N bond, so that the Ga atoms relax away from the 
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0 atoms. The fact that the magnitude of the initial force between Ga and N is 

almost five times as large as that between Ga and 0 also supports this 

conclusion. 

It is also of interest to study the relationship between the distortion distance, 

A d = d / - d ^ , and the force. In Fig. 5.3, I show results for the total force on one of 

the four Ga nearest-neighbors as a function of Ad for N and 0 substitutional for 

P in GaP. In agreement with Figs. 5.1 and 5.2, it can be seen that N induces an 

inward relaxation of the nearest-neighbor Ga atoms by about 0.2lA. By 

contrast, 0 in GaP induces an outward relaxation by about 0.42eV. 

From Fig. 5.2, it can be seen that, as a function of time, the magnitude of 

the force in the case of GaP:0 increases to a maximum value and then decreases 

to zero. This is different than the case of GaP:N where a smooth decrease in the 

force with time occurs. This behavior can be understood by noting that the 

process of lattice relaxation is a competition between the attractive force and the 

repulsive force. Of course, in the final results of this competition, the net force 

approaches zero and the atoms approach new equilibrium positions. However, 

during the process, the net force at a given time step may be either larger or 

smaller than that at the previous step, depending on the particular case. In my 

calculations for other impurities in other materials, the curves of force versus 

time which are similar to both the cases of GaP:N and GaP :0 were found. 
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Figure 5.4 displays a similar diagram to those of Figs. 5.1 and 5.2 for a S 

substitutional impurity in Si. In that figure, both the magnitude of the force and 

the bond length d/ are plotted versus t"=t (Si), and I have chosen 

(5t=0.35xl0"^^s. From that figure, it can be seen that the S in Si induces an 

inward relaxation, since the final bond length of d/=2.24 A is smaller than the Si 

host bond length 2.35 A. The corresponding relaxation time is about 0.09s, and 

the inward relaxation distance Ad is -0.11 A or 5% of the 2.35 A Si bond length. 

Unfortunately, no experimental data on the relaxation time and distance for 

these impurities in GaP and Si exists (or for any impurity in any material) to 

my knowledge. However, the self-consistent Green's function approaches obtain 

the same orders magnitude for the force and similar trends of the force versus 

relaxation distance Ad.^°'^^ 

The method discussed above can be used to deal with other impurities in 

other materials. I have used it to calculate the relajcation distance Ad and the 

impurity-host atomic bond length d/ for various impurities in GaP, Si, GaAs, 

and Ge. These results are presented in Table 5.2. For comparison, the results for 

Ad and d/ for the same impurities in these materials calculated from the 

covalent radius model discussed in the previous chapter are also presented in this 

table. It can be seen from the table that the results for Ad and d/ from the 

molecular dynamics approach are usually in qualitative agreement with those 

from the covalent radius model. In particular, in all cases considered in 
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Table 5.2, both models predict the same inward or outward relaxation except for 

the cases of 0 in GaP (without Morgan's correction) and 0 in GaAs. Also, the 

predictions for d/ from these two models are usually within 10% of each other. I 

will show below that , if d/ from the molecular dynamics approach is used in the 

deep level formalism, it will produce better results for deep levels than d/ from 

the covalent radius model in comparison with experimental data. 

From Table 5.2, it can be seen that the minimum Ad obtained by the 

molecular dynamics approach is -0.08A for the case of GaP:PGa. The relaxed 

bond length in this case is only 3.4% smaller than the host bond length. 

0 

However, the maximum Ad shown in Table 5.2 is 0A2A for the case of GaP:0 , 

where the relajced distance is about 18% larger than the host bond length. Even 

though these cases are for the same material, the relajced distance Ad is very 

different. Another example is the case of GaP:Ge, where Ad is -0.12A, about 5% 

of GaP bond length. The first reason for these differences, of course, is the fact 

that different impurities have different covalent radii, so that they will produce 

different relaxation distances. However, in some cases, the atomic energy 

difference between the impurity and the host atom which is replaced plays a 

more important role in the effects of lattice relaxation. For example, oxygen has 

a very small covalent radius. However, when an oxygen is substitutional for P in 

GaP, as was discussed above, the Ga atoms will relax away from it instead 

towards it. As also discussed above, this is due to the large electronegativity of 
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0 in comparison to P, which weakens the Ga-0 bond. Another example is the 

case of Si:Se. Although Se has almost the same covalent radius as Si. Se and Si 

have a large difference of atomic energies. Thus, Se in Si will produce a quite 

large attractive force, so that the inward relaxation distance Ad induced by Si:Se 

is quite large. In these two examples, the covalent radius approximation fcdls to 

predict the correct results. This fact confirms that a molecular dynamics 

approach is necessary. 

5.3 Total Energy Versus Impurity Bond Length 

In the previous sections in this chapter, I have used molecular dynamics 

method to determine the impurity bond length dj . This can also be done using a 

total energy approach. That is, in a perfect crystal system, the total electronic 

energy has a minimum value, the total force on each atom vanishes. However, 

this total energy will change when an impurity is placed in the host crystal, and, 

after relaxation, it will approach a new minimum value where the total force 

vanishes again. If one can calculate the total energy as a function of the bond 

length between the impurity and the nearest-neighbor host atoms, the 

impurity-bond length d/ at the new equiHbrium configuration (corresponding to 

a new minimum energy value) can then be determined. As a test of the 

molecular dynamics formalism developed in this chapter, I present an example in 

this section which uses this total energy approach to determine dj . I find that 

the result for d/ obtained using this approach is almost the same as that 
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obtained by the molecular dynamics method. In particular, the percent 

difference of d/ obtained from these two methods differs less than 1%. This 

result confirms the results discussed in the last section. 

The interaction between two atoms can be regarded following the discussions 

in Sec. 5.1 as consisting of (1) an attractive bonding interaction involving the 

one-electron energies E^i and (2) a repulsive interaction due to overlap of 

electron states. The total energy thus can be modeled by 

Exot = E^i ^ Erep- (5.16) 

Here Eg/ is the sum of the one-electron energies E in the occupied states, and has 

the form 

E,i = f 'Ep{E)dE, (5.17) 
J — oo 

where Ef is the Fermi energy, and p{E) is the electronic density of states in the 

presence of the impurity which is given by Eq.(5.7). Thus, 

- 1 f^f 
E,i = — I m T r / Ep{E)dE. (5.18) 

TT J-cx 

Again using Harrison's overlap interaction model,^^ Erep can be computed 

from a pair potential as 

Er,p = A'/d\ (5.19) 

where A' can be determined from the Values of A. 

Figure 5.5 illustrates the results of a calculation of the total energy versus d/ 

for an 0 substitutional for P in GaP. In this figure, the abscissa is Ad=d/-dH, 
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and the ordinate is the total energy computed by Eq.(5.16). It can be seen that 

the total energy has a minimum value at Ad=0.4lA. which corresponds to 

d/=2.77A. This value is almost the same as the value of d/=2.78-4 calculated by 

the molecular dynamics method. The molecular dynamics results are, thus, 

consistent with the total energy results. 
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Table 5.1: Constant A for various materials 

system 
Si 
GaP 
GaAs 
Ge 

A (eV(A)^) 
199 
152 
146 
190 

Table 5.2: The host-bond length d^, the impurity-host-bond length d/ and the 
relaxation distance Ad for various impurities in GaP, Si, GaAs and Ge. All 
distances are in A. 

system 
GaP:N 
G a P : 0 
G a P : 0 

GaP:PGa 
GaP:Ge 
GaP:Se 
Si:S 
Si:Se 
Si:Te 
Si:C 
GaAs:0 

GaAs:AsG:a 
Ge:S 
Ge:Se 
Ge:Te 

dff 

2.36 

2.35 

2.45 

2.44 

a. Without Morga 
b. With the correc 

d/ 
molecular 
dynamics 

2.15 
2.78 

2.28 
2.24 
2.22 
2.23 
2.03 
2.60 
1.98 
2.73 
2.39 
2.32 
2.04 
2.88 

n's correctic 
,tion. Ref. 6 

covalent 
radius 

1.96 
1.92̂ ^ 
2.77*" 
2.22 
2.32 
2.24 
2.21 
2.31 
2.49 
1.94 
1.92 
2.42 
2.26 
2.36 
2.54 

•n. Ref. 62 
2 

Ad 
molecular 
dynamics 

-0.21 
0.42 

-0.08 
-0.12 
-0.14 
-0.12 
-0.32 
0.25 
-0.37 
0.28 
0.04 
-0.12 
-0.4 
0.44 

covalent 
radius 

-0.4 
-0.44 
0.41 
-0.14 
-0.04 
-0.12 
-0.14 
-0.04 
0.14 
-0.41 
-0.53 
0.07 
-0.18 
-0.08 

0.1 
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t* 

Figure 5.1: Time dependence of the magnitude of the total force (solid cure) 
along an impurity-atom host-atom bond and of the bond length (dashed curve) 
for N substitutioncd for P in GaP. The abscissa is the time step t"=t/5t, where 
^t=0.35xl0"^^s. The left ordinate is the magnitude of the total force, and the 
right ordinate is the bond length. 
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The remainder of the interpretation is as in Fig.5.1. 
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The negative values of Ad correspond to an inwaxd relaxation, atnd the positive 
values of it correspond to an outward relaxation. 
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t̂  

Figure 5.4: Time dependence of the magnitude of the total force (solid curve) 
along an impurity-atom host-atom bond and of the bond length (dashed curve) 
for a substitutional impurity S in Si. The remainder of the interpretation is 
as in Fig.5.1. 
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Figure 5.5: Total energy versus the change of the bond length for an 0 sub
stitutional for P in GaP. The minimum value of energy indicates the change 
of the bond length required for a new equilibrium configuration. 



CHAPTER VI 

FORMALISM FOR INCLUDING THE EFFECTS 

OF BOTH FIRST- AND SECOND-NEIGHBOR 

RELAXATIONS 

In the previous chapters, I have only considered the relaxation of the 

nearest-neighbor host atoms around an impurity. Using the molecular dynamics 

approach, it is straightforward to extend that formalism to include the releixation 

of the second-neighbor atoms. However, it would be difficult to generalize the 

simple covalent radius model to do that. This is one of the advantages of the 

molecular dynamics approach. To develop such a formalism, one begins by 

considering a cluster consisting of 17 atoms (an impurity and 16 host atoms; 4 

nearest-neighbor atoms and 12 second-nearest-neighbor atoms) instead of a 5 

atoms cluster, as was discussed above. I remind the reader that, even though I 

am considering a defect cluster, due to my Green's function formalism, my 

calculations are done for the infinite crystal (containing this cluster). 

6.1 Defect Potential 

In order to easily describe the problem, I use the labeling convention for the 

lattice positions of each of the 17 atoms in the cluster that was defined by Ford 

in his dissertation.^^ These atom positions are displayed in Table 6.1, which is 

borrowed directly from Ford's dissertation. In that table, the nearest-neighbor 
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atoms of the impurity are labeled as 1, 2, 3 and 4, the second-nearest neighbors 

of the impurity are labeled from 5 to 16. The impurity itself is labeled as 0 and 

is not shown in the table. The quantity "a" in the table is the lattice constant. 

In Ref.66, Ford has shown that the nearest neighbors of the impurity are second 

neighbors each other (as is well known). In addition, he has shown that the 

nearest neighbors of the impurity have relationships to the impurity's 

second-nearest neighbors which make them either nearest neighbors, third 

neighbors, or fifth neighbors of these atoms. Also, he has shown that the 

second-nearest neighbors of the impurity have relationships among themselves 

which make them second neighbors, fourth neighbors, sixth neighbors, and 

eighth neighbors of each other. For example, the second-nearest-neighbor atoms 

of the impurity which are labeled by 5, 6 and 7 in Table 6.1 are the 

nearest-neighbors of the atom labeled by 1, and either third neighbors or fifth 

neighbors of other nearest neighbors of the impurity which are labeled by 2, 3 

and 4. Figure 6.1 (a) illustrates the tetrahedrally symmetric geometrical 

relationships between the impurity (atom 0) and its nearest neighbors (atoms 1, 

2, 3, and 4). Similarly, Fig.6.1 (b) shows the geometric arrangement between one 

of these nearest neighbors (atom 1) to the impurity and its own nearest 

neighbors (atom 5, 6, and 7), which are the second neighbors of the impurity. 

For simplicity, I have reoriented the atoms in Fig.6.1 (b), the coordinates x', y", 

and z' are thus different than those in Fig.6.1 (a). All of these relationships 
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between the 16 host atoms in the 17-atom cluster are presented in Table 6.3. 

which is also borrowed from Ford's dissertation.^^ These relationships are needed 

in order to properly determine the Green's function matrix elements of the host 

crystal for the formaHsm described below. 

In the case of the 17-atom cluster, Eq. (2.7) can stiU be used to determine 

the deep levels, but each submatrix in that equation, G°, V^ and I ,̂ is of size 

1 7 x 1 7 instead of 5x5 . For example, the host Green's function matrix G? in this 

case includes the effects of 17 atoms in contrast to Eq. (3.3) where only 5 atoms 

are included. Thus, in effect, by considering the 17-atom cluster, the size of the 

defect has increased to that size. Clearly, the form of defect potential matrix 

which is presented by Eq. (3.2) must be modified to include the 

second-nearest-neighbor relajcation. For example, for an Ai symmetric state, the 

form of V^j is now (for an impurity on the anion site) 

VA, = \AiaO > U < AiaO\ 

+ a ^ ( | A i a O > < Aiad\ -f |.4iccf*>< .4iaO|) 
d 

+l3^(\Aicd>< Aiad'l ^ \Aiad' >< AicJj), 

d,d' 

+ 7 ^ ( | A i a O X Aiad'\ -r \Aiad' X AiaO,) 
d' 

(6.1) 

where cTand <?, respectively, are the position vectors of the nearest-neighbor and 

the second nearest-neighbor atoms of the impurity. Here, U and a are shorthand 

file:///AiaO
file:///Aiad'
file:///Aiad'
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for U^, and Q ^ , , which have been used in Eq. (3.2). The quantity 3 represents 

the off-diagonal element of the defect potential matrix which couples the 

impurity's first-neighbor atoms to those atoms in the second-neighbor shell 

which are nearest neighbors to them. For example, the coupling between the 

atom labeled by 1 and the atoms labeled by 5, 6, and 7 in Fig.6.1 (b) is denoted 

by /5. The quantity 7 represents the off-diagonal elements of the defect potential 

which couple the impurity to the second-neighbor-host atoms. There are other 

couplings between atoms in the first-neighbor shell and those in the 

second-neighbor shell, which I assume are very small and can be neglected. 

Thus, in my approximation, the parameters /3 and 7 represent the effects of 

lattice relaxation due to the second-neighbor-host atoms of the impurity. The 

quantity /3 can be calculated using a method similar to the generalization of 

Harrison's inverse bond length squared rule which I have used to calculate a 

(Eq. (3.9)). That is, in this approximation, (3 can be written as 

0i = -Ci{-^, - - i ^ ) , (6.2) 
dli CLH 

where Ĉ  and dn have the same meanings as in Eq. (3.9), in my calculations, I 

assume that this C^ has the same numbers as in Eq. (3.9). d// is the bond length 

between one of the impurity's nearest neighbor and one of its nearest neighbor in 

the second-neighbor shell of the impurity. For example, d// is the bond length 

between atoms such as atom 1 and atom 5, 6, and 7 in Fig. 6.1 (b). The 

quantity 7 can be easily calculated using a similar rule. However, in my 
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calculations, I have found that 7, which is a second-neighbor coupHng energy, is 

very small in comparison with a and 3, so it can be neglected in the 

calculations. I, thus, set it to zero in what follows. 

6.2 Forces and Molecular Dynamics 

In order to include the effects of second-neighbor relaxation, the 16 host 

atoms around the impurity are allowed move inward or outward simultaneously 

instead of only 5 atoms moving as was true for the case of the nearest-neighbor 

relaxation. To analyze this case, I first consider the net force acting on the 

second-neighbor-host atoms of the impurity. In general, one needs to consider 

the interactions between each these atoms and other 16 atoms (including the 

impurity). However, because the net force acting on these atoms is mainly 

induced by the changes of the bond length in tight-binding theory, one can 

approximately consider oidy the interactions between these atoms and the atoms 

which are bonded to them. This is analogous to keeping only a and /? and 

neglecting all other coupling in the above discussion of the defect potential. For 

example, because the atom labeled by 1 is bonded to the atoms labeled by 5, 6 

and 7 (see Fig. 6.1 (b)), the net force acting on each of these atoms is induced 

by the changes of the bond lengths between atom 1 and atoms 5, 6 and 7. From 

Fig. 6.1 (b), one can see that atoms 1, 5, 6, 7 and the impurity form a 5 atom 

cluster so that one can use a formalism similar to that discussed in the last 

chapter to compute the net force acting on atoms 5, 6 and 7. 
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In the present case, however, the form of the force acting on each of the 

nearest-neighbor host atoms of the impurity (atoms 1. 2, 3 and 4) needs to be 

modified in comparison with its form for nearest-neighbor relaxation only. 

Because I use a "breathing-mode" model for the relaxation, the nearest-

neighbor atoms will move only along the bond directions to the impurity (inward 

or outward), so that one needs to compute the force components in these 

directions. Of course, the net forces acting on the nearest-neighbor atoms 1. 2, 3 

and 4 due to the impurity are already in these directions. The formal 

expressions for these forces have been shown in the last chapter. However, for 

example, the force acting on atom 1 due to atoms 5, 6 and 7 needs to be 

multiplied by a factor of cos(7r-^) to project it onto the bond direction between 

atom 1 and the impurity. Here 9 is the bond angle, which is formed by, for 

example, the impurity, atoms 1 and 5 (see Fig. 6.1 (b)). When the host atoms 

are in their perfect crystal positions (the initial time of the molecular dynamics 

simulation), the bond angle is ^=109.5 degrees. However, the angle 6 will change 

during the relaxation process. From lattice symmetry considerations, the 

components of force due to atoms 5, 6 and 7 in the direction of the bond length 

between the impurity and atom 1 are equal. The net force in the x direction 

acting on atom 1 can thus be written as 

F:, = Fi,-3F2Cos{7r-e), (6.3) 
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where Fi^ is the net force caused by the impurity, which has the same form as 

one 
the force computed in the last chapter, and Fj is the net force produced by 

of the atoms 5, 6 and 7. The latter force has the same magnitude but opposite 

sign as the force acting on one of the atoms 5, 6 or 7. As mentioned above, Fj 

can be calculated using a method similar to that discussed in the last chapter. 

All forces which enter the calculations, such as Fi^. and F2 in Eq. (6.3) can, of 

course, be decomposed into attractive and repulsive parts, as in Eq. (5.1). In 

addition, in my formalism, each repulsive part has a form similar to that of Eq. 

(5.4) and each attractive part is computed from the electronic structure using 

the Hellmann-Feynman theorem.®'^ 

After an analysis of the force as just discussed, and beginning with all host 

atoms in their perfect crystal positions, one can use standard "molecular 

dynamics" methods®^ to find the new equilibrium positions for 17 atoms in the 

cluster. This is done in essentially the same manner as was described for 

first-neighbor relaxation in the last chapter. From this equilibrium configuration, 

one can determine the nearest-neighbor-bond length d/ and the bond length d//. 

The results for d/ and d// for various impurities in GaP, Si, GaAs, and Ge are 

summarized in Table 6.2, and the corresponding values of a and /3 calculated 

from Eqs. (3.9) and (6.2), and the quantities Ad=d/-dH, and Ad'=d//-dH are 

also shown in Table 6.2. From the table, it can be seen that signs of a and /3 are 

always opposite. This can be understood by noting the fact that !Ad| is always 
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much larger than |Ad'|. For example, if the nearest neighbors move toward the 

impurity, the second neighbors will also move toward it. However, if Ad is 

much larger than |Ad'| , d// will be larger than the host bond length d^. Thus. 

a, Eq. (3.9), and /3, Eq. (6.2) will have opposite signs. From Table 6.2. it can 

also be seen that the magnitude of a is much larger than that of /3 for the same 

system. The reason for this is again that |Ad|> lAd'L Physically, the reason 

that this is true is that the total force acting on a nearest-neighbor atom is much 

larger than that on a second-nearest-neighbor atom. From the viewpoint of 

tight-binding theory, this is easily understood. For the same reason, the d/ in 

Table 6.2 are almost same as those in Table 5.1, where only the nearest-neighbor 

relaxation was considered. 

In order to investigate the trends in the effects of the second-neighbor atoms 

on deep levels, one can plot chagrams of deep level energies E versus U for 

varying /? and a, similar to what I have done in Figs. 3.1 to 3.19. However, to 

do that , one needs to algebraically solve a 17x17 determinantal equation to 

obtain an equation analogous to Eq.(3.8), which would express U as a function 

of a, /?, and various Green's function matrix elements. Of course, this is very 

difficult to do. Instead, however, for deep levels of symmetry z, one can plot 

curves of the determinant 

D{E) = det[Ii - G%E)V.] (6.4) 
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as a function of E for various fixed values of U, a, and 3. The value of E where 

D{E) = 0 (6.5) 

is, of course, the predicted deep level for those values of U. a, and 3. By plotting 

such curves for various values of these parameters, and noting the changes in the 

deep level energy E which causes D(E) to vanish, trends in deep levels as a 

function of these parameters can be explored. For example. Fig. 6.2 displays 

such results for D(E) versus E for various combinations of a and /? in the case of 

Ai-synmietric levels produced by Si:Se (fixed U). 

In Fig. 6.2, there are three groups of curves containing three members each. 

Within each group, these curves are, from left to right, dashed, soHd and dotted. 

Each group of three curves corresponds to a different value of a. From left to 

right in the figure, the groups represent results for D(E) with a=0 .3 eV, 0.0 eV 

and -0.3 eV, respectively. Within each group, the three curves correspond to 

three different values of/5. From left to right, they are -0.3 eV, 0.0 eV and 0.3 

eV. The intersections of these curves with the horizontal hne at D(E)=0.0 gives 

deep levels in the band gap for the values of a and (3 quoted. One can see from 

the figure that , within each group, as /3 becomes more positive, the deep levels 

will move towards the conduction band (to the right), while as (3 becomes more 

negative, this level will move towards the valence band (to the left). One can 

also see from the figure that , for a similar change in both /? and a, the 

corresponding shift in the deep levels is quite different. For example, in the right 
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most group ( Q = - 0 . 3 eV), when /? changes from 0.0 eV to 0.3 e\\ the deep level is 

predicted to move towards the conduction band with a shift of about 0.03 eV. 

Almost the same shift in the other direction is predicted when 3 changes from 

0.0 eV to -0.3 eV for that same value of a. However, when a changes from 0.0 

eV to 0.3 eV. the predicted deep level shifts by about 0.14 e\^ and when a varies 

from 0.0 eV to -0.3 eV, the deep level shift is about 0.12 eV. Obviously, the first 

neighbor-matrix element a plays a more important role in the effects of lattice 

relaxation than does the second neighbor-matrix element /5. In addition, one 

again should note the fact that in the practical cases listed in Table 6.2, the 

magnitude of a is always larger than the magnitude of jS for the same 

impurity-host system. I have found similar results for other impurities in Si and 

in other materials. These facts, taken together, show that the effects of the 

second-neighbor relaxation on deep levels are much smaller than those of the 

nearest neighbors. 

By taking a larger defect cluster, which contains higher-neighbor shells of the 

impurity, one could consider higher-neighbor atoms in the calculations using an 

extension of the same method discussed here. However, the discussion above 

lends support to the assumption that higher-neighbor relaxation should usually 

produce even smaller effects on the deep levels. Thus, considering the effects of 

the relaxation of the higher-neighbor atoms should not be necessary. 



102 

Table 6.1: The labeling convention for the nearest-neighbor and second-neighbor 
host atoms to the impurity. This table is borrowed from Ref. 66. 

Nearest-Neighbor Atoms 

Atom Number Lattice Position 
1 (lll)a/4 
2 (ni)a/4 
3 (lll)a/4 
4 ( l l l ) a / 4 

Second-Neighbors Atoms 

Atom Number 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Lattice Position 
(011)a/2 
(101)a/2 
(110)a/2 
(I01)a/2 
(011)a/2 
(no)a;2 
( l i 0 ) a /2 
(011)a/2 
(101)a/2 
(110)a/2 
(101)a/2 
(011)a/2 
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Table 6.2: Bond lengths d/ and d// for various impurities in GaP, Si, GaAs and 
Ge, and the corresponding values of Ad, a. Ad', and /3. 

svstem 
GaP:N 
GaP:0 
GaP:PGa 
GaP:Ge 
GaP:Se 
Si:S 
Si:Se 
Si:Te 
Si:C 
GaAs:0 
GaAs:AsGa 
Ge:S 
Ge:Se 
Ge:Te 

d,(A) 
2.15 
2.78 
2.28 
2.24 
2.22 
2.23 
2.03 
2.60 
2.09 
2.73 
2.39 
2.32 
2.06 
2.88 

Ad 
-0.24 
0.42 
-0.08 
-0.12 
-0.14 
-0.12 
-0.32 
0.25 
-0.26 
0.28 
-0.06 
-0.13 
-0.39 
0.43 

a(eV) 
-0.39 
0.53 
-0.14 
-0.21 
-0.25 
-0.21 
-0.65 
0.35 
-0.50 
0.34 
-0.09 
-0.20 
-0.73 
0.48 

d//(A) 
2.41 
2.28 
2.40 
2.40 
2.43 
2.41 
2.48 
2.28 
2.47 
2.36 
2.47 
2.48 
2.56 
2.61 

Ad' 
0.05 
-0.08 
0.04 
0.04 
0.07 
0.06 
0.13 
-0.09 
0.12 
-0.09 
0.02 
0.03 
0.11 
0.16 

/?(eV) 
0.08 
-0.21 
0.06 
0.06 
0.11 
0.09 
0.19 
-0.12 
0.11 
-0.14 
0.03 
0.04 
0.15 
0.21 
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Table 6.3: Relationships between pairs of nearest- and second-neighbor host 
atoms to the impurity. This table is borrowed from Ref. 66. 

Nearest- and Second-Neighbor Pairs 

Third-Neighbors 

1 and 8 2 and 5 3 and 6 4 and 5 

1 and 9 2 and 6 3 and 7 4 and 7 
1 and 11 2 and 11 3 and 9 4 and 8 
1 and 13 2 and 12 3 and 10 4 and 10 
1 and 14 2 and 14 3 and 15 4 and 12 
1 and 16 2 and 15 3 and 16 4 and 13 

Fifth-Neighbors 

1 and 10 3 and 5 
1 and 12 3 and 8 
1 and 15 3 and 14 
2 and 7 4 and 6 

2 and 13 4 and 9 
2 and 16 4 and 11 

Second-Neighbor Pcdrs 

Second-neighbors 

5 and 6 6 and 11 9 and 10 12 and 13 
5 and 7 7 and 13 9 and 11 12 and 15 
5 and 8 7 and 16 10 and 12 13 and 16 

5 and 14 8 and 9 10 and 15 14 and 15 
6 and 7 8 and 10 11 and 12 14 and 16 
6 and 9 8 and 14 11 and 13 15 and 16 

Fourth-Neighbors 

5 and 9 6 and 13 8 and 15 10 and 14 
5 and 16 7 and 11 9 and 12 12 and 16 
6 and 8 7 and 14 10 and 11 13 and 15 
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Table 6.3: Continued 

Sixth-neighbors 

5 and 10 6 and 14 8 and 11 10 andl3 
5 and 11 6 and 16 8 and 12 10 and 16 
5 and 13 7 and 8 8 and 16 11 and 15 
5 and 15 7 and 9 9 and 13 11 and 16 
6 and 10 7 and 12 9 and 14 12 and 14 
6 and 12 7 and 15 9 and 15 13 and 14 

Eighth-Neighbors 

5 and 12 8 and 13 
6 and 15 9 and 16 
7 and 10 11 and 14 
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Figure 6.2: Determinant D(E) as a fimction energy E in the bandgap for Ai 
symmetric levels due to SiiSe.In this case, U=-6.5 eV. The values of E where 
D(E)=0 are the predicted deep levels for specific values of a and /?. The 
abscissa is the bsind-gap energy with the zero of energy equal to the top of 
the valence band. The ordinate is the value of D(E). The quantity a is a 
measure of the nearest-neighbor-lattice relaxation, and /? is a measure of the 
second-neighbor relaxation. The cases of a=0.3, 0.0, and -O.SeV correspond 
to ratios dj/ds of 1.09, 1.00, and 0.93, respectively. The cases of ^5=0.3, 0.0, 
-0.3 eV correspond to ratios d/z/d^ of 1.09, 1.00, and 0.93, respectively. 



CHAPTER VII 

RESULTS FOR DEEP LEVELS DUE TO SPECIFIC 

IMPURITIES: COMPARISON WITH 

EXPERIMENT AND OTHER THEORIES 

In order to predict a deep level produced by a specific impurity in a host 

semiconductor using my theory, one first needs to calculate d/ and dj / . However, 

as mentioned before, if only the effects of the nearest-neighbor relaxation on 

deep levels are considered, both the covalent radius model and the molecular 

dynamics approach can be used to calculate d/ and in this case, d//=dff. The 

values of a can then be computed from Eq. (3.9) using this bond length. One 

can, thus, obtain deep levels from Figs. 3.1-3.19 for the impurity of interest with 

that value of a in a specific material. However, if one wants to consider both the 

efi'ects of relaxation of the nearest and second neighbors on deep levels, one must 

use the molecular dynamics approach to calculate d/ and d//. Then a and 3 

must calculated with these values of d/ and d//. Afterwards, in order to predict 

the deep levels including the effects of relaxation of the second neighbors, one 

needs to plot a diagram similar to Fig. 6.2. That is a diagram of D(E) versus E 

for the specific values of a and (5 as well as for fixed diagonal defect potential U 

needed. The energy E corresponding to D(E)=0 on the curve then gives the 
IS 

109 



no 

deep level. Of course, this can not only be done graphically, but also can be 

done numerically. 

As an example, I now consider the case of the Ai-symmetric deep level 

produced by an oxygen atom substitutional for a P atom in GaP. Using the 

covalent radius model, the bond length of Ga-0 , d/, is 1.92 A. and d/ with 

Morgan 's" correction is 2.77 A. These bond lengths give a=-0.96 eV and 0.52 

eV, respectively. From Fig. 3.1, one can find the Ai deep level by drawing a 

vertical Hne from potential for the impurity 0 labelled on the top of the figure. 

This potential is U=-11.9 eV. The intersection of that line with the curves for 

the appropriate values of a gives the deep level predictions for these two values 

of d/ in this approximation. For d/ = 1.92 A, a deep level is found by this method 

at 2.08 eV above the valence band, and for d/=2.77 A, a deep level is found at 

1.70 eV. On the other hand, using the molecular dynamics method, one obtains 

d/ and d// equal to 2.78 A and 2.23 A, respectively. These give values of a and 3 

equal to 0.53 eV and -0.21 eV. From Fig. 7.1. which shows D(E) versus E in this 

case (a=:0.53 eV and U=-11.9 eV) for /9=0 and -0.21 eV, one obtains deep level 

at 1.71 eV for (3=0, and at 1.70 eV for /?=-0.21 eV by noting where D(E)=0 in 

these cases. 

In summary, it is clear that the deep levels for specific impurities can be 

obtained by the following procedure: (1) calculate U using Eq. (2.11), (2) 

compute d/ and d// using the molecular dynamics method described in Chapter 
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VI, (3) calculate a using Eq. (3.9) along with the experimental data of dn and 

the computed values of d/, (4) calculate 3 using Eq. (6.2). and (5) compute the 

resulting deep level either graphically or numerically using Eq. (6.5). Another 

example using this method is displayed in Fig. 7.2. which shows graph of D(E) 

versus E for the Ai levels produced by S, Se, and Te in Si. In this figure, the 

values of U are -7-4, -6.5, and -3.5 eV, the values of a are -0.21, -0.65. and 0.35 

eV, and the values of 3 are 0.09, 0.19. and -0.12 eV for Si:S, Si:Se, and Si:Te, 

respectively. From Fig. 7.2, it can be seen that the deep levels are predicted to 

occur at 0.65 eV, 0.84 eV, and 1.04 eV for Si:S, Si:Se. and Si:Te, respectively. 

7.1 Comparison with Experiment 

I have used my theory to compute the Ai-symmetric deep levels produced by 

various impurities in GaP, Si, GaAs, and Ge. These results are summarized in 

Table 7.1. In the second and third columns of that table. I display the results of 

these calculations obtained from the covalent radius model, which includes the 

effects of relaxation of the nearest-neighbors only and the molecular dynaniics 

model which includes the effects of both the first and second neighbors. Shown 

for comparison in the fourth and the fifth columns of Table 7.1 are the 

experimental deep levels for the same impurities, along with the predicted deep 

levels obtained by the Hjalmarson et al. (no relaxation) theory^®. 

As can be seen from Table 7.1. in most cases, the predictions of deep levels 

from both the covalent radius model and the molecular dynamics approach 
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improve upon those of the Hjalmarson et al. theory in comparison with 

lUS experimental data. Exceptions to this are 0 in GaP using the covalent radii 

model without Morgan's correction and 0 in GaAs in the covalent radius model. 

In addition, in all cases considered, except for GaP:N and Si:S, the deep level 

predictions of the molecular dynamics method are better than those of the 

covalent radius model in comparison with experiment. In the cases of GaPiN and 

Si:S, both models predict nearly the same results. I conclude that, even though 

the molecular dynamics method requires more computational effort than the 

covalent radius model, it gives better predictions of deep levels in comparison 

with experimental data. Therefore, in the following discussion, I use the 

predictions of deep levels from molecular dynamics approach. I also note that the 

predictions for deep levels in Ge are the worst in comparison with experiment of 

all cases considered. This is because the inaccuracies in the host bandstructure I 

have used for Ge.̂ ®'̂ ^ This point wiU be discussed in more detail later. 

From Table 7.1, it can be seen that for different specific impurities, the 

differences in the predicted deep levels due to the effects of lattice relaxation 

from those obtained by the Hjalmarson's theory, where such effects are 

neglected, depend on the case. For example, after considering such effects, the 

deep level produced by N substitutional for P in GaP is predicted to be higher in 

the band gap at 2.25 eV than the prediction from the Hjcdmarson's theory of 

2.10 eV. There is, thus, a change in the predicted energy of AE=E,.-Eo=0.15 eV, 



113 

where E, represents the deep levels obtained with relaxation (shown in the 

second column in Table 7.1). and EQ represents the deep levels obtained without 

relaxation (shown in the last column of that table). From Table 7.1. one can also 

see that , in the case of GaP :0 , the deep level computed with relaxation is 

predicted to be deeper in the band gap, at 1.70 eV. than the deep level obtained 

from Hjalmarson's theory at 1.85 eV. This change is also 0.15 eV. but is of the 

opposite sign of that for N. From Table 7.1, it can be seen that the magnitude of 

the maximum difference in the Ai deep levels predicted by my theory and those 

predicted by Hjalmarson's theory is 0.19 eV, which occurs in the case of Si:Se. 

On the other hand, the magnitude of the minimum difference is 0.04 eV which 

occurs in the case of GaAs:AsGaT except for that in the case Ge:S. 

To obtain a feeling for the significance of including the effects of lattice 

relaxation in the theory of deep levels, it is worthwhile to make a quantitative 

calculation of the improvement in comparison with experimental data, by using 

my theory (with relajcation effects included) rather than the Hjalmarson et al. 

theory (with no relaxation). To do this, I have computed the quantity 

A = - ^ " " - ^ r " / ^ ~ ^ ^ " ' X 100, (7.1) 
EQ — Egxpl 

where EQ represents the predicted deep level of the Hjalmarson theory, E^xp 

represents experimental deep levels, and E^ is the deep level prediction of my 

theory. The quantity A represents the percentage improvement of my theory 

over the Hjalmarson et al. theory in comparison with experimental data. It is 
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clear from Table 7.1 that the predictions of my theory are closer to the 

experimental data than that of the Hjalmarson et al. theory. Using Eq.(7.1). 

however, one can quantify exactly how much closer they are. The results of A 

for all cases shown in Table 7.1 are summarized in Table 7.2. As can be seen 

from this table, my predictions for deep levels including the effects of lattice 

relaxation show great improvement to the Hjalmarson et al. theory in 

comparison with experimental data. In particular, the percentage improvement 

ranges from 19.6% to 90.5%, except for the case of Ge:S. 

7.2 Comparison with Other Theories 

As mentioned in Chapter I, self-consistent pseudopotential Green's function 

methods^''"-^^'^^"^-^ have been used to accurately predict deep level properties for 

specific impurities in some materials. From the following example, it can be seen 

that the results obtained from my theory often compare quite favorably, both 

qualitatively and quantitatively with results from this more sophisticated theory. 

Scheffler, Vigneron and Bachelet have studied the effects of lattice relaxation on 

the deep levels produced by the Ge impurity substitutional for Ga in GaP using 

this method.^° These calculations have predicted that the nearest-neighbor P 

atoms around the Ge should relax inward towards the Geca center, and that an 

Al deep level should be produced in the energy band gap. Further, they predict 

that the impurity bond length dj is reduced by 3.5% compared to the GaP bond 

length of 2.36 A, that is they predict d/=2.28 A. My theory is qualitatively and 
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quantitatively in remarkable agreement with all of these predictions. For 

example, I find both inward relaxation and an Ai level in the gap. In addition. I 

predict (in Table 6.2) that the relaxed bond length d/ is 2.24 A. a 5% reduction 

compared to the host bond length. In addition. Scheffler et al.^° predict the deep 

level at 2.26 eV, which differs by 0.1 eV from the experimental data of 2.16 eV. I 

predict the deep level at 1.95 eV (in Table 7.1), which differs from experimental 

data by 0.11 eV. This is almost same absolute error, but in the opposite 

direction, as that obtained in Ref. 50. Comparison of my predictions with other 

results obtained by this method give similar agreement. 

As mentioned earlier, the orders of magnitude of initial force due to 

substitutional impurities found by my theory are the same as found by the 

self-consistent pseudopotential Green's function methods. Also, the trends of the 

force versus relaxation distance obtained from my theory are similar to the 

predictions from this approach. All of these facts give me confidence that the 

theory outlined here is reasonably reliable. 

As also mentioned in Chapter I, Talwar et al. have studied the effects of 

lattice relaxation on deep levels for the chalcogen defects S. Se. and Te in Si 

based on a generaHzation of the Hjalmarson's theory,^^ which has a similar 

starting point to my theory. Their predictions for the deep levels for these cases 

are summarized in Table 7.3 along with the results of my theory and the 

experimental data. The values in the second column of that table are their 
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predicted deep levels obtained without considering the effects of relaxation, the 

values in the third column are their predictions considering such effects. Even 

though Talwar et al. have used a sophisticated total energy method to calculate 

the amount of the lattice relaxation, and included second-neighbor interactions 

in their band structure model, it can be seen from Table 7.3 that their theory 

(with relajcation) fails to improve on their predictions for deep levels without 

relaxation in comparison with experimental data. In fact, their deep levels 

obtained with relaxation included have a larger discrepancy with the 

experimental data than their predicted levels without relaxation. In addition, 

the shifts of deep levels found by Talwar et al. after considering the effects of 

lattice relaxation in comparison with those obtained without such effects are 

much smaller than I have found. For example, the maximum shift they found is 

only 0.05 eV in the case of Si:Se. On the other hand, I predict a shift about 0.19 

eV in Si:Se. Thus, although Talwar et al. theory has the same starting point as 

the theory outHned here, the results obtained from it are very different than 

those of the present theory. The reason that these two theories yield 

qualitatively and quantitatively different results is not clear. 
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Table 7.1: Deep energy levels of Ai-symmetry for various impurities in GaP. Si. 
GaAs. and Ge. All energies are in eV, measured from the top of the valence 
band. The abbreviation V.B. (C.B.) means that the predicted level is valence 
band (conduction band) resonant. 

system 
GaP:N 
G a P : 0 

GaPiPca 
GaP:Ge 
Si:S 
Si:Se 
Si:Te 
GaAs:0 
GaAs:AsGa 
Ge:S 
Ge:Se 

a. Ref. 18 
b. Ref. 67 
c. Ref. 68 
d. Ref. 69 
e. Refs. 6-8 
f. Ref. 70 

mol.dyn. 
2.25 
1.70 
1.09 
1.95 
0.64 
0.84 
1.04 
1.16 
0.74 
V.B. 
0.28 

cov.rad. 
2.27 
2.08 
1.11 
1.90 
0.66 
0.70 
1.09 
C.B. 
0.73 
V.B. 
0.12 

experiment 
2.34" 
1.46'' 
1.10"̂  
2.16̂ ^ 
0.85^ 
0.86^ 

i.or 
0.75^ 
0.75̂ ^ 
0.6^ 

0.64/ 

Hjalmarson" 
2.10 
1.85 
1.03 
1.85 
0.58 
0.65 
1.12 
1.26 
0.70 
V.B. 
0.07 



lis 

Table 7.2: The percentage improvement A of the deep level predictions of the 
present theory over the Hjalmarson et al. theory in comparison with experiment. 
The results are for various impurities in GaP. Si. GaAs. and Ge. 

system 
GaP:N 
GaP:0 

GaP:PGa 
GaP:Ge 
Si:S 
Si:Se 
Si:Te 
GaAs:0 

GaAs:AsG:a 
Ge:S 
Ge:Se 

A(%) 
62.5 
61.5 
85.7 
32.3 
22.2 
90.5 
72.7 
19.6 
80.0 
0.0 

46.0 

Table 7.3: Comparison of the predicted Ai-symmetric deep levels from the present 
theory with those from the Talwar et al. theory and with experimental data. The 
results are for impurities S, Se, and Te in Si. All levels are in electronic volts, 
and measured from the top of the valence band. The experimental data is from 
Refs.6-8. 

System 
Si:S 
Si:Se 
Si:Te 

Talwar 
unrelaxed 

0.51 
0.64 
1.18 

relaxed 
0.46 
0.59 
1.18 

present 
theory 

0.65 
0.84 
1.04 

experiment 
0.85 
0.86 
1.01 
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Figure 7.1: Determinant D(E) as a function of energy in the bandgap for the 
Al symmetric levels for 0 substitutional for P in GaP. In the case of GaP:0, 
the value of a is 0.53 eV and U=-11.9 eV. The remainder of the interpretation 
is as in Fig. 6.2. 
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Figure 7.2: Determinant D(E) as a function of energy E in the bandgap for 
the Al symmetric levels for the impurities S, Se, and Te in Si. The remainder 
of the interpretation is as in Fig.7.1. 



CHAPTER VIII 

EFFECTS OF LATTICE RELAXATION ON THE 

DEEP LEVEL WAVEFUNCTION 

In this chapter, I develop a formalism to investigate the effects of lattice 

relaxation on deep level wavefunctions using a generalization of the Ren et al. 

wavefunction theory,^^ which was briefly outlined in Chapter II. For simplicity, I 

consider only nearest-neighbor relaxation in this formalism. The results of 

applying this formalism to impurities in Si, GaP. and GaAs are also discussed. 

Formally, the deep level wavefunction in the localized orbital basis jibi?> has 

the form given by Eq. (2.12), repeated here for convenience, 

!* > = ; ^ < ibR\^ > \ibR > , (8.1) 

i,R 

where b can be either the anion site (a) or the cation site (c). i labels the 

symmetry (Ai or T2) of the states, and R is position vector in the lattice. Also 

from Eq. (2.3), another formal expression for the deep level wavefunction is 

1̂  >=G\E)V\^ > . (8.2) 

The i symmetric part of the wavefunction on site b at position R can thus be 

written as 

< ibR\^ >=< ibRlG^'Vl^ > . (8.3) 

121 
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To be specific, here I only discuss the wavefunction for Ai-symmetric states. 

Those for T2 states can be studied in a similar manner. The on-site part of the 

wavefunction for an impurity on an anion site at ^ = 0 , will thus have the form 

< AiaO^ >=< AiaOlC^F^J^ >. (8.4) 

where V^^ is the defect potential given by Eq. (3.2) with i=Ai. Because it is 

difficult to determine <AiaO|\['> from the above equation directly, I use another 

method to do it. 

For any substitutional impurity with energy E and wavefunction ' ^ > , a 

slight change of the defect potential dV^j will produce a corresponding change 

in energy given by 

dE=< ^I f /F^J^ > . (8.5) 

Using the expression for the defect potential given by Eq. (3.2) for 2 = Ai, it is 

clear that 

= AiaO >< AiaOi, (8.6) 
OVA, 

dU 

where U is the on-site element of the Ai-symmetric potential matrix. Combining 

Eqs. (8.5) and (8.6). one has 

| ^ = < ^ i A i a O > < . 4 i a C l | ^ > , (8.7) 
OU 

or 

^ = I < .4,a0|* > I'. (8.8) 
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Thus, 

< ^ a O | ^ > = ^ W — . (S.9) 
dU 

For convenience, I choose the phase of the on-site part of the wavefunction such 

that the positive sign is used in Eq. (8.9). Then, this wavefunction can be 

written as 

< . 4 i a 0 ! * > = ^ l / | | . (8.10) 

Equation (8.10) is the formal expression for the on-site wavefunction that I have 

used on my calculations. It is analogous to Eq. (2.15) for a = 0 . However, in 

contrast to that equation, Eq. (8.10) contains the effects of lattice relajcation. 

This can be seen by referring to Eq. (3.8), which gives U in terms of various 

matrix elements of the Green's function G°(E) and of the off-diagonal defect 

potential parameter a. In my calculations, I have evaluated dU/dE by taking 

the partial derivative of Eq. (3.8). This result has then been inserted into Eq. 

(8.10) to determine the on-site part of wavefunction. 

Once the on-site part of the wavefunction is determined, the projections of 

the wavefunction on other sites can be obtained by matrix manipulation. For 

example, from Eq. (8.3), a formal expression for the part of the deep level 

wavefunction on the nearest-neighbor-cation atom at position d (for the impurity 

on the anion site at the origin) is 

< Aicd\^ >=< AicdlG'^VA, i^ > . (8.11) 
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where <f is a specific one of the nearest-neighbor vectors. Inserting the defect 

potential, Eq. (3.2) with i=Ai, into Eq. (8.3), one obtains 

< Ajcf?^ > = < A^cd\G°\AiaO >U < A^aOl"^ > 

^Y.i< AicdlG'^lA.cd' > a< AiaO\^ >] 
d' 

- < Aicd\G^\A^a6 > a ^ < A^cd'\^ >, (8.12) 
d' 

where the sum on d' goes over the position vectors for the four nearest-neighbor 

atoms, including the atom of interest at position d. For breathing-mode 

distortions, because of in a tetrahedraly symmetry, all four nearest neighbors are 

equivalent. The above equation can then be simplified to 

< Aicdl"^ > = < Aicd\G^\AiaO >< AiaO|^ > U 

+4 < Aicd\G^\AiaO >< Aicdl'i! > a 

^ < Aicd\G°\Aicd>< .4iaOj^ > a 

^ 3 < AiC<flG°|Aic/i > < .4 iaO^ > a. (8.13) 

where di is any one of the nearest-neighbor positions except that for the atom of 

interest at / ( i . e . di^d). Further manipulation with Eq. (8.13) gives 
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< Aicrfl^ > [1 - 4a < AicdG^'lAiaO >] 

= l< ^c(fj(S'°|.4iaO >U ~Sa< A,cd\G''\Aicd, > 

^a < Aicd\G^:Aicd>\ < ^ a O | ^ >, (8.14) 

or 

< A^cd\^ >=W < AiaO\^ > , (8.15) 

where W has the form 

U < Aicd\G^\Aia6 > +3a < Ajcd\G^\Aicdi > -a < AicdlG^ Aicd> 
W = 

1 - 4 a < Aicd\G^\Aia6 > 

(8.16) 

Equations (8.15) and (8.16) express the nearest-neighbor part of the 

wavefunction in terms of the on-site wavefunction < .4iaO|^ > , (given by Eq. 

(8.10)), the parameter a, and matrix elements of the host Green's function. I 

note that U occurring in Eq. (8.16) is also expressible in terms of a and these 

matrix elements by using Eq. (3.11). In the previous chapters, I have discussed 

on detail the fact that a contains the effects of lattice relaxation on the defect 

potentied. Thus, Eq. (8.15) represents the nearest-neighbor part of the deep level 

wavefunction including such effects. If one lets a = 0 in Eq. (8.15). it becomes 

Eq. (2.14) of Chapter II (with b=c and R=d), which corresponds to the case 

without the lattice relaxation. 
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Equations (8.10) and (8.15), are expressions for the projections of the deep 

level wavefunction on the on-site and the nearest-neighbor site, and they contain 

the effects of nearest-neighbor relaxation. In principle, following a simih 

procedure, one can calculate the projections of the impurity wavefuncti( 

higher-neighbor sites. 

From Eq. (8.15), it can be seen that the part of wavefunction on the nearest 

neighbors depends directly on the on-site wavefunction <AiaO!^>. It can also 

be shown that the part of the wavefunction on each higher neighbor has the 

form similar to Eq. (8.15). This means that each of these functions will have the 

similar chemical trends as those of the on-site impurity wavefunction. This fact 

was mentioned in Ref.31 for the case of no lattice relaxation. Further, from the 

forms of Eqs. (8.10) and (8.15) it can be expected that, the on-site and 

nearest-neighbor wavefunction will both have similar chemical trends as those no 

relaxation. From Eqs. (8.10) and (8.15), it can be also seen that including the 

effects of lattice relaxation in the calculation changes the magnitude of the 

wavefunction in comparison with that obtained without relaxation. These 

wavefunction features partially control the properties of deep levels themselves. 

For example, as was discussed in Chapter III, the chemical trends of deep levels 

with the effects of lattice relaxation included are similar to those without 

relaxation, but the deep level positions are changed in comparison with the cases 

obtained without relaxation. 
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Although it is probably obvious from the form of Eqs. (8.10) and (8.15). it is 

perhaps worth emphasizing to the reader that these equations give the 

dependence of the on-site and nearest-neighbor parts of wavefunction on the 

deep level energy E. I point this out here because the reader mav not be used to 

seeing wavefunction given as a function of energy. By computing these 

wavefunctions as a function of the parameter E, they can be computed for all 

possible deep levels in the band gap. Using Eqs. (8.10) and (8.15). the trends in 

the impurity wavefunction can thus be predicted as a function of energy and also 

as a function of the amount of the lattice relaxation (varying a). 

Figures 8.1-8.6 illustrate the predicted results for the parts of Ai-symmetric 

impurity wavefunction on the impurity site and on the nearest neighbors in Si, 

GaP, and GaAs. These results are shown as functions of the deep level energy E 

in the band gap for the various values of a labelled in the figures. In particular, 

Fig. 8.1 shows the on-site part of the wavefunction for impurities in Si, and Fig. 

8.2 shows the nearest-neighbor part of wavefunction for the same case. Figures 

8.3 and 8.4 show the on-site and nearest-neighbor parts of wavefunction for 

impurities on the cation site in GaP, and Figs. 8.5 and 8.6 show the similar 

wavefunction in GaAs. In these figures, the vertical scale indicates the 

magnitude of the wavefunction and on the abscissa, E=0.0 e\ ' represents the top 

of the valence band and the mciximum E represents the bottom of the 

conduction band. If one notes that the size of the divisions on vertical scales in 
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these figures are quite small, it can be seen that the curves for the various values 

of a in these figures are slowly varying with deep level energy E in the band gap 

as was found by Ren et al.^^ for no relaxation (a=0) . Physically, this means that 

the deep level wavefunction has mostly host-Hke character and depends very 

little on which impurity one considers. Stated another way. for a given host, all 

substitutional impurities have approximately the same Ai-symmetric deep level 

wavefunctions. This is agreement with the results of Ref.31. The a = 0 curves in 

these figures are the same as those found by Ren et al.. 

By comparing the results for various a in Fig. 8.1 for impurities in Si. it can 

be seen that lattice relaxation does not change the energy dependence of the 

on-site wavefunction very much in comparison with the no relaxation (a=0) 

case. However, it does change the magnitude of the wavefunction. For example, 

the magnitude of the wavefunction shifts from 0.35 to 0.38 for a changing from 

0.0 to 0.6 eV and to 0.32 for a=-0.6 eV at an energy of E=0.6 e\ ' in the band 

gap. Further, it can be seen that the shift induced by a certain amount of 

relaxation (fixed a) varies with E as it changes from the top of the valence band 

to the bottom of the conduction band. Since the wavefunction with no relaxation 

varies somewhat with the deep level energy, it is not surprising that the shifts 

induced by the lattice relaxation on the wavefunction are also dependent on the 

deep level energy in some extent. From Fig. 8.1, it can be seen that, for this 

case, the predicted changes of the wavefunction due to the relaxation which 
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occur for E near the conduction-band edge are larger than those near the valence 

lange m band. For example, for E near the valence-band edge, the predicted ch« 

the on-site wavefunction as a varies from 0.0 to 0.3 e\ ' is about 0.01. while for E 

near the conduction-band edge , the predicted change for the same variation of a 

is about 0.035. If one notes that |<AiaO^>!2 represents the probabiHty of an 

electron occupying this state, these results predict that, on the impurity site, an 

electron has a larger probability of occupying an impurity level which is near the 

conduction band than it does for a level near the valence band. 

From this figure, one can also see that an inward relaxation (a<0) around 

the impurity is predicted to decrease the magnitude of the on-site wavefunction, 

and an outward relaxation ( Q > 0 ) is predicted to increase the wavefunction. For 

example, for a level near the middle of the gap (E=0.6 e\ ' ) . when a=-0.6 eW the 

magnitude of the wavefunction decreases from its Q = 0 value of 0.35 to 0.32. 

When a=0 .6 , the wavefunction magnitude increases to 0.39 at this same energy. 

Since | < A i a O | ^ > p represents the probability of an electron occupying this state, 

these results thus predict that, on the impurity site, for outward relaxation, the 

electron has a larger probability of occupying the state described by <AiaO |^> 

than it does with no relaxation. On the other hand, for an inward relaxation, 

the electron has a less probability of occupying this state than it does with no 

relaxation. 
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These results can be understood by the fact that the deep level wavefuncti 
:ion 

decreases rapidly in magnitude with the displacement vector R from the 

impurity site, as can be seen by comparing the magnitude of wavefunction in 

Figs. 8.1 and 8.2 and as has been shown in Ref.31 in the absence of relaxation. 

For outward relaxation, the atoms around the impurity move away and R 

increases. The part of the impurity wavefunction on the neighbors thus 

decreases. However, since the wavefunction must be normalized, the sum of 

|<Aib iE i^>P over R for a given energy level must be equal to unity. Thus, the 

on-site wavefunction must increase by a corresponding amount. For the same 

reason, an inward relaxation will cause the on-site wavefunction to decrease. 

From Fig. 8.2, it can be seen, in agreement with the above discussion, that 

the magnitude of the part of the wavefunction on the first neighbors is smaller 

than that on the impurity site for the same a. For example, in Fig. 8.2. the 

magnitude of the wavefunction at E=0.6 eV for Q = 0 . 6 eV is 0.09, which is about 

four times as small as that for the same E and a shown in Fig. 8.1. Further, 

from Fig. 8.2. it is clear that outward relaxation is predicted to decrease the 

magnitude of the nearest-neighbor part of the wavefunction in comparison with 

no relaxation. On the other hand, inward relaxation is predicted to increase this 

part of wavefunction. This trend is opposite to that found for the on-site part 

wavefunction in Fig. 8.1. This is to be expected from the discussion in the 

preceding paragraph. For example, from Fig. 8.2, the magnitude of wavefunction 
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at E=0.6 eV decreases from 0.11 to 0.09 for a change in a from 0.0 to 0.6 e\ ' , 

while it increases to 0.126 for a variation with a=0.0 to a=-0.6 eV. 

Figures 8.3-8.6 show the similar results for the on-site and nearest-neighbor 

parts of the impurity wavefunction associated with an impurity substitutional 

for the cation in GaP and GaAs. The features of the wavefunction in these 

figures are all in agreement qualitatively with those presented in Figs. 8.1 and 

8.2 for Si. In particular, it can be seen from these figures that the curves for the 

various values of a are slowly varying with deep level energy E in the band gap. 

The lattice relaxation (corresponding to different a) does not change the energy 

dependence of the wavefunction very much, but changes its magnitude. It can 

also be seen that an inward relaxation around the impurity is predicted to 

decrease the magnitude of the on-site part of the wavefunction and increase the 

nearest-neighbor part. On the other hand, an outward relaxation is predicted to 

increase the magnitude of the on-site part of the wavefunction and decrease the 

nearest-neighbor part. Comparing the wavefunctions in GaP and GaAs, it can 

be seen that the predicted trends of the dependence of the wavefunction on the 

impurity levels in the band gap in these figures are very similar. Further, the 

magnitudes of the wavefunction in GaP and GaAs are almost same for the same 

value of a and same energy in the band gap. For example, the magnitude of the 

on-site wavefunction in Fig. 8.3 (for GaP) at E=1.2eV for a=0.0 is predicted to 

be 0.5, and is predicted to be 0.51 in Fig.8.4 for the same a (for GaAs). This 
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result could be used to explain why deep levels in GaP and GaAs have similar 

properties. 

Experimental data on deep level wavefunctions can be obtained indirectly 

from ENDOR and ESR spectra. Such data for S, Se, and Te in Si have been 

obtained by Ludwig^ and Grimmeiss^. Also, such data for antisite "impurities" 

Pca in GaP and ASGQ in GaAs have been obtained by Kaufmann and Wagner.* 

Table 8.1 shows the results for the on-site and the nearest-neighbor part of the 

wavefunctions for these impurities in Si, GaP and GaAs calculated by the 

formalism developed in this chapter and by Ren et al.^^ with no relaxation. The 

impurity wavefunction with relaxation were obtained for the appropriate 

impurity using the a obtained by the molecular dynamics approach and the E 

obtained by the procedure described in the previous chapters. The experimental 

data is also shown in the table for comparison. From Table 8.1, it can be seen 

that the theoretical results which include lattice relajcation are in better 

agreement with experimental data than those with no relaxation for all cases 

except for Si:Te. In that case, the predicted magnitude of the wavefunction is 

little larger than that obtained from experimental data. However, the difference 

between the theoretical result and data is within the experiment error range.®'̂ -® 

I note that in the case of the antisite defects, the relaxed and unrelaxed results 

are very similar, even though the results obtained by including relaxation are a 

little nearer to the experimental data than those with no relaxation. 
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Figure 8.1: Dependence of the on-site part of the Aj-symmetric impurity 
wavefunction for impurities in Si. The figure shows <AiaO|'J^> as a function 
of the deep level energy E and the varying amounts of lattice relaxation. The 
abscissa is the impurity energy in the band gap with the zero equal to the top 
of the valence-band edge. The ordinate is the magnitude of the wavefunction. 
The a = 0 . 6 , 0.3, 0.0, -0.3, and -0.6 eV results are shown, respectively, as 
dashed, dotted, solid, chained, and dotted-dashed curves. 
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Figure 8.2: Dependence of the nearest-neighbor part of the Ai-symmetric 
impurity wavefunction for impurities in Si. The figure shows <Aic t i | ^> as 
a function of the deep level energy E and the varying zmaounts of lattice 
relaxation. The remainder of the interpretation is as in Fig.8.1. 
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Figure 8.3: Dependence of the on-site part of the Ai-symmetric impurity 
wavefunction for impurities substitutional for Ga in GaP. The Q = 1 . 0 , 0.5, 
0.0, -0.5, and -1.0 eV results are shown, respectively, as dashed, dotted, solid, 
chained, and dotted-dashed curves. The remainder of the interpretation is as 
in Fig.8.1. 
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Figure 8.4: Dependence of the nearest-neighbor part of the Ai-symmetric 
impurity wavefunction for impurities substitutional for Ga in GaP. The re
mainder of the interpretation is as in Fig. 8.3. 
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Figure 8.5: Dependence of the on-site part of the Ai impurity wavefimction for 
impurities substitutional for Ga in GaAs. The remainder of the interpretation 
is as in Fig. 8.1. 
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Figure 8.6: Dependence of the nearest-neighbor part of the A, impurity wave 
function for impurities substitutional for Ga in GaAs. The remainder of the 
interpretation is as in Fig.8.5. 



CHAPTER IX 

SUMMARY AND CO^XLUSIOXS 

In summary. I have investigated the effects of lattice relaxation on deep levels 

in 8 technologically important semiconductors using a formalism I have 

developed. This formalism is a generalization of the Hjalmarson et al. theory of 

deep levels due to substitutional impurities in zincblende and diamond structure 

materials.-^® and it uses the Vogl et al.̂ ® sp^s" semi-empirical, nearest-neighbor, 

tight-binding band structure for perfect semiconductor hosts as input. For 

simplicity and reality, only the symmetry conserving "breathing-mode" 

relaxation has been considered here, although my method could be generalized 

to treat more complicated cases. In this formalism, both first- and second-

neighbor-lattice-relaxation effects are included by representing the off-diagonal 

matrix elements of the defect potential by parameters, which depend on both 

host and host-impurity bond length. To determine these parameters as a 

function of these bond lengths, I have used Harrison's inverse-bond-length 

squared-scaling rule.^° By computing deep levels as a function of these 

parameters, the effects of varying amounts of lattice relaxation on deep levels 

have been explored. I have found that the parameters which correspond to the 

effects of the second-neighbor relaxation affect the deep levels by only a small 

amount in comparison to the first-neighbor effects. 

140 
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For calculating the directions and magnitude of lattice relaxation, which is 

necessary to determine these parameters for a particular impurity, two different 

approaches have been taken. First, in approximation where only the 

nearest-neighbor relaxation considered, a simple model based on the covalent 

radius approximation has been used to easily and quickly indicate the direction 

and magnitude of relaxation. This simple model was found to also give 

semi-quantitatively correct results for both the lattice relaxation and the deep 

levels in most cases. Second, for a more accurate calculation, a molecular 

dynamics method has been used to calculate both the first- and second-neighbor 

relaxation around an impurity. That is, this method has been used to determine 

the relaxed bond lengths which enter the off-diagonal defect potential 

parameters. The attractive part of the force which enters these calculations is 

computed directly from the electronic structure, using the Hellmann -Feynman 

theorem.®"* The repulsive part of this force is obtained from a pair potential 

based on Harrison's overlap interaction.®^ In addition, the effects of lattice 

relaxation on deep level wavefunctions have also been investigated using a 

formalism based on these same approximations. 

Since both Hjalmarson et al. deep level theory and its generalizations have 

proven successful in both predicting the chemical trends of deep levels and in 

making semi quantitatively correct predictions for such levels.^^'^^-^^ I beheve 

that the predicted chemical trends, and predicted trends with varying amounts 
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of lattice relaxation should be reHable. Further, my numerical calculations of the 

m 
positions of deep levels including such effects have proven accurate 

comparison with experiment and have considerably improved the quantitative 

accuracy of the Hjalmarson et al. theory. Some of these predictions are also in 

good quantitative and qualitative agreement with those obtained from 

"first-principles" theories, where such results are available. Due to these facts, I 

believe that the predicted deep levels in this dissertation are also quantitatively 

reliable. I hope that these predictions of the properties of deep levels including 

the effects of lattice relaxation are useful in assisting in the identification of deep 

levels in semiconductors. 

From the results and discussions of previous chapters, some major 

conclusions can be made. First, under a "breathing-mode" lattice relaxation, 

deep levels keep the symmetry they had in the absence of such effects. That is, 

for zincblende and diamond structure materials, deep levels due to sp^ bonded 

substitutional impurities including the effects of lattice relaxation still have 

either Ai or T2 synometric states. However, due to Jahn-Teller distortions, which 

will affect T2 states, a breathing-mode model is really not appropriate for such 

states. Second, lattice relaxation effects do not change the chemical trends of the 

deep levels appreciably, but shift their positions in the band gap. Third, inward 

relaxation and outward relcLxation will move deep levels in the opposite 

directions in the band gap. In particular, inward relaxation due to an impurity 
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generally moves its Ai-symmetric deep levels towards the conduction band, and 

moves its Tj-symmetric deep levels towards the valence band, while outward 

relaxation moves the deep levels in the opposite directions. Fourth, at least in 

the breathing-mode model, the effects of lattice relaxation are larger for A. deep 

levels than for T2 levels. Fifth, the effects of second-neighbor relaxation are 

much smaller than those due to first-neighbor relaxation. Sixth, the predictions 

of deep levels including such effects considerably improve the results obtained by 

Hjalmarson et al. theory in comparison with experimental data. 

The formalism presented here could be extended to treat the effects of lattice 

relaxation in other situations. For example, an extension of this formalism could 

be used to study such effects in II-VI semiconductors, such as CdTe. ZnTe, 

ZnSe, HgTe. and HgSe. These materials are technologically very useful for 

making infra-red detectors. To extend this theory to them, one needs to both 

modify the Vogl et al. band structure theory to include the effects of spin-orbit 

coupling,'^^ and to modify the present theory to account for such effects. This 

means that aU matrices treated in this work must be expanded to twice their 

size. In addition, the present formalism could be extended to treat vacancies and 

vacancy associated defects in semiconductors. However, I have made an initial 

a t tempt to do this and, in prehminary results, found that applying this 

formalism to this problem beginning with an "ideal vacancy"* model fails to 

improve upon the results obtained by the theory with no relaxation in 
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56 comparison with experiment. ® A possible approach which might work better 

would be one beginning with a new vacancy model developed by Xu and 

Lindefelt."^^ Also, an extension of my formalism to treat lattice relaxation effects 

on deep levels associated with paired or more complicated defects, such as 

triplets of impurities is possible. To do this, one needs to add one or more terms 

to Eq. (3.2) to describe the interactions within the extended defect. Other 

extensions and generalizations of this formalism are also possible. 

I note that even though the effects of lattice relaxation have been included in 

the calculations of the deep levels presented here, the discrepancies between 

theory and experiment still remain. A major factor which contributes to this 

discrepancy may be inaccuracies of Vogl et al. band structures used in my 

calculations.^®'^^ This band structure theory only includes interactions between 

the nearest-neighbor atoms. This theory gives reasonable results for the band 

structures for many materials. However, Newman and Dow have shown that 

including some second-neighbor effects improves the accuracies of the band 

structures, especially for indirect band gap materials with indirect minimum 

away from the X point of the Brillouin zone, such as Ge, which has its minimum 

at the L point.'''^ Also, many alternative tightbinding band models exist which 

include the effects of second and higher neighbors.''''' 

An example where the use of a better bandstructure might improve the 

results is the case of Ge. For example, experimental data shows that the 
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impurities S and Se induce deep levels at 0.6eV and 0.64eV. respectively, above 

the valence band in GeJ^ Using the Vogl et al. band structures for Ge. the 

Hjalmarson et al. deep level theory with no relaxation predicts no impurity 

levels induced by S in the band gap and a level at 0.07eV above the valence 

band edge induced by Se. After including the effects of lattice relaxation, and 

using the same bandstructure, I predict a deep level at 0.28eV for Se. but no 

impurity levels in the band gap for S (see Table 7.1). However, Newman and 

Dow''^ using their band structure for Ge predict deep levels at 0.17eV for S and 

0.25e\ for Se with no relaxation. Using their bandstructure and my formalism 

to include the effects of lattice relaxation in the calculation, I predict deep levels 

in Ge at about 0.2eV for S and 0.5eV for Se in the band gap. These results 

compare much more favorably with experimental data than those obtained with 

the Vogl et al. bandstructure. Due to these facts, I beheve that using a more 

accurate band structure theory in conjoination with my formalism can improve 

the predictions of the deep levels in the band gap. 

Another possibility which could account for some of the discrepancy between 

my predictions and the experimental data could come from my assumption for 

the forms of the off-diagonal elements of defect potential matrix and of the 

repulsive part of the force. "^^'^^ These are both taken from Harrison's universal 

theory and are based, respectively, on the inverse bond length squared scaling 

rule and the overlap interaction. Jansen and Sankey^^, using a pseuodopotential 
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based theory, have examined the off-diagonal elements of the tight-binding 

Hamiltonian in detail, and have found that Harrison's theory is only a crude 

approximation"'. However, I have shown that in the Appendix that the 

formalism developed here is not dependent on Harrison's theory, and that the 

final results for both of the effects of lattice relaxation and for the positions of 

deep levels are not affected sensitively by these approximations. 
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APPENDIX 

EXPONENTIAL APPROXIMATION FOR THE 

OFF-DIAGONAL ELEMENTS AND FOR THE 

REPULSIVE FORCE 

The formaHsm outHned in the text utiHzes a generalization of the 

inverse-bond-length-squared-scaling rule'*° for the off-diagonal elements of the 

defect potential, and of Harrison's overlap interaction model to compute the 

repulsive force.^^ However, this formalism can be easily utiHzed with any other 

reasonable assimiptions for these quantities. For example, one can use an 

exponential approximation to replace both the inverse-bond-length 

squared-scaling rule and the repulsive force, as Menon and Allen have done to 

model the interaction of impurities and host atoms on a semiconductor surface.^^ 

In this Appendix, I modify the Menon and Allen model to obtain a formalism 

for lattice relaxation effects on deep levels which is based on an exponential 

approximation for the off-diagonal defect potential and the overlap interaction. 

The primary reason for developing this alternative formaHsm is to test the 

sensitivity of the final numerical results to the forms of these quantities. To do 

this, one only needs to change the forms of Eq.(3.9) and Eq.(5.4). For simpHcity, 

I only consider nearest-neighbor relaxation in what follows. Extensions to 

include second-neighbor effects are straightforward. 
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Following Menon and Allen, I assume that the transfer matrix elements of 

the host Hamiltonian, V^^ of Eq.(2.1). vary exponentiaHy with changes in the 

interatomic separation (d-djy). Then, they can be formally written as 

y,TW = y,T{d„)exp[-X{d - d„)]. (A.l) 

where d^ is the perfect crystal bond length, and A is a constant which can be fit 

using data on the bond stretching force constant of the crystal.^^ Here, I use the 

value A=2/dff following Menon and AUen.^^ For simplicity, each constant 

Yijidff) can be fit to the value obtained from Harrison's inverse-bond-length 

squared-scaling rule. Because, as discussed in Chapter III, the off-diagonal 

matrix elements of the defect potential \ ' are differences in the transfer matrix 

elements of the impurity containing and perfect crystal Hamiltonians. they 

become 

ai = \\{dH){exp[-\{dj - dn)] - 1), (A.2) 

where i = Ai or T2, and d/ is the impurity bond length discussed extensively in 

the text. 

Using a similar approximation, one can find a similar form for the repulsive 

force. In order to do this, the repulsive potential Vo(d). is also assumed to 

decrease exponentially with changes in the interatomic separation (d-dn). It 

thus has the form 

Void) = VoidH)exp[-Cid - dH)], (A.3) 
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where C is a constant which I take to ( = 2A=4/d^ foUowing Menon and Allen.^^ 

The quantity Vo(d^) can also be fit to values obtained from Harrison's overiap 

interaction model. The repulsive parts of the force. 

F: = - dVoid) 

can thus be written in this approximation as 

Fl = FoidH)exp-—idj - dn). (A.5) 
dn ' 

By using Eqs.(A.2) and (A.5), the calculations of a and the repulsive force are 

now based on the exponential approximation. 

For Ai-symmetric states, using a=aA^ and the repulsive force obtained in 

this manner and keeping the remainder of the molecular dynamics and deep level 

formalism the same as before, I have calculated d/ and the corresponding deep 

levels in some specific cases. For all cases considered, I have found that the 

results for both d/ and the deep levels differ by less than l9c from those obtedned 

using the formaHsm discussed in the text. This is satisfying, because it indicates 

that the formalism developed in this dissertation might be more general than it 

appears at first glance. In particular, my numerical results do not depend on the 

details of the models used for the ofi"-diagonal matrix elements and the repulsive 

force. 




