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ABSTRACT 

Deep levels, including the effects of lattice relaxation, are investigated for 

substitutional impurities in the II-VI alloys Hg1_xCdxTe (MCT), Hg1_xZnxTe 

(MZT) and Cd1_xZnxTe (CZT). The method used combines the Li and Myles 

lattice relaxation theory with the Kobayashi et al. theory of deep levels in II-VI 

materials. Only Arsymmetric deep levels and first nearest neighbor lattice 

relaxation effects are considered. Using this method, the chemical trends for the 

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

are calculated. The magnitude and direction of the lattice relaxation for particular 

impurities in MCT, the positions of deep levels in the bandgap for specific 

impurities in MCT, MZT and CZT, and the trends as a function of alloy 

. 
composition are also predicted. The MCT results are compared with experimental 

data and other theories. The agreement is generally good. The effects of lattice 

relaxation in the II-VI materials considered are found to be small; the predicted 

lattice relaxation-induced shifts for deep levels in these materials are about one 

order of magnitude smaller than that found by Li and Myles for impurities in the 

III-V and group IV materials. 
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CHAPTER I 

INTRODUCTION AND BACKGROUND 

This thesis is a theoretical study of deep levels in the II-VI semiconductor 

alloys Hgl-xCdxTe (MCT), Hgl-xZnxTe (MZT), and Cd1_xZnxTe (CZT). The 

theory used here is based on the theory of deep levels, including lattice relaxation, 

developed by Li and Myles.u In the interest of brevity, only those details which 

are relevant to the generalization and application of this theory to II-VI materials 

are discussed here. Many more details of the theory and more background may be 

found in Li's Ph.D. dissertation. 2 

In this thesis, I generalize the Kobayashi et al. theory3 of deep levels in MCT 

to include the lattice relaxation effects using the Li-Myles method. I also apply 

this theory to MZT and CZT. A goal is to study the effects of lattice relaxation on 

deep levels in these materials. This is especially important because experimental 

knowledge about such levels is scarce. I calculate the chemical trends of deep 

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

MCT, MZT and CZT for various impurities. The magnitudes and directions of the 

lattice relaxation for particular impurities in some II-VI compounds are computed. 

The positions of deep levels in the bandgap of specific impurities in these 

materials and also the energy levels of some impurities as a function of the alloy 

composition :r; are predicted, and these results are compared with experimental 

data and other theoretical predictions. In order to understand the motivation of 
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this research, some introduction to the II-VI material and a brief review of the 

background of the theory used will be given in this chapter. 

2 

The direct energy gap property of the II-VI compounds makes them ideal 

candidates for many device applications. Because their band gaps can vary from 

-0.3 eV for the Hg-based semimetals to nearly 4.0 eV for ZnS, they luminesce 

efficiently throughout the visible spectrum under electrical, optical, or other forms 

of excitation. In addition, metal-insulator semiconductor (MIS) devices for 

integrated circuits having transport properties remarkably close to metal-oxide 

semiconductor (MOS) devices on silicon are possible at least in the HgTe-CdTe 

system.4 Also, many of the compounds are easily mixable with each other, so that 

nearly any desired value of band gap or other property can be achieved through 

alloying. 4•5•29•36 Many important applications of these materials have been found. 

Examples are infrared detectors, lasers, electrophotographic and 

electroluminescent devices, space charge limited devices, Gunn effect devices, 

etc .. 4- 7•36 Both the basic physics and the applications of the II-VI compounds are 

still the subjects of much intensive investigation today.8 

Among the II-VI materials, the alloy mercury cadmium telluride, Hg1-xCdxTe 

(MCT), ranks as one of the most important semiconductors, outranked only by Si 

and GaAs.5 Today, the development and production of infrared detectors based on 

MCT is a multi-billion dollar business. 
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MCT, however, does have its drawbacks. In particular, it is mechanically very 

"soft." For device applications, very high quality materials with lattice coherency 

and strong bonds to withstand extreme operating conditions are needed. 

Therefore, mechanisms have been investigated to strengthen the MCT lattice and 

improve its mechanical properies. It has been found both experimentally and 

theoretically that the addition of ZnTe to both CdTe (Cd1_xZnxTe, CZT) and 

HgTe (H9I-xZnxTe, MZT) stabilizes the CdTe and HgTe bonds and improves the 

structural properties of these materials. 10 Thus, MZT has been suggested as an 

alternative to MCT for the fabrication of infrared detector devices. 9 Theoretical 

studies have further shown that the electronic and transport properties of MZT 

are quite similar to those of MCT.n 

Despite their significant properties and important applications, the II-VI 

materials have made only a very modest impact on our lives compared with the 

group IV (such as Si) and group III-V (such as GaAs) semiconductors. The 

primary reason is that for the II-VI semiconductors the complexities of impurity 

control, defects and crystal perfection have not yet been solved.4 Defects are 

abundant in the II-VI compounds. They are easily introduced in the material 

either intentionally or unintentionally during crystal growth or subsequent sample 

treatment, and most of these defects are electrically active, even though their 

physical and electronic properties are not well understood.12 Thus, the primary 

motivation for the defect studies in this thesis is to improve the understanding of 



the electronic properties of defect structures and hopefully to give some clues 

helping to control the defects in these materials. 

4 

Defect levels within the bandgap of a semiconductor generally can be divided 

into two classes. One class is called "shallow levels," which are produced by the 

long-ranged Coulomb potential of the defect and lie within about 0.1 eV from the 

valence- or conduction- band edge. The other class is called "deep levels" which 

are produced by the central-cell, atomic-like potential of the defect 

Historically, deep levels have been proven far more difficult to investigate than 

shallow levels. A simple, yet widely used deep level theory based on Green's 

function techniques was first introduced by Hjalmarson, Vogl, Wolford and Dow in 

1980.13 This theory has been successful in its predictions of chemical trends in the 

defect-related properties of numerous materials14 and has often produced results 

which are in semiquantitative agreement with both experiment14 and more 

sophisticated theories. 15 A generalization of the Hjalmarson et al. theory to 

include the spin-orbit coupling effect in the host bandstructures (which are strong 

in the II-VI compounds), was introduced by Kobayashi, Sankey and Dow3 and was 

applied to MCT. In this case, the host was characterized by bandstructures 

developed by the same authors, who generalized the Vogl et al. bandstructure 

theory16 to include spin-orbit coupling. The chemical trends obtained by 

Kobayashi et al. for the energy levels of sp3-bonded substitutional impurities in 



M CT are in general agreement with the available experimental and theoretical 

data. 

For other II-VI compounds such as ZnTe, ZnSe, etc., Ekpenuma and Myles17 

have used a generalization of the Vogl et al. bandstructures theory16 to include 

spin-orbit coupling and have calculated the band-structures of these materials. 

The resulting bandstructures are in reasonable agreement with published 

pseudopotential calculations. However, deep levels in these materials were not 

investigated. 

5 

In the Hjalmarson et al. deep level theory,13 lattice relaxation effects are 

assumed to be small and are thus neglected. The defect potential thus becomes 

diagonal in the tight-binding basis. In this manner, a simple, global theory of deep 

levels which could be applied to a large number of defect-host systems and which 

was capable of predicting a wide variety of chemical trends was constructed. 

However, neglecting lattice ralaxation limits the quantitative accuracy of the 

theory. By treating the off-diagonal matrix elements of the defect potential with a 

generalization of Harrison's18 inverse bond-length-squared scaling law, combined 

with a molecular-dynamics approach, Li and Mylesl.2 generalized the theory of 

Hjalmarson et al. to include lattice relaxation effects. They applied this theory to 

substitutional impurities in the III-V compounds and group IV materials. They 

have shown that the resulting theory retains much of the simplicity and 

universality of the Hjalmarson et al. approach, but that the accuracy in 



comparison with experiment is considerably improved. It is this Li-Myles theory 

which I use to treat lattice relaxation effects in MCT, MZT and CZT, using the 

Kobayashi et al. and Ekepenuma-Myles bandstructures to characterize the host 

material. 

6 

The remainder of this thesis is organized as follows. In Chapter II, a brief 

review of both the Kobayashi et al theory and the Li-Myles theory is given. In 

addition, an outline of the formalism we have developed for calculating deep levels 

in II-VI compounds is given. Chapter III contains our results and some discussion. 

A summary and conclusions is presented in Chapter IV. 



CHAPTER II 

THEORY 

2.1 Tightbinding Band-structures Including Spin-orbit Coupling 

Unlike the III-V and other semiconductors, the bandstructures of the II-VI 

semiconductors of interest in this thesis contain strong spin-orbit coupling effects. 

Such effects must therefore be included to obtain accurate bandstructures. 

Kobayashi et al.3 , and later Ekepenuma and Myles17
, proposed a bandstructure 

theory to include spin-orbit coupling. This theory is a generalization of the Vogl et 

al. semi-empirical theory to include these effects. They construct the following 

nearest-neighbor, semi-empirical tight-binding Hamiltonian: 

Ho = LR,u,i(la,i,u,R > Ei,a < a,i,u,RI + !c,i,u,R + l> Ei,c < c,i,u,R+ dj) 

+ LR,R',u.i)la, i, u, R > ~j(R, R' + l) < c,j, u, R' + Ji + h.c.] + Hso· (2.1) 

Here the R, R' specifies the unit cell, i and j denote the basis orbitals s, Px,py,pz, 

and s*, u is the spin (j or 1), a and c represent anion and cation, respectively, lis 

the position of the cation relative to the anion in the Rth cell [l = (aL/4)(111)], 

aL is the cubic lattice constant, and h.c. denotes the Hermitian conjugate. This 

Hamiltonian has the property that differences of the on-site matrix elements Ei,a 

and E1,c are proportional to the corresponding atomic energy difference of the host 

atoms, as suggested earlier by Harrison.18 The nearest-neighbor transfer 

7 
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(off-diagonal) matrix elements 'Vii scale roughly according to the inverse square of 

the bond length d, following Harrison's d- 2 scaling rule,18 i.e., Vii ~ Ciid- 2 , where 

Cij depends on the material. The state Ia, i, u, R > ( lc, i, u, R + d >) is the anion 

(cation) orbital with quantum number i and spin u centered at R (R+d). 

The spin-orbit coupling part of the Hamiltonian has the form 

R,u,tr1.1,j 

(2.2) 

In this atomic-like local basis, Hso is an off-diagonal matrix coupling the different 

spin states with the p orbitals on the same atom. The parameters E~.a. Ei.c, "\\i,j, 

.>.a and ).c for the II-VI compounds of interest in this thesis may be found in Table 

I of Reference [16] and Table I of Reference [17]. These data were obtained by 

fitting to available experimental and theoretical band structure data. 

The band structures of the alloys considered in this thesis were obtained using 

the Virtual-Crystal Aproximation (VCA).19 In this method, the Hamiltonian 

matrix elements are linearly interpolated as a function of alloy composition :z:. For 

example, the Hamiltonian for the alloy A1-xBxC is given by 

Halloy = (1 - :Z: )HAC + :z:HBC, (2.3) 
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where HAC and H 8 c are the Kobayashi et al or Ekepenuma- Myles Hamiltonians 

for compounds AC and BC, and x is the alloy composition. 

2.2 Deep Level Theory (No Lattice Relaxation) 

If an atom of the perfect crystal is replaced by an impurity atom, the 

Schrodinger equation can be written as 

(Ho + F)l~ >= El~ >, (2.4) 

where H0 is the Hamiltonian of the perfect crystal, V = H - H0 is the defect 

potential, and E is the impurity energy eigenvalue. It is useful to define the host 

crystal Green's function or resolvant operator as 

(2.5) 

Then, from Eq. (2.4), one obtains 

(I- G0(E)V)I~ >= 0, (2.6) 

where I is the unit matrix. Thus, the impurity energy levels E in the bandgap of a 

semiconductor are given by the non-trivial solution of the above equation which 

requires that 

det[I- G0 V] = 0. (2.7) 
.. 
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Using the point group symmetry of the defect can greatly simplify the 

calculations involved in finding solutions to Eq. (2. 7). The determinant factors 

into a product of smaller determinants labelled by symmetry. In general, this 

becomes 

n 

det[I- G0 (E)V] =IT det[Ir- G~(E)Vr] = 0, (2.8) 
r 

where the subscript r is the defect symmetry index, and n is the number of the 

irreducible representations contained in the point group for the lattice. 

In the Hjalmarson et al. deep level theory, both lattice relaxation and 

charge-state- splitting effects are ignored as a first approximation, in order to 

understand the dominating features of the problem. Such effect~ can be included 

at a later stage of the calculation. Hjalmarson et al. also ignore the screened 

Coulomb potential of the defect and include the central cell defect potential only. 

This emphasizes the distinct physical difference between deep and shallow levels. 

Deep levels are those formed by the central cell potential alone. Thus, shallow and 

deep level theories are really the opposite limits of the theory of defects in 

semiconductors. 

Hjalmarson et al. made two approximations about the form of defect potential 

V. These are: ( 1) the atomic energy difference between two atoms in a solid is 

similar to that difference for the same two free atoms and (2) since lattice 

relaxation effects should be small, the off-diagonal matrix elements of V can be 
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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. 

With above two approximations and considering coupling only to the 

nearest-neighbor atoms, the defect potential V of an impurity on the anion site at 

the origin has the form: 

(2.9) 
r r 

where Ur is the on-site matrix element of the submatrix Vr. The basis states 

iiaO > are linear combinations of the orbitals in Eq. (2.1). For an impurity on the 

cation site, the label a is replaced by c in Eq. (2.9). If spin is neglected, the defect 

symmetry for a substitutional sp3-bonded impurity is tetrahedral (Td) and the 

possible bound-state energy levels are a s-like, non-degenerate A1 (r=AI), and a 

p-like, triply degenerate T2 (r=T2 ) levels. Including spin but neglecting spin-orbit 

effects simply doubles the degeneracy of each level. Considering spin-orbit 

coupling, the six-fold degenerate T2 levels are broken into twofold r1 (P1; 2-like, 

r=r7 ) levels and fourfold r 8 (P3; 2-like, r=r8 ) levels, and the doubly degenerate A1 

level remains doubly degenerate, but is denoted by r 6 (S1; 2-like, r=r6 ). For 

sp3 - bonded impurities in II-VI materials, the spin-orbit interaction is normally 

small, so we ignore it in the defect potential. Spin-orbit coupling effects are only 

considered in the bandstructures of the host. In this case, the impurity still has A1 
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or T2 symmetry, only the degeneracy of each state is doubled. Thus we omit the 

spin quantum number u in Eq. (2.9). 

Using Eq. (2.9), Eq. (2.8) can be written as: 

(2.10) 

where G~a(E) is the on-site element of Green's function matrix G0 (E). That is 

(2.11) 

From the above equations, an E versus U function can be obtained. 

According to assumption 1) of the Hjalmarson et al. theory, Ur can be 

calculated as 

U = {3 (E(defect) _ E(host)) 
r,b r r.b r.b l (2.12) 

where b specifies the site (anion or cation). The quantities E~~efect) and E~~ost) are, 

respectively, the impurity and host atomic energies for states of symmetry r, and 

f3r is an empirical parameter, which, for a fixed r, is a constant for all defect and 

host systems. Kobayashi et al. found that for HgTe and CdTe, f3s and (3p are 0. 7 

and 0.5, respectively. These values are used in this thesis. 

In this theory, lattice relaxation around the defect is neglected. Also, the 

energy levels of defects in different charge states are degenerate in this model. 
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With these approximations, this theory has been found to predict absolute 

energies in error by a few tenths of an electron volt. However,the trends of the 

theory have been found to be less sensitive to these approximations and to be very 

well predicted in comparison with experimental data. 

2.3 Deep Levels With Lattice Relaxation 

The lattice relaxation theory of Li and Myles is based on the Hjalmarson et al. 

deep level theory. 13 They modified the second approximation of the Hjalmarson et 

al. theory, and assumed non-zero off-diagonal matrix elements of the defect 

potential. In a tight-binding picture, where the diagonal part of the defect 

potential formally corresponds to a difference between the on-site matrix elements 

of the defect containing and perfect host crystals, the nearest-neighbor 

off-diagonal matrix elements of this potential correspond to differences in the 

tansfer matrix elements of these two Hamiltonians. Thus for an impurity on the 

anion site at the origin in a zinc-blende crystal, the defect potential, including 

off-diagonal matrix elements, can formally be written as 

V = L Vr = L lraO > u: < raOI + L(lraO > V,.~c <ted[+ h.c.), (2.13) 
r r r,t,d 

where vr~c is the off-diagonal matrix element, which couples the orbital r at the 

anion site to orbital t at the cation site. For an impurity on the cation site, the 

defect potential can be obtained by interchanging the labels a and c in Eq. (2.13). 
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If one only considers the effects of symmetry conserving, "breathing mode" 

distortions of the host lattice around the impurity, by symmetry considerations, 

similar to those of the Hjalmarson et al. deep level theory (see Sec. 2.1), one can 

obtain Eq. (2.8) relating the bound-state energies E of the impurity with the 

defect potential. It can be shown 1•
2 that the defect-potential submatrix of 

symmetry r for an impurity on the anion site has the form 

V,. = jraO > Ur < raOI + L(iraO > O:r < rcdi + h.c.), (2.14) 
d 

where O:r is a linear combination of the l~t, Ur is a shorthand notation for u:. 
This is the 1'~ that enters Eq. (2.8) in this case. 

If we include host Hamiltonian spin-orbit coupling effects, the Green's function 

G0 (E) = (E- H0 t 1
, which enters Eq. (2.8), is related to the Hamiltonian H0 

which includes the spin-orbit coupling Hamiltonian, Hsa, and is given by Eq. (2.2) 

For breathing mode distortions, the possible bound-state energy levels for the 

defect are thus still A 1 symmetric and T2 symmetric levels. Considering these 

symmetries, by solving Eq. (2.8), one can obtain the following relation among the 

Ur, ar and elements of Green's function matrix G~(E)2 : 

(2.15) 

where r = A1- and T2- symmetric states, and 
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. ..... 0 -c:c = c:c(E) =< raOIG (E)ircd >, (2.16) 

(2.17) 

(2.18) 

and 

(2.19) 

Here J is the vector between two nearest-neighbor atoms (which are second 

neighbors to each other). 

It can be seen that, when ar = 0 (no lattice relaxation), Eq. (2.15) becomes 

Eq. (2.10), which is the result of the Kobayashi et al. theory. Since all of the 

Green's function matrix elements are the functions of energy E in the bandgap, 

Eq. (2.15) is an implicit equation for the r-symmetric deep level E as a function of 

the parameters Ur and ar for a particular host material. 

As in the Hjalmarson et al. theory, the diagonal-matrix elements Ur are given 

in terms of atomic energy difference by Eq. (2.12) 

The Li-Myles model for the off-diagonal matrix elements of the defect potential 

is based on Harrison's inverse bond length scaling rule18 for the nearest-neighbor 

transfer- matrix elements of the host Hamiltonian. The transfer-matrix elements 

of both the defect containing and the perfect crystals are assumed to follow this 
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rule . Since the off-diagonal matric elements of the defect potential are differences 

in such transfer matrix elements, this gives 

(2.20) 

where d1 and dH are the bond lengths of the impurity and host atoms respectively, 

and Cr is a material-dependent proportionality constant, which can be determined 

from the host bandstructures. Table 2.1 shows some of the Cr we have used in our 

calculations. 

In order to calculate Gti for a particular impurity in a particular host, the bond 

lengths d1 and dH must be specified. The host bond length dH is well known for 

all of the common semiconductors. We therefore use experimental values for this 

quantity. However for most of the impurities of interest , no experimetal data 

exists which can be used for the purpose of determining dJ . 

A simple model for calculating d1 is based on a covalent radius model for the 

atoms. We discuss it here for the purposes of comparison with our molecular 

dynamics calculations. This model assumes that 

(2.21) 

where r 1 and TH are the covalent radii of the impurity atom and the 

nearest-neighbor host atom, respectively. Within errors of about 10%, this model 

works reasonably well for predicting d1 for the impurities in most of the group IV 
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and III-V semiconductors.1•2 However, a better method of determining d1 is to find 

a means to calculate it. In this thesis, I use the method developed by Li and 

Myles for this purpose and compare the results thus obtained with the results 

obtained by the covalent radius model. 

2.4 Molecular Dynamics Formalism for Nearest-Neighbor Relaxation 

In order to calculate the effects of lattice relaxation more accurately, this 

process must be considered in more detail. A defect in a semiconductor material 

will interact with the host, displacing the surrounding atoms. For the "breathing 

mode" distortions considered here, these atoms will move either inward or outward 

with respect to their perfect crystal positions, according to the net force 

experienced, until they achieve a configuration where that force is zero. This 

configuration determines the impurity-host bond length d1. The formalism 

outlined below is essentially the same as that of Li and Myles. The reader is 

referred to Li's dissertation for more details. 2 

The total force acting on each of the nearest-neighbor-host atoms can be 

divided into attractive and repulsive parts, 

Fx =F);+ Fx, (2.22) 
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where X is the impurity-host atom bond direction, and F_~, F{, are the attractive 

and repulsive parts of the force. Since only symmetry-conserving distortions are 

considered, the net force acting on the impurity will be zero for all time. 

The origin of F): is the repulsion between electrons in overlapping states. In 

this theory, it is computed from a pair potential based on Harrison's modeP0 and 

has the form 

F,y = -A/d~ (2.23) 

where A is a material dependent parameter which is determined by requiring the 

total force to vanish when the impurity atom is replaced by a host atom 

(d1 = dH ). A table of the values of A used in this thesis is shown later. 

The attractive force, FJ., which originates from the occupied one electron 

levels, is computed from the electronic structure by use of the Hellmann-Feynman 

Theorem. 21 In this theorem, the X component of the force on an atom can be 

computed from the derivative of the total quantum mechanical energy Etot as 

pa. =- aEtot = -~ ~EF E (E)dE 
.X ax ax -oc p ' 

(2.24) 

where EF is the Fermi-energy, and p(E) is the electronic density of states in the 

presence of the impurity. The latter quantity can be computed using a Green's 

function technique. It is given by 
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1 
p(E) = --lmTrG(E). 

7r 
(2.25) 

Here, G(E) is the Green's function matrix including the impurity, which can be 

determined from the Green's function matrix of the perfect crystal G0 (E) and the 

defect potential matrix V using Dyson's equation 

(2.26) 

Combining Eq. (2.24), Eq. (2.25) and Eq. (2.26), one obtains 

1 jE' 8V F{ = -ImTr EG-
0 

GdE. 
7r -oc X 

(2.27) 

Using Eq. (2.23) and Eq. (2.27) and beginning with the nearest-neighbor-host 

atoms in their perfect crystal positions, the motion of each of these atoms can be 

calculated for a small time interval 5t using Newton's Second Law along with 

standard "molecular dynamics" methods. 22 In this way, new atomic positions can 

be determined and a new defect potential matrix V (new off-diagonal elements a:) 

can be obtained. With the new atomic positions and new defect potential, a new 

force can be computed. This process is repeated for succesive intervals 5t until the 

net force obtained approaches zero. Then, d1 and V can be determined for the 

relaxed configuration and the deep level including lattice relaxation can be 

obtained from Eq. (2.15). 
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2.5 Summary of Calculation Method for II-VI Compounds 

To summarize, in this thesis, I use the Li-Myles theory1 •2 along with host 

bandstructures which include spin-orbit coupling effects,3·17 which are important 

for II-VI compounds. In this study, I only consider breathing-mode relaxations 

around the impurity, which preserve the point group symmetry of the impurity 

during the relaxation. Further, I mainly consider the A1 symmetric deep levels, as 

Li et al. 1
•
2 did for group IV and III-V semiconductors. Li and Mylesl. 2 have found 

that the lattice relaxation effects on the deep levels due to the second 

nearest-neighbors are much smaller than the effects due to first nearest-neighbor 

relaxation. Thus in this thesis, I only consider first nearest-neighbor lattice 

relaxation. 

I begin with the semi-empirical nearest-neighbor tightbinding Hamiltonian 

with spin-orbit coupling of the form given in Eqs. (2.1) and (2.2). Including the 

spin-orbit coupling, there are 10 orbital states per atom, the four sp3 states plus 

the excited sx state, with spin up and spin down states associated with each. The 

Hamiltonian is thus a 20 x 20 matrix with spin-orbit coupling parameters for the 

anion and cation states repectively, of Aa and Ac, and 13 other parameters which 

are related to the two-center Slater-Koster23 parameters. 

To consider the effects of lattice relaxation, the off-diagonal matrix elements of 

the defect potential are written in the form given by Eq. (2.14). Since only 
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symmetry-conserving lattice relaxations of the host atoms around an impurity are 

considered, with this type of relaxation, the impurity will stay at the origin and 

the surrounding host atoms relax either inward or outward symmetrically. Thus 

Eq. (2.8) will remain valid. 

For sp3-bonded impurities in II-VI materials, we ignore the spin-orbit 

interaction in the defect potential. Thus for each symmetry r, the determinantal 

equation Eq. (2.8) will become of size of 10 x 10, which can be reduced to two 

identical determinants of size of 5 x 5 for each defect. By solving these equations 

following the methods discussed in Sec. 2.1 for each symmetry, implicit functions 

Er = E( Ur, CXr) can be obtained. 
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Table 2.1: Proportionality constant C1 for some materials 

Material Cs Cp 
HgTe 6.39 -2.82 
CdTe 9.43 -4.65 
ZnTe 6.12 -2.96 
Hgo.3Cdu.;Te 8.52 -4.10 
Hgo.sCdo.sTe 7.91 -3.74 
H 9o.4Zno.6Te 6.23 -2.90 



CHAPTER III 

RESULTS AND DISCUSSION 

Using the methods discussed above, I have calculated the A1-symmetric deep 

levels associated with substitutional impurities in some MCT, MZT, CZT and the 

binary compound constituents of these alloys and have investigated lattice 

relaxation effects on deep levels in these materials. By exchanging anion and 

cation labels in the formalism, I have done such calculations for both cation- and 

anion-site impurities. For each alloy, I have also investigated the dependence of 

the deep levels on composition z. Figures 3.1 - 3.10 show some of my results. In 

what follows, I use the abbreviations U = UA
1 

and a= 0.4
1

• 

Figures 3.1 - 3.3, 3.5, 3.6, 3.8, 3.9, show some results for deep level energies E 

versus the on-site defect potential energy U. The various curves in these diagrams 

correspond to the solutions of Eq. (2.15) for the different values of the parameter 

a shown in the diagram. The zero of energy on the 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. (2.12). The 

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

Chemical trends and the trends with varying amounts of lattice relaxation can 

thus be obtained from these figures. Since the parameter a is a measure of lattice 

relaxation, the a = 0 results correspond to the case without lattice relaxation. 

23 
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The deep levels for a particular impurity with a particular value of a can be 

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

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

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

that symmetry is predicted to be formed in the band gap for that impurity with 

that value of a::. 

3.1 Mercury Cadmium Telluride (MCT) 

3.1.1 Deep Levels with Lattice Relaxation 

Figures 3.1 - 3.4 show some of our results for MCT. Figures 3.1 - 3.3 display 

diagrams for the deep levels energy E versus the diagonal part of defect potential 

U due to substitutional impurities on the cation site for compositions x = 1.0, 0. 7, 

0.5 and for different a::. The values of a shown in the figure are a = -1.0, -0.5, 0.0, 

0.5 and 1.0, and corresponded values of the fractional lattice relaxation 

((d1- dH )/dH) for several MCT alloy can be obtained by Eq. (2.20) and are 

shown in Table 3.1. 

From Figures 3.1 - 3.3, one can see some qualitative effects of lattice relaxation 

on A1 deep levels. First, it can be seen that all a =f 0 curves have chemical trends 

which are similar to the a = 0 (no lattice relaxation) curves. This situation occurs 

for all compositions and alloys we have investigated. This result can be 

understood by the following analysis, due originally to Li. 
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The chemical trends of deep levels for a= 0 are determined by Eq. (2.10) For 

a =I 0, they are determined by Eq. (2.15) which can be written 

1 
U= -

0 
+!:::..U, 

a a 
(3.1) 

where 

f:::..U = 4(Gca + Gac) Q _ 4(4GacGca- GccGaa- 3GaaG') 02 . 

Gaa Gaa 
(3.2) 

As can be seen from Eq. (3.2), !:::..U is non-zero only when the effects of lattice 

relaxation are considered (a =I 0). Thus for any particular material, if !:::.. U is 

almost a constant for a particular a, the chemical trends in the presence of lattice 

relaxation will be similar to the case without relaxation, and the E versus U curve 

will be translated a distant !:::..U along the horizontal axis. This was found to be 

the case for III-V compounds and group IV materials. 1•2 For the II-VI materials 

considered here, the variation in !:::..U with z has been found to be very small. This 

can seen by comparing the chemical trends of the results with and without 

relaxation. Thus the chemical trends for the lattice relaxation case are similar to 

the case without relaxation. 

It can be also seen from these figures that the curves for E versus U are shifted 

up toward the conduction band as a becomes increasingly negative and downward 

toward the valence band as a becomes more positive. As is shown in Eq. (2.20), 

for A1 states, negative a corresponds to inward relaxation ( dH > d1 ), and positive 

a corresponds to outward relaxation ( dH < d!). This, coupled with the variation 
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in the E versus U curve just mentioned and illustrated in those figures, means that 

in our theory inward relaxation about an impurity causes A1 deep levels to move 

towards the conduction band, while outward relaxation moves them towards the 

valence band. These properties are similar to those found for group IV and III-V 

compounds1
•
2 and can be understood by taking into account the ratio of so-called 

dehybridization energy Ed and covalent energy V,.. This will not be discussed in 

detail here. More details can be found in Li's dissertation. 2 

Comparing the results obtained here with the results obtained by Li and Myles 

for deep levels in group IV materials and III-V compounds, 1.2 it can be seen that 

qualitatively, the effects of lattice relaxation on A1 deep energy levels of impurities 

are very similar in II-VI materials to those in group IV and III-V materials. 

However, a detailed comparison of the results for M CT shown in these figures with 

those found for Group IV and III-V materials and discussed in Reference [2] shows 

that comparably sized lattice relaxation in the two cases results in much smaller 

shifts in the deep levels in the II-VI materials. 

Table 3.2 shows some predicted deep levels in CdTe both with and without 

lattice relaxation. The bandgap of CdTe in our calculation is E9 = 1.50e V. Also 

shown in that table are the molecular dynamics results for (d1- dH )/dH. For the 

a determined in this way, the deep level due to a specific impurity can be obtained 

by plotting a diagram for the CdTe which is similar to Fig. 3.1. From such a 

diagram, one can determine the level for a particular impurity. This can, of 
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course, also be done numerically. Comparing the results with and without 

relaxation for the impurities listed in Table 3.2, it can be seen that the lattice 

relaxation effects are predicted to cause changes in the deep levels of several 

hundredths of an electron volt. This should be compared with changes of several 

tenths of an electron volt found by Li and Myles for impurities in group IV 

materials and III-V compounds. Changes of this order of magnitude are found for 

all deep levels in all of the II-VI materials I have considered in this thesis. I thus 

conclude that the effects of lattice relaxation on the positions of deep levels are 

generally much smaller in II-VI materials than in Ill-V and group IV materials. 

From the table, it can be also seen that, all the impurities investigated here have 

positive a. That is, when these impurities are substitutional for a host atom on 

the cation site (Cd), the surrounding host atoms (Te) are predicted to have 

outward relaxation, causing the A1 deep levels to move away from the conduction 

band. Notice that Al is predicted to have a nearly resonant level near the 

conduction band edge when the lattice relaxation is neglected and that lattice 

relaxation effects are predicted to move this level into the bandgap. 

Figure 3.4 shows the predicted Arsymmetric energy levels of cation site 

substitutional impurities N, 0, Cl and Te antisite defect as a function of the alloy 

composition z in MCT. All deep levels in this figure include lattice relaxation 

effects. The trends of the deep levels obtained here are similar to those obtained 

by Kobayashi et al. 3 for impurities in MCT without lattice relaxation. From this 
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figure, an important phenomena can be seen. In the alloy Hgi-xCdxTe, the deep 

levels have slopes dE/ dz smaller than dEgap/ dz. This result is similar to that 

obtained without lattice relaxation3 • Thus, a defect on a cation site with a level at 

""' Egap/2 in CdTe is predicted to have a deep level which tends to remain near the 

center of the gap for a considerable range of alloy composition z. This cation-site 

behavior has been observed in some experiments. 24 

From the results of Figure 3.4, from Figures 3.1 - 3.3, and from Table 3.2, it 

can be seen that, in CdTe, the column III impurities on the cation site B, Al and 

Ga are predicted to produce doubly (including spin) degenerate AI- symmetric 

levels, but In and Tl produce conduction-band-resonant levels. The column IV 

impurities C, Si, Ge, Sn, and Pb are also predicted to produce doubly degenerate 

A1 deep levels. The column V impurities N, P, As, Sb, and Bi; the column VI 

impurities 0, S, Se, Te, and Po and the column VII impurities Cl, Br, I, and At 

are predicted to yield very deep AI-symmetric levels. The impurity F is predicted 

to produce a resonant level at the valence band edge. All deep levels except 0 and 

Cl in CdTe are predicted to become conduction -band-resonant levels as Hg 

increasingly replaces Cd in the alloy and the band gap decreases. The 0 and Cl 

deep levels become valence-band- resonant levels as the composition z decreases. 

In the theory used here, no anion-site AI levels are found in the band gap. 



29 

3.1.2 Impurity-host Bond Length Results 

I have used the molecular dynamics method discussed in Chapter II to predict 

the nearest-neighbor lattice relaxation for several impurities in MCT. The results 

are shown in Table 3.3. In this table, the repulsive force constant A, the impurity 

and host bond lengths d1 and dH, the fractional bond length change 

Ad/dH = (di- dH )/dH, and the off-diagonal matrix element a: are shown for 

vanous z. 

For the perfect crystal, each atom is fixed at its equilibrium position, so the 

total force acting on an atom is zero. From this perfect crystal condition, using 

Eq. (2.22), Eq. (2.23), and Eq. (2.24), the constant A can be determined as 

mentioned in Chapter II. The A thus determined is known to vary with 

material/·2 and this is also the case here. In particular, we find that A depends on 

the composition z as shown in Table 3.3. 

In the molecular dynamic calculation, the initial net force is an important 

factor on determining the amount of lattice relaxation, and its sign determines the 

relaxation direction. A negative initial net force results in a inward relaxation 

(negative a), while a positive initial net force correspords to a outward relaxation 

(positive a). In these calculations, the total force is the force between the 

impurity and one of the nearest-neighbor host atoms along an impurity-host 

atomic bond. Under this force, the host atoms move inward or outward with 

respect to the impurity, and the impurity stays at its original position. Since 



breathing mode distortions are assumed, all nearest-neighbor host atoms are 

assumed to move the same amount. 
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From Table 3.3, it can be seen that, for the same impurity, ~d/ dH varies with 

composition :z:. The reasons for these results can be understood qualitatively as 

follows. First, different impurities have different covalent radii, so they will 

produce different relaxation distances even in the same host material. Second, the 

atomic energy difference between the impurity and the host atom will also affect 

the lattice relaxation. Since the host atomic energies depend on composition, even 

for the same impurity, the relaxed distance D..d will vary with composition :z:. 

A very interesting phenomena can be found by studying the results in Table 

3.3 and comparing them with the results of Li and Myles in Group IV and III-V 

materials. In that table, it can be seen that the minimum ~d/ dH obtained by the 

molecular dynamics approach is found for the case of Hgo.1Cdo.3Te: Teed· From 

the table, ~d/ dH is predicted about 11.3%. That is, d1 is predicted to be 11.3% 

smaller than the CdTe (or HgTe) bond length. By contrast, the maximum ~d/dH 

is 14.2% for the case of CdTe: Teed· That is, d1 in this case is predicted to be 

about 14.2% larger than the CdTe bond length. On comparing with the lattice 

relaxation results on III-V and IV materials obtained by Li and Myles1•2 , it can be 

seen that the relaxed distance and percentage relaxations predicted for different 

impurities in MCT are of the same order of magnitude as that found for 

impurities in III-V and IV materials. Thus, the effects of lattice relaxation on 



impurity-host bond length are predicted to be similar for MCT and III-V and 

group IV materials. 
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However, as discussed above, for comparable amount of relaxation, the effects 

of lattice relaxation on the position of deep levels in MCT are predicted to be 

about an order of magnitude smaller than for in III-V and group IV materials. 

Also, I have compared the initial force caused by the impurities (the force 

experienced by one of the host atoms surrounding an impurity at their original 

position) found here, with that found by Li and Myles. I :find that the initial force 

in MCT is always smaller than that in III-V and group IV materials. In Table 3.4, 

I show some of the results for the initial force caused by some impurities in CdTe. 

From this table, and for all cases considered, the initial force for MCT is predicted 

to be of the order of O.leV /A. this is one order of magnitude smaller than that 

found by Li and Myles for impurities in III-V and group IV materials1•2 • In III-V 

and group IV materials, the initial force found to be of the order of leV/ A. The 

difference in the two cases is probably related to the much "softer" property of 

II-VI materials in comparison with the III-V and Group IV materials and needs 

further investigations. 

All impurities shown in Table 3.3 are predicted to have outward relaxation for 

large compositions z (z > 0.5). This is the case for most impurities considered. 

The amount of relaxation decreases as the composition z decreases. For Te, C, 

and Cl in Table 3.3, the relaxation changes from outward to inward as z decreases 
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from 1.0 to 0.3. The reason for this may be qualitatively understand in the 

following way. All of these impurities are more electronegative than either Hg or 

Cd. When they occupy the cation site, this leads to a very weak impurity- Te 

bond, due to the small overlap between the Te orbitals and those of the impurity. 

When the composition z is large enough, there is a large percentage of Cd-Te 

bonds in the second-nearest-neighbor shell. For some impurities, the Cd-Te bond 

is stronger bond than the impurity-Te bond. In this case, the nearest-neighbor Te 

will be pulled away by the second-nearest neighbor atoms, resulting in outward 

relaxation. However, in MCT, the Hg-Te bond is much weaker than either the 

Cd-Te bond or most impurity-Te bonds. In this case, when there is a high enough 

percentage of Hg-Te bonds in the second- nearest-neighbor shell (small z), the 

impurity-Te bonds will be stronger than the Hg-Te bond, so that the 

nearest-neighbor Te atoms will be drawn inward, resulting in inward relaxation. 

Thus, the amount and direction of the lattice relaxation for the same impurity in 

MCT with different compositions will strongly depend on the composition. 

According to the covalent radius model, the lattice relaxation of an impurity in 

MCT should not depend on z, since both the Cd-Te and Hg-Te bond lengths are 

2.81A in our calculations. This contradicts the molecular dynamics results. Thus, 

I conclude that the covalent radius model does not work very well for MCT. A 

reason for this is that II-VI materials like MCT are not pure covalently bonded 
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materials. Their bonds have a mixture of covalent and ionic character. Thus, one 

cannot simply use the covalent radius model to describe impurities in this material. 

In Table 3.5, I compare the lattice relaxation results obtained using our 

molecular dynamics technique and those obtained using the covalent radius model 

for some impurities in CdTe and MCT. There are large differences between the 

two results. For the Te antisite "impurity," when the composition z changes from 

1.0 to 0.3, the molecular dynamics results predict that the host-impurity bond 

length d1 changes from 3.2L4 (outward relaxation) to 2.49A (inward relaxation) as 

discussed above. On the other hand, the covalent radius results predict that the 

host-impurity bond length does not change (d1 = 2.64A). I note that the largest 

differences in the results obtained from these two models are for the very 

electronegative impurities such as 0 and N. For these impurities, the predicted 

difference between these two models for d1 is of the order of O.BA. For the case of 

0 in the III-V materials, Li and Myles found that the difference in the bond 

length results in these two models is also of the order of O.BA. 

3.1.3 Comparison with Experiments and Other Theories 

In CdTe, the group III impurities Ga, Aland In are found experimentally to 

replace Cd and form shallow donor levels less than O.leV from the conduction 

band edge.25 - 29 In particular, the hydrogen-like donor level at 0.014e V in CdTe is 

believed to be formed by the group III impurities (In, Al).27
•29 Some experiments28 
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have shown that for the Ga impurity, the donor level lies at 0.05e V above the 

conduction band edge and for the In impurity, it is at 0.19eV above the 

conduction band edge. Other experiments have shown that for In, the donor level 

is at 0.0027eV below the conduction band edge and for Al, it is at 0.0045eV below 

the conduction band edge.26
•
27 There is some evidence indicating that the column 

III elements are not simple hydrogenic donors, but form impurity states associated 

with higher-energy conduction band extrema. 28•30 Our theory predicts that Al has 

a level at the conduction band edge, that Ga has a level at 0.08e V below the 

conduction band edge, and that In has resonance level at about 0.05eV above the 

conduction band edge. However, the long-range Coulomb potential has been 

omitted in our calculations. Its inclusion would move our predicted levels down in 

energy. 

Further experiments with which we can qualitatively compare our theory are 

pressure-dependent studies on shallow donor levels. Iseler et al. 28 have found 

experimentally that the application of 2Kbar of pressure greatly reduces the 

conductivity, and hence the conduction electron density for Ga-doped CdTe. This 

phenomena may indicate that the shallow Ga level has changed to a deep level (a 

so-called "shallow- deep" transition). For In-doped samples, lOKbar is necessary 

for this transition, while the Allevel shows no signs of such a conversion up to 

12Kbar. For CdTe, the experimental dependence of the bandgap on the pressure 

dE
9

fdp36 is about (4.4- 8) X 10-11 eVJN · m-2 (or (4.4- 8) x 10-6 eVfbar). The 
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speculation is that the deep level will not change with pressure or that the 

dependence of the deep level on pressure is much smaller than that of the 

bandgap. Thus 2Kbar of pressure will move the conduction-band edge at r about 

(8.8 - 16) meV upward but leave the deep level unchanged. My prediction for zero 

pressure is that the Ga level is about 0.08e V below the conduction band. Under 

the application of pressure, the conduction band edge will move up, moving the Ga 

level deeper into the bandgap. For the In donor level, lOKbar of pressure will move 

the conduction band edge about (0.044 - 0.08)eV upward. My results predict that 

In has a resonant level about 0.05e V above the conduction band edge. Thus as the 

conduction-band edge moves up under the application of pressure, the resonance 

level of In will be exposed in the bandgap and form a electron trap, as predicted 

by our theory. From the above discussion we can see that the speculation of the 

deep-level formation in this thesis matches the experiment very well. 

My results predict that, in CdTe, the Te antisite level is at about 0.6eV from 

valence band edge, which corresponds to about 0.4E9 • Further, my results predict 

that it remains near 0.4E9 for a considerable range of alloy compositions (from 

z=0.5 to z=l.O). It then becomes comparable to 0. 7 E9 from z=0.3 to about 

z=0.4. Thus, it is possible that the Te antisite defect is a good candidate for being 

a Jones et al.31 and Myles et al.24 3E9ap/4 level. This is consistent with their 

interpretation of the observed levels. Also, for undoped MCT, two levels are 

commonly observed at 0.4E9 and 0.7E9 • Jones et al.32 suggested that these two 
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levels are produced by the Te antisite. Berding et al.33 have predicted from total 

energy considerations that Te antisites may be responsible for the donorlike deep 

states at 0.4E9 and 0. 7 E9 in MCT. These results are consistent with the 

predictions just discussed. Further, Berding also predicted that the lattice 

relaxation for the Te antisite in CdTe is outward, as I find for this defect. 

The impurities Si and C on the cation site are also suggested by Jones et al. 32 

as alternate explanations for the levels at 0.4E9 and 0. 7 E
9

• Our predictions are 

that the Si level in CdTe is at l.Oe V from the valence band edge, which is at about 

0.7 E9 and that C in CdTe has a level at 0.58eV which is at about 0.4E9 • Further, 

I predict that they remain near 0. 7 E9 and 0.4E9 in MCT for a considerable range 

of compositions x. Thus I suggest that Si and C on the cation site are candidates 

for the observed levels at 0. 7 E9 and 0.4E9 in agreement with the Jones et al. 

interpretation. 

When Ge is added to CdTe, it is experimentally found to form a deep level at 

about 0.65e V, which acts as a slow recombination center for electrons.34
•
35 My 

predictions are that Ge should form a deep level at 0.90eV in CdTe. This is a 

considerable error, which may be due to effects left out of our theory, such as 

higher orbital effects, etc. Also, my predictoins are that Si forms a level at almost 

the same energy as Ge. The latter is a contaminant present in the preparation of 

CdTe. Considering the similarities between Ge and Si, the 0.65eV level might be 

formed by Si also. 
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3.2 Mercury Zinc Telluride and Cadmium Zinc Telluride 

Figures 3.5- 3.11 show some of my results for MZT and CZT. Figures 3.5- 3.7 

show the predictions for A1-symmetric deep levels. The results for the deep level 

energies E versus the diagonal part of defect potential U due to substitutional 

impurities on the cation site in MZT for :z: = 1.0, 0.8 and 0.2 are shown for various 

valves of a. Figures 3.9 - 3.10 show similar results for CZT for compositions :z: = 

0.7 and 0.4. 

From Figures 3.5- 3.7, 3.9- 3.10, it can be seen that the chemical trends of the 

A1-symmetric levels of cation site impurities in MZT and CZT are predicted to be 

similar to those in MCT. To be specific, the following properties of A1-symmetric 

levels found in MCT are also found to be true in MZT and CZT ( Figure 3.5 - 3. 7, 

3.9 - 3.10 ). (1) The chemical trends of A1-symmetric levels for the case of lattice 

relaxation are similar to the case without relaxation. (2) Inward relaxation about 

an impurity causes its A1-symmetric levels to move towards the conduction band 

and outward relaxation moves it towards the valence band. 

It can be seen again that the effects of lattice relaxation on the positions of 

deep levels in these materials are very small in comparison with that obtained Li 

and Myles with relaxation of similar magnitude for deep level in Group IV 

materials and III-V compunds. I predict them to be of the same order of 

magnitude as in MCT. In particular, lattice relaxations cause a change of only a 
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few hundredths of an electron volt change in the deep levels in these materials. 

Because of this, for energy level, in what follows, I omit the lattice relaxation 

effects on the deep levels in MZT and CZT in order to simplify the analysis. It 

should not make a large difference in the energy level results as a function of :r if 

we only consider the positions of deep levels without relaxation. 

In Table 3.6, I list some A1-symmetric deep levels which I find for impurities in 

ZnTe. From that table, and Figure 3.5, it can be seen that, as in CdTe, in ZnTe, 

the column II impurities (on the cation site) B, Aland Ga are predicted to 

produce doubly degenerate A1-levels. However, In and Tl are predicted to produce 

conduction band resonant levels. The column IV impurities C, Si, Ge, Sn, and Pb 

are also predicted to produce doubly degenerate A1-levels. The column V 

impurities P, As, Sb, and Bi, the column VI impurities Te and Po and the column 

VII impurity At are predicted to yield very deep doubly degenerate A1- levels. 

However, unlike the case for CdTe, in ZnTe, the column VII impurities F, Cl, Br, 

I, At, the column VI impurities 0, S, Se and the column V impurity N are 

predicted not to produce deep levels in the bandgap, Instead, they are predicted 

to produce valence band resonant levels. Because of this, in MZT, the impurities 

F, Cl, Br, I, 0, S, Se and N are predicted to produce A1-symmetric 

valence-band-resonant levels (see Figures 3.6 and 3. 7). 

Figure 3.8 shows the predicted A1-symmetric energy levels of selected cation 

site substitutional impurities as a function of alloy composition :r in MZT. The 
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dashed curves indicate band resonant levels. Similar to the case in MCT, the deep 

levels in MZT are predicted to have slopes dE I dz smaller than dEgapl dz. It can 

be also seen that the deep levels in MZT are predicted to become conduction-band 

resonant as Hg increasingly replaces Cd in the alloy and the band gap decreases. 

Figure 3.11 shows the predicted Arsymmetric energy levels of selected 

cation-site substitutional impurities as a function of alloy composition z in CZT. 

From that figure, one can see that one of the important predictions for CZT is 

that there are two kinds of slopes dE I dz for deep levels in this material , one has a 

positive slope and the other has a negative slope. This behavior of deep levels in 

CZT is different from that in MCT and MZT in which I predict that the deep 

levels should only have positive slopes. From Tables 3.2 and 3.6, we assume that 

deep levels in the alloy depend linearly on composition (this is confirmed to be the 

case in the calculations, see Figures 3.4, 3.8, 3.11 ). It can be seen that, the deep 

levels of AI, Ga, and Ge, etc., are predicted to have positive slopes dE I dz. 

Further, the deep levels of Sb, As, C, and Te, etc., are predicted to have negative 

slopes. In fact, the results (Figures 3.1, 3.5, 3.9-3.11) predict that, deep levels in 

the upper part of bandgap, such as those formed by the impurities Al, Ga, B, Si, 

Ge, etc., have positive slopes while deep levels in the lower part of bandgap, such 

as those formed by Sb, As, Te, C, Se, S, and N, etc., have negative slopes. Also, 

the deep levels with positive slopes have slopes smaller than dE9 jdz. Because of 

the negative slopes for the lower bandgap levels, some impuriiy levels such as I, 
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Se, S, N, Cl, etc. , are predicted to change from vallence-band resonant levels to 

very deep A1 levels as Cd increasingly replaces Zn in the CZT and the band gap 

decreases. 
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Table 3.1: Fractional lattice relaxation values for different o: in Hg1_xCdxTe 

0: (di- dH )/dH(%) 
CdTe Hgo.3Cdo.7Te Hgo.sCdo.sTe 

0: = -1.0 -26.2 -28.0 -29.3 
0: = -0.5 -16.0 -17.3 -18.3 
0: = 0.0 0.0 0.0 0.0 
0: = 0.5 31.2 36.5 41.3 
0: = 1.0 147.9 269.5 2285.5 

Table 3.2: Fractional lattice relaxation, the parameter a, and deep levels of A1 sym
metry (with and without lattice relaxation) in the bandgap of CdTe for impurities 
substitutional for Cd (with and without lattice relaxation). The unit of energy is 
electron volts, measured from the top of the valence band 

Impurity (di-dH)/dH (%) 0: E (relaxed) E ( unrelaxed) 
As 21.0 0.436 0.60 0.64 
Sb 1.78 0.045 0.85 0.86 
Ge 13.9 0.312 0.90 0.94 
Ga 1.42 0.036 1.39 1.41 
Al 18.5 0.348 1.45 1.50 
c 1.42 0.033 0.58 0.58 
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Table 3.3: Lattice relaxation results for various impurities in Hg1_xCdxTe. 

Composition A(eV A 4
) dH(A) Impurity d1(A) fl.d/dH(%) a:(eV) 

Te 3.21 14.2 0.277 
c 2.85 1.4 0.033 

z=l.O 84.54 2.81 0 2.82 0.4 0.006 
N 2.92 3.9 0.088 
Cl 2.96 5.3 0.120 
Te 2.86 1.8 0.037 
c 2.96 5.3 0.109 

z=0.7 99.87 2.81 0 2.82 0.4 0.004 
N 2.81 0.0 0.000 
Cl 3.05 8.7 0.165 
Te 2.81 0.0 0.000 
c 2.82 0.4 0.010 

z=0.5 54.99 2.81 0 2.95 5.0 0.095 
N 2.83 0.9 0.017 ' 

Cl 2.95 5.0 0.093 
Te 2.49 -11.3 -0.252 
c 2.71 -3.7 -0.073 

z=0.3 18.79 2.81 0 2.82 0.4 0.004 
N 2.81 0.0 0.000 
Cl 2.79 -0.7 -0.015 

Table 3.4: Initial force for some impurities in CdTe 

Impurity Initial Force ( e V /A) 
Te 0.18745 
0 0.41844 
N 0.30047 
Cl 0.24424 
c 0.12143 
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Table 3.5: The impurity-host bond length d1 for various impurities in MCT. 

dl dl 
Impurity dH Molecular Covalent 

Dynamics Radius 
CdTe:Te 2.81 3.21 2.64 
Hgo.7Cdo.3Te: Te 2.81 2.49 2.64 
CdTe:O 2.81 2.82 1.98 
CdTe:N 2.81 2.92 2.02 
CdTe:C 2.81 2.85 2.09 
CdTe:Ga 2.81 2.85 2.57 
CdTe:Si 2.81 2.92 2.49 
CdTe:Sb 2.81 2.86 2.73 

Table 3.6: Predicted Arsymmetric deep levels in the bandgap of ZnTe. The unit 
of the energy is electron volts, measured from the top of the valence band. 

Impurities Levels Impurities Levels Impurities Lvels 
AI 2.30 Si 1.14 As 0.27 
Ga 2.03 Ge 0.99 Te 0.24 
B 1.40 Sb 0.79 c 0.19 
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Figure 3.1: A 1-symmetric energy levels of cation-site substitutional impurities 
in CdTe. The abbreviations CD and VB indicate the conduction-baud and va
lence-baud edges, respectively. s is a shorthand notation for A1-symmetry. The 
sp3-bonded impurities are shown at the top of the figure st the values of A 1 defect 

potential. 
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Figure 3.2: A 1-symmetric energy levels of cation-site substitutional impurities in 

ligo.JCdo.1Te. 
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Figure 3.3: A 1-symmetric energy levels of cation-site substitutional impurities in 

II 9o.sCdo.sTe. 
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Figure 3.4: Predicted A1-syrnrnetric energy levels of cation-site substitutional im
purities as a function of the alloy composition :z: in MCT. 
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Figure 3.5: A 1-symmetric energy levels of cation-site substitutional impurities in 

ZnTe. 
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Figure 3.6: A 1-symmctric energy levels of cation-site substitutional impurities in 

1l g0 •2 Zno.a1'e. 
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Figure 3.7: A1-symmelric energy levels of calion-site substitutional impurities in 

II Yo.sZno.2Te. 
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Figure 3.8: Predicted A1-symmetric energy levels of cation-site substitutional im
purities a.s a. function of the alloy composition :c in MZT. 
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Figure 3.9: Arsymmetric energy levels of cation-site substitutional impurities in 
Cdo.3Zno.1Te. 
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Figure 3.10: A 1-symme1.ric energy levels of catiou-sile substitutional impurities in 

Cdo.oZno . .,.Te. 
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Figure 3.11: Predicted A 1-symmetric energy levels of cation-site substitutional im
purities as a function of the alloy composition :z: in CZT. 



CHAPTER IV 

SUMMARY AND CONCLUSION 

I have investigated the effects of lattice relaxation on deep levels in the three 

II-VI alloys Hgl-:rCdxTe, Hgl-xZnxTe and Cd1_xZnxTe. The method used is a 

generalization of the Kobayashi et al. theory. My approach begins with the 

Kobayashi et al. semi-empirical tight-binding Hamiltonian with spin-orbit 

coupling. I adopt the Li and Myles' lattice relaxation theory to treat the deep 

levels. I treat the off-diagonal matrix elements of the defect potential with a 

generalization of Harrison's inverse bond-length-square scaling law, and determine 

the impurity bond length by using a molecular-dynamics approach. For simplicity, 

only symmetry conserving "breathing-mode" relaxations have been considered 

here. However, in principle, this method could be generalized for more 

complicated cases. In this thesis, only A1 symmetric deep levels are considered. 

Since lattice relaxation effects due to the second nearest-neighbors are much 

smaller than those due to the first nearest-neighbors, I have only considered first 

nearest neighbor lattice relaxation effects. 

Using our method, I have calculated the chemical trends for the deep levels 

and the trends associated with varying the amount of lattice relaxation in MCT, 

MZT and CZT for various impurities. The magnitude and direction of the lattice 

relaxation for particular impurities in MCT, the positions of deep levels in the 

bandgap of specific impurities in some II-VI compounds, and the energy levels of 
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some impurities as a function of the alloy composition x were also predicted. The 

results for MCT have been compared with experimental data and other theories. 

In general, the agreement is reasonable. There are few experimental or theoretical 

results with which I can compare my predictions for deep levels in MZT and CZT. 

However, the facts that the Kobayashi et al. and Li-Myles theories have been 

successful and that the agreement between my predictions and the experimental 

data for MCT is good, lead me to believe that the predicted deep levels in MZT 

and CZT should be reliable. 

From the results I have obtained, some conclusions can be made as follows. 

For "breathing-mode" lattice relaxations, in the II-VI materials considered, 

lattice relaxation effects do not appreciably change the chemical trends of 

A1-symmetric deep levels due to substitutional impurities. However, their 

positions are shifted upward or downward in the bandgap. Inward relaxation 

around an impurity is predicted to cause A1 deep levels to move towards the 

conduction band, and outward relaxation is predicted to cause them to move 

towards the valence band. This phenomena is the same as was found by Li and 

Myles for deep levels in the III-V compounds and group IV materials. However, I 

find that the effects of lattice relaxation on the energy levels of impurities is very 

small. The predicted deep level shifts found for deep levels in the II-VI materials 

considered are about one order of magnitude smaller than that found by Li and 

Myles in the III-V and group IV materials. 
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I have also calculated the lattice relaxation effects on host-impurity bond 

lengths in MCT. My results show that the relaxation distance !:l.d varies with 

composition x for a fixed impurity. All of the impurities considered are predicted 

to have outward relaxation for large compositions x (x > 0.5 ) and to have 

decreasing relaxation as the composition decreases. For some impurities such as 

Te, C, and Cl, etc., the relaxation changes to inward relaxation for small 

compositions. The reason for this is based on the competition among the 

impurity-Te, Cd-Te and Hg-Te bonds. I also have compared the lattice relaxation 

results obtained from the molecular dynamics calculations and those obtained 

with a covalent radius model. I find that the covalent radius model does not work 

very well for these materials. 

When comparing the relaxation distance for different impurities in MCT with 

those obtained by Li and Myles for impurities in III-V and group IV materials, I 

find that they are of the same order of magnitude. However, I also find that the 

initial force acting on the impurity along the bond-length in MCT when the host 

atom is at its initial position is always an order of magnitude smaller than that 

found for impurities in III-V and group IV materials. Further, I find that the 

resulting deep level shift due to lattice relaxation in MCT is always an order of 

magnitude smaller than that found in III-V and group IV materials. This 

phenomena may be related with the much "softer" properties of the II-VI 

materials and needs further investigation. 
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The predicted deep energy levels due to cation-site substitutional impurities as 

a function of the alloy composition x for MCT, MZT and CZT have also been 

obtained. For MCT, all deep levels have slopes dEidx smaller than dEgapldx. The 

column III impurities except In, Tl, the column IV impurities, the column V 

impurities, the column VI impurities and the column VII impurities except F are 

predicted to produce Ardeep levels in the bandgap of MCT. The 0 and Cllevels 

are predicted to become valence band resonant levels and the other impurity levels 

become conduction band resonant levels as Hg increasingly replaces Cd in the 

alloy and bandgap decreases. For MZT, all deep levels are predicted to have slopes 

dEidx smaller than dEgapldx, and they all become conduction band resonant as x 

decreases. The column III impurities, except In, Tl, the column IV impurities and 

the column V impurities, except N, are predicted to produce deep levels in the 

bandgap of MZT. Most column VI impurities (except Te, Po) and column VII 

impurities (except At) are predicted to produce only the valence band resonant 

levels. For CZT, two kinds of deep level slopes dE I dx are predicted. One has the 

positive slope and the other has negative slope. The deep levels in the upper part 

of the bandgap have positive slopes dE I dx and deep levels in the lower bandgap 

have negative slopes. The deep levels with positive dE I dx have the slopes smaller 

than dEgapldx. Because of their negative slopes dEidx, some impurity levels are 

predicted to change from valence-band resonant levels to very deep levels as Cd 

increasingly replaces Zn in CZT. 
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