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ABSTRACT 

The Green functions method has been used*to calculate the properties 

of defect centres in ZnO, namely the F+ centre, the two charge states of the 

zinc vacancy, V- and Vo and the substitutional neutral lithium centre. Zn ZnI 

These centres, despite the long range perturbing potentials, experimentally, 

have wavefunctions which are well localised. This localisation was exploited 

to form a small'order determinental scattering equation by expanding the 

wavefunction in terms of a small set of orbitals centred on the perturbed 

site and/or its nearest neighbours. 

For the F+ centre two observed ESR signals may be interpreted as due to 

an oxygen vacancy, one isotropic and the other anisotropic. By assessing 

the possible results of all combinations of solid-state chemical reactions 

that can produce an oxygen vacancy we conclude that the anisotropic signal 
+I is the most probable candidate for the F centre. Our calculations support 

this by producing a ground state near the bottom of the band-gap, reproducing 

the observed anisotropy of the wavefunction and predicting an excited state 

in the band-gap and hence the possibility'of self-absorption, all features 

characteristic of the anisotropic signal. - 

For the V Zn acceptor one of the matrix elements of the potential is 

obtained by fitting to the measured ground state. Then the calculated 

energy difference by which the basal hole is preferred to the axial hole 

agrees well with experiment. Using appropriately the matrix. elements of the 

V- centre in the formulation of the Vo centre we predict the ground states Zn Zn 

of its two configurations. By fitting to experiment we verify for the lithium 

centre that the axial hole is energetically preferred but quantitative 

agreement is not so good. Finally, our calculations suggest reduced screening 

at cation and vacant sites and also the importance of lattice distortions. 
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CHAPTER 1 

INTRODUCTION 

1.1 VALIDITY OF ONE ELECTRON METHOD 

The influence of impurity and lattice defect states on the 

electronic properties of solids was recognised since the early days 

oý semiconductor physics('). In fact such an influence was known 

experimentally, and naturally left unexplained, even before the 

foundations of Quantum Mechanics. That the conductivity of what vie 

now call semiconductors was greatly affected by impurities was known 

J 
since the early 1900's. It is perhaps true to say that the interesting 

properties of crystalline matter are due to its defective structure; a 

perfectly crystalline metallic solid, for example, with no lattice 

vibrations, has infinite conductivity. 

Wilson (2) 
was the first who discussed and explained the 

difference between metallic and semiconductor conductivity by postulating 

the existence of impurity states in the band gap which become ionised 

at room temperature and can then contribute electrons to the otherwise 

empty conduction band. It was also Wils0n(-3) who first provided a 

quantum-mechanical theory of impurity states. Although his model was 

an extremely tight-binding one and cannot be given credit on a 

quantitative basis today, it did provide a useful qualitative picture 

at the time. 

Most of the quantitative work on shallow donors in Si, which 

were the first type of defects to be examined, was performed during 

0 

and after World War II. 'Such work became a contributing factor to the 
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invention of the transistorin 1949. The method employed was the 

effective mass equation in its-various forms, which was specifically 

designed for shallow donors and acceptors that normally have quite 

extended wavefunctions. The method was rigorously justified by a 

series of authors (Slater (1949) (4) 
, James (1949) (5) 

, Kittel and 

Mitchell (1954) (6) 
, Luttinger and Kohn (1955)(7) , and Kohn and Luttinger (8)). 

Today the emphasis has shifted to the deep-levels for which 

the effective mass theory. in its traditional form is not valid. 

Although it has recently been extended to include some moderately deep 

levels in its range of applicability(9110111)) other methods have been 

developed to account for such cases. These are the Green functions 

(or Slater-Koster method) 
(12,13) 

and the family of cluster calculations. 

In the following sections of this chapter we present these 

three approaches, examining the assumptions and approximations behind 

them and comparing their individual merits and pitfalls. It should be 

emphasised that no method has thus far been generally adopted for any 

particular class of defects (apart from the shallow levels in Si mentioned 

above). We do not intend to review any of the calculations that have 

been performed using one or the other method. Our aim is to justify 

our choice of methodology - the Green functions - for the type of 

defectst we worked on, i. e. deep levels in zinc oxide. 

We also consider the various defect potentials that one 

uses. In this connection we examine the concept of linear screening 

and its validity over small distances in compound semiconductors. To 

the best of our knowledge some of the discussion relating to the latter 

is oriqinal. 

t By the word defect we will mean from now on a perturbation to the 
perfect crystal be it an impurity or lattice defect 
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Zinc oxide is a large band-gap semiconductor with a high 

degree of ionicity. Consequently the general one electron approach 

may be put under serious doubt. We therefore begin with a discussion 

of the circumstances under which such an approach is valid in ionic 

materials. 

The difficulty with ionic crystals is that the true stationary 

eigenvalues of the system are the quasi-particles known as polarons 

which consist of an electron and a cloud of longitudinal optical Phonons. 

There is a continuous exchange of energy and momentum between the two 

constituents while the energy and momentum of the composite quasi- 

particle, the polaron, remains constant. Such an interaction arises 

from the fact that the concept of the periodic Bloch potential is n. o 

longer valid but as the electron moves it polarises the electronic 

density associated with the core electrons. In effect as the electron 

moves it carries with it a polarisation cloud. 

To describe the situation we write the hamiltonian of the 

system as 

Hpol ý Ho +H ph +H ep (1.1.1) 

where Ho is the hamiltonian of the electrions, H 
ph that of the phonons 

and H 
ep of the interaction between the two. It. 

ph and H 
ep may be 

written in second quantised form 

HZ hw A+ 
ph qqq 

and 

H+ V* A+ e- 
iq. 

ep qqq 
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where A+ and A are phonon creation and annihilation operators, w qqq 

are the phonon frequencies and Vq represents the strenght of the. 

electron-phonon coupling. 

When a defect is present, represented by a simple point charge 

potential screened by e., the high frequency dielectric constant, 

the total hamiltonian may be written as 

H= Ho + Hph e 
2/e,, 

r +W (I A . 4) 

where 

Z [V A (e iq. r 
_ 1) + V* A+ (e- iq. r 

qqqqq. 

We observe that if the defect electron is well localised the 

exponentials e 
iq. r may be approximately taken to be I so that H, * 

vanishes. Then the constituent parts of H in eqn. (1.1.4) may be 

decoupled and the problem tackled from a one electron approach. In 

all the cases we considered the defect wavefunctions were localised 

within the first or second nearest neighbours and the one electron 

approach was used. 
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1.2 METHODS OF CALCULATING DEFECT LEVELS 

1.2.1 Effective-Mass Theory 

The method of the effective-mass is a one-electron approach 

which transforms the eigenvalue problem 

(10 + 1) fi = lifi (1.2.1) 

where Ho is the perfect crystal hamiltonian and U the perturbing 

potential introduced by the defect, into an equivalent eigenvalue 

problem of the form 

where 

and 

H 
eff 

Fi EiFi 

Heff =T eff +U (1.2.3a) 

Teff '-' E(-iV) (1 . 2.3b) 

However, it has been justified from a many-body point of view. The 

resultant Teff depends on the nature of the band structure of the 

crystal and the method is*mostly useful if U is the hydrogenic potential 

U(r) = UH (r)- e2 /Er (1.2.4) 

The, approximatjons and assumptions about the form of the defect wave- 

function and potential are essentially the same throughout any escalating 

complexity of the band structure; hence we will only give the case of 

*From now on the superscript 0 will denote quantities referring to 

the perfect crystal 
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a single, non-degenerate energy band having a single extremuM. We 
(14) 

closely follow Pantelides 

We expand the defect wavefunction in terms of the Bloch 

functions of the perfect crystal 

EF 
nk nk n, k - 

(1.2.5) 

where 

Hoý 0 Eon (t) ýno (1.2.6) 
nk(r) nk 

It should be noted that eqn. (1.2.6) is exact if the summation over n, 

the band index, includes all bands. We now substitute eqn. (1.2.5) 

0 into (1.2.1), multiply on the left by ýn , Vand use eqn. (1.2.6) and 
00 the orthogonality of the Bloch functions, namely q nkl*n ,V> nn' kko* 

We then get, interchanging primed and unprimed symbols 

00 EF+ T- <ý >F EF (1.2.7) 
nk nk - 

OUIýO'k' 
n'k' nk Inn n k' 

We can further elaborate eqn. (1.2.7) by using Bloch's 

Theorem 

iK 0e 
-*r uO r) nk nk 

00 and by expanding the product unk unV in the basis set of plane waves. 

Since the latter is periodic in r-we have 

0 0, E Cnn (K eU p-r (1.2.9) unk (r) un V(E) 
P Kk -P 

where 
-$ 

are the reciprocal lattice vectors and 
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n n, * 3o *ýrr c(K UO e-1 (1.2.10) 
kV 

ý) = fd r unk (r) n'k' 

The matrix elements then become 

qo Cnn U(k-k'-_K Lk* nk. 
1.04'V 

p 

where. U(q) = fd 3r U(r) eiq. ris the Fourier transform of U(q) so that 

finally we'get for eqn. (1.2.7) 

Eo F"+EEc nn U(k-k'-Ký) FEF 
nk nk n'V p 

kk* (EP') 
--- n'k' nk 

Note that since the expansion (1.2.5) is exact, eqn. (1.2.12) constitutes 

an exact statement of the one electron defect problem. Ve now introduce 

our approximations. 

The main approximation concerns the potenti. al. Our basic 

assumption is that we may neglect all the components Uft-t'-ýP) in 

(1.2.12) except the Kp =0 term-, i. e. 

IU(t-t, *-6p)j<< lu(t- tI (1.2.13) 

Such an approximation can be justified by the following two assumptions. 

(a) The wavefunction (1.2.5) is well localised in k space 

near an extremum, say-k = 0. This implies that the Fnk in (1.2.5) 

are small except when Ik-k'l<< K 
P* 

(b) The potential is essentially hydrogenic so that 
22 U(q) = 47re /eq 
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Next we approximate 

c kk' =C kk(o) 'ý 1 

(note that we have dropped the band index n) and finally we expand 

Eo about its extremum to second order k 

Eo = Eo + (h2 /2) T- 
1. 

kko 

(1/h 2 EO ) Vk'(Vk Vlk to 

(1.2.14) 

(1 . 2.15a) 

(1 . 2.15b) 

For cubic materials at ko 0 symmetry requires that the tensor m-l be 

diagonal with equal components whereby eqn. (1.2.15) becomes 

Eo'- Eo +h2k2 /2m* (1.2.15c) k-o 

where m* is the effective mass, m*- 
1 

M-1 = -1 -1 
xx 'Yý = mzz. 

Then eqn. (1.2.12) becomes 

(h 2k 2 /2m*) FQ) + fd 3VU(t-tý) F(ýO) = EB FQ) (1.2.16) 

In the above equation we have replaced the summation over k 

by an integration over the Brillouin zone and we have written F(j) 
0 for Fk'and EB for E-Eo The last step in-our derivation involves the 

Fourier transformation of eqn. (1.2.16) from momentum space into 

real space. It can be accomplished by definining 

F(r) = Id 3k F(t) e 
ik. r 
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Then we finally get 

[-h 2V2 /2m* + U(r)] F(r) =EB F(r) 

- It is imediately seen that F(r) plays the role of a wave- 

function for bound'states of binding energy (depth below EO) of E 0 B, 
If U(r) is the hydrogenic potential -e2/er the values of EB are 

given by the well known hydrogenic formula 

(1 . 2.18) 

IEno -e 
2/2a*n 

witti an effective Bohr radius a*, in place of the conventional one, 

of val ue 

a* =h 
2c/m*e2 

= aoc(mo /M*) (1.2.20) 

It is easy to show ex post facto that the approximations we have used 
22 

are justified for the hydrogenic potential when (2Tra ) >> a where a 

is the interatomic spacing. 

We will not go through this justification however (which involves 

looking at F(k) for typical solutions of eqn. (1.2.18) and examining 

its localisation near the band extremum) since the prime factor for 

the applicability of the effective mass equation rests on the 

representation of the defect wavefunction by a set of propagating states 

localised in k space. Certainly, as has been pointed out before, 

expansion (1.2.5) is exact if the summation is over the whole of the 

Brillouin zone and all bands. In practice, however, this is not 

feasible and the expansion is truncated. Hence, if the defect wave- 

function is not well localised near one or several extrema, such a; 

+ 
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expansion becomes essentially useless. From the above discussion 

it should be apparent that effective mass theory is not particularly 

useful for defects whose wavefunctions are not extended but on the 

contrary localised in real space. 

1.2.2 Green Functions or Slater-Koster Method 

In this section we examine a class of methods which is 

particularly suited to defects which are spatially localised. Such 

a methodology. rests on the machinery of Green functions and we 

therefore begin by deriving some general results relating to these. We 

use Dirac notation. 

The Green functions are defined as the matrix elements of týe 

Green operator G which is in turn defined by 

G(E) =1 r-T 

It is immediately seen that G commutes with H and therefore has a 

complete set of eigenfunctions common with H. Its eigenvalues are 

1/(E-En), En being the eigenvalue of H and hence the spectral 

representation of G is 

I n><n 
G=E (1.2.22) 

n 

where In> is the common set of eigenfunctions. It should be apparent 

from eqn. (1.2.22) that G, as it stan ds, is not defined for E=E 
n' 

This difficulty is overcome by letting E acquire a small imaginary part 
in, with n -). 0 Now treating the sum in eqn. (1.2.22) as an integral 

and using the integral formula_(Raimes(15)) 



-17- 

1; 
Tri6(E) lim f Pf r (1.2.23) 

Tr*o+ 
r- , 71 

and remembering that the density of states D(E) can in general be 

written as 

D(E) S(E-Ei) 

we get 

(1.2.24) 

D(E) =- 
1 Im Tr G(E) (1.2.25) 7r 

Although eqn. (1.2.25) has"ýeen obtained for a particular representation 

(eqn. (1.2.22)), it is generally valid since the trace of an operator 

is an invariant. 

The corresponding equations for a perfect crystal are 

Go = -1 
E-H 

1 DO(E) = --i Im Tr GO(E) 

(1.2.26) 

(1.2.27) 

If U is the operator representing the perturbation (defect potential) 

then we can write H Ho + U. Substituting in eqn. (1.2.21) we have 

G (E-HO-U)-' =[ (E-, Ho) (1-(E-Ho)-l U ]-l 

l-(E4o)-lU 1-1 (E-Ho)-l 

(1-(E-HO) 
1 
U)G = (E-H 0 =.: ý. G (E-H 0+ (E-Ho) 

1 
UG => 

G= Go + Go UG (1.2.28) 
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or in closed form 

G= (1-G OU) -1 Go (1.2.29) 

From eqn. (1.2.21) we immediately deduce 

(d/dE) G-1 (E) =1 (1.2.30) 

whereby it is easy to pro've that 

G(E) = -(d/dE) lnG(E) (1.2.31) 

Eqn. (1.2.25) may then be written 

D(E) Im dE In det, G(E) (1.2.32) 
7T d 

where we have used the fact that 

Tr In G= In det(G) (1.2.33) 

Substituting now eqn. (1.2.29) into eqn. (1.2.32) we get 

D(E) = DO(E) + AD(E) (1.2.34a) 

where 

IdIn det (1 -G 
0u (I . 2.34b) AD(E) Im 

All the equations we have so far written have been quite 

general. If we now restrict ourselves to an energy region where 

DO(E) 0. say, the band gap of a semicorfductor, we observe that AD(E) 

and hence D(E) become delta-functions at values of energy such that 

det(I-GOU) 0 (1.2.35) 
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Hence eqn. (1.2.35) is the condition for the appearance of localised 

levels in the band gap of a, semiconductor. This condition may also 

be derived as follows 

Hjý> = Ejý> (E-HO) 1ý> = UIP -1ý> = GOUJý> 

(1-Go(E)U) ý> = 0' (1.2.36a) 

Relation (1.2.35) is therefore now, seen as the secular equation of 

(1.2.36). For energy values within the contimuum (of the eigenvalues 

of the unperturbed state) the most general form of (1.2.36a) is 

lp = 1ý0> + GOUJý> - (1 . 2.36b) 

which we recognise as the solid-state analog of the-Lippman-Schwinger 

equation of scattering theory. ' 

We now come to discuss the'applicability of this methodology 

to localised defects. Let us assume that the defect wavefunction can 

be expanded in terms of an orthonormal set of atomic-like wavefunctions 

ý(I: -R_j), localised at each atomic site -i 

ai ý(L-Bj) (1.2.37) 

Traditionally the approach was to look at the defect potential U. 

If the latter was of short range the matrix U could be truncated and 

the order of the matrix 1-GOU and hence the difficult of the problem 

would be entirely determined by U. The number of matrix elements 
t <ýijUjýj> retained, is the number of atomic sites over which the 

potential'is appreciable. 

t We have written ýi for 
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In this work we want to approach the problem from the point 

of view of the defect wavefunction, ý. We are interested in defects 

which are well localised in the sense that up to 95% of the associated 

change is within the radius of second nearest neighbours of the atomic 

site which has been perturbed. In that case, we expect the coefficients 

ai in eqn. (1.2.37) to be negligible for i-further than first or 

second neighbours. Then the size of the matrix 1-G 0U will be equal to 

the*number of terms retained in eqn. (1.2.37). If the potential is of 

the same range as the wavefunction then no problems arise. If, on the 

other hand, it is of a long range, say, screened or unscreened hydrogenic, 

then essentially we are neglecting matrix elements, of the. Coulombic: 

tai I., 
Experience from the matrix formulation of the hydrogen problem 

shows that this approximation will only substantially affect the excited 

states. Our approach is motivated by the fact that in principle the 

size of eqn. (1.2.35) is determined by the number-of basis functions, 

i. e. by (1.2.37). In fact the reason why histronically localisation 

was approached from the point 6f view of the potential is that, in the famous 

Slater-Koster model, the potential was of shorter range than the 

wavefunction. Finally we note that the only york so far to treat 

defects with a long range -potential using a Green function 

approach is that of Jaros and Brand( 16 ) 
andý they neglected matrix 

elements of the Coulombic tail. 
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1.2.3 Cluster Methods 

Cluster calculations di ffer substantially from the previous 

in that, first they do not separate the potential into the crystalline 

and perturbing one but instead treat the total potential V= Vo + U, 

and secondly, they simulate the crystal with the defect by a cluster 

of atoms. This class of methods originated from the defect molecule 

model of Coulson and Kearsley(17) who introduced it to tackle the 

problem of the vacancy in silicon.. This model overemphasised the 

importance of electron-electron correlations and underestimated 

localisation, in covalent materials. In essence, the vacancy was 

represented as a defect molecule which did not interact with the rest 

of the crystal. Such a drastic conceptual approximation was found- 

to be inadequate and the model is no longer in use. Cluster calculations 

can be divided into two families; the ones which parametrise, in some 

way, the matrix elements of the hamiltonian, and the ones which use explicit 

potentials. We begin the presentation with the former. However, since 

both were designed for covalent materials, in particular silicon, we 

will only give a brief discussion. 

The most widely used semicempirical approach is the 

,. 
Extended Huckel Theory (EHT). In this the defect wavefunction is 

expanded in Slater orbitals, 

E C. (1.2.38) 
Ij 

and the eigenvalue problem 

hýj civi* (1.2.39) 

*Note that we have used h for the Hamiltonian to distinguish it from 
the previous H, as it refers to a finite number of atoms. 



n 
-22- 

is solved by setting up the secular equations 

E es ii )c ii =0 
i 

where as usual 

ii =<ýjjhjý i>s ii 

The overlap S is not zero since the basis in eqn. (1.2.38) is not 

(1 . 2.40a) 

(1 . 2.40b) 

orthogonal. The prescription of the EHT for'the parametrisation of 

the matrix elements is 

Iis ii 

hjý ZK, (Ii +Ii) Sij for iij 
., 
<K<, 2 

(1 . 2.41 

(I . 2.41b) 

where Ii is the ionisation potential . of the ith orbital. Note that 

the i,. 'ude. x i in eqn. (1 . 2.38) is a composite index referring to both 

atomic site and type of orbital. 

The validity of the EHT from a strict quantum-mechanical point 

of view is in very'serious-'doubt. Boer- et al(18), Newton et al(19), 

Blyholder and Coulson(20) and Gilbert (21 have shown that'under no 

circumstances can the matrix elements of the one electron Hartree-Fock 

operator be made to be proportional to the respective overlaps. The 

reason why the EHT is used is that it works in practice. This is by 

no means a justification. In addition, it must be noted that the 

parametrisation (1.2.41) is ill-defined for the case of compound semi- 

conductors because of the change transfer involved from the cation to 

the anion. Even free ion values cannot be considered for the Ii since 

40 
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the Madelung potential makes their use in the crystal inaccurate. 

However the main deficiencies of the cluster calculations - irrespective 

of whether they are semiempirical of "first principles" - is convergence 

with respect to cluster size (number of atoms in the cluster) and the 

fact that the truncation of the infinite crystal introduces surface 

states in the band gap which correspond to the dangling bonds of the 

surface of the cluster. The former difficulty has not been resolved 

and it does not seem likely to be resolved in the near future. -The 

status of computers at the present allows a-maximum cluster size of 

approximately 70 and that has been shown to be-inadequate(22). 

The appearance of surface states-in the band gap can be 

tackled by either saturating the dangling bonds with hydrogen atoms, or 

imposing periodic boundary conditions using the-: ljsuperlattice method. 

In the latter the cluster is treated as a molecular unit cell of an 

infinite trystal and then standard band-structure methods are used to 

solve the problem., The isolated defect is thus effectively replaced by 

an array of defects. However, whereas the superlattice method el iminates 

surface-states at the expense of introducing-defect-defect interactions, 

the hydrogen saturation merely shifts in energy the surface levels in the 

hope that they will disappear from the band gapAnto the continuum. 

Finally we note that the inability of small clusters to reproduce 

accurately the band gap when. the defect is included in the calculation 

makes the positioning of the bound states a difficult task. Such a 

positioning beqomes an even greater problem in the superlattice method. 

where the defect-defect interactions give a broadened band instead of 

a sharp level. 
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To conclude this section we briefly review the self- 
(23 (24) 

consistent pseudopotential 
) 

and the Xa-scattered wave methods 

Both are cluster calculations which employ explicit potentials 

in the hamiltonian. In the self-consistent pseudopotential method 

a supercell is constructed within the context of the superlattice 

described previously. The atomic cores are represented by model 

potentials which are fitted to free atom properties while the valence 

charge density is determined self-consistently. The problem is then 

solved by band theory. However, because of the unusually large 

"unit cell" solutions can only be found at high symmetry points. In 

addition the dispersion of the defect level in the gap is substantial. 

In the, Xa-scattered wave method the potential for the entire 

system including the atomic cores is constructed self-consistently 

in a fashion similar to the muffin tin approach of solid state theory. 

It is spherically averaged in spheres each drawn around each atom and 

averaged to a constant in the space in between the spheres. In 

addition it is also spherically averaged in a much larger sphere 

surrounding the whole cluster. Slater's Xa-approximation is used for 

the exchange and the eigenvalues are determined by molecular scattering theory 

Slater and Johnson (25) Because of the complexity of the. problem and 

the large secular equation involved the approach is practical for 

smallclusters only. Convergence with respect to cluster size has 

not been tested. This is also the case with the pseudopotential 

approach previgusly discussed. The method has so far been moderately 

successful although, alarmingly enough, clusters differing by a small 

number of atoms have produced quite different results, 
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1.3 CHOICE OF METHOD 

Having completed a critical discussion of the main methods 

involved in calculating defect levels we now come to justify our 

choice, the Green functions method. Our main interests are directed 

towards deep levels in ZnO. The wavefunctions of the levels we 

consider are well localised in space so that an expansion in terms 

of a set of propagating states, like Bloch function, and a subsequent 

approximation of localisation near one or several band extrema would not 

be justified. In fact, if a certain wavefunction is localised in real 

space, then it is not in k space. Hence we automatically exclude the 

effective mass equation. 

We are natural-ly led to the determinental scattering method 

because of its solid foundation and its applicability to the type of 

wavefunctions we considered.. We do not think that any of the cluster 

methods would be suitable for our case. These, as has already been 

mentioned, have been designed and exclusively tested for Si and have 

been shown to contain many pitfalls. Their application to ZnO -a 
semiconductor with a mainly ionic character - would be a dangerous 

path, in particular when certain parametrisation procedures (for 

example the EHT) are ill-defined for this case. However the most 

alarming deficiency is, we think; the cluster size since recent work 
by Kauffer et al 

(26,27 ) has suggested that perhaps 2500 atoms are 

needed to get convergence. 

Finally we should note that the Green functions method can be 

used in parametric form, by parametrising the matrix elements of 

the potential. I- such a case the movement of the defect level in the 

band gap when OnE -r more parameters are varied can easily be examined. 
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1.4 THE DEFECT POTENTIAL 

The potential U appearing in eqn. (1.2.35) is a one electron 

operator. Its calculation however is essentially a many-body problem. 

To show this we would have to derive the reduction of the many-body 

hamiltonian of the whole crystal (including the defect) to the 

corresponding one electron hamiltonian Ho + U, by the use of a self- 

consistent field approximation. Then U would be shown to contain a local 

approximation to many-body terms. 1-le do not think it is appropriate 
(28) to do this here. A very good account is given in Bassani et al . 

We will start directly from a one electron point of view and show how 

the many-body interactions are included within this approach. 

We divide the electrons in a crystal into core and valence , 
electrons; we assume that the former are well bound to their respective 

nucleus so that the total one electron potential V may be written as 

VU 
ci 

Lr-3i) + Ve (1.4.1. ). 

where u ci relates to the core and the nucleus at site i and Ve is due 

to the valence electrons alone. The corresponding equation for the 

perfect crystal is 

0u0i (r-R? ) + Vo 
c -1 e (1 . 4.2) 

0 The uci - and uci may be calculated by the normal self-consistent 

fiel. d method of atomic physics where each electron is assumed to move 

in the electrostatic field of all the others and allowance is made for 

correlation and exchange through some local-density functional pxc* In 

this spirit we write 
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u (1: ) =_ 
Ze2 

+ fd 3 
r- e 

2p (r, ) 
+ ja (1.4.3) 

cr- Irrl xc 
52 Wj 

where Z is the nuclear charge and p the charge density, is given 

by 

ct 

0 A corresponding equation holds for uc. Note that in eqn. (1.4.1) 

the may be different from the R? of eqn. (1.4.2) so that lattice 

distortions may be partial ly taken account of. 

We now write the total perturbing potential U as 

UUb+Us (1.4.5) 

where 

u (!: -Ej u0ci (!: -I? i (1.4.6) b Ec 11 
and 

us v-v0 
ee 

ub is. called the bare potential and Us the screening potential. The 

advantage of this formalism is the following. The only terms in 

eqn. (1.4.6) which are non-zero are those which are very near to the 

defect so thafthe summation includes very few terms. In fact in 
. 

most cases it includes only one term, the one referring to the site on 

which there is a change of atom. Then it is easy to include most 

many-body effects associated with core electrons (and, indeed, they 
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already have been included) by the use of eqn. (1.4.3) for uc and 
0 the similar equation for uc . The remaining, and very importantj 

many-body interactions are due to the reorganisation of all valence 

electrons and are entirely included in V -Vo which we hope to account ee 
for by linear screening theory. We set this latter problem aside for 

the moment, to look at the general characteristics of UV 

For a very long time the bare potential was assumed to be 
t- 

entirely hydrogenic . However as can be seen from eqn. (1.4.3) this 

is only true for values of r outside the region of space within which 

the charge density is contained and only if the latter is spherically 

symmetric. It is widely expected that the actual bare potential 

would heavily deviate from the 1/r behaviour inside the core of the 

substituted atom. These deviations - which came to be known under the name 

of central cell corrections - were believed to be responsible for 

the chemical shifts (dependence of the binding energy of shallow 

donors and acceptors on their chemical nature). 

The first (and in fact the only ones to our knowledge) to 

perform expli cit calculations were Pantelides and Sah(9910). They 

employed. eqn. (1.4.3) using the Kohn and Sham (29 ) density functional 

for correlation and exchange. Their calculations were on group V 

and VI donors in Si but their results seem to be of more general value 

because of the appearance of certain systematics. Their actual 

results are shown in Fig. 1.1. 

t For simplicity of presentation we consider the case where only 
one site is involved in U b* 
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Fig. I. I: Bare impurity 

potentials for donors 

AL 2 

in Si as calculated by 
Pantelides and Sah (1972, 
1974). The quantities 
plotted, namely Zb(r) 

and Ob(q), are defined 
by Ub(r) `2 Zb(r)/r and 

22 Ub(q) '= 47re lo(q)/q 
Note that nonisocoric 
impurities have strong 
potentials for small r, 
which correspond to 
large q values. 

It is clearly seen that the bare impurity potential 

remains essentially hydrogen only for isocoric impurities, i. e. for 

substitutional, atoms that have the same number of core electrons 

as the host. In all other cases the, potential at small r corresponds 

to effective charges which are much higher than the le or 2e (for 

groups--V and VI respectively). The explanation is quite simple 

and can be given in a two-fold fashion: either one argues that extra 

core electrons. are present and the potential must be comparatively 

stronger to account for their binding or that the presence of an 

extra wavefunction drastically alters the other ones to comnly with 

the principle of their orthogonality. 
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We now turn our attention to the problem of calculating 

the screening potential Us* A direct calculation would, of course, 

be out of the question because of the large number of electrons 

involved. If, however, U is weak enough it is possible to account S 
for it by linear screening theory which we outline below. We first 

define the Fourier transform of Ub by 

ubub 
kp 

where K are the reciprocal lattice vectors and k is restricted to the 
"T 

first Brillouin zone. The total perturbing potential is then given by 

UZU (k + Ep) ei 
(t+K 

P) .. r (1.4.9) 
p 

where 

U(L +K Z'e-l '(t), U (1.4.10) 
PP pp b (L + lp 

and e-l (k) is the inverse of the dielectric tensor e pp pp'O 
(U. 

An explicit form6la for the dielectric tensor within the 

Random Phase Approximation (RPA) has been obtained by Adler (30 ) 
and 

Wiser (31). We merely quote the result here 

e pp , 
(k) =6 pp'* +T pp'* 

Lk) (1.4.11a) 

The matrix T is given by 

47re 2f 
o(Eq-k lt., 

)-fo(Eq 
Z) T Lk) 

pp, * 
p 

"2 q 9Z z- E 
q+ýkqto- E qql 

+- iha 
(1 . 4.11 b) 

a-*O+ 

dw 
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where f0 is the Fermi function and the factors np are given by .. 

np = il-1 fd3r. u* uW (1 . 4.11 c) - qZ q+k,. t 

a is the volume of the unit cell of the crystals u, is the periodic qL 
part of the Bloch function ý q9, e'-q*-E uq . and q, k are restricted 

to the first Brillouin Zone. The integration is performed over one 

unit cell - 
Inverting the matrix 1+T is by no means an easy task and 

usually the aproximation is made of dropping the off-diagonal terms, 

putting e pp . 
(k) = e(. L +Kp)6 pp, ** 

Then eqn. (1.4.9) becomes 

(q) rd3 U fUb 
, (qý-e 

the integration extending over the whole of the reciprocal space. 

still e(q) as given by eqn. (1-4.11) would be difficult to use 

in a, calculation involving eqn. (1.4.12) and model dielectric functions 
(32) '32 

are then employed. The most widely known is that of Penn , which 

is based on the nearly free electron (NFE) approach to the band structure 

of the perfect crystal. An even simpler model for semiconductors is 

iliven in Bassani et al(28) according to which 

c(q) =I 
hw 2E 

1+ 
EF (q 

MF) 
2EE1fl-2 

LLJJ (1.4.13) 

wP being the plasma frequency, EF the Fermi energy and E9 the 

band-gap. 
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The effects of all these approximations on the dielectric 

tensor, as given by eqn. (1.4.11), is difficult to estimate. However 

for the case of ZnO and of ionic compounds in general a'much more 

fundamental difficulty exists. Eqn. (1.4.11) is only valid within 

the R. P. A. The latter has been shown to be exact in the limit of 

high densities. In ZnO however most of the electrons (which can 

contribute to screening) are located on the anions leaving a 

corresponding deficiency on the'cations. Hence although the mean 

electronic density may be high enough to validate the R. P. A., locall 

the electronic density may be quite low (again we emphasise that we 

exclude core electrons). This difference would be entirely irrelevant 

had it not been for the fact that we are interested. in the matrix 

elements of the potential and not the potential itself. Despite 

the possible long range . ', of the latter, if the matrix elements are 

between wavefunctions which are localised on the cationsthe potential 

will in essence be sampled in regions of low electronic density and 

reduced screening is therefore bound to be the outcome. We will take 

these points in context later in the thesis. 

To end the discussion of the defect potential we note that 

quite frequently model potentials are used to represent the bare potential 

of the defect in order to avoid the difficulties mentioned in the 

previous paragraphs of this section. In fact, it seems that this is the 

normal practice. We want to emphasise here that this approach contains 

many potential-pitfalls. The use of model potentials is based on 

the pseudopotential concept according to which-one can use in place 

of eqn. (1.2.25), the equation 
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det 11 - GOUPSI =0 (1.4.14) 

where UPS is the defect pseudopotential. Consequently one can 

either take matrix elements of the real potential between real wave- 
functions or of the pseudopotential (model potential)between pseudo- 

wavefunctions. Any procedure which mixes the two representations 

should, in principle, be regarded as wrong. Of course the actual 

error involved would depend on the particular situation in hand. 
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- CHAPTER 2 

A REVIEW AND ANALYSIS OF THE EXPERIMENTAL RESULTS 

In this chapter we discuss the experimental situation 

relating to the defects on which we performed calculations. In 
I 

section 2.1 we review the F+ centre,. in section 2.2 the zinc vacancy 

and in section 2.3 the lithium acceptor. We do not merely reiterate 

the existing experimental facts. As we shall see, the latter fit to 

more than one interpretation of the underlying microscopic processes 

and frequently the interpretations of individual experimental 

investigators are contradictory. We correlate the conclusions as well 

as the assumptions of one set of experiments against another and finally 

in the discussion, section 2.4, we produce models of the defective 

structure of ZnO consistent with all the experimental data we have at our 

disposal. The material of this last section is entirely our own work. 

Thus we set the ground for correlating with our theoretical calculations. 

2.1 THE SINGLY POSITIVELY CHARGED OXYGEN VACANCY 

The problem of the experimental identification of the singly 

ionised oxygen vacancy V+ (or F+ centre) has been a long standing 'one 
0 

and remains as yet unresolved. ' The difficulty does not lie in the 

absence of data but in their possible interpretation in two entirely 

distinct ways. Most of the data derive from electron spin resonance 

(ESR) which is the main tool employed for the study of localised 

wavefunctions in solids. Two signals, one at g=1.9557 (isotropic) 

and the other at g.,. = 1.9963, gr, = 1.9948, have been observed and 
. 
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attributed to the positively charged oxygen vacancy. In this section 

we present the experimental data referring to these two signals together 

with the arguments for the interpretation of each as an F+ centre. 

We begin with the anisotropic signal. 

The g. L = 1.9963, g1l, 1.9948 centre was first observed by 
(33) Smith and Vehse The centre has an axial symmetry about the c axis of 

the Wurtzite structure (see fig. 3.2) - hence the representation -of the g tensor 

by only two components, g.,,, gj and its intensity is greatly enhanced 

by white light illumination. Hyperfine structure is observed consisting 

(with the magnetic field parallel. to the c axis) of two sets of six 

equally spaced lines, the intensity in each set being constant. It is 

argued that if the hyperfine structure arises from interactions between 

the unpaired spin of the electron and that of the nucleus of a 

neighbouring zinc the spectrum is then consistent with an F+ centre. 
67 

Zinc has an isotope possessing a nuclear moment, Zn,. which has a 

spin of 5/2. However it has a natural abundance of only 4.1% so that 

only 15.5% of the supposed F+ centres will have 67Zn 
neighbours. The 

67 
fraction of centres with two or more Zn neighbours is, of course, 

insignificant. Then the two sets of hyperfine lines may be interpreted 

as interaction of the electronic spin with an axial and a basal 67 Zn 

nucleus. The observed intensity ratio of 3: 1 between the two sets 

supports thfs model. Finally a tentative correlation is made between 

the ESR of this centre and the 410 nm (=3.03 eV) optical absorption 

observed in imdiated ZnO (34) 
. The two processes have similar 

isochronel annealing curves. 

The above model would have been entirely satisfactory had 

it not been for the additional feature that the ZnO samples were 

irradiated with 0.6,1.8 and 2.0 MeV electron beams to produce the 

required defects and only the 1.8 and 2.0 MeV samples exhibited spin 
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resonance. This contradicts the estimated electron energy threshold 

of approximately 300 KeV for oxygen displacement in ZnO. The difficulty 

was resolved by Meese and Locker(35,36), who showed that it is necessary 

to create deep acceptrs; before the F centre is in a suitable charge state 

to be detected by ESR. They observed two threshold energies, one by 

electrical measurements at 310 KeV (associated most probably with 

oxygen vacancies) and another one at 900 KeV by microwave absorption 

(associated, presumably, with zinc vacancies). Beyond the. 900 KeV the 

spectrum of the F centre appears together with an enhancement of the 

410 nm (= 3.03 eV) absorption band. Then, the oxygen vacancies are 

removed by thermal - anneal i ng at 3000C (but not the zi nc vanci es) , and so 

is the spectrum of the F+ centre. The samples are reirradiated starting 

from-200 KeV and the F+ centre reappears this time at 310 KeV, again . 

with a corresponding enhancement of the 410 nm band. The results are 

interpreted by assuming the production of zinc vacancies which, being 

acceptors, act to either trap electrons from or give to the otherwise 

diamagnetic oxygen vacancies converting them into paramagnetic centres. 

This model has been confirmed by experiments using samples chemically 

doped with Li which is known to produce deep acceptors 
(37) 

. As a final 

point, Meese and Locker observed that the exitation spectrum of the F+ 

centre peaks at 530 nm (2.34 eV) and 410 nm (= 3.02 eV). 

Such an experimental interpretation of the g1l = 1.9948, 

g 1.9963 signal now fixes the ground state of the positively charged 

oxygen vacancy. If we assume that the 410 nm absorption is 

due to a transition between ground and first excited state and remember 

that both must be in the band-gap then we are led to conclude that 

the ground state cannot be more than 0.4 eV above the top of the 

valence band (band-gap =Eg=3.4 eV). * In fact a level at 3.2 eV 
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below the conduction band has been reported in the luminescence spectrum 

of ZnO (38 ) 
and seems the only choice for the ground state if the 

above interpretation is correct. 

The parameters of the spin hamiltonian 

H=H. g. S + S. A. I 

for the observed hyperfine structure have been measured by Gonzalez 

et al 
(39 ). The values are 

(i) for the axially positioned 
67 Zn: All= 57.34 MHz 

A. 042.30 MHz 
67 (ii) for the non-axially positioned Zn: A 

zz = 94.8 MHz, 

A 
YY = 75.9 MHz, A 

xx = 76.6 MHz 

From these values we conclude that. the ratio of the squared wave- 

functions at the axial and non-axial zinc sites is 

2 1.738 ýnoinax/ýax 

The experimental- eyiderice on which it is argued- ". tha t the 
(40-43) -?. - 

g=1.96 signal is due to an F+ centre is not very strong. 

It mainly derives from the method of introduction of paramagnetic 

defects during the experiments. The samples which exhibited a strong 

signal had been subjected to reducing conductions which would 

certainly produce oxygen vacancies. All of the reported experiments 

point to the paramagnetic centre being an ionised donor but not 

necessarily a positively charged oxygen vacancy unless information 

from the preparation conditions is taken into account. 
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'. These experiments mainly involve the temperature dependence 

of the signal during and after cutting off the illumination (the 

Igz1.96 is also highly photosensitive). It was found that the ESR 

intensity increases with decreasing temperature under constant 

illumination while the decay after cutting off is more rapid as the 

temperature increases. At room temperature-the decay is extremely 

rapid. Finally at 400 0 K, under constant illumination, no signal is 

detectable. The trap dppth can be calculated by theýcross cut method(44). 

The isothermal decay of the signal can be described by the equation 

t exp (- Et /kT) =a constant (2.1.1) 

where t is the time, E the trap depth and, k Bolzmann's constant., t 

The slope of a logt against /T praph will then give the trap depth. The 

experiments of Born et al 
(41 

and Mookherji(43) give values for 

Et, of 0.52 eV and 0.31 respectively. - 

It seems that the difference in the. above two values is not 

due to the experimental errors (the values for these errors quoted 

by the authors were 0.02 eV in both cases) but to the probable presence 

of two distinct paramagnetic centres, one in each case. This is 

further evidenced by the experiments of Hoffmann and Hahn (42) 
who 

observed two signals, one at g=1.955 (same as Born's) and another 

at g=1.958. It. should be mentioned that Mookherji himself 

acknowledges the presence of two signals in his samples with such 

close g values'that they cannot be distinguished. Finally we note 

that the samples of the above two experimenters differ substantially 

as regards the behaviour of the green luminescence at 530 nm. Both 

samples exhibit strong green luminescence. Born et al 
(41) 

found 

that evacuating had an enhancing effect whereas Mookherjee (43) found 
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that the opposite was true. It must be remembered that the 530 nm 

(= 2.34 eV) absorption is an excitation for the anisotropic centre 

We leave the interpretation of these effects until later in the 

chapter. 

The experimental situation as it stands would haveýstronglý 

favoured the g,, = 1.9948, g. L = 1.9963 signal to be the F+ centre 

had it not been for the fact that Hausmann and Schallenberger (45) 
were 

able to interpret this signal as an interstitial oxygen in a 

tetrahedral position (see Fig. 2.1). The spectrum together with its 

hyperfine structure is reproduced in their experiments and the details 

of the hfs (as previously discussed) accounted for by the above 

interpretation. In fact it is true to say that the characteristics of 

the hyperfine structure only give information about the environment 

of the defect and that the observed structure is consistent with-any 

tetrahedron of zincs. 

Tetrahedral 
interstitial 

o zinc Zn*+ 
0 oxyger. 0- 

1100> 

<0001> 

Fig. 2.1: Interstitial oxygen in tetrahedral position 
in ZnO 
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In addition, Hausmann and Schallenberger prpduce three 

arguments as to why the g,, = 1.9948, g. L= 1.9963 resonance should 

not be attributed to an F+ centre. They claim that (a) the small 

line width of the signal suggests strong localisation of the unpaired 

electron as in a molecular bond, (b) the deviation from unityýof 

the ratio of the values of the wavefunction at the axial and non- 

axial zinc sites indicates a very non-spherical wavefunction. Both, 

they believe, are not characteristics to be expected from an F+ 

centre. They also claim that (c) the production of V+ centres would 0 
increase_the conductivity. Argument (a) indicates the correct tendency 

although how small an ESR linewidth should be in order to indicate 

the presence of a molecular bond is not clear. We contend that 

argument (b) is not valid and the observed anisotropy is due to the 

c-direction of the crystal being a preferential direction. We will 

justify both this contention and the value of the observed anisotropy 

by-explicit calculation in Chapter 4 where we present our own calculation 

of the F+ centre. Finally, whether the conductivity,. will increase 

I or not depends, on what happens to the electronsliberated by the 

production of V+ vacancies. If these electrons do not jump into the 01. 
.11 

conduction band (as they do not necessarily' have to), conductivity 

will not increase. We leave this point, as well as the final 

assessment of the experimental situation relating to the F+ centre, 

for the discussion section of this chapter. We proceed with the 

experiments for the zinc vacancy and substitutional1ithium which 

are both acceptors shown to play a role in the production of the 

anisotropic g signal previously discussed. 
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2.2 THE ZINC VACANCY 

In contrast to the F+ Centre the experimental situation 

regarding the zinc vacancy is fairly unambiguous, hence our 

discussion of this paramagnetic defect will be brief. The vacancy 

can exist in two charge states, both detectable by ESR: the negatively 

(singly)charged state VZn with spin S= 1/2 and the neutral one 

v0 with spin S=1. We begin the discussion with the first. Zn 
The centre has been studied e'xtensively(46-49). When a neutral 

zinc atom is removed there are effecti-4ely two holes left behind. In 

the case of the V Zn one of them diffuses away while the other is 

trapped by either the nearest axial'O-- ion, which then transforms 

into 0 or by one of the three basal 0-- ion's of the tehahedron of 

oxygens surrounding a zinc in the wurtzite lattice. 'The basal position 

is however energetically preferred by 230 K (or 20 meV) - see fig. 3.2. 

During the ESR experiments two lines are observed if the magnetic 

field is parallel to the c-axis; an intense line (call it, A) centred 

at g=2.0155 and a weaker one (call it B) at g --- 2.0024. Line A 

which is due to the holes trapped at the basal oxygen ions splits 

into six equally intense lines for a general orientation of the magnetic 

field while line B, due to the axial holes, remains unsplit'as we 

expect. The split six lines may easily be correlated to the six 
-ýr basal sites of the two types of tebahe'dra present in the wurtzite 

structure. The measured g values for a general orientation of the 

magnetic field are(46) 

Line A g-jz = 2.00289 gyy = 2.01831 g xx = 2.0173 

Line Bg2.0024, g, = 2.0193 

(46) (for the choice of axes for the g tensor, see 
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The energy EAB by which the basal site is preferred to the 

axial one may be measured when the magnetic field is set parallel 

to the <1210 > direction. Then the ratio of the measured intensities 

of lines A and B is equal to the respective probabilities of spin 

occupancy of the sites. Assuming a Boltzmann distribution relation 

for the numbers of unpaired spins at the basal and axial sites 

A 
exp EAB AT (2.2.1) 7'B 

we may deduce the energy EAB from'a logarithmic plot of nA /n B against 

against 1/17. The value of 20 meV was obtained by Galland and Herve(47) 

The possibility that both. lines A and B do not arise from an 

isolated vacancy but from more complex defects including a zinc vacancy, 

was suggested by Leutwein and Schne I iderPo). Galland and Herve(47) 

however studied the behaviour of the signals in the temperature range 

of 640K to 3000K and were able to interpret all the observed phenomena 

in terms of thermally activated motion of a hole around an isolated 

vacancy. _Three 
regimes were established. In the range 64-110 0K 

the position and shape of the lines did not vary with temperature. In 

this regime any thermally activated hopping is small and consequently 

no change is observed. In the high temperature regime, above 2350K. 

lines A and B disappear and a new single line is'observed. This 

may be accounted for'by the theory of exchange(51) whereby if the 

hopping rate between two centres giving two isolated lines becomes 

so fast that the lifetime of the spins is shorter than the inverse 

of the spread of the ESR spectrum, a new line must appear at the 

centrum of the component lines. Galland and Herve calculated the 

average -g values of lines A and B using equation* (2.2.1) with 
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E AB : -- 20 meV and found that they agree very well with the 
. 
measured 

value of the new single line. Finally in the intermediate regime 

of 165-2350K the spectrum is broadened beyond detection unless the 

magnetic field is parallel to the c-axis. For this orientation alone 

a single line is again observed in the whole intermediate regime. 

This result may also be accounted for by thermally activated hopping 

although the experimental result itself is not so indicative of an 

isolated vacancy. 

Galland and Herve (47) 
were also the first to observe and identify 

by ESR the zinc vacancy in its neutral state. The pair of holes left 

behind when a neutral zinc atom is removed are trapped by two of the 

three basal oxygen ions thus producing a paramagnetic centre of spin 

one. The spectrum,. with the magnetic field parallel to the c-axis, 

consists of two equally intense lines both centred at g=2.0165 but 

separated by 510 gauss. For a general orientation of the magnetic 

field the measured g tensor is given'by gxx ý 2.0132, gyy = 2.0187v 

gzz. = 2.0088. (For the choice of axes for g. see 
(47). ) The spin 

hamiltonian may be written as 

, ff = ßH 'g 151 +ß H'92*S2 + Hd + JSI*S2 (2.2.2) 

where H is the magnetic field and Hd and JS 11 S 2the dipole magnetic 

and exchange couplings respectively. Subscripts 1,2 refer to the 

two 0 ions. 

'When the defect is in its triplet state the magnetic field 

part of the hamiltonian (2.2.2) may be equated to $,, H. g. S with S=1 
1 

and cZ (91 +92) - Using the measured a. values of the spin 1/2 non- 

axial centres previously discussed, Galland and Herve found 
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gxx 2.0129ý, gyy = 2.0176, gzz = 2.0082. These values compare 

favourably with the measured values of the spin one centre and hence 

strongly suggest that the centre is, indeed a neutral zinc vacancy. 

From an analysis of the experimental value of the fine 

structure tensor D it was concluded that there is a relaxation of. 

the 0- ions and their distance is increased to 3.75R (compared to 

3.20 in the perfect lattice). 

Finally the position of the negatively charged zinc vacancy 

level with respect to the edge of the conduction band EC was measured 

by examining the behaviour - under optical excitation - of the ESR 

signals of both charge states of the zinc vacancy(49). It was observed 

that at 2.7 eV the signal of the negatively charged vacancy started 

to decrease markedly while that of the neutral vacancy started to 

increase.. Under the assumption that V0 are destroyed while VZn are 

created- by'electrons pumping into the conduction band we assign the 

value 2.7 eV to be the corresponding trap depth. 
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2.3 THE LITHIUM ACCEPTOR 

The lithium acceptor is probably the most extensively studied 

impurity in zinc oxide and the experiments relating to its identification 

and properties are fairly conclusive. This time however we will be 

more thorough in our review of the experimental situation (compared 

to the zinc vacancy case) since these experiments contain important 

hints about the V+ centre. which we hope to use in our discussion 
0 

in the final section of this chapter. Also, substantial profit will be 

gained by putting together the various independent investigations 

ýince in each of these the lithium centre was studied under different 

physical excitations (optical, magnetic, etc. ) and hence different 

aspects of the centre were investigated. 

We will first give a brief qualitative description of the centre. 

Lithium is monovalent so that when it substitutes for zinc it can 

donate one electron to the oxygens of the crystal as compared to two 

by zinc. Alternatively when neutral zinc is removed from the crystal 

and neutral lithium incorporated in its place a hole is liberated 
0 from the cation site. This hole may be trapped by either the axial 

0-- ion or the basal ones which are then transformed into 0- as in 

the case of the zinc vacancy. However, this time, because of the 

reduction of the effective charges on both anion. and cation the 

Li + 0- distance is lengthened by about 40%. The centre is on the 

whole neutral but paramagnetic - and hence detectable. by ESR - because 

of the presenc. e of a hole on either the axial or basal 0- ions 

(see Fig. 2.2). In contrast to the zinc vacancy case the axial 

position is here preferred by 15 meV approximately. The centre can 

accept an electron on the 0 ion and become effectively negatively 

charged being no longer. *detectable by ESR. 
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I 

C 

Fig., 2.2: Substitutional lithium centre in ZnO; axial 

configuration 

The above model has been verified by all experime. nts that we 

know of. Electron spin resonance 
(52 ) has produced the following 

results when the crystals were irradiated with u. v. light at 770K. 

Two sets of lines of different intensity are observed which have 

different angular dependence. The stronger group of lines shows axial 

symetry about the c-axis while the weaker group contains three branches 

nearly axially symetric about the three non-axial bond directions. 

These two sets of lines are attributed to the axial and non-axial 

Li. paramagnetic centres just discussed. This is strongly evidenced 

by the observed hyperfine structure which consists for both types 
7 

of centres of a set of four lines for crystals doped with Li (I= 3/2) 

and of three lines for crystals doped with Li 6 (I=I-). With the - 

magnetic field parallel to the c-axis an additional set of six lines 

of much lower intensity is observed which can be interpreted as hyper- 

fine interaction with the Zn 67 
nuclei as discussed in the V+ centre 0 

secti on. 

V- 
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The energy by which the axial position is preferred to the 

non-axial one is measured assuming again a Boltzmann distribution 

law as in the case of the zinc vacancy (c. f. eqn. (2.2.1)). The 

resulting value is 15 meV. The g values and the parameters of the 
-7 

hyperfine interaction with the Li nucleus are given in Table 2.1 

below. The third column of the table contains the isotropic part 

of the interaction. (The values in the first and second columns 
(52) 

are taken from .) It can be observed that the wavefunction at 

the Li nucleus - to which the isotropic interaction is proportional - 

is virtually the same for the axially and non-axially distorted 

paramagnetic centres. 

TYPE OF CENTRE: ZnO: Li 7 
axially distorted 

9 9JL A 
U1, 

Al. Isotropic hfs 

2.0028 2.0253 0.61 MHz- 5.12 MHz 3.21 MHz 

7 TYPE OF CENTRE: ZnO: Li non-axially distorted 

9XX 1yy gZZ All A. L Isotropic hfs 

2.0223 2.0254 2.0040 0.81 MHz 5il MHz 3.13 MHz 

TABLE 2.1 

Thermoluminescence experiments(53-55) seem to support the 

identification of the above ESR signal as a Li acceptor as well as 

giving information about the relation of the centre to the observ ed 

615 nm (= 2.02 eV) emission band. The crystals were excited at low 
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temperature by u. v. illumination during which two steady-state 

luminescence peaks were recorded, one at 530 nm (= 2.35 eV) called 

the green luminenscence and another at 615 nm (=2.02 eV) called the 

yellow luminescence. Both were found to be unpolarised. When the 

excitation was switched off the green. luminescence decayed rapidly 

while the decay of the yellow was slow. (observed easily over one hour) 

and becoming increasingly polarised as time went on. The yellow 

steady state luminescence could only be observed in Li doped samples 

and its intensity increased with increasing Li concentration. The 

crystals-were subsequently heated very slowly in the temperature 

range 4.2-300 0K in. which three thermoluminescence peaks were observed- 
0 at 350K, 120 K and 1500K. At the first two peaks the yellow 

luminescence was emitted while at 1500K the green was observed. The 

emission observed at 350K and 120 0K (yellow) had the same characteristics 

as the corresponding one recorded during the afterglow, i. e. it was 

heavily dependent, on the Li concentration and was strongly polarised. 

During the thermoluminescence, simultaneous ESR and thermally 

stimulated current (TSC) measurements were taken. The previously 

discussed ESR signal due to the paramagnetic Li centre (identified 

by its g value) was found to decrease while the yellow luminescence 

was being emitted and at the same time a TSC was recorded. These 

two effects were observed at both emission temperatures of the yellow 

luminescence. They are interpreted by assuming the following model 
(5 3). 

While the crystals were slowly heated (slowly enough to 

guarantee equilibrium conditions) electrons were liberated from 

shallow electron traps into the conduction band 'Y simple thermal 

excitation. These electrons then recombine, vi ; he conduction band, 



-49- 

with the paramagnetic. lithium centre turning it into an effectively 

negatively charged centre which as we have seen is diamagnetic and 

unobservable by ESR. During the recombination process the electrons 

lose energy by dropping into the lithium traps and consequently emit 

radiation-of 615 nm-(= 2.02 eV). The thermally stimulated current 

originates from the short time the electrons spend-in the conduction 

band. This model evidently assumes the existence of two shallow 

occupied traps from. which electrons jump into the conduction band 

at the two respective emission temperatures. 

These electrons can recombine at either the axially or a 

non-axially, distorted paramagnetic centre. -If recombination at the 

axially situated oxygen ion (0-) occurs the emission will be polarised 

parallel to the c-axis whereas if it occurs at the non-axial 0- the 

polarisation will be perpendicular to the c-axis. Accordingly the 

observed degree of polarisation should be(53) 

1+ s(1/3 + 8/3 P-1) 
pm4m 

+1+ s(5/3 + -j PM) 

where III , I, are the parallel and perpendicular intensities of the 

observed thermoluminescence and s is the ratio of the concentration. of 

axial to non-axial centres. When the ratio of the respective ESR 

intensities was used for s, equation (2.3.1) was found to reproduce 

satisfactorily the observed polarisation . Alternatively -,., . 

assuming as previously a Boltzmann distribution relation for s 

relation (2-3-1) may be used to obtain the energy by which the axial 

site is preferred (by the hole) to the non-axial one. By fitting to 

the experimentally observed polarisation Pa value of 13 meV is 

obtained which is close to the 15 meV obtained from ESR. 
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A similar recombination process can explain the 520 nm 

thermoluminescence 
(53). 'Dingle (56 ) has shown that the green 

emission is-due to a recombination at a substitutional Cu 2+ 
centre. 

2+ -+ The excited (Cu 0) state of the centre can be formed in the following 

manner. At 1500K at which the green luminenscene is observed, thermal 

release of holes from the paramagnetic Li centres into the valence 

band can take place. These can be subsequently trapped by various 
2+ hole traps such as the Cu centre. This centre is then in its excited 

state (Cu ++ 0-)+ and can receive an electron -. -via the conduction band, 

originating from an electron trap near the conduction band edge. 

Evidence for the release of holes which produce the excited 

(Cu 2+ 0-)+ centre comes from the ESR experiments of Schi mer(52) who has 

3+ obserVed that as the Li centre signal decreases that of the Fe increases. 

This was also observed in the thermoluminescence experiments of 

Zwingel (53 ) 
at temperatures greater than 1500K when the yellow emission 

was decaying and the green was becoming dominant. From an analysis 

of the thermoluminescence curves Zwingel deduced the following 

approximate values for the electron trap depths which produce the free 

electrons available for recombination, 

Emission temperature Energy below Ec 

35K (yellow) 30 meV 

120K (yellow) 120 meV 

150K (green) 600 meV 

0 

TABLE 2.2 
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Seitz et al(57) obtained 0.4 eV for the electron trap at 150K. The 

reason why we have been rather extensive in oyr discussion of the 

green emis I sion although it bears no direct relationship to the Li 

centre is because the inverse optical process - the absorption at 

520 nm - is an excitation for the g,, = 1.9948, gj. = 1.9963 signal 

discussed in section 2.1. 

None of the experiments described so far gives any information 

about the nature of donors (electron traps) ne ar Ec from which electrons 

are liberated to recombine with either the Li or Cu centres via the 

conduction band. Cox 
' et al(58) have however shown by. optically 

detected ESR that one kind of an electron trap participating in the 

yellow luminesence is the centre giving the g=1.956 signal, discussed 

in section 2.1. In the experiments of Cox et al(58) the microwave 

energy input is kept constant and the change in the yellow luminescence 

is recorded as"the magnetic field is varied. 

The neutral donqr-acceptor pai rD0A0 (which transforms 

into-D + A- upon recombination) has a four-fold spin degeneracy, given 

by the spin hamiltonian. 

MgD'SD + aH. 9A*SA 

which is lifted by the magnetic field. (exchange and spin orbit coupling 

are omitted). Four levels are produced which can be labelled as 

++, +-, -+ and --; ortly'the +- and the -+ states are radiative and 

their occupancies are altered by the microwave input giving a change 

in the observed luminescence (see Fig. 2.3 The peak corresponding 

to the donor was found to have ag value of 1.957 + 0.001. 
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It must be stressed however that the experiments were 

performed at 1.8K and it is not at all certain that at this 

temperature the donor states from which electrons originate to recombine 

with the Li acceptor are the same as the donor states at 35K and 120K 

in the thermoluminescence experiments. Furthermore, the ESR 

experiments of Cox et al (as well as the thermoluminescence of Baur 

et al(55) show that at 1.8K the recombination process is direct and 

not via the conduction band. This is in agreement with the calculated 
(53) 

values of the trap depths at 35K and 120K by Zwingel . We discuss 

these points further in the next section where we propose models of 

the' defect structure of ZnO. 

25 

20 

3-. - LN 1T Alog Cf 

2 
.0 

3600 3200 gaUSS 

H 

Fig. 2.3: Microwave-induced change in the 
yellow luminescence of ZnO: Li at 
1.8 K with H along c-axis, f=8.63 GHz. 
(a) microwave power = 15 m14, 
(b) microwave power = 1.5 W. Vertical 

scale units are arbitrary but 
the same in (a) and (b). 
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2.4 MODELS OF THE DEFECT STRUCTURE OF ZINC OXIDE 

In the previous sections of this chapter we made a comparative, 

study of the ex0eriments of various individual investigators on the 

oxygen and zinc vacancies, the Li acceptor and any defects associated 

with them. As it is our intention in this-section to produce models 

consistent with as many of the described experiments as possible, it 

is essential at this stage that we separate the experimental facts 

referring to the, ambiquous case of the oxygen vacancy from the two 

interpretations givenAn section 2.1. No such ambiguity exists for the 

cases of the zinc vacancy and the lithium acceptor and therefore we will 

only mention here those experimental facts relating to these two centres 

that, we think, will contribute to the resolution of the above ambiguity. 

These facts are the following: 

(1) There is'an anisotropic ESR signal with g,, = 1.9948 

and g,. = 1.9963 which is highly photosensitive. 

The appearance of this signal is always accompanied 

by an enhancement of the 410 nm (= 3.03 eV) absorption 

band. Its optical excitation peaks at 530 nm 

(=2.34'eV) and at 400 nm (= 3.1 eV). 

(2) The hyperfine structure of this paramagnetic centre 

is consistent with a tetrahedron of zinc atoms. 

The centre is produced after an electron irradiation 

of 310 KeV if Li acceptors are present or after 

900 KeV if the samples are pure (as-grown). At 

900 KeV there is a drastic decrease in conductivity. 

After annealing these samples the threshold appears 

at 310 KeV. 
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(3) Two other photosensitive paramagnetic centres 

have been recorded near g=1.96 with no hyperfine 

structure which are produced under reducing conditions. 

Their trap depths have'been found to be 0.5 and 0.3 eV. 

Both kinds of samples (the ones with the 0.5 eV level 

and the ones with the 0.3 eV level)ýshow Orominent 

green luminescence. 

(4) Both the zinc vacancy and the lithium acceptor exist'' 

in their negatively charged states in the crystal in 

large numbers. To these experimental'observations we 

ýadd the possible interpretations of'the greenIuminescence 

'at 530 nm as a recombination at a substitutional Cu 

centre. The ground state of this proces s is the Cu++ 0-- 

conf i gurati on. 

We will first tackle the anisotropic signal because there are 

many more experimental facts available about it than about the 

g-z 1.96 centre. and because there seems to be only two distinct 

possibilities for its atomic nature: an oxygen vacancy or an oxygen 

interstitial. Any conclusive identification of the anisotropic signal 

will determine to a large extent the possibilities of the gz1.96 

centre being a positively charged oxygen vacancy.. We start the 

discussion_by identifying the 310 KeV and 900 KeV referred to in (2) 

above as the thresholds for the production of oxygen and zinc vacancies 

respectively. Such an assumption is justified in our view, as can 

be concluded from the contents of section 2.1, and has been used by all 

investigators, so that in no way does it predetermine any of the two 

proposed identifications. What does shift the balance between the 
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g1l = 1.9948, g, = 1.9963 signal being an'F + centre or an oI xygen 

interstitial are the actual solid state reactions producing the 

defects, which we now examine. We will at first assume that no Li is 

present. The role of the Li acceptors will be discussed as we go 

along. 

At 310 KeV the defects produced cannot be in their paramagnetic 

charge states (at least in substantial amounts) because they would be 

detectable by ESR. In addition the net effect of any combination of 

r. eactions taking place should be to decrease the conductivity 

(experimentally that is how the threshold was determined although the 

decrease at 900 KeV is drastically. greater than at 310 keV). Hence 

the possible reactions are the following: 

0 310 KeV 0+v ++ 
s0 

+e 
310 KeV 0-- +V 

0 +2e 
310 KeV 0-- +V 10. i 

0 310 KeV 0+v+ 
s0 

0 +e 
310 KeV 0- + VO 

s sp 10 

0 -310 KeV_. 0? + V, 
0 

in small amounts 

in small amounts 

in small amounts 

(2.4.1) 

(2.4.2) 

(2.4.3) 

(2.4.4) 

(2.4.5) 

(2.4.6) 

it is premature at the moment to decide which combination of 

reactions is orcurring and therefore we go on to examine the second 

threshold at 900 KeV at which zinc is displaced. As we have seen 

the zinc vacan*cy can exist in its negatively charged state in large 

numbers. 
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This fact together with the simultaneous drastic decrease 

in conductivity (over four orders of magnitude) with irradiation 

leads us to the conclusion that the main reactions taking place are 

ZF 900 KeY 00 nsp. Znj + VZn (2.4.7a) 

0+e (2.4.7b) VZn Vzn 

Alternatively we could write 

900 Key 0 Zn 
s+e 

Znj + VZn (2.4.7c) 

Although it should be evident, we should stress for the sake of 

completeness of argument that the electrons dropping into the V0 Zn 

come from the conduction band. 

The crucial question that needs to be answered is why is it 

necessary for the zinc vacancies to be created (or alternatively the 

Li acceptors to be present) before either the oxygen vacancies or 

interstitials can be in their paramagnetic state. This latter state 

can be created if either an electron drops into the diamagnetic state 

or if an electron is liberated from the diamagnetic state. In either 

case the zinc vacancies (or the Li acceptors) must play a catalytic 

role as an intermediate state in a transition - involving the 

unidentified centre - which is otherwise forbidden. We will take this 

point later. For the time being we return to the problem of deciding 

which combination of reactions from the set (2.4.1). - (2.4.6) takes 

place. 

Now under illumination in the visible the unidentified 

defects turn paramagnetic. Call the process in which electrons are 

liberated from the diamagnetic state process a and the opposite one 



-57- 

process ý. If process a occurs the dominant reaction from the 

set (2.4.1) - (2.4.6) is 

0+ 2e--o. O-- +V0 (2.4.8a) 
Is 

i10 

followed at 900, KeV by 

either v0v++e (2.4.8b) 
00 

or Oi 
i+e 

(2.4.8c) 

If process a occurs the corresponding reactions are 

either 0 0,0-- +V ++ (2.4.9a) 
Si0 

followed at 900 KeV by 

vo +e --#Vo (2.4.9b) 

or 0 0? + vo (2.4.10a) 
s10 

followed At 900 KeV by 

O'i +e P'Oi (2.4.1 Ob) 

It should be emphasised that neither reaction (2.4.9a) 

nor (2.4.10a) can give a decrease in conductivity such as is observed 

during electron irradiation at 310 KeV. Such a decrease occurs as 

a result of reactions (2.4.2) and (2.4.5) taking place simultaneously 

with reactions (2.4.9a) and (2.4.10a) respectively. However, because 

of Fermi-Dirac statistics the number of V+ or O-i produced by reactions 0 
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(2.4.2) and (2.4.5) respectively is small compared to the number 

of V++. 6r 0?. Thermodynamically, the irradiation cannot produce 

a defect ex clusively in one charge state. The electron state Oi must 

lie higher up in the band gap than the 0? electron state and hence 
I 

it must be less populated. ' Similarly for V+. It i's reasonable then 
0 

to assume that reactions (2.4.9a)'and (2.4.10a) can, take place if 

process a occurs during irradiation', 'and the observed drop in 

conductivity'is 'due to (2.4.2)"and (2.4.5) which respectively accompany 

them'butýtM V+ or 0- produced are -not in numbers high enough to be 
0 

detected by ESR. 

We contend that process a(where electrons drop into the 

diamagnetic defect to make it paramagnetic) is the prevailing one for 

the following reasons. 

If for every oxygen displaced there were two electrons 

trapped from the conduction band (as reaction (2.4.8a) 

indicates) there would have been a drastic reduction 

in conductivity similar in magnitude to the one at 

900 KeV. Such a decrease is not observed. 

(2) We have indicated that the zinc vacancies (or the 

Li acceptors) play a catalytic role in the Production 

of the paramagnetic state by serving as an 

intermediate state for the electronic transition involved. 

But as we have seen electrons drop into the zinc 

vacancies, when the latter are produced at 900 KeV, 

and subsequently upon illumination the paramagnetic 

state is produced. Hence the electronic transition 
I 

must be from the negatively charged zinc vacancies 
to the diamagnetic centres. This argument is in 
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accordance with statement (4) made at the beginning 

of this section. so that when lithium is the catalyst' 

the corresponding electronic transition is from the 

negatively charged Li acceptors to the diamagnetic centres. 

Having decided on process ý as the type of excitation optical 

illumination brings it is possible to go even further and decide between 

reactions (2-4-9) and (2.4.10). According to the latter neutral oxygen 

interstitials and vacancies are produced. The interstitials are then 

converted into the paramagnetic state 0- by electron trapping. However, i 

we think that the production of V0 is highly unlikely. The neutral oxygen 0 

vacancy consists of two electrons in a vacant oxygen, site. The absence 

of the strong binding f. ield of the nucleus coupled with the Coulomb repulsion 

between the two trapped electrons will make this defect highly unstable. I 

In fact it has-been suggested as the most likely possibility for the donor 

state at 0.05 eV below Ec which makes zinc oxide highly n-type at room 

temperature. Hence if V0 were produced they should have been immediately 
0 

ionised into V+, something which is not consistent with experimental 0 

observation. (The instability of Vo is another argument against process a) 0 

taking place, c. f. (2.4.8a). 

Furthermore it. is-probable that reaction (2.4.10b) could have 

taken place at 310 KeV whereas (2.4.9b) probably could not which brings 

us back to the catalytic role of V Zn, The reason for this is the 

following. Electronic transitions between the conduction band and an 

isolated defect involve the matrix element `cýdl*cP' where is the ýd 

electronic state Of the isolated defect, 
-ý cb the states in the conduction 

band and A the momentum operator. The conduction band of ZnO is composed p 

essentially of 4s states (see' section 3.2). A single electron in an 

oxygen vacancy (F+ centre) will occupy the orbitals available on the four 

zincs surrounding the vacancy (see section 4.1). Consequently transitions 

between this state and the conduction band have very low probability because 
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they involve the matrix elements 

q (r-R. )Jipjý 
s 11 s 

where'the ýs are s-type orbitals centred on the zinc sites RI. For 

ijAj however* I. Bi-R 
01 

is a second nearest neighbour distance and the 

above elements are bound to be small. On the other hand the electronic 

transition of (2.4.10b) involve matrix elements of p between wave- 

functions"separated by a much smaller distance and hence are bound to be 

larger'than the above elements. By the same token transitions between 

the V- centre and the F+ centre have much Mgher probability than Zn 

transitions between the latter and the conduction band and therefore the 

V Zn centre can play the role of catalyst. by providing an intermediate 

state. 

We are thus led to reaction (2.4.9) as being the most probable 

reaction and consequently the paramagnetic oxygen vacancy as being 

the defect giving, the anisotropic ESR signal. It should be clear 

, 
by now why the conductivity does not increase upon production of 

V+ centres. We remind ourselves that Hausmann and Schalenberger (45) 
0 

(c. f. section 2.1) used the experimentally observed decrease in 

conductivitY to argue that V. centres were not produced since their 

production would - in their view - increase the conductivity. We 

state again for the sake of completeness of argument that their point 

on the observed anisotropy of the wavefunction (c. f. section 2.1) being 

improbable for an F+ centre (V +) is not valid as will be shown 0 

It should be noted that <ý s(r-Bi)1P^1yn-Ei)>' = 0. 

tThe wavefunction of the V Zn centre consists of p orbitals centred on 
the oxygens nearest to the vacancy (see section 5.1) 



-61- 

in chapter four. Again for the sake of completeness we should 

state that Hausmann and Schalenberger (45) take the point that'reaction 

(2.4.9) is the dominant one but contend that Oi are produced by 

liberation of an electron from 0; -. This is a combination which we 

have not examined. It can however be excluded on the_grounds. that (a) 

electrons drop into the diamagnetic defects to convert them into their 

paramagnetic state and (b). such a combination could have taken place 

at 310 KeV. It must however be stated that for the combination of 

reactions as suggested by Hausmann and Schalenberger we cannot use the first 

argument on page 58 to show-that pýocess (O-)-i§'the prevailing one. 

In the final analysis we do not think that the identification of 

, 
the gj = 1.9948, gj. =, 1.9963 has been established. On the other'hand 

we do think that the balance is much more in favour of the signal being 

due to an oxygen vacancy rather than an oxygen interstitial. We will 

now consider the optical properties of the centre. As has been stated 

the production of the centre occurs simultaneously with an enhancement of 

the 410 nm (= 3.03 eV) absorption band. In addition the optical 

excitation of the centre peaks at 530 nm and approximately 400 nm.. 

It must not, however, be immediately concluded that the two 

absorption processes near 400 nm are due to the same microscopic 

process although allowance should be made for it. In other words 

it is not necessary that the process which gives the crystals the 

characteristic yellow colour is the same as the one which excites the 

centre. If we assume that the centre is an F+ centre a possible 

explanation for the colouration of the crystals is that the 410 nm 

absorption is due to a transition.! between ground and first excited 

state. Such an attribution is quite standard in alkali halides and 

4 
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has also býeenýstrongly suggested 

similar to ZnO) and MgO. It has 

state of the F+ centre in ZnO no 

the valence band Ev 

The optical excitation 

that the excitation at 530 nm (= 

for ZnS (a II-VI compound very 

the effect of locating the ground 

more than 0.3 eV. above the top of 

Df the centre is quite interesting in 

2.35eV)-- by far the. most prominent 

in terms of the change of intensity of the paramagnetic centre - 

corresponds, macroscopically, to the reverse phenomenon of the green 

luminescence. Under these circumstances it is quite tempting to 

suppose that the excitation at 530 nm is due to the reverse microscopic 

process from that giving rise to the green luminescence. Dingle(56) 

I (see also section 2.3) assumed the green luminescence to be due to. a 

recombination at a Cu++O-ce-ntre. The reverse microscopic process would 

be an electronic transition from this centre into the conduction band. 

These electrons could then drop, via the catalytic role of the zinc 

vacancies or the Li acceptors, into the diamagnetic defects to make . them 

I paramagnetic. A similar process originating from an unidentified 

level 3.1 eV below the conduction band edge could explain the 400 nm 

excitation (and possibly be another interpretation for the yellow 

colouration). 

We do not think that the effect of optical illumination'is 

to pump electrons directly into the diamagnetic centre from either 

the zinc vacancy or the lithium acceptor. The value of 400 nm (= 3.1 eV) 

as an optical transition between the negative zinc vacancy and the F+ 

centre is inconsistent with the experimentally measured position of the 

V- level in the band gap while the position of the negative lithium Zn 

centre is inconsistent with both the 530 nm and 400 nm values for 

transitions from it, to the diamagnetic centre. However the possibility 
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that the 530 nm (= 2.35) and the approximately 400 nm (= 3.1 eV) 

excitations correspond to direct electronic transitions into the 

oxygen vacancy (or oxygen interstitial) from deep levels other than 

the zinc vacancy or the Li acceptor cannot be ruled out. In that 

case the energy level of the-paramagnetic defect cannot be located 

lower than 0.3 eV below Ec However if such a transition constitutes 

the excitation of the centre, it will be hardto understand the catalytic 

role of the above mentioned acceptors. Finally for reasons which 

we have already mentioned we do not believe that thý- optica. 1' e'; -c-itation 

0 is connected with liberation of electrons from Vo (or 0, - centres). 

Now that the examination of the experimental evidence has 

shifted the balance towards the g,, = 1.9948, gj. - = 1.9963'signal 

being an F+ centre, the possibilities of any of the centres near g 1.96 

being such, seem even slimmer. Such possibilities are reduced even 
(59) further by the implications of the work of M. 

-Gree'n 
and I. R. Lauks 

We remind ourselves that the strongest argument for the identification 

of any of the signals near g=1.96 as positively charged oxygen vacancies 

is that they are produced under reducing conditions. * However Green 

and Lauks have demonstrated that heating ZnO crystals below 1200K 

results only in surface decomposition while the bulk remains unaffected. 

If that is. the case then we can automatically exclude the g=1.96 

signal appearing in the samples of Mookherji(43 ) and Hoffmann and Hahn(42) 

as being due to an F+ centre. In both these cases the heating in vacuum 

was performed at a temperature of approximately-9000C. Carbon monoxide 

reduction employed by Mookherji is expected to have the same effect, 

i. e. leave the bulk essentially unaffected. The view that some of 
these signals --which lie in the-range of 0.5 eV below the bottom of ' 

the conduction band. - are due to surface states is also supported by 

the work of Luth(60) who claims to have measured at least three surface 
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states-in the range 0.1 - 0.6 eV below Ec (see table below). 

Table 2.3 

(1100) (0001) (0001) 
Prism surface 0 surface Zn surface 

EC-ES EC-ES Ec--ES 
(meV) (meV) (meV) 

185' 185- 185 

370 370 

450 

570, 570" 

870 

1500 1500 

Note: E energy of surface state. Estimated 
s 

uncertainty 20%. 

The samples of Hausmann(40) were heated at temperatures 

greater than 1200K so that the above arguments are not so indicative 

of surface states. It must be stressed though that at temperatures 

greater than 1200K one gets both bulk and surface defects so that the 

possibility that the g=1.956 signal, appearing in- the investigati ons of 

both Hausmann 
(40) 

and Born et al(41), is due to a surface state 
m 

cannot be excluded. Fina-lly, we., note -that this g value (1 ., 956) is 

the same - within experimental error - as the g value of the unidentified 

donor from which, in the experiments of Cox et al(58) discussed in 

section 2.3, electrons are liberated to directly recombine with the 

lithium acceptor emitting the yellOw luminescence. In addition the 

trap depth (0.52 eV) of the unidentified paramagnetic donor calculated 

by Born et al is in accordance with the trap depth (30 meV) of the 
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electron trap associated with the yellow luminescence at 35K (c. f. 

section 2.3) in the following sense. At 35K it is reasonable to 

suppose that this unidentified donor D will be in its diamagnetic 

state D0 with two electrons in it. Then 30 meV is the energy to 

take one electron out of this state and produce the paramagnetic 

D state (be it an F or other centre). The value 0.52 eV is then 

the energy to take the second electron out and into the conduction 

band which in our view is a reasonable value. - 

0 

S 
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rl4APTFP I 

THE BAND STRUCTURE OF ZINC OXIDE 

3.1 INTRODUCTION 

In- this, chapter we aýe- going to present two parametrized model 

hamiltonians which give the band structure of zinc oxide. Our choice 

of methodology necessitates the knowledge of the perfect crystal energy 

eigenvalues, at each k point since it involves the calculation of the 

Green operator G0 in some representation. The latter is entirely 

determined by the eigenvectors and eigenvalues. of the system (qf. 

eq. 1.2., 22 ) so that a knowl'edge of the band structure of zinc oxide, 

will be enough for the calculation of the relevant Green operator to 

be-used in-eqn. (1.2.35). 

There are, however, additional reasons for constructing model 

hamiltonians. Although zinc oxide has been considered by'all, authors 

that we know of as an ionic material (as indeed-we have) it does have 

certain features characteristic. of a covalent semiconductor. It is, 

for example, tetrahedrally bonded (wurtzite structure). Its band-gap 

(3.4 eV), although large compared to the group IV semiconductors, is* 

much lower than the corresponding values of ionic materials and finally 

its dielectric constant has a value which is not uncharacteristic Of 

covalent semiconductors 
t. It is desirable therefore to construct 

both an "ionic" and a "covalent" model and compare them against a 

standard KKR calculation, the validity of the results of which have 

been tested by, experiment. In other words decide whether Bloch 

tValues of effective charges on each dtom have been quoted for ZnO 

'indicating 
strong ionicity (as we would expect); however, we 

think that this concept is ill-defined and not very reliable. 
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functions constructed from an atomic basis set or 

functions from a hybrid (covalent) set are more appropriate for the 

matrix representation of the perfect crystal hamiltonian. Certain 

points must be stressed before we go on. No KKP, calculation is free 

from initial assumptions of ionicity or covalence concerning the 

muffin tin potential used in the calculation. In addition the fact 

that one or the other model fits better to a set of KKR results cannot 

lead us to conclude that the material is ionic or covalent. If, 

however, one model reproduces better certain qualitative features such 

as degree of curvature of the bands (but certainly not the symmetry 

features which must be common to both models, being dictated by the 

point group of the crystal) then we can take the basis set used in this 

model as being more representative than the other of the states involved 

in the case of the perfect crystal. This question is not without 

relevance to our main topic which is the defect states in ZnO. The 

I electrons in these states - at least the ones we consider - are 

localized on the anion or the cation sites of ZnO and hence knowledge 

of the type of states present in the perfect cyrstal will be valuable 

Jor the choice of basis set when the perturbation, is present. 

-The eneýgy eigenvalues to which we fit were provided by the 

KKR calculation of W6ssler (61) 
. He calculated eigenvalues at the 

middle and end points of. the following symmetry axes i, nk space: AL, LM, 

Mr, M, AH, HK, Kr (see Fig. 3.1). His results were confirmed 

experimentally by the optical (reflectivity) measurements of Klucker (62). 

Subsequent work showed that the d bands were deeper than originally 

calculated by *ssler. This point is, however, of no real interest 

-. to us as we have omitted any dbands from our models of the band 

structure. The fact that the d bands are deep simPlY Justifies our 

decision to neglect them. Before we leave this section we wish to 

clarify the meaning of the term "fit". In our model hamiltonians 
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the k independent factors in the matrix elements are left uncalculated. 

as in the Slater and Koster (63) 
approach to the LCAO method and are 

subsequently determined by minimising the root mean square deviation 

of the eigenvalues of the model hamiltonian from the KKR values. 

In fact our "ionic" model is a usual Koster-Slater LCAO parameterization. 

As for the "covalent" model, we employ'the Weaire and Thorpe (64) 

hamiltonian which we adapt so as to include the wurtzite structure 

features, i. e. the anisotropy of the hexagonal c-axis and the presence 

of two kinds of atoms in the unit cell of the crystal. 
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3.2 THE ATOMIC ORBITAL REPRESENTATION 

According to the ionic point of view there is an electron 

transfer from the zinc atoms to the oxygens when the crystal is formed. 

The outer electronic configuration of oxygen in its atomic state 

is 2s2p with the 2p shell occupied by six electrons. Zinc, on the 

other hand, has two electrons in the 4s level so that crystal binding 

is achieved by the transfer of the two 4s electrons from zinc to the 

oxygen 2p level thus filling it and setting up the necessary. 

bon'ding forces'ý*. We are interested in representing the upper filled 

valence band of the crystal which contains six E-k branches and the 

lower unfilled conduction band which contains two E-k branches. 

�I 

x 
U 

It 

.1 

11 

. cl Zn 

--- 

d 

-ý L//-N. - 

Fig. 3.2: The unit cell of ZnO 

Now the unit cell of ZnO contains four atoms: two oxygens and two 

zincs (see Fig. 3.2). It is not unreasonable then to attribute the 

tWe emphasise again that we are not interested here in the kind of 
bonding forces but merely the type of orbitals occupied. 
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valence band to the splitting - within the LCAO approach - of the 

two sets of oxygen 2px, 2py, 2pz levels (one set of 2p states for 

each. 'oxygen atom in the unit cell) and the conduction band to the 

corresponding two 4s zinc levels. Then the secular matrix will have 

the following fom. ' 

<Sj. jHj5j>'<SjH 152> <s, IHIX, > <S, IHlyl>, <sllHlzl> <s, I, Hl ý2> <sIH IY2> <s, IH IZ2>1 

<S 21HJS2ý" <S2 lHlxl'> <s 2 
IH lyl>"<s2lHlzl> <S2 IHI X2> <S2 JH IY2> "ýS2 IH IZ2>1 

<X, IHIXI> <X, IHIY, > <X, IHlzl> <xIH I. x2> <x, IH IY2> <k, IH IZ2>1 

<y, lHlyl> <YllHlzl> <y, JHJýj> <y, IH IY2> <YIHI Z2> 

. <zl IHlzl> <il IHI x? <zl IHIY2> <zl IHIZ2>1 

<X 21HI>e2 <x2 IH ly2> «2 IH lz21 

"ýY2 IH 1 Y2ý' <Y2 1H1 Z2ý" 1 

2 
IHlz 

2>1 

In the matrix above the subscripts T and 2 denote the two atoms 

of each kind present in the unit cell. sl and s2 are Bloch functions 

constructed from s atomic orbitals centred on the respective zinc atoms, 

i. e. 

Is, 5E exp(ik. 
1 (3.2.1) 

i 
Rin, i) s*(L--Rln, i) > 

Is Z exp(ik. 
22 (3.2.2) 2>ýi -rZn, i 

ýs(r-BZnj) > 

and x1s Yl, zl' x2,, Y2' Z2 denote Bloch functions constructed from p 

orbitals centred on the corresponding oxygen atoms. As it is 

advantageous - and in fact the nom as well - to have an orthogonal 
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basis set, the ý's are Lbwdin type of orbitals, i. 6. atomic 

orbitals which have been orthogonalized by the symmetric Lbwdin 
(65) 

orthogonalization procedure 

Our task now is to find expressions for the elements of the 

secular matrix. Fortunately this problem is considerably reduced by 

the fact that the zinc and oxygen sublattices are each - when taken 

separately - an hcp lattice. In fact the wurtzite lattice can be 

thought of as two interpenetrating hcp lattices. Hence we only need 

to ca%ulate expressions for the hybridization elements between the 

s and the p type of orbitals since those involving only s or only p 

orbitals are available through the work of M. Miasek(66) who obtain'ed 

expressions for the LCAO matrix elements of an hcp lattice with first 

nearest neighbour interactions only. Table 3.1 shows the relevant 

hcp matrix elements (as deduced' by M. ýiasek) that we need for our 

parametrization of zinc oxide. Note that the two-centre approximation 
(63) has been used to reduce the number of of Slaterand Koster 

parameters and consequently the undetermined integrals appear in 

molecular orbital notation. 

The general expression for the hybridization elements 

. ýsjHjp> is (dropping for the moment the indices 1,2) 

<slHlp> E exp E ik '(aZn-49, rOp(. t-BO)H Os(!: SZn )d3 r 
_Bo=nn 
of-RZn 

(3.2.3) 

where ýp is a p-type orbital centred on an oxygen with position vector 

20 and ýS is an s-type orbital centred on a zinc atom with position 

vector-RZn which - in our case - we take to be a nearest neighbour 

to R 0' We wish now to be more explicit and consider in detail the 
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Table 3.1: Matrix components of energy expressed in terms of 
two-centre intervals 

TAiuz IIL Matrix components of energy expressed in terms of two-center integrals. 

s0+2 (ssir)j (2 cost cos, 7+cos2t) 
2 (m), cosr[(2 cost cosi7l+cosh)+i(2 cost sinh-sinh)] 
2i(spv), (sinZcosyj+sia2t) 

(S/X) 
12 -2 (sjýr) i sini cosf (sin li -i COSIO 

(S/Y) II Mi (spw) I cost sinq 
($/Y) 12 fv3(spir), cosrE(cost cosin-cosb)+i(cost sinh+sinh)] 
(SA)n -2(-. /1) (spah sinr[(2 cost sinfl-sinh)-i(2 cost cosiq+cosh)] 
(S/xy) I1 -3 (sda-) i sinE sinq 
($/Xy)lt - (sdo) i sint cipsr (sinin -i cos 

-2 (VI) (sdw) I sinr[(cosZ sin h+sin b) -i(cost cosil -cos I,, )] 

-2v'-F(sdw)l sint slnr(cosjj+i sinb) 
-v3(sdo, )j(cost cosq-cos2t) 
J, 4(sde)l cosrE(cosj cosh-cosb)+i(cost sinjj+slnb)] 

a - (sdcr)1(2 cost cos7l+cos2t) 
0130-912 (s&r), cosr[(2 cost cosiq+cosh)+i(2 cost sinh-sinh)] 
(x/z)lti po+[(Ppcr)i+3(ppr)il cost cos7l+2(ppa, )i cos2ý 
(Z/X) 12 .- cosr([(ppc, ) 1+3 (ppir) t] cost cosjj+2 (ppir) i cosh) +i cosNE(PPw) t+3 (Ppr) il cost siniv -2 (Ppr) i sin hý .. 
(Z/Y)U (ppir), l sint sim? 
(Z/Y)n Sint cosc(sinji-icosh) e 1, 
(Z/Z)LI -2(Vi)[(Ppw), - sint sinr(cosiv+i sinin) 
(X/jy)lt (Pd)9+s*[JCbde)i+vJ(pdx-)j] cost sin7l 
(XIZY)12 COSMI (Pd-)l+IV3(Pdr)tl cost cosh- lv'3(pdr) 1 cosh) +i cost ([I (Pdw), +IVI(pdr), ] cost sinJ7 

+IZ(pd. )l sinin) 
(-'I xY)n-[(NII) (Pde)t-fv2(Pdr)il sinE sinr(coslv+i sinin) 

(X/=) 12 sint(-[v7(pd-r)t+2(Vj)(Pdir)j] cost siniv+2(%/I) (pdr), sinb)+i sinr([v7(P&r)t+2(-v/1)(tdx-)JcosI 
Xcosh+2(%/I) (pdr), cosh) 

(z/z2-yt)ll i(-Eivl(pda, )1-3(pdir), ]sinicos,, +v7(pdr)lsin2t) 
(X/Zf -. ys) 13 - (y/xy) I's -I BVI (Pda, ) 1+5 (Pdr) I sint cosr (sinin -i cosij) 

' (Z/, 30-14)lt -i(Pdr)i (Sint cOsj+sin2t) 
(z/3z$-rl)ls -[(Pde)i-jv3(jdw), 3 si 

, 
nt cosr(sinin-i cosin) 

(7/7)11 Po+[3(PPo, )t+(Ppr), ] cost cos7l+2 (ppir) , cos2f 
. (YIY) 12 ), +Il(ppr), ] Cost sinji 1 CosC(E(PPa, )i+ll (PPv)il cost cosjv+2[(ppa, )j+2(pplr), ] cosb)+Ii cosr([(ppw 

-2[(ppr), +2(ppir), 3 sinfl) 

(Y/412 - JV2[(-Ppw)i- Upr), l sinrE(cosf siniv+sinh)-i(cost cosh-cosh)] 
. (Y/XY)ll i([JV3(pde)i-(Pdlr)jls! nEcosn+2(pdir)lsin2t) 

1 sinCt -N (tile) x+ 10 (%/D (Pdr) il cost sinh+2[v2(pdff) ,+ Wj) (Pdir)i] sinh) +ji sinr([v2 (td, ), 
+10(-. /I)(Pdr)il cost cosh+2[v2(pdw), +(Vj)(pdT)j] cosiq) 

cost si=7 (pd)o 
(y/z2-y, )12 i cost (B (Pdcr) t- (7/3)V3 (Pdlr) J cost cosh+2[i(p&), +Ivl(pdr)ljcosln)+Iicosr([I(Pdq)I 

(7/3)vl(pdw)il cost sinjj-2[j(pdV);. +Jv7(pdir)j] sinfil) 

-Vli(p&), cost sinq 
- L- cosh) +i(cost jjnjj+sinjn)3 I[vl(p&)1-4(pdir), ] cW[(cosj cosh - 

(S/Z) 'P@+2(ppr)1(2 cost cosq+cos21) 
JE2 (Ppa) i+ (ppir) II cosr[ (2 cost cos In +cos h)+i(2 cost sinh-sinh)] 
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hybridization matrix elements involved in the calculation. These 

are twelve and are the following 

<sl lHlxl> <S21 11,1 X2> 

<sllHly, > <S2 IH IY2> 

<sllHlz, > 'ýs, JH IZ2> 

<S 21HIx 1> <s, IHI X2> 

<S 2 
lHlyl> <s, IH IY2> 

<S 2 lHlzl> ' <S, IH IZ2> 

The wurtzite structure-can be described in the following 

manner. Each zinc is surrounded by a tetrahedron of oxygens and vice 

versa. The tetrahedra of alternative layers are crystalographically 

inequivalent and differ by a rotation of 1800 around the c-axis. In 

addition, in-each tetrahedron - say one centred on a zinc atom - the 

oxygen atoms on the vertices are notall equivalent (see Fig. 3.3). 

The axially situated oxygen carries the same subscript (1 or 2) as 

the zinc in the centre and the basal oxygens carry the other subscript. 

In other-words each zinc atom has one oxygen nearest neighbour of the 

same kind and three of the other kind. Hence there is only one pair 

of nearest neighbour interactions involved in the first two columns 

above (<silHlpi> i=1,2) and three pairs in the last two columns 

(<si IHI pj > iyt=j ,ij=1,2). 
Of these twelve elements the following four are identically 

zero because of symmetry requirements: <sllHlxl> , <sllHlyl> ', 

<S 2 
IHI x2> . <S2 IH IY2>'* We consider in detail the first <sllHlxl> 

The potential in the crystal has mirror symmetry with respect to the 

yz plane (see Fig. 3.1), i. e. the plane perpendicular to the x-axis 

through the origin. On the other hand the px orbital is antisymmetric 

with respect to the same plane and finally the s-orbital tY mmetric. 

Hence the integrand in this element is an odd function an. the integral 
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vanishes. Similar arguments can show that the other three matrix 

elements are zero. The remaining non-zero matrix elements have 

the following fom 

<S 11H1z, > <s21 H lz2> = Ce i k. r 4 (3.2.4) 

<S 2lHlxl> Dxl e+ x D2 2 eii-I: 2 + -- D3X 3 eit-I: 3 -- (3.2.5) 

< s2lHlyl> D-'. e'! '1'1 + 1 my, 2 e'! -1: 2 + Dy. 3 
AJ3 (3.2.6) 

ýs 2 iHlz, Dz e 
ik. rl + 1-- Dz 2 

j k. 1: 2 + - Dz 3 eik. Z3 
- (3.2.7) 

<s, lHl x> 2 
x' 1 k. I: j De+ 1 

x' D2 ik rý e2 -* -+ 
x' D3 ik. r e (3.2.8) 

<sl 1 Hi y2> 
11k. r' DY e -1 + 1 Dy- 1 k. 1: 1 

e-ý+ Dy-' ik rl e--, 3 (3.2.9) 

<sllHlz2> = 
, Z& i k. jfl + D, e- Dz' 2 e 

ik. r' --2 + V D3 ik r, e -* -3 (3.2.10) 

The symbols rl, 12 ,r3 and r4 denote the position vectors of the oxygen 

at the vertices of a tetrahedron relative to the zinc at its centre. 

The superscript ' denotes the corresponding quantities in the 

tetrahedron of the next layer which is rotated by 1800 relative to the 

previous one. The notation for the integral factors multiplying the 

k dependent phase factors should be selfTevident. 

We now make use of the two Centre approximation to reduce 

the number of parameters (the D's) appearing in the above hybridization 

set of matrix elements. According to this approximation we have 

0 
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<ýSJHJýX> = Z(Spa) 

%JHJýY> = M(Spa) 

qs Hn (spa) 

N 

where Y., m, and n are the direction cosines of the lines i3ining the 

atomic sites on which the s and the p orbitals are centred and 

consequently all the above D parameters have been reducod to one. All 

that remains to-be done now is to calculate explicit numerical values 

for the various direction cosines and position vectors appearing in 

eqns. (3.2.4) - 3.2.10). As this is a very simple matter of geometry 

we merely quote the results. For th. e case of the position vectors 

we 6irectly quote the products k. r and also use the notation of 
kxa k, c 

Miasek(66) C2-5 ýn =2, ý==I- 

Arguments of exponentials 

k. rl =- n/3 - ý/4 

k. r2 ý- n/3 - V4 

k.. n3 = 2n/3 - C/4 

n/3 - 4/4 

n/3 - V4 

2n/3 - C/4 

Direction cosines 

For ri Fo r r2 Fo r r3 

-473 1 r6-/ 3k=0 

m2 v'07. / 3m2 A751 3m=4 AF. "5/ 3 

n 1/3 n .. -. 1/3 n =-1/3 
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The direction cosines of r' will have the same n as the corresponding 

r but opposite I and m. 

We wish at this point to make a certain clarification. 

We have stated that the matrix elements appearing in the work of 

Miasek for the hcp lattice are appropriate for the block-diagonal 

part of our secular matrix, i. e. for the elements involving s or p 

orbitals only. This is not exactly true. What is true is that these 

elements have the same phase (k dependent) factors as the corresponding 

elements of the wurtzite, structure and hence have the same symmetry 

properties. However certain integral factors which are zero in the case 

of. the hcp lattice will not be zero in the wurtzite structure. Those 
iii 

of interest to us are specifically q JHJý'> 
, <0 IHIO >, i 1,2. 

x z- yz 
The reason for this is that the point group symmetry of the wurtzite 

lattice is lower than that of the hcp lattice and certain operations 

present in the latter will be absent in the former. In particular 

mirror symmetry with respect to the xy plane does not exist in the 

wurtzite lattice and consequently the factors above will not be zero. 

In our minimisation we have put the corresponding matrix elements 

equal to. zero since one way or the other the basic symmetry (number 

of degeneracies at each k point) will remain the same and since we 

are only interested in constructing a model parametrized hamiltonian. 

Certain tests we have performed showed that the presence of these 

elements will not make the fit to the R6ssler eigenvalues 

substantially better. It is interesting to note that our model 

hamiltonian shows the same accidental degeneracies as the results 

of Rdssler. 

Inspection of-oUr secular matrix shows that'our model 

hamiltonian contains six parameters. These are the following: sos 

SSCIS p0, ppa, Pp7r, SPCF. They can be grouped in three categories 

0 
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according to their function. s0 and p. control the mean values 

of the conduction and valence bands respectively (i. e. shift 

them rigidly), ssa, ppa and ppTF determine, the amplitude of 

oscillations along any k direction and finally spa-controls the 

hybridization between the conduction and valence bands. Determination 

of the values of these parameters (fitting) is accomplished by 

minimising the sum of the squares of the differences between the 

Riossler results and the corresponding eigenvalues of our secular 

matrix. 

For this purpose we used the subroutine E04FAF of the NAG 

library which is specifically designed for functions which are of 

-the form of a finite sum of squares. For a description of the operating 

principles of this subroutine see Xanthakis(67). The minimisation 

was performed in stages. Initially ssa, ppa, pp7Tand spa were kept 

constant and so and p0 varied until the sum of the squares of the 

deviations was made minimum. Then the parameters controlling the 

amplitudes of the E-k oscillations, i. e. sscr, ppa and pp7r were varied 

and finally spa. The process was repeated-! -'starting with the values 

obtained from the previous minimisation as the new values of the 

parameters - until no appreciable change was observed. The values 

finally obtained were the following (in eV) 

so = 7.4382 sscr = -0.7800 spcr = 1.0236 

po = -1 . 5841 ppa = 0.3460 

pp7r= -0.0110 

The final RMS deviation was 0.25 eV although most eigenvalues within 

2 eV from each edge of the band gap did not deviate more than 0.2 eV 

from the W6ssler eigenvalues. The largest deviations occurred at the 

top of the conduction band. Our E-k curves are shown in Fig. 3.4. 
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Figure 3.4 
Band structure of ZnO; citomic orbital representation 
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3.3 THE HYBRID REPRESENTATION 

In the covalent picture of solids bonding is achieved through 

the sharing of electrons in bonds. Consequently the most 

representative basis for this picture are the Sp3 hybrids. Taking 

directly matrix elements of these orbitals with respect to a 

arbritary hamiltonian having the crystal symmetry would result in a 

considerably complicated matrix with a large number of parameters. 
IIt, 

We therefore want to simplify the situation by using a hamiltonian 

which exhibits all the relevant characteristics of a covalent solid 

but which is simple enough to have a matrix representation with a 

number of parameters (the meaning of the term parameter to be 

identical to that used in the previous section)-approximately equal. '. 

to the number used in the Slater-Koster parameterization of 3.2. 

The Weaire and Thorpe hamiltonian (64) 
provides us with a solution 

to our problem. It was introduced in the early, 1970's to study 

the electronic, spectrum of amorphous semiconductors. It can also,, 

of course, -be used in the limiting case of ciystalline solids. As 

it was originally employed for the case of silicon which is a 

considerably simpler structure than that of wurtzite, we will first 

describe it and then see how-it can be extended to the case of ZnO. 

The Weaire and Thorpe hamiltonian contains essentially 

interactions (in the sense of overlap of one electron wavefunction) 

between bond orbitals on the same atom and, between bond orbitals of 

adjacent atoms but pertaining to the same bond. In, Dirac notation 

it reads 



-81- 

vilfii >qUil V21ýij>'5ýVjl (3.3.1) 

The index i denotes the position of the atoms and the index j the 

bonds around each atom. The latter runs from 1 to 4 as tetrahedral 

bonding is assumed. The ý's are assumed orthonormal so that 

qijIýiIiI> V describes the interaction of different 

bonds on the same atom and V2 the interaction of electrons in the 

same bond on adjacent atoms. Notice that no diag*onal terms are present. 

For the case of silicon where all the Jýij> will be the same, 

diagonal terms of the fom 

Iýij ><ýijl 

will produce the same constant along the diagonal of the secular 

matrix and hence merely shift the origin of the energy axis. 

Let us now consider how this hamiltonian should be extended 

to include the features of the wurtzite structure of ZnO. To start 

with all diagonal terms should be included since in this case the 

presence of two kinds of atoms will make such terms unequal. 

Secondly, since the hybrids (the ýij) on oxygen atoms will be 

different from the ones on zinc atoms, the parameter VI should be 

differentiated according to whether it refers to interactions 

between bonds on zinc or oxygen. Finally, to account for the fact 

that the axial bonds are crystallographically different from the 

non-axial ones (existence of the c-axis in hexagonal structures) 

the value of V2 should be different when j denotes an axial bond. 
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Therefore to comply with the requirements of the wurtzite 

structure the Weaire and Thorpe hamiltonian should be written as 

j, i=Zn 

sublattices 

cZn II tj>< ' "j +E 
i li=0 sublattices 

eolisjl><i, ii + 

Zn 0 
+ V, Ii, P< i'VI +EV, li, j><i, j, l 

jjIj, ýj Iij Jý, j, 
i=Zn subl. i=O subl. 

+ VJ Ii. j><i',, jI (3.3.2) 
j, i, il 2 

i7&i 

Orthonormality is still present so that 

<i, jIi,, j'> = Sii, 6 JV (3.3.3) 

To obtain a matrix representation of this hamiltonian when 

both the zinc and 
ýxygen 

sublatti"ces are ordered, i. e. when we 

deal with crystalline ZnO we need to define firstly a translationally 

invariant electronic structure, i. e. the orbitals of interest in a 

single unit cell and secondly the corresponding Bloch functions. 

Our choice of orbitals is shown in Fig. 3.5 together with the basis 

vectors defining the positions of the four atoms in the unit cell. 

On each of these atoms there is a set of sp3 hybrids. The hybrids 

on the zinc and oxygen atoms are thought to be made up exclusively 

from the outer s and p orbitals of atomic zinc and oxygen respectively. 

The numbering of the orbitals follows the values that the bond index 
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j takes on each atom. Now the corresponding basis set of Bloch 

functions is 

0 

6.2 

'o 

po lqg:: Pý o 

.3 
Z-n 

i, 
v '10ý 3 

Fig. 3.5: Orbitals used for the basis of 
the Bloch functions 

i k. rz 
e IL, tj> i=1,4 

ik. ry I ý2j > e. IL2, j> J=1,4 

1 ý3i >=LZ. eLk*U ILVj> iz1,4 
AZ 

ý4j >e 
ik. rZ IL4'j> i=1,4 

(3.3.4) 

(3.3.5) 

(3.3.6) 

(3.3.7) 
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where, N is the number of Bravais lattice points, r. the 

Bravais lattice vectors and ILi, j >, j=, 1,4, i=1,4 denotes 

the set of sp 
3 hy 

, 
brids which is centred on Li = r. + big i=1,4. 

LI and L3 refer to zinc atoms whereas L2 and L4 Wer to oxygens. 

It can be seen that the resulting secular matrix will 

be a 16 x 16 matrix. To make matters easier we partition it into 

smaller 4x4 submatrices-S and indicate schematically below which 

part of the basis set the submatrices refer to. 

'I, II ýl ý* -, 
1 ý2> ' 

q, sl S2 S3 
-S 4 

<ý21 S* 2 s 5 s 6 s 7 

<ý31 S* 3 S* 6 s 8 s 9 

<ý41 S* 4 S* 7 S* 9 s 10 

We have dropped the bond index j so that, say 1ý1> indicates the 

four lVij>. We are now going to deduce explicit expression for 

the matrix elements in each submatrix. S using the hamiltonian (3.3.2). 

Submatrix S, will have the following form (the submatrices 

being hermitran we only write the upper triangle) 

Si = 

vZn VZn v Zn 
'zn 111 

vZn vzn '-Zn 11 

vZn 'Zn I 

'Zn 
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That all the diagonal tems of this submatrix will be equal to 

EZn is, we think, quite obvious since the only part of the 

hamiltonian which can link a ýij to itself is the term 

eZn 
j, i=Zn 
sublatt. 

Zn To see how all the off-diagonal terms of S, are equal to V, we 

operate on Jýij> with the hamiltonian. To save writing we omit 

all terms in the hamiltonian which include annhilation or creation 

operators referring to oxygen sites as all these will give zero by 

virtue of the orthogonality requirement (3.3.3). The same holds 

true for the diagonal terms of the hamiltorfian involving cZn. Then 

Hjýjjoi> v Zn li, j>< i'jlj j! i k. rz 
i=Zn subl 

ik. Zn 
"j > e 61 silo i=Znsubl. 1 L, i 

0 

eik*rX z VZn IL 

i k. 
<fij, JH1 ýijo> EeZ' VZn KL [L, j> N Z, £' i lioi 19 11. 

where 

=1E e'ý- 
(a- It I)EV 

Zn 6L Ll' ýjj' 
N xgzl i -i ýj to II 

N VZn =v 
Zn 

iI 
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Following the same lines of argument it is easy to show 

that the form of the submatrix S5 is 41 

S5- = 

E v0 
0 0 

vo v0 

1-0 v0 1 

E0 0 

and that'S8 =SI and S lo =sF. 

We now come to a consideration of submatrix S6 which links, 

through the hamiltonian (3.3.2), zinc Bloch functions to oxygen 

Bloch functions and which consequently is boun'd to contain k dependent 

phase factors. To get explicit expressions for the elements of S6 

we operate firstly with 
' 
the hamiltonian on 1ý3j> and then multiply 

on the left with the brA < V2jl.. For the sake of brevity we'now omit 

the diagonal and V, terms of the hamiltonian since all of these 

can only link zinc Bloch functions to themselves or oxygen Bloch 

functions to themselves. Then 

ik. ry 

ik. ry 

vj li, 
si ><i jI IL 

2 3j' > 

inn of iI 

. li. j> 661 V2 L 3' jj 

inn of i' 
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i k. rt Le vj 2 

i 'nn of L3 

i k. 1 
2i , 

JHJý 
3jl> =N, 

-Ee.. 
EIv2 6L if 6j'j" 

Z'ZI, i-2 

i1nn of L3 

i k. (ri -a, Vi Ee2 
Z, v 

Xnn of V 

1, 
V!, eik. 2 

where rt., is the nearest n, eigbour of rZowith the same bond index. 

Hence submatrix S6 will have the following form 

V2 000 

SVe00 6,2 

Veik A2 0 2 

0 

where k. R k. E =-2ý 2 

Similarly the form of. the matrices S21 Sq and S4. will be 

0000V2e ikoR3 000 

SS000V eik. 
R4 00 

2942 

00 V2 e'k-' 
R5 0 

V0 L v2j 

where _k. 
R3"= -2 c) -ý-B4 = -E -n-2; M5 = -24 
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Finally, subma'Cri. ces S3 and S7 Will both contain only zero 

matrix elements because the V2 interaction involves only nearest 

neighbours (on the same bond) while the orbitals making up the 

Jýlj>'and 1*3j> Bloch functions (or the 1ý2j ->and 1ý4j > for that 

matter) are separated by a second nearest neighbour distance. 

All in all, the number of parameters is six, the same number 

as in the Slater-Koster minimisation. Following the procedure of 

section 3.2 we group them according to their function in the 

hamiltonian as follows: 

E. VZn Vax Zn 12 

e vo Vnonax 
.011 12 

Determination of these parameters is achieved by fi. tting again to the 

R6ssler eigenvalues. The procedure is the same as in section 3.2, i. e. 

the same minimisation subroutine was used and the minimisation performed 

in stages, in each stage only one group of parameters being allowed 

to vary. Certain points need to be 
' 

clarified though. In contrast 

to the atomic orbital representation the order of our secular 

matrix is in this case 
'16, 

and so is the number of its eigenvalues. 

We therefore have to pick up the eigenvalues that correspond to the 

oxygen p and zinc s bands and take the differences of these from 

the RBssler eigenvalues. Care must also be taken to make sure. 

that the bands appear in the correct order, i. e. first a set of two 

s bands followed by a_, set of two p bands - eight E-k branches in all 

I corresponding to the oxygen levels - followed by an identical pattern 

of bands corresponding to the zinc levels. 
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Paying attention to these points the minimisation subroutine 

was run giving the following values for the parameters (in eV) together 

with an RMS deviation of 0.5 eV. 

Zn ax 7.5 V= -19.7 V=7.1 Zn 12 

C -1.26 V0= -23.3 nax = 6.7 012 

The eigenvalues of interest obtained from the Weaire and Thorpe secular 

matrix when the above values are used for the parameters are shown in 

Fig. 3.6. Inspection, of these bands reveals the following characteristics. 

It can first of all1be-seen that the valence band contains a doubly 

degenerate absolutely flat E-k branch. As a consequence accidental 

degeneracies occur at points such as A, r, K and others. The appearance 

of k independent bands is a, characteristic feature of the Weaire and 

Thorpe hamiltonian. In fact had we not introduced the differentiation 

of V2 along the c-axis the number of absolutely flat E-k branches would 

have been two. In general the curvature of the bands is considerably lower 

than that of R6ssler. In addition the band-gap is very badly reproduced 

(approximately 30% larger). 

The curvature of the bands was found to be fairly insensitive 

to the values of the parameters. In addition it was found to be 

insensitive to the introduction of new parameters and their values. As 

we have' already stated the hexagonal structure of ZnO requires that 

the value of V2 shouId be different along the c-direction from any of 

the-other three*bond directions. But the hexagonal structure of ZnO 

also requires that the interaction between two non-axial bond 

orbitals on the same atom sho*ul'd be different from the 
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Figure 3.6 

Band structure of ZnO; hybrid represzntation 

I< 
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corresponding interaction between a non-axial and an axial bofid 

orbital, in other words V Zn 
and VO should also be both 

differentiated according to bond direction. In our minimisation 

program we allowed for such a possibility once the above six 

parameter values have been determined but no significant 

improvement in the RMS deviation was obtained. We are therefore 

forced to conclude that the poor fit we obtained using the Weaire 

and Thorpe hamiltonian is not only a resOlt of the simplicity of 

this hamiltonian but must also be related to the use of the 

hybrid basis set. These qualitative deficiencies of the hybrid model 

together with the high PJIS deviation from the RUssler eigenvalues 

(more than double the corresponding deviation in section 3.2) leads. 

us to adopt the Slater-Koster model which after all is simpler in 

that its secular matrix is 8xB (instead of 16 x 16). In future 

when we use the term secular matrix we will mean - unless otherwise 

stated w- the secular matrix of. the Slater-Koster model. 
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CHAPTER 4 

THE F+ CENTRE 

4.1 FORMULATION OF THE PROBLEM - CALCULATIONAF THE GREEN FUNCTIONS 

The F+ centre is, as we have seen, the only defect " from the 

family of defects we have treated - whose experimental identification 

is not yet resolved. Until recently (1977) there were no conclusive 

calculations for the F+ centre in ZnO. (The calculation of Wruck(68) 

in 1971 could only produce an estimate ofthe-uppe iý:, E66in-d"o ? "'t Ie 

position of the level -Wei 
(ý9)'in 1977 was 'the first 

to' 
tackle'-the 

problem using a semicontinuum model that was proposed bi Fowler(70 ). 'for 

the F+ centres of the alkali halides. He obta'Ined a first excitation 

energy of 3.1 3 eV but no-value for the ratio of wavefunction values at 

the two inequivalent zinc sites. since he chose the ground state to be 

a hydrogenic ls wavefunction centred on the vacancy site. Harker (71', 72) 

in 1978 employed a cluster calculation based on the pseudo-potential 

concept. to obtain a. transition e. nergy of 5.31 eV and a wavefunction 

ratio of 1.05. 

In this chapter we describe our Green functions calculations 

of the F+ centre which give values for all observable quantitigs of 

interest, namely thýe position of the ground state, the first excited 

state and the ratio of wavefunction; values mentioned just above. " It 

will be shown that such values support the view that the anisotropic 

signal discussed. in section 2.1 derives from an F+ centre. As it 

is desirable to know how these quantities vary with respect to the 

position of the ground state in the band-gap we will both derive values 

for the matrix elements of the potential and also treat them as 

parameters. We begin by tackling the most important question, namely 
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the expansion of the defect wavefunction in tems of a basis set. Such 

an expansion is of particular importance in view of the discussion 

in chapter 1 about the applicability of the Green functions method when 

a long range perturbing potential is involved. It should be clear 

from the experimental evidence presented in section 2.1 and discussed in 

2.4 that the wavefunction of the F+ centre is fairlywell localised around 

the four nearest zinc neighbours of the oxygen vacancy. It seems 

reasonable therefore to expand the wavefunction in 

terms of an orthogonalised (according to the Owdin procedure). 

set of four 4s zinc orbitals centred on the first nea. rest neighbours 

of the oxygen vacancy. Such. an expansion is in accordance with the 

"ionic" view of the perfect crystal (see sections 3.1 and 
. 
3.2) and with 

the strong hyperfine structure observed for the centret. 

Consequently1we write for the defect wavefunctions 

3 
pl>+ IR 

where Ipl, > is an orthogonalised axial (w. r. t. the vacancy). 4s zinc 

orbital and JRi >i1,3 are the-corresponding basal orbitals, see 

fig 3.2. 

tWe use the word strong in spite of the considerably smaller amplitude 
of the subsidiary peaks as compared to the central resonance peak of 
the esr spectrum to indicate that the defect wavefunction must have a 

67 large value at the zinc site bearing in mind that Zn has a natural 
ab undance of only 4%. 
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In the notation of chapter 3,1P >= 1ý 1> 
and IR >2>. 

' The matrix ss 

representation of the Green operator is, therefore, (again because 

of hermicity we only give the upper triangle) 

<p IG olp > <p IGOIR 
1, > <p IGOIR2 >< plIGOIR 3 

<R, IGOIR, --> <RIIGOIR2 >< R11GOIR 3> 

<R 2 IGOIR2 >< R21GOIR 3> 

0 <R3 IG IR 
3> 

Symmetry requires that all the diagonal, elements are equal and so must 

be all the off diagonal ones so that the evaluation of the above matrix 

reduces to the calculation of two Green functions only. In principle 

of course <p, IGOIR: >=j <RiIGOIR. > but because we have used the two-centre 

approximation for the hamiltonian in section 3.2, the above statement 

is correct. 

We start from the spectral representation of Go equation 

Go =E 
Ik, n >--< k, n I 

- 
ILn E-- En (li) 

(4.1.2) 

where 1, L, n > are the eigenfunctions of the perfect crystal hamiltonian 

HIDI'l, n >= En(k) 1h., n > (4.1.3) 

Then 

< plGolv >E 
<u1j, n ><h, niv >. 

j, n E-EnW 
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where 1P > 1v > may be any of the Lowdin orbitals used in section 3.2, 

so that the determination of the factors <111k, n > and <k, nlv> will 

essentially solve the problem since the rest will only involve an 

integration over the Brillouin Zone of the crystal. 

We wish now to have a notation consistent with the secular 

matrix of section 3.2 and therefore we label the orbitals jp> 

with two indices i, k, the index i indicating the corresponding unit 

cell and X denoting its position within that cell and its type. 

Therefore we write (see fig. 3.2) 

li, l > for 
1 

ýs 
1 

Cr-Bý- ) 
li, 2 > 

2 
s 

(. r-Lz? ) 

i, 3 > 
x I 

i, 4 > 01 4) li y 

li, 5 > 1 
z 

li, 6 > 2 
x I 

li, 7 > 
2 (r-R? ) 
y - -I- . 

li, 8 > 
2 
z 

and R ri+ b 

2 
ri+b 3 

0 
r. +b I -1 -2 

4 0 
1 

0 4 

R. n +b i 4 

7 R6 
-i 

7 
-Ei 

_ri 
being the Bravais lattice vectors and the b's the basis vectors. 

In other words. the second subscript follows the rows or columns of 

the secular matrix of section 3.2. In this notation'we have 

8 
Ik, n> 1: a. (. L, n) lk, k 

k-- 1 (4.1.5) 

4 
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where I 

1N ik. IkZ >e- 
Ef Ii 

't > (4.1.6) 

and a. are the eigenvectors of the secular matrix of the perfect 

crystal hamiltonian. 

We then get 

8 
< jilk, n >LEa. 1: eLae ik. Rý- (4.1.7) 7 

where are the indices describing the orbital Ip. 

Similarly, 

<I> at,, e- 
ik. R i (4.1.8) 

sQ that we finally have (using the indices, i, 9. to describe the 

Lowdin 'orbitals) 

018aa,,, e1 
fli 

<i <G Ii NEE 
n=l E-E 

n 
(k) 

-(4.1.9) 

The summation over k can now be replaced by an integration over the 

Brillouin Zone of the crystal so that the Green functions become 

8aRR 
< il, VIG01i'laill >zfB. Z. dk7 

VB. Z. n=l EE 
n(ý) 

(4.1.10) 
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V B. Z. being the volume of the Brillouin Zone. The integral over 
_k 

was evaluated numerically. A Fortran program was written for this 

pur pose in which the eigenvalues of the secular matrix of section 3.2 

were used 'for the En (h) and the corresponding components Of its 

eigenvectors for the a.. The program worked very well. in terms of 

convergence, the attained accuracy being better than 3% (measured as 

the difference of the final value from the value of the previous 

iteration). The results of our computation are shown in figs. 4.1 and 

4.2. 

We originally tried to simplify the problem of the evaluation 

of the Green functions by employing a spherical average approximation 

which is frequently used, i. e. fitting each of the E-k curves to the 

parabolic form Eo + ak2 and performing the k integration within a 

sphere of volume VB. Z. A careful examination'of the results of Rdssler 

shows that with the exception of the conduction bands the rest are too 

complicated in shape to be fitted by such a simple 'expression and even 

the former cannot be represented as parabolic except within a limited 

energy interval. However our original motivation was based on our 

hope that hybridization between the valence and conduction bands was 

not very importantý-and we could consequently ignore the presence of 

the valence bands, on account of the fact that we were only taking matrix 
I 

elements of Go between zinc orbitals. Such an assumption proved to be 

an invalid one and at the: end the spherical average approximation was 

not used. Howeyer several interesting features of the validity of this 

approximation emerged while trying to simplify the problem by the 

use of such an approximation. We, therefore$ describe below the 

calculation of the required elements of Go when the spherical average 

approximation was employed, compare their values to values obtained by 
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Figure 4.1 

Diagonal elements of G0 betw(zen s wavef6nctions 
as a function of energy in the gap. 
Computed numerically. 
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Figure 4.2 
2-8 

M3 
Off-diagonal elements of Go 

x- (2 between s-type wavefunctions 
(eV)-' as a function of energy in the gap; 
2-6 numerical computation employed. F,. 
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numerical computation - being much more accurate since no such 

approximation is involved - and then discuss these interesting features. 

mentioned above. To avoid the problem of which bands are important 

we will only deal with the Green functions of one single band, namely 

the lowest branch of the conduction bands which can be fitted very 

accurately to a parabola in the relevant energy range. 

Consider first the diagonal elements of G0 between any of the 

orbitals i. n the expansion (4.1.1). From equation (4.1.10) we have 

for ji'X> =>= say lp, > 

pIlGolpi >' v1fd3kIa, 

(1) 

* 

12 

B. Z. E-E 
ct 

(k) 

We have used the superscript ' to indicate that the above Green 

function is not the complete one but only the part referring to the 

lowest branch of the conduction band which we have labeled ECI(t) and 

the first component of the corresponding eigenvector as simply al(u. 

As we have already pointed out when we employed the spherical average 

approximation we neglected the presence of the valence bands. Therefore 

in this approximation the conduction bands can be represented by ý 
the much. simpler matrix. 

<s, IHIS, >-<SIIHI S2> 

<S 2 
jHjsj> <s 2 IH IS2ý* 

, L-- I 

For convenience of notation we now write 

<s, IHISI> = <S 21HIS? 6k 

<s, IHIS2> = '<S21 HIS I>= l1k 
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The eigenvalues of this matrix are 

El 'ý Ek -Irlkl (4.1.12a) 

E2 = r: k +lTlkl_ (4.1.12b) 

and its normalised eigepvectors can be taken to be 

Tlk 
for the eigenvalue ý: k - Ilki 

41TIkI 

for the eigenvalue ý: k + ITIO 
v/21nk I 

.2 
The quantity jal(L)l is then simply a constant equal to 1/2. 

Introducing the parabolic representation of the lowest conduction band, 
2 

i. e. putting Ect(k) = El E0+ cLk we finally get 

< pli GO I P, > <Ri I Go Ri >' s Ph'&e 0fd3kz 2V B. Z. volume V E-E 
0 -ak 

B. Z. 

(4.1.13) 

. 
Several points have to be made about the parabolic fitting 

procedure. The value of Eo is the value of the conduction band edge, E 
c 

which occurs at r, the centre of the Brillouin Zone (hence the simple 
22 form ak and not, say, a(j-jo) ). The value of the parameter a, 

which determines the curvature of the parabola, will depend on the k 
2 

points chosen io fit 0. We fitted the expression Ec + ak not to 

the whole of the lowest conduction band (say to the thirteen k points 

chosen by RUssler) but to the part of the band along Ar and 1% k 

directions. The reasons for this are that (i) it is only within this 

energy range that the band has a parabolic form, and (ii). -tjost of' 
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of the points within the sphere of integration in'eqn. 

(4.1.13) above fall within this energy range. 

The fit. was performed by the least squares method (as in chapter 3) 

ýnd worked-very well in that the RMS error was less than 0.05 eV. -'' 

The deviations at points other than the ones along Ar and rz were 6f 

course much greater. 

Now the three-dimensi6nal integral appearing in (4.1.13) 

can be evaluated analyticallyg the evaluation being given in Aýpendix A. 

We merely quote the result ýere 

<-pljGojpl>' <RiIGOIRi >' 
27r B tan- K 

aV B. Z. M 

where B =. V(E 
0- 

E)/a (4.1.14) 

km is the radius of the sphere in k space over which the 

int: egration is taken. It-remains to calculate the off-diagonal 

elements. We will consider the ones of the form <RiIGOIR i 1> iýjq 

the remaining off-diagonal elements of the form <p, IGOIRi> being 

equal to the former as we'have already mentioned. ' Again from 

equation (4.1.10) we get 

ja 2e ik. (R,. -R 
<R, IGOIR 1 fd 3k 2(1)1 

jl>' VB. Z. E-E aW 
ik. (R. -R 

d3ke1 
-j 

2V B. Z. sphere of E-Ec-ak 
volume V B. Z. 

where Ri is the position vector of the atom on which the orbital IR i> 
is centred. This integral cannot be evaluated analytically, as the 



-103- 

Previous one could, but it can be reduced to a one-dimensional one. 

The derivation is-given in Appendix B. The advantage of using the 

spherical average approximation is that the reduction to a single 

dimension enables us to use standard integration subroutines of the 

NAG libraryt. Finally the values of the diagonal and off-diagonal 

elements calculated from (4.1.14) and (4.1.15) as a function of energy 

are given in figs. 4.3 and 4.4 respectively. 

The calculation of the corresponding matrix elements with no 

spherical average procedure employed was performed by using a simplified 

version of the program used in eqn. (4*1.10)...: *The simplification 

occurs as a result of the fact that only the lowest branch of the 

conduction band is considered and its energy as a function of k vector 

is readily available (c. f. eqn. (4.1.12a) being Ec2, = c: k -ITIkI * 

The results' for-ihe- diagonal and off-dia-gonal elements, are shown. in 

figs. 4.3 and-4.4 respective]Y-- 

observations. can be made. 

Upon co'Mpari4on the following 

The diagonal elements are reproduced very well by the spherical 

average approximation. The deviatiOns-of the approximate values from 

the values obtained numerically using the more representative expression 

Ok -ITIkI lie all in the range of 3-5%. This is hardly surprising on 

account of the fact that the lowest conduction band is indeed very much 

like a parabola for most of the interior of the sphere over which the 

integration is. taken. On the other hand the errors in the off-diagonal 

elements are substantially higher. They vary from 30-70% of the 

corresponding values obtained by numerical-integration. We attribute 

t Had the upper limit of the k integration been - instead of km in 

(4.1-15), it would have been possible to evaluate the integral 

by Cauchy's Theorem. 
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--Diagonal elements- of G of Me lowest 
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Figure 4 .4 
Off -diagonal elements of G" of the lowest bra och, 
of the conduction band as a function_ of energy 
in the gas-)' 
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this to the presence in eqn. (4.1.15) of the exponential factor 

exp (i. Lýaj-R 
a 

)) which has a harmonic variation with respect to k 

and therefore can be represented very poorly by a spherical average. 

We conclude that the spherical average approximation is reliable 

only for the diagonal elements of G ot, (none of which contain 

exponential, factors of the above form) and consequently numerical 
0 integration has to be used for the evaluation of G 

tWe must emphasise that the parabolic representation of a band is' 

only reliable even for the diagonal elements when the integration is 

carried over a sphere (of volume equal to VB. Z. ). Numerical 

computation using a parabolic representation but taken over the actual 
Brillouin Zone-gave values for Green functions that were in 

considerable error. The point is of course entirely academic. 
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4.2 CALCULATION OF THE POTENTIAL 

The second part in setting up the determinental scattering 

equation involves the calculation of the matrix elements of the potential. 

We have not up to now specified the form of the matrix U apart from 

the fact that it must have dimensions of 4x4 on account of the 
I 

dimension of the basis in the expansion of the wavefunction, eqn . (4.1 .1 
Evidently it will be very similar to the matrix representation of Go, 

i. e. of the form 

I v v v 
I I 

I V vJ 
V 

whe re 

V= <pllUlpl> = <RilUlRi> i*'=-*1,3 

and 

<p, IUIRi> = <RilUlRj> i=f-j i, j=1,3 

However the possibility should be allowed that <pljUjp, > 

is fractionally different from the <RilUlRi> and likewise the 

ýpljUjRi> from the <RiIUIR i >. The reason for this is that the 

potential along the axial direction in the unperturbed crystal is 

(4.2.1a) 

(4.2.1 b) . 

(4.2.1 

different from, the potential along the nonaxial directions so that 

the perturbing potential - introduced upon the removal (or 

displacement) of an oxygen 0-- ion - will be different in the 

neighbourhood of the axial zinc from that of the nonaxial ones. 

Experimental evidence for such a statement comes from the latest 
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measurement of the zinc-oxygen distance in. ZnO. It was found that the axial 

distance isV92R while the non-axial one is 1.97.3R. Th-erefore the 

electrostatic interaction of the zinc-oxygen ion pair should be 

marginally lower along the axial direction. 

Consequently we write the matrix U as 

v1 vI vi 

v2 V2 v2 

v2 v2 

v2 

(4.2.2) 

where V, = <Pl IU101 >' V2 0 <RilUlRi> i=1,3, v, = <PJIUI 
.Ri> 

i=1,3, v2= <RilUlRj>. ij-j, i, j = 1,3. 

We wish now to introduce a simplification of the above matrix. 

The hopping integrals v, and v2 are taken between orbitals separated 

by a second nearest neighbour distance. 'We therefore:. choose to equate 

them to zero as far as the solution of the determinental scattering 

equation is concerned. Then the matrix U becomes 

vi 0 0 0 

V2 0 0 

V2 0 

v 

vi vi 

V2 

V2 
(4.2.3) 
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Calculating VI and V2 separately and obtaini ng the small difference 

between the two which is associated with deviations of the potential 

from spherical symmetry is no easy task and we do not intend to undertake 

In fact in all Green functions calculations so far, where values were 

calculated for the potential matrix elements, a spherically averaged 

potential was used. We do want, however, to have a reasonably 

good approximation referring to both V, and V 2. In so far as the 

calculat ion of 
thi 

s approximation is concer 
I 
ned therefore we will for 

the rest of this section ignore the difference'between V, and V2 and 

treat them as equal. In section 4.3 we will expand on the physical 

consequences of the fact that Vjlý V2- For the moment* we put 

vi =V2=V. 

Following the discussion of section 1.4 we divide the potential 

U(r) into two terms, the bare potential Ub and the screening potential, 

U We will first treat the bare potential. Before we do that we 
S 

will recall several points we made in section 1.4. In principle one 

should employ eqns. (1.4.3) and (1.4.4)and calculate a self-consistent 

bare potential. In practice such a procedure is never adopted in 

a Green function calculation but instead either the matrix elements 

are treated as parameters or a one electron pseudopotential that gives 

a good band structure_is, used, to calculate the matrOx elements. 

However as it has been pointed out such a procedure is not always 

consistent. If real. (not pseudo) wavefunctions are employed, real 

potentials must be used. In our case of the F+ centre the simplest 

representation of the real bare perturbing potential is a simple 

hydrogenic one of the form -2/r. Such an expression is not far 

removed from reality. When an oxygen ion is removed from its site 

and an electron left behind trapped on the vacant site around the 
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four nearest zinc atomsIthe bare perturbing potential thus produced 

can be split into two parts: one due to an 0 ion and the other due to 

the difference in charge density between an electron in ap orbital 

on an oxygen atom and an electron in four s orbitals on the four 

nearest zinc atoms. The latter when spherically averaged around 
t 

the oxygen site should be very small . On the other hand the part 

of the bare potential-which is due to the 0- ion is very well represented 

by the -2/r form.. Being primarily interested in. getting a reasonable 

estimate of, V we take the entire bare potential to be,. -2/r, -i. e. we 

put 

'U 
b 

'-2/r 

Now 1 et 

<011%101ý" = <R ilUb 
lRi> z Vb 

<p, IUSlpl> -= <RiIUSIRi> =Vs 

so that 

V+V 

(4.2.4) 

(4.2.5a) 

(4.2.5b) 

(4.2.6) 

The orbitals appearing in (4.2.5) are as we have stated Lowdin 

orbitals, i. e. atomic orbitals which have be . en orthogonalised according 

to the symmetric, Ldwdin orthogonalisation Procedure. if we denote a 

set of atomic orbitals by loi>(centred on different atomic positions 
(65) indicated by i) the corresponding Ldwdin orbitals are given by 

tIn fact the charge density produ cing this part of the bare*'potential 
has a spherical average which is zero. 
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Al Iýi> (4.2.7) ij 

where A is the overlap matrix 

A ii = --<ýi Iýi> (4.2.8) 

In our case any. of the JRi> or lpl> will be a linear combination 

of four 4s orbitals each centred on the vertices of the tetrahedron 

of zinc atoms surrounding the vacancy and hence the majority of the 

sixteen terms implied in (4.2.5a) (and 4.2.5b) will be three centre 

integrals which cannot be evaluated analytically. Fortunately the 

problem can be easily simplified by neglecting (for the purpose 

of calculating Vb ) all'Aij for which i1tj as we show below. 

The overlap matrix has the following form 

MNNN 

MNN 
A (4.2.9) 

MN 

M 

M, N being both real and M >> N.. Its eigenvalues are 

EM-N triply degenerate (4.2.10a) 

E2M+ 3N simply is (4.2.10b) 

The corresponding normalised eigenvectors are 
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X, 

X2 ý (0 0, 
Y'2- ýz 

X3= (L s-190,0) 

for the triply degenerate eigenvalue and 

N 0.1,1. -D 

I 

for the remaining eigenvalue. All these eigenvectors are mutually 

orthogonal. The statement is noi a triviality. ' Since a degenýracy 

exists, xV x2 and x3 need not have been orthogonal to each other. 

Now let D be the diagonal matrix with the eigenvalues of A along 

its diagonal, i. e. 

We will have 

M-N 000 

M-N 00 

M-N 0 

M+ 3N 

(4.2.11) 

ADA + (4.2.12) 

where A is the unitary matrix of the eigenvectors of A which 

diagonalises it. Then the matrix A-I can be obtained from the relation 

AD-IA+ (4.2.13) 
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Let X, (M-N)-i and X2 (M + 3N)-ý . Applying (4.2.13) we 

get 

j xi 

A-e =1Z 
xi 0 

ii -i -i 

r2 v'2- 

00 

- (3X 1-+x2 )/4 (x2-X, )/4 (ý'2 - X, )/4 (ý'2 - Xl )/4 

(3X 1+ X2 )/4 (X2 - X, )/4 (X2 - Xl)/4 (4.2.14) 

(3X 1+X2 J/4 (X2 - Xl)/4 

(3X I+X2 )/4 

Using the binomial theorem to expand X, and X2 in powers of N/M up to 

first order we get 

M-i (1 N + (4.2.15a) 

X 2 M-1 0 3N 
M (4.2.15b) 

so that from (4.2.14) 

A M-i (4.2.16a) 

M-1 (N/2M) (i+. j) (4.2.16b) 
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Clearly then for the purpose ofýcalculating an estimate to Vb the 

Aij can be neglected as they are smaller in magnitude than the Aii- 

by a factor of N/2M. We can therefore use in eqn. (4,. 2.5) conventional 

atomic orbitals in place of the JRi> or [pl-,. 

We have chosen to employ Slater orbitals which are of the 

form 
C exp(-kr)r n-1 Ytm(elo) (4.2.17) 

where the angular part Yý. (e4) consists as usual of the normalised 

spherical harmonics, the -normalisation constant C is given by 

C= (2k ) n+j E2n). ]-i (4.2.18) 

and k is a parameter to be determined. 

The reason for this choice is that in the case of zinc 4s 

orbitals (or any s orbital in general) the diagonal matrix elements 

(eqn. (4.2.5a)) are reduced to two-centre integrals which can be 

evaluated analytically. In particular they take the form 

2C 2 
exp(-2kr) r8 dr 

Vb=0 (4.2.19) 

. 
20 

where we have taken the origin of the axes to be on a zinc atom, R 0 
indicating then the position vector of the vacant oxygen site. The 

value of k was determined by fitting the charge density corresponding 

to this Slater orbital to the charge density of an atomic zinc 4s 

Hartree-Fock solution as given by Herman and Skilman (73) The fit 

was performed by using values from the core region only for 

obvious reasons. 
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As was pointed out by Slater (74) 
the above integral 

can be given an electrostatic interpretation: it is the electrostatic 
ý: - 2 potential at point R0 due to the.! spherically symmetric charge density Cx 

8 
exp(-2kr)r centred on the origin. It is therefore equal to 

2R87 vbRC 2f 
00 exp(-2kr) r, drýU ýRo 

r exp(-2kr) dr (4.2.20) 
0 

Both of the integrals appearing in (4.2.20) above are standard ones so 

that performing, the integrations Vb comes out to be 

Vb = -7.06 eV (4.2.21) 

We now come to consider the screening potential and we are 

immediately faced with all the difficulties of app)ying linear 

I screening theory in ionic materials that were pointed out in section 1.4. 

The screening potential results from the reorganisation of the valence 

electrons near the site that has been perturbed. But the four nearest 

zinc atoms contain no such electrons (core electrons contribute very 

little to screening) not even to mention the absence of the valence 

electrons of the'oxygen that has been removed. Taking matrik,, elements 

such as eqns. (4.2-5) suggest is in effect equivalent to-sampling the 

potential in regions of low local electronic valence density and 

consequently in such a case screening theory is not. necessarily 

applicable in our view. In fact it will lead to overscreening. 

A better approach would be to use the electrostatic 

polarisation potential calculated by Wei(69) in his treatment of the F+ 

centre although his calculation of this potential is essentially 

classical instead of quantum mechanical. It has; however, the 

0 
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advantage of taking into account the absence of the missing oxygen 

ion and the localisation of charge on the anions. We describe it 

very briefly. 

The bare perturbing potential created by the vacancy is 

though to polarise the lattice by introducing both electronic point 

dipoles centred on the respective ions as well as atomic ones taken 

to be located at the cations. The electric field created by the 

polarisation is then taken to be the sum of the electric field of all 

dipoles, the potential of each being equal to ji/r where p is the 

appropriate dipole moment and r its distance from the centre of the 

vacancy. The value 
, 
thus calculated is thought to represent an average 

of the electrostatic potential in the neighbourhood of the vacancy -I 

More explicity an ion pair giýes a contribution to the polarisation 

potential of 

Z(cw a+ aa a_ 
++ 

. 47TN- 
_es(a++a_) 

ri ri ri 

where a+, a_ are the electronic polarisabilities of zinc and oxygen 

respectively, aa the ionic polarisability, N the number of molecules 

per unit volume, Z the effective charge of each ion and ri and r, the 

respective distances from the vacancy. The rest of the symbols have 

their conventional meaning. The above expression is summed over 

80 rings of zinc ions and 80 of oxygen giving the value Us = Vs - 2.87 eV. 

The central oxygen atom is of course omitted. 
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This value of Vs should be considered in our view as a 

mere approximation rather than a good estimate of Vs for the 

following reasons: (i) the values of a+ , a_ and aa used were 

calculated using a classical approach, (ii) the concept of an effective 

ionic charge is not-very reliable and (iii) the potential of an electric 
dipole is not exactly p/r but iicosO/r, ebeing measured from the axis 

of the dipole. In this respect the above value of Vs, may be an 

- overestimate within- the limitations of the model. Despite all these 

deficiencies we still-think it is probably better than linear screening 

theory because of the overscreening the latter would give rise to. 

To obtain a quantitative estimate of this overscreening and 

for purposes of comparison we performed a calculation using the 

Bassani- Iadoni si-Prezi osi (BIZ) dielectric function c(q) described 

in. section 1.4. In particular we Fourier invert the bare potential - 

taken again to be -2/r - to obtain 

ub (q) '-87r/q 2 
(4.2.22) 

We then divide by the BIZ dielectric function and revert back to real 

space to obtain'the actual (i. e. screened) potential U(r). More 

explic#lY we have 

1- ff 27T Ub (q) iq. r 2"dq 
sinO de do (4.2.23) U 

87-- -T .e -- q 
r, 

fOfofO 
c (q 

the polar angles e, 0 being in q space. This is equal to 

I. -1 00,7, r 
Ub (q) iqrcos6 2 U(r) =- -- f_ T7 eq dq dcose 

47r 
700q 
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1f. ub (q) 
- (-qT 47z2 0 P- 

e' qr 
_e 

iqr 
q2 dq iqr 

4 jp _ 
sin(qr) dq '24) 

7rr 0 qc(q) (4.2. 

Now, because of the form of the 'function c(q), the above 

integral in (4.2.24) was calculated by numerical computation. No 

particular difficulties arise as the integrand is finite at the 

origin (its value being r/E(O)). The computed U(r) is shown in 

fig. 4.5 for values of r between 0 and 5 atomic units of length. 

Beyond, this point the potential is of the standard form -2/e(O)r as 

we expect it to be. In order now to facilitate the calculation of 

V we fit t U(r) in the'range of 1 -c, 2c7 (in atomic units)ý to the 

expression -2/e effr- 
The reason for thi s choi ce of range forris 

that it is within this shell that the 4s orbital centred on zinc has 

appreciable magnitude. ceff was determined to be 3.0. 

The diagonal matrix elements take now the same form as in 

the case of the unscreened potential, eqns. (4.2.19) and (4.2.20) can 

be used again and the value of V becomes the value obtained for the 

unscreened potential Vb divided by c eff* 
-'We- get__ 

V =-2.35 eV 

This value is smaller by a factor of 1.78 from the value of V obtained 

previously --4.19 eV so that our initial expectations about the 

possible. overscreening if linear dielectric screening is used are 

+Again by the least squares procedure as previously described. The 
fit proved to be a reasonable one, 
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confirmed. For reasons which we have mentioned we think that the 

value-4.19 eV is more reliable and it is this that we are going 

to use in our calculations. 

6 

I 
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4'. 3 RESULTS - DISCUSSION 

We now come to consider the solution of the determinental 

scattering equation. We will initially assume that V1=V2=V. 

In such a case the determinental scattering equation takes the 

following form 

1 GIV -G 2V -G 2V . -G 2v 

det 
.I 
ý-G 1V -G2 V -G 2v0 

1-G IV 
-ýG 

2v 
I-Glv 

wýere 

G <p, IGOlpl> <RiIGOIRi> 

G2 <p, IGOIRi > <RiIGOIRj> iij 

Expanding the determinant we get 

G, (E)V +G (E)V) 3 (1 - GI(E)V - 3G (E)V) 
22 

The ground state is-given by the second factor (as 

from the form of the Green functions), i. e. it occi 

.1- 
(G, (E) + 3G2(E)) V=0 

1,3 

i J. =13 

0 (4.3.2) 

can be deduced 

irs when 

(4.3.3) 

Now the ground state eigenvector of the above matrix will, 

in general, be of the form (xl$ x2, x2l X2). From (4.3.1) we get 

GI V)x, - 3G 2VX2 =0 (4.3.4) 
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or 
* ** 

1-G V X2 1 
-3--G 

2V- 

But using (4.3.3) we have 

f 

(4.3.5) 

x 
72 

which holds irrespective of the value of V. In other words the ratio 

of the values of the wavefunction at the two inequivalent neighbouring 

zinc sites (axial and nonaxial ones) will be 1 irrespective of the 

position of the ground, state in the gap unless tKe value of V is 

differentiated along the'c-direction. 

We solved eqn. (4.. 3.2) numerically and We obtained the 

position in the gap of the ground and first excited states as a function 

Fig. 4.6 gives this variation. It can be seen that for 

V =-4.19 eV, which is our calculated estimate for the diagonal matrix 

elements of the potential, there is A ground state level at 1'. 08, eV below E 
C 

but no first excited state in the gap. We also observe that if the 

ground state is to appear at 3.2 eV below the conduction band edge 

E, which is the value, suggested by experiment (see section 2.1). the C 
value of V must be '-T. 75 eV while the corresponding excttation becomes 

IA eV (compared to the experimental 3.03 eV if the inteptetation of 

the 410 nm emission band in section 2.1 is correct). Scaling the 

potential by a factor of one to two (or more) to obtain the states 

at energies which agree with experiment is by no means unusual in Green 

--functions calculations, Stoneham(75). We will, therefore, 

now allow for the possibility that V1<V2 treat both as parameters 

-and 
examine how the ground state, first excitation energy and ratio of 
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Figure 4.6 
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wavefunction values, vary as V, and V2 are varied about the 

calculated value of V. The appropriate determinental scattering 

equation is again solved numerically. 

Figs. 4.7 and 4.8 give the variation of the. ground and first excited 

state energies with respect to V for various values of V It can 1 2* 

'--be seen that as V, deviates from V2 which remains constant the 

position of the'ground state does not move significantly from where it 

V was located when V, 2* In particular as V, decreases by-1 eV from 

the corresponding level ascends the band- 
,,! 

its value when it equaled V2 

gap by approximately only 0.1 eV, for all values of V 2. The change in 

-the position of the first'excited state is, however, significant. For 

a deviation of I eV of V, from V2 the corresponding levels move by 

approximately 0.5 eV. The net result of these two effects is that 

excitation energy increases, as V- Vl increases. This is shown 2 
in Fig. 4.9. 

Fig. 4.10 gives the variation of the ratio of the values of 

the defect wavefunction at the two inequivalent zinc sites with 

respect to V2-Vl* The reason why only one curve appears is that this 

ratio was found to be a function of only the difference V 2-Vi and 

indepen-dent of the value of V2 from which the difference is measured. 

The ratio varies from I when V -VI =0 to 2.2 when V 1.0 eV. 2 2-V 

The value given by ESR experiments is obtained for V 2-V 0.68 eV. I 

Several conclusions can be drawn from the examination of 

-4.10. In particular one can determine the values of V, and Figs 4.7 

V by fitting to the experimental values of the ground state and one 
-2 
other physical quantity and then determine the value of the remaining 

"N' quantity. In such a case we find that for V -7.07eV., 'V -75 ýV the 2. r-. -7. 
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Figure 4.7 
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Figure 4.9 

Variation of the excitation as a function 
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ground state and ratio of wavefunction values agree with experiment 

while the excitation energy is deduced to be 1.6 eV. The 

experimental value is 3.03 eV. We think, however, that more important % 

than this is the fact that for values of VI and V2 close to the 

calculated value of V we obtain a state near the bottom of, the band-gap 

which has its first excited state in the band gap (and can consequently 

lead to self-absorption) and which can have an asymmetric wavefunction 

(a feature considered unexpected for an F+ centre by Haussmann and . 

Schalenberger 
(45)) the degree of asymmetry being found reasonable. We 

finally reserve the discussion of the comparison of our results with 

those of other calculations (as well as a discussion of the importance 

of screening) for the concluding chapter of this thesis. 
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. 
CHAPTER 5 

I 
THE ZINC VACANCY AND SUBSTITUTIONAL LITHIUM ACCEPTORS 

The procedure that we follow in this chapter is more or 

less'identical to the procedure of the previous chapter, i. e. we 

expand the wavefunction in tems of a basis set of orthogonalised 

atomic orbitals in a way. that is consistent with experiment, we then 

set up the appropriate determinental scattering equation and we 

finally solve it in the usual manner. In the particular case of 

the Li centre we are using a mixture of calculation and fitting to 

experiment to obtain the observed energies and wavefunctions. To 

the best of our knowledge no theoretical calculations exist for any 

of the defect states that we deal with in this chapter. - We begin 

with the negatively charged zinc vacancy. 

5.1 THE NEGATIVELY CHARGED ZINC VACANCY Vin 

From the experiments described in section 2.2 it is evident 

that the trapped hole is localised on either the axial oxygen ion or 

any one of the three basal ones (see fig. 5.1) . 
The two configurations of the VZn centre. 

0 
010- k:; / 

I 

z zinc vacancy inc 

((D 

0 

a Fig. 5.1 

z6c vacancy 

b 

. 
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Following the "ionic" view of ZnO discussed in section 3.2 we will 

assume that the type of orbitals occupied by the "defect hole" are 

p-type. Consequently we expand the defect wavefunction of the trapped 

hole in terms of a linear combination of four oxygen 2p orbitals each 

centred on the oxygen ions nearest to the zinc vacancy. To conform 

with symmetry the p orbitals must be directed along the bond directions 

i. e. they must each be an appropriate linear combination of p X, Py and 

PZ 
i 

Such a choice of defect wavefunction has been assumed by most 

experimentalists who have investigated the negatively charged zinc 

vacancy 
(46). - (49) 

although none of their conclusions concerning localisation 

depend on such a choice. We therefore write 

3 
ai 111i >+ aolpo > 

where i=1,3 are the basal p orbitals and p0 is the axial one 

(equal to -pz It is of course true that the hole will predominantly 

occupy only one of the above four orbitals but we expect this to be 

a consequence of the calculation. In particular for the axial Vin we 

expect a0=1, ai%0,1 = 1,3. 

According to the expansion (5.1.1), Go will have the 

following matrix representation (again only the upper triangle is given). 

Go 111, > <II I Go 11,2> <11, IGO 11,3> 

Go <r'2 I Go 1112> <TI 2 
IGO I ni> 

<I 3 IGO In3> 

1ýjutual orthogonality is assumed. 

<111GOlp 
0> 

<121GOlp 
0> 

<I 31GOlp 0> 

<polGolp > 01 
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Symmetry requires that all the diagonal elements 

The <jijGojII >, i, j=1,3, i=/j, are also the same 

the <iijGojp 0> 
i=1,3. * To calculate these three 

we expand the 111i> and Ip 
0> 

terms of the p X9 PY 9 

eqn. (4.1.10) and numerical computation. We will 

ctij pi (5.1.2) 

where pi, i=1,3 stands for px* Py, Pz respectively and the super- 

script (i) simply denotes the oxygen ion on which the orbital is 

centred (and correspondingly the bond direction along which it is 

directed). The aij are given by the direction cosines of the lines. 

along which the 111i> point. Then, 

33 II olpi 
<jj Go Il i>E aq lljz I <Pk G zt> (5.1.3) 

The calculation of the <IjIG011I i> 
therefore reduces to the calculation 

i 
of the <p,, I Go I pJ 21 

Several simplifications occur because of symmetry. Consider 

first the diagonal elements. In thi, s case ij refer to the same 

site and consequently (dropping the site index) 

<px I Go I py> = <pz I Go I px> = 0, <p y 
lGolpz> z0 

In addition 

are the same. 

and finally so are 

Green functions 

PZ and then use 

in general have 

<pXlGolpx> = <pylGoloy> = <pzlGolpz> (5.1.5) 
. 
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Jaking the nearly equal sign above to be. exactly equal (which is a 

very good approximation) we get for the diagonal elements 

321 
<11ijGojIIi> Ea <p I Go I p'> <pxlGolpx> it 

<pYIG 0 Ip > <PZIG. Olpz> <pOIGoIpo> (5.1.6) 
y 

since 

3-. 2 Ea1 (5.1.7) 

For the off-diagonal terms in (5.1.3) above no such drastic 

simplification occurs and all nine terms in the summation must be 

included. However for the pair of sites i, j that is separated by the 

position vector (a. 0, O) the following relations between the 

<D'IGOlpj, > hold 

<p'IGOI > -<py'IGOlpj> (5.1.8a) x Pyi x 

< IGoIp > <p'IGOIpJ> (5.1.8b) py zzy 

<PzIGoIp >p IGOIpJ> (5.1.8c) xxz 

These relations are of considerable help because the calculation of 
0 

all the off-diagonal integrals <11 IG III > is reduced to the calculation 

of only six integrals of the form <p, IGOlpJ, > ; since we only need 

to determine one element of the form <11jIG0111 >, iA-j we choose the 

one in which the sites i, j are separated by (aOO, O). Finally the 

elements <11iIG 0 po> are calculated using the same procedure. No 
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Figure, 5.3 
Off-diQgonal elements'of G as a 
function of enerav in the aar) 

6 

0-3 1-3 2-3 3-4 
Energy. eV 



-136- 

simplifications due to symmetry occur. Our computed Green functions 

are shown in figs. 5.2 and 5.3. Before We go on to consider the matrix 

elements of the potential we must stress that the Green functions we 

have calculated refer to electrons and not to holes (as should be 

evident from the use of eqn. (4.1.10). No danger is involved however 

if we are consistent, i. e. if the values of the potential also refer 

to electrons and not to holes. In such a case we should expect, say, 

for the axial VZn to get ao : ý% 0. 

We consider the potential to arise from (i) a doubly negative 

point charge (q = -2jej) centred on the vacancy and (ii) a single 

positive charge (q jej) distributed in a 2p orbital and centred on 

the site on which the defect hole is localised (see fig. 5.1). 

Following the usual approximation we take all potentials to be 

spherically symmetric. The off-diagonal. elements of this defect potential 

with respect to the basis in eqn. (5.1.1) represent hopping integrals 

between second nearest neighbours which. as in the case of the F+ centre, 

we put equal to zero. In Principle the following should hold. The 

diagonal element referring to the site on which the hole is localised 

will be drastically different from the rest. The latter will - in 

the case of the axial V- - be all equal on grounds of symmetry. In Zn 

the case of the nonaxial V2n the two diagonal basal elements will be 

the same and the axial one slightly different from the two basal elements 

since the axial site is cryst4llographically inequivalent to the 

. 
basal sites. 'This minor difference however (which as we stated in 

chapter 4 is due to deviation of the real defect potential from 

spherical symmetry) will be physically far outweighed by the difference 

of the value of the diagonal matrix element referring to the site 
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on. which the hole is localised from the values of the rest. We 

consequently ignore the crystallographic inequivalence between axial 

and nonaxial sites as far as the potential is concernedt and write 

for the matrix of the potential 

u= 

and 

V2 0 0 0 

V2 0 0 

v2 0 

v 

v 2' 0 0 0 

v 0 0 

v2 0 

V2 

for the axial V- Zn 
(see fig. 5.1a) 

for the V in centre in 

which the hole is on the 
basal site marked (2) 
(see fig. 5.1b) 

The problem of obtaining estimates for the matri: x.. elements 

of the potential has now been reduced to estimating VI and V 
2* 

The 

calculation of even-an estimate for these two quantities presents not 

only the difficulties encountered in the calculation of V in chapter 4, 

but also some additional ones. Firstly the orbitals with respect 

to which the matrix elements are to be formed are not spherically 

symmetric as in the case of the F+ centre. This difficulty can be 

easily overcome if we take the matrix elements with respect to the 

tIf we had to correlate to experimental values referring to 
ý wavefunctions such an approximation would have been inadequate 
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hormalised radial part of the oxygen 2p wavefunctions. Certainly, 

an error is introduced but it cannot be significant when compared to 

the'approximations we have already made. 

Secondly, and this is much more 'important, the screening 
11 

part of the potential due to the missing 2p orbital on the 0- ion is 

very. difficult to estimate. On -the one hand the bare potential is 

centred on an anion and one may be led to think that linear, screening 

theory could probably be used. On the other hand the bare potential 

is-not due to a change of the ionic core but is the result of a change 

of, the electronic valence density. Of course we can always imagine 

theýbare potential due to the missing valence electron to Originate 

from,, a fictitious change in the oxygen core but still the 0- ion will 

be, missing the electronic charge density of a single electron which if 

present would have contributed to screening. 

The effect cannot be negligible because it is the valence 

electrons of the site on which the potential is centred that are the 

main contributors to screening especially short range and in addition 

as- far as the element referring to the 0- ion is concerned (i. e. V, ) -, ý 

it will be screening at short distances that will determine its value. 

It. ils- for these reasons. that we decide to treat V, as a parameter 

fixing its value by fitting to experiment. However we- 

will, for purposes of comparison, l-despite 
the above-mentioned 

difficulties- use linear screening theory to obtain a value for V 

This value mustq of course, be considered as being correct only to 

an-, order of magnitude. As far as V2 is concerned. it is only the long 

range part of the potential due to the unoccupied 2p orbital that 

- ente 
I 
rs 

11 
the calculation (long in this case means greater than 2.5 ao) 
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and we can safely take this to be 2/c 
Sr where es is the measured 

static dielectric constant. 

Following the argument in chapter 4 about the Cowdin 
- 

orthonalisation procedure we represent the oxygen 2p orbitals by 

simple Slater orbitals of the form r. exp(-kr). By fitting the 

corresponding charge density to the atomic Hartee-Fock solution 
(73) 

1 in the core region k was found to be 2.3 a 0- . If we now draw from 

the experience we gained from the treatment of the F+ centre we are 
led to leave the hydrogenic potential due to the missing zinc atom 

virtually unscreened. The corresponding potential in the F+ case (due 

to the missing oxygen) is not exactly analogous in that the nearest 

neighbours to the zinc vacancy are anions; however the degree of 

screening is predominantly dictated - in our view - by the'valence 

- electrons on the pertubred site and consequently it is advisable to 

regard the two potentials on the same footting and leave the potential 

due'to the missing zinc atom unscreened. 

Then 

0 

2423t V2 P( r) dr (5.1.9) 
1-ý--BZn I Cs 12: -20 1 

where 0 is the normalised- Slater 2p orbital with k=2.3 a' R is the p 11 o Zn 

position vector of the zinc vacancy (R Zn ý 3.7 ao) and R0 that of the 

0- ion (RO = 6.03 a0). This equation is identical in form to 

eqn. (4.2.19) and hence the two-centre integral can be split into two 

simple integrals as in eqn. (4.2.20). In fact, because the electronic 

density arising from ýP is virtually contained within a sphere of radius 

2a 
0 

the second integral in (4.2.20) can, in this case, be neglected so 

t The origin of'the axes is at the 0-- site. 
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that V2 becomes 

V2 = _42- 13.5 eV (5.1.10) 
I-BZn I Es 130 1 

Now for VI we have- 

V ý2 M4+V (r) d3 r p !: 'ýRZn 
P, 

where V (r) is the linearly screened potential due to the unoccupied P 
2p orbital. 'As with V2 above the first term in (5.1.11) may 

accurately be taken to be 4/R Zn* 

: The second term (not a two-centre integral) may only be 

calculated numerically once VP (r) has been calculated. The 

procedure is as follows. Firstly we calculate the bare potential due 

to the charge distribution of an oxygen 2p orbital as given by the 

numerical Hartee-Fock solution of Hermann and Skillmann (73) This is 

a simple matter of electrostatics. The numerically computed bare 

potential is found to be very well represented by the form 

u+ yr u= -2.35 Ryd, Y-0.65 Ryd a-' for rc 2aý 
00 10 

- 2/r for r >. 2ao 

This potential is then screened by the BIZ dielectric function. 

The screened potential is computed numerically using eqn. (4.2.24a) 

with the above form for Ub* It is shown in fig. 5.4. Finally 

upon numerical computation of the second term in (5.1.12) we arrive 

at a value for V, 
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V, 3.4 eV (5.1.3) 

We now come to the solution of the determinental scattering 

equation. The solution is obtained numerically by the method of 

at the calculated value and we vary V so as bisection. We fix V2 I 

to achieve correlation with the experimentally measured value of the 

ground state level (2.7 eV below Ec, c. f. section 2.2). Fig. 5.5, 

shows this variation for the non-axial V- It is seen that the root Zn 

of our determinental scattering equation comes out to be at 2.7 eV below 

= 1.98 eV. Considering the approximations involved in Ec for VI 

evaluating an estimate for V, this value seems reasonable when compared 

to the estimated value of 3.4 eV. Now that we have fixed our matrix 

elements of the potential we can deduce the energy by which the nonaxial 

. site is preferred to the axial one by calculating the ground state 

energy of the axial V Zn' and subtracting. We obtain an energy difference 

of-24 meV. This compares well with the experimentally measured value 

of 20 meV. This energy difference was found to be sensitive to the 

value of Vl. Fig. 5.6 shows this variation. 

We now wish to examine whether any errors present in the 

calculated value of V2 (= 13.5 eV) have any drastic effect on either 

the ground state level or the energy difference between the two 

configurations OfOVZno To this end we fix V, at 1.98 eV (the value which 

produces agreement with experiment) and vary V2 about the calculated 

value. When V2 lies in the region 84V24 15 eV, it was found that for 
I 

a change in V2 Pf AV 2 the root moves by only AV 2/100. For smaller values 

Of V2 the variation is greater. This situation contrasts sharply with 

the results of fig. 5.5 where a change of AV, in V, gave a change in 

the position of the root of approximately equal magnitude. Upon 

variation of V in the same region of values we also found that the 2 
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Figure 5.6 

Variation of the energy difference between thc 
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energy di fference between the ground states of the two configurations 

of the VZn centre depends very little on V 2* In particular for a change 

of 2 eV in V2 the energy difference changes by approximately only 

1 meV. Again for values of V2 smaller than 8 eV the variation is greater 

We conclude this section by saying that our model of the Vin centre 

is a two parameter model but our results are predominantly dependent 

upon one of the parameters (matrix elements). We fix its value by 

fitting to the experimentally measured ground state level and then we 

deduce the remaining observable (energy difference) which agrees 

reasonably with experiment. The value of this parameter is not far 

from the calculated value. 
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5.2 THE NEUTRAL ZINC VACANCY Vo Zn 

The experimental situation regarding the neutral zinc vacancy 

was given in section 2.2. From the discussion there it should be 

apparent that the neutral zinc vacancy is very similar to the 

negatively charged one in that it can be created from the latter by 

addition of an extra hole on one of the remaining three 0-- ions 

(see fig. 5.7). Experimentally only the centre in which both holes 

are localised on basal sites is observed. From an analysis of ESR 

data it is concluded that . the distance of these sites is increased - 

because of electrostatic repulsion - from 3.2X in the perfect crystal 

to 3.75R in the perturbed case. This similarity between the two centres 

enables us - using exactly the same arguments as for the V in centre 

to expand the wavefunction of an electron localised in the neutral 

zinc vacancy as a linear combination of p-type orbitals centred on the 

four neighbouring oxygen atoms and directed along the respective bond 

directions, as in eqn. (5.1.1).. 

Fig. 5.7: The two configurations of the V0 centre Zn 

-0,. 

41 (D 
ir , 0, - 

0 
.0 

io 

0 

a lo, ý 

9 

0 

' 



-147- 

The presence of lattice distortions complicates the 

situation in the following respect. Since the two 0- ions have been 

displaced the p-type orbitals centred on them are not any longer 

the same - mathematically speaking - as the corresponding p orbitals 

in the basis set used in the perfect crystal case. Consequently we 

cannot use eqn. (4.1.10) to evaluate the necessary Green functions. 

Instead one may start from the more basic eqn. (4.1.2) and construct 

such required elements as <i IGOIj> where li>, jj> are orbitals 

which have been rigidly displaced in shape with respect to their 

positions in the perfect crystal. This is a rather complicated, 

procedure which involves a large amount of computational labour. 

It is not necessary to use it here because it is sufficient to consider 
4 
only undisplaced orbitals. The primary reason for this is that the 

components of the electronic wavefunction (i. e. 
-that 

of an electron 

in the centre) will be negligible on the displaced sites (because it 

is on these sites that the holes are localised). We therefore can 

choose the same basis set for this centre as for the negatively charged 

zinc vacancy. The differences in the physical properties of-this centre 

will enter through the form of the potential in which the lattice 

distortions will also be included. 

Now since the expa nsion of the wavefunction is the same as 

with the V- case (the coefficients of course will be entirely Zn 

different because of the difference in the potential) the required 
I 

Green functions will also be the same and need not be recalculated. 

. In particular the matrix representation of Go will, in this case, also 

be 
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<11, IGO I III> <11, I Go I"? <11, I Go 11,3> <11, I Go Ip0 

G° = 
<11 21 Go II, 2> <112 1 Go 11,2' <112 lGolpo> 

31 Go IH? <1,3 lGolp > 

<polGolp 0 

We consider the potential of this centre to arise from (i) 

a negative point, charge of value -2jej centred on the vacancy site 

and (ii) a pair of single positive charges (q = +jej) each distributed 

in a 2p oxygen orbital and centred on the 0- ions, one on each ion. 

Again, as with all previous cases, we neglect hopping from one site' 

to another (the distance being that of second nearest neighbours) so 

that the matrixrepresentation of the perturbing potential becomes 
I 

1. 

vi 

v2 

v2 

vi 

E. 
V2 

vi 

V2 

v 

___j 

for the configuration in 
which one hole is on the 
axial site and the other 
on a basal (for this matrix 
in particular, sites I and 
4, see fig. 5.7a) 

for the configuration in 
which both holes are on 
basal sites (in particular 
sites 1 and 2, see fig. 5.7b) 
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As far as the nature of the perturbing potential is ' 

concerned the Vo centre is the same as the Vin centre so that we Zn 

can adopt the same form of screening as in the previous section for both 

the hydrogenic potential due to the absence of the zinc ion and 

the potentials due to the unoccupied oxygen 2p orbitals. Then we 

can immediately write in the spirit of eqns. (5.1.11) and (5.1.12) 

for the matrix elements VI and V2 

Vr4 2x 22 (r) dr (Ryd) 2p 

42 2x x 13.61 eV = 13.65 eV . (5.2.1) 
3.7 6.59c 

s 

where Rv and Ro- are the Position vectors of the vacancy and 0- ion 

relative to the 0 ion,, * 

vi _420.831 (Ryd) 0.69 eV (5.2.2) 
4.35 6.59E 

s 
I 

4.35. being the vacancy -0 ion distance. 

These values come close to the corresponding Values of 

vi and V2 of the previous section- which is hardly surprising since 

the contribution of the extra potential (due to the additional hole) to 

the matrix elements of the remaining sites (but not of the site on 

which it is situated) is negligible. In this respect we would 

probably be better off if we directly use for the matrix elements V, and' V2 

the correpsonding values of the previous section, that gave agreement 

with experiment in the case of the V in centre. Adopting this line we 
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obtain a ground state at 2.93 eV below E fd'r the Vo centre with both c Zn 
holes on basal sites. No experimental data are available for the 

Vo centre other than the fact that its ground state must have an Zn 

energy lower than 2.7 eV below Ec since the latter is the ground state 

level of the VZn, centre. Consequently the value 2.93 eV is a prediction. 

We also obtain as a prediction that the energy level of an electron 

localised in the centre with one hole on the axial site and the other 

on a basal is lower by 52 meV. This difference should not be regarded 

as the energy by which one configuration of the neutral zinc vacancy 

is preferred to the other since this is at least a two particle quantum 

mechanical problem. It is, however, the difference in energy for a 

transition of an electron from the corresponding centre to the conduction 

band. 
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5.3 THE SUBSTITUTIONAL LITHIUM CENTRE 

In this section we treat the neutral substitutional lithium centre. 

We make, this distinction so as to differentiate this centre from the kI 

negatively charged one whose ground state we use to obtain an upper bound 

for, one of the potential matrix elements referring to the neutral centre. 

From the experiments described in section 2.3 it is clear that the trapped 

hol e of this centre is predominantly localised - very much like the V in 

on one of the four oxygen ions surrounding the lithium ion. However this 

time it is the axial position which is energetically preferred. Starting 

from the partial experimental similarity between the two centres and using 

the arguments of section 5.1 one could be drawn to assume the same expansion 

for-the wavefunction of an electron localised in the lithium centret as 

forýthe -*' wavefunctior,. - in the V2n case. The above qualitative 

difference however in the energetically preferential site forces us to 

accept the presence of additional features. 

. 
0- 

0 
o-- 

cr 
in 
vi L 

lit 

OýD 
Fig. 5.8: The two configuration of the (L+i)o centre 

tFrom now on, unless otherwise stated, we will use this tem only for the (Li+)*centre 
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The most obvious new feature and in our view the most 

important as far as the expansion of the wavefunction is concerned 

is the presence of the lithium ion which can contribute to the 

electronic wavefunction an s-like component (see fig. 5.8). In other 

words one should write for the wavefunction of an electron localised 

in the lithium centre 

3 
Eai JIT > 

i=l 
+ aolp 0>+as 

Is> (5.3.1) 

where 111i> and lpo> are the nearest neighbour basal and axial p- 

like orbitals resýectively directed along the corresponding bond 

direqtions and Is> is the component due to lithium. Mutual orthogonal- 

iýatiOn is again assumed: 

Since the s component will be centred on the lithium ion it 

Is predominantly going to be 2s-like rather than 4s-like- However for 

reasons of computational convenience we take it to be of zinc 4s form. 

Other-wise the labour involved in calculating the Green functions is 

greatly increased This difficulty stems from the fact that if 

the localised orbitals used for the expansion of the defect wavefunction 

are not *members of the basis set of the perfect crystal then 

eqn. (4.1.10) cannot be used and consequently the calculation of the 

Green functions cannot be reduced to a three-dimensional integration 

, "0, over the Brillouin Zone. 

tTh'e errors due to this choice of the basis set will be absorbed - 
"as far as the defect potential is concerned - in one single element. 

0 
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It is also for this very same reason that we neglect lattice 

distortions as far as Go is concerned. We recall from the ESR 

experiments described in section 2.3 that the Li-O distance is 

lengthened by 40%. Hence in mathematical terms the zinc 4s orbital 

centred on the'displaced lithium ion cannot be considered the same 

is the corresponding zinc 4s orbital of the perfect crystal basis and 

consequently eqn. *(4.1.10) cannot*again be used. The same holds true 

for the p orbitals appearing in eqn. (5.3.1). We therefore decide - 

as far as the calculation of the matrix of G0 is concerned - to neglect 

lattice distortions and assume that the atomic orbitals appearing in 

(5.2.1) are located on their perfect lattice positions. The effect of 

this approximation will be sýall as far as the p-type orbitals are 

concerned mainly because of the following reason: the coefficients of 

the --orbitals -on the heavily displaced 0- ion will be very small 

whereas the 0-- ions, on which the coefficients of the corresponding 

1, p-orbiials will be substabtial, move only marginally from their perfect 

lattice positions. 

, The error in the matrix elements of Go involving the 4s orbital 

. centred on the lithiumAs certainly not negligible. The difficulties 

in evaluating it. ýre only of a computational nature although we are 

not going to do it here. Starting however from eqn. (4.1.2) and 

forming directly the matrix elements involving the 4s orbitals as a bra 

(or a ket) one can see that the dominant contribution to-the error is 

of the order of 1- <4sl4s'> where the undashed term denotes a 4s 

orbital located on a perfect crystal zinc site and the dashed term the 

corresponding displaced orbital. When there is no lattice distortion 

the inner product is I and the error zero. Assuming in our case that 

the bond elongation is equallY' produced by the Li+ and 0- ions (which 
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is by no means unreasonable) we get a value of 20% for the displacement 

of the Li+ ion. Obviously without an explicit calculation we cannot 

specify exactly what the effect of such a value will be on the product 

<4sl4s'> but it should not change our-results- at least qualitatively. 

We are now in a position to write the matrix representation of 

Go for the case of the substitutional Li centre'and evaluate all the 

necessary matrix elements. We get directly from eqn. (5.3.1) - 

<SIGOls> <slGolll I> <SIGOITI 2> <slGolll 3> <SIGOlp 0 

<11, I Go 111, ><II IG0 1112><'Il IGO 1,1? <T, IG0 PO> 

<1 2 
IGO I IT2><"2 IGO I'V* <T2 IGOIpO> 

31G0 
1113'> <113 G01 Po>, 

<p 0 
lGolp 

0 

All the elements from the second row up to and including the fifth row 

areldentical to the elements used in the case of the zinc vacancy and 

need not be recalculated. The element <slGols> was calculated when 

we dealt with the F+ centre. Hence we only have to calculate the 

Green functions of the form <SIGOIIIi> ,i=1,3 and <slGolpo> 
.4 i 

-<slGolpz>. This was accomplished in the usual manner described in 

section 5.1* i. e. the functions <slGolpx> * <slGolpy> <slGolpz> 

were numerically computed using eqn. (4.1.10) and from them the required 

elements deduced. These are shown on-fig. 5.9 

tIn principle <sIG0111i>-A <sIG01po> .i=1,3. The equality holds 

however because of the two-centre approximation used in section 3.2 
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We now come to the problem of the evaluation of the matrix 

elements of the perturbing potential. We consider the latter to 

consist of a positive hydrogenic potential centred on the Li atom 

plus a spherically symmetric potential produced by the unoccupied 

oxygen 2p orbital and centred on the 0 ion (see fig. 5.8). This 

perturbing potential is very much like the one in the V Zn* case (the 

only difference being that the charge producing the hydrogenic 

potential there is -2[el) so that without further discussion we 

state that we will use the same form of screening. As with all previous 

cases we neglect matrix elements linking orbitals on second nearest 

neighbours. Also, because the Li +- 0- distance is lengthened by 40% 

we put the corresponding elemýnt equal to zero. It will be shown-later 

in the section that this choice does not affect our results considerably. 

Finally because of symmetry all the diagonal elements referring to the 

three 0 ions must, be-equal as well as the hopping elements between 

ýthe 0 and i sites. 

We can now write - dropping the unnecessary indices - for the 

matrix representation of the perturbing potential of the centre with 

the hole on the axial site 

<SIUIS> <slulli> <sluln> <SIUITI> 0 

<nluln> o00 
U <nlulTi> o0 

<nluln> 0 
<Plulp> 

I Before we go on to calculate these matrix elements we wish 

to discuss a point about our choice of the perturbing potential. 
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Contrary to all previous cases we dealt with, we have in this case a 

substitutional centre. In view of the general discussion of 

section 1.4 about the nature of the defect potentials on substitutional 

centreS we expect the part of the perturbing potential which is centred 

on the Li site to appreciably deviate in the core region from the form 

of a hydrogenic potential. The matrix elements whose values are going 

to depend considerably on this deviation are <slUls> and, <slUlji>. . Now 

at the end of this section we will see that the root of the determinental 

equation is fairly insensitive to the value of <slUls>. On the other 

hand it is quite sensitive on the value of <slUlII>. We will not, 

however, calculate the latter but treat it as a parameter. We can 

therefore say that our rather poor approximation of the true defect. 

potential in the core region of the Li site is not going to affect our 

results considerably. Note that the approximation we Just discussed 

does not refer to the short range part of the potential in general but 

only to the part inside the Li core region. 

To have a more concise notation we write for the axial centre 

vi Vh Vh Vh 0 

V2000 
'U V200 

V20 

V3 

The corresponding matrix for the basal centre with the hole, say, on 

site 2 (see fig. 5.8) is 
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vi 

We now come to the calculation of these motrix elements. As 

0 Vh vh 

V3 0 0 

V2 0 

V2 

Vh 

0 

0 

0 

V2 

with all previous cases we are not going to use proper orthogonalised 

Lowdin orbitals but the simple Slater ones we have used in previous 

sectioný. In particular for the III i> and Ip 
0> we use the 2p orbital 

3 
of the form r exp(-kr) and for the Is> the 4s form r exp(-kr). The 

values of k are the ones determined in sections 5.1 and 4.2 respectively. 

In addition when a two centre integral of the form 2ý r) dr appears 

we will make use of eqn. (4.2.20) for its evaluation. In particular 

using the fact that our Slater orbitals are well localised we will 

neglect the second part of (4.2.20) and take the value of the 'integral 

to be 2/R where R is the appropriate distance. The error involved for 

p orbitals is negligible and for the s less than 4%. Finally assuming 

that the change in the Li + 0-- distance is due to the displacement of 

only the substitutional, Li + ion (i. e. assuming that the displacement 

of the 0-- ions is negligible compared to that of the Li+ ion) we arrive 

at a distance for the Li + 0-- pairs of 3.51 a (see fig. 5.8). 
0 

We then have 

223 ýs (r) dr=0.99 0.952 Ryd a 12.95 eV es 

(5.3.2) 
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We recall that-at long distances the potential due to the unoccupied 

. 2p orbital-is -2/c s 
r. The first term in (5.3.2) above has been 

obtained by numerical computation. R 0- denotes the position vector 

of the 0- ion realtive to the' Li site 

V =1 2 

2 
3.51 

2 

ý-Boo, 

2 
6.63es 

2 ý3 OP (r)d r 

Ryd = 7.24 eV (5.3.3) 

R R" are the position vectors of the Li and 0- sites kspectively 
Li' 00 

relative to an 0 ion 

V2V2 (r) d3 r (5.3.4) 
3 Ir-R pp 

I--%- -Lij 

Rb is the position vector of the Li site relative to the 0- ion and 

V (r) denotes the linearly screened potential due to the unoccupied 

orbital on the 0- ion, i. e. it is the same as the Vp calculated in 

section 5.1. There we found a value of -0.831 Ryd for fý2 (r. ) V (r) d3r. 
0pP 

Since the potential and the wavefunctions are exactly identical in 

this case it would be quite legitimate to use this value here. Instead, 

however, because of the uncertainties in the potential described in 

section 5.1 we will use the value that gave agreement with experiment, 

i. e. the value -0.934 Ryd. We then get for V3 

V3= 
[ý-7 

- 0.934 
1x 

13.61 = -7.46 eV (5.3.5) 
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The only element left undetermined is V h' As we have already 

stated we are not going to calculate this element but treat it as 

a parameter. The primary reason for this choice lies in its particular 

form. It is a hopping element consisting of an orbital and a 

potential centred on one atom together with another potential and 

orbital centred on another atom. This type of hopping elements another 

are very ýensitive to both the exact form of the wavefunctions (orbital) 

and the potentials. It is unrealistic therefore to think that even a 

good approximation can be obtained by the use of simple Slater orbitals 

and with such a simplified treatment of the defect potential. Now by 

fitting to experiment we can only obtain an upper bound for the 

magnitude of Vh since the only available experimental information is the 

ground state of the negatively charged lithium centre, (Li which 

must be above that of the (Li+)o centre. 

We recall from section 2.3 that the negatively-charged l. ithium 

centre belongs to the ground state of the 615 nm emission process which 

at room temperature takes place via the conduction band. The ground 

state of this centre must therefore be 2.02 eV below Ec Adjusting 

the value of Vh so that the root of the determinental scattering 

equation coincides with the above position we get as an upper bound 

for the undetermined hopping element Vh -4.40 eV. Although no 

experimental value is available for the ground state of the (Li +)o 

centre it is possible using our previous calculations to obtain a crude 

estimate for it. In the previous section we obtained that the difference 

between the ground states of the Vo 
n and V- 

n centres is 0.2 eV. Using ZZ 

the partial similarity between the zinc vacancy and substitutional 

lithium centres it is not unreasonable to suggest as an estimate 

that the corresponding difference between the different charge states 



-161- 

of the lithium centre will also be 0.2 eV, i. e. that the ground state 

of the (Li +)0 centre is 2.22 eV below Ec. This is also discussed in, 

the conclusions. Fitting the ground state of the axial cen I tre to 

this value we get Vh" = -4.56 eV. Fig. 5.10 shows the variation of 

position of the level with respect to V h* 

Using this value of Vh we can now calculate the energy difference 

between the two configurations of the (Li + )o centreby computing the' 

ground state of the centre with the hole. on a basal site and then 

subtracting. We obtain that the axial position is preferred by 91 meV. 

This energy difference is a function of the position of the level in 

the gap through Vh* Its exact variation is shown in fig. 5.11. It 

can be seen that the minimum value that the energy difference acquires 

is approximately 60 meV. 

Bearing in mind thatthe experimentally measured value is only 

15 ± Li meV our calculated value compares poorly with experiment when 

compared with our treatment of the zinc vacancy. The reasons for this 

are discussed in', detail in the concluding chapter. We will not expand 

on this subject here but simply state that the primary reason is the 

presence ofýerrors in some of the matrix elements of Go due to the 

neglect of lattice distortions. The important point however is that 

the opposite behaviour from that of the zinc vacancy is obtained, 

i. e. that the axial - instead of the basal - is the energetically 

preferential site. We postulate that this difference must be due to 

the difference in the respective expansions of the wavefunction of 

the ground state, i. e. to the presence of the s orbital on the lithium 

atom. This is strongly evidenced by the following fact. If the 

centre is formulated exclusively in terms of P-type orbitals, i. e. if 
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Figure 5 . 11 
Variation of the energy 

, 
(iMerence between 

the two conEgurations of the (Li+)* centre 
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eqn. (5.1 .1) is used' for' the expansion of the wavefunction the matrix 

of the potential will be identical in -form to the corresponding matrix 

of the Vin centre with V, = -ý7.45 eV and V2 = 7.24 eV. For these 

values of V, and V2 the determinental scattering equation has no real 

root in the gap and furthermore no such root appears of any combination 

when the latter are varied around the above values. In of V, and V2 
+0 other words in the presence of such a potential (i. e. that of the (Li 

centre) the form of the wavefunction given by 5.1.1 is unstable. 

Our results were found to be sensitive to only two matrix elements: 

Vh *(which has just been discussed) and V2-' the diagonal element referring 

to the 0-- ions. Fig. 5.12 gives the variation in the position of the 

ground state with respect to V2* It can be observed that the level 

shifts by an amount approximately equal to the' change in V 2' The 
+0 energy difference between the two configurations of the (Li ) centre 

is also highly dependent on V2. We do not present this variation here 

is decreased the energy difference varies with however because as V2 

respect to the position of the ground state in a manner approximately 

identical to that of Fig. 5.11. 

Finally upon computation of the coefficients in the expansion of 

the defect wavefunction, eqn. (5.3.1), we confi m that the wavefunction 

of the centre in both configurations are very nearly the same as is 

implied by a.: comparison of the respective isotropic parts of the 

experimental hyperfine interaction (c. f. section 2.3). The respective 

coefficients in the two configurations did not differ by more than 4%. 
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Figure 5.12 

Variation of ground state level of the (Li+)" 
centre axial with respeact to V2 for Vh ý -4.56 
Ev is the zero of energy 

p 

. 
7-5 

eV 
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CHAPTER 6 

CONCLUSIONS 

In previous chapters we calculated the Properties of the F+ 

centre of the various charge states of the zinc vacancy and of the 

substitutional lithium acceptor., In this chapter we are going to 

discuss each of the defects we dealt with. -In. 
addition we are going to draw some general conclusions relating to 

the applicability and effectiveness of the; Green functions method 

for II-VI compounds. Such general conclusions will result from a 

comparative analysis of the various defects we treated. We note that 

the defect centres we dealt. w'ith can be arraýged - and indeed have been 

presented - in order of increasing difficulty. The criteria we use for 

the term increas, ing difficulty are (a) the number of matrix elements 

of the potential to be calculated and (b) the conceptual difficulties 

involved in calculating the potential. In this connection and in 

relation to the effectiveness of the Green functions method we are 

going to discuss the concept of screening in ionic materials and how 

it affects the perturbing potential entering the determinental 

scattering equation. Likewise we will also discuss lattice 

distortions, especially their effect on the choice of the defect 

wavefunction. 
In the case of the F+ centre we have obtained, using our calculated 

defect potential, a ground state at 1.08 eV below E Because 
c 

of mainly the possible overscreening and other uncertainties included 

in the calculated potential this value should not be regarded as 

an exact position in the band-gap but only as an upper bound 
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to the-true value. It is however consistent with experiment if the 

identification of the anisotropic ESR signal (discussed in"section 2.1) 

as an F+ centre is made and if the 410 nm (3.03 eV) absorption band 

is ascribed to a transition between the ground and first excited 

state of this centre. In such a case the ground state is at 3.2 eV 

below Ec (see section 2.1). 

To get the lo%4est root of the determinental scattering equation 

at this position we have to multiply our computed value of V (consider 

first the case where all diagonal matrix elements are. equal) by a 

factor of 1.80. This is very reasonable at least when compared with 

other Green function. calculations (for different centres) 
(75) 

The value-of V that reproduces experiment is -7.75 eV. This value is 

very nearly what one would get if the perturbing potential was the 

simple bare potential, i. e. if it was not screened at all. We will 

discuss this point further, later in the chapter. On the other hand it is 

interesting to note here that if linear screening theory is used for 

the calculation of V in the way described in 4.2 the obtained value of V 

would be such that the state would come. out to be a very shallow donor 

(approximately 30 meV below E 
C). 

Our calculations have also shown that the. wavefunction of 

the centre can and indeed should have a different value at the 

neighbouring axial zinc site from any of the corresponding basal ones. 

This is due to the fact that the matrix element V referring to the axial 

site must be smaller than the'other three because of the asymmetry in 

the real defect potential. Furthermore the asymmetry in the wavefunction 

is reproduced for reasonable values of the above difference in V. 

In particular if the diagonal matrix element referring to the axial 

site is smaller by 9% from the corresponding elements of the potential 
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at the basal sites we get agreement with the experimentally measured 

ratio of wayefunction values. Direct experimental evidence for the 

fact that the ionic zinc-oxygen interaction is lower along the axial 

bond'direction than along the nonaxial bond directions does exist: 

the-'axial bond length is longer*than the other three. However it is not 

possible to justify the actual value of 9% starting from such limited - 

experimental evidence. Wthe other hand this value is not at all 

unrealistic'especially for the case of the perturbed crystal. 

Now for these values of V, and V 2' i. e. for the values that 

reproduce the ground state and the ratio of wavefunction values the 

first excitation energy comes out to be 1.6 eV. This does not 

compare' favourably with the experimentally measured 3.03 eV although 

the only other reasonable quantum mechanical calculation on the F 

centre in ZnO - that of Harker(72) _ gets a value of 5.31 eV for the 

transition energy. The calculation of Wei gets a value of 3.2 eV. 

As far as this latter calculation is concerned we think that the model 

that Wei used is inappropriate for the II-VI compounds and the good 

agreement with experiment is due more to the particular choice of the 

many parameters involved in the calculation than the validity of the, 

model. In addition because the ground-state wavefOnction was chosen 

to be symmetric about the vacancy the ratio of wavefunction values 

is always eýual to one. Harker's calculation gets a ratio which is 

very close to 1.00, namely 1.05. This is probably due to his choice 

of potentials. The reason why in our calculations the excitation energy 

comes out-to be considerably smaller than the experimental value is 

probably due to the'fact that we have used the same basis set for both 

around and first excited state whereas the latter would be more 

delocalised than the former and consequently would need a larger basis 

set. (More compact wavefunctions have deeper eigenvalues. ). Finally 
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the dependence of the energy levels on V is - as is normally the case 

with Green functions - large but not as much as one might expect. in 

particular for a change in V of AV the ground state moves by 

approximately AV/2 and the excited state by approximately AV. The 

higher dependence of the excited state on V is always to be expected 

since in general excited states are always more sensitive to potentials. 

Now in section 2.4 we discussed and cross-examined the results 

of individual experimentalists related to the isotropic ESR signals near 

g=1.96 and the anisotropic signal at g, 
_ 

= 1.9963, g,, = 1.9948. 

There we also assessed-the possibilities of each being an F+ centre. 

By examining all the possible sets of solid state chemical reactions 

that can take place during the production of the'oxygen vacancy 

and assessing the possibilities of each set explaining the catalytic 

role of the zinc vacancy and lithium acceptors as well as all the 

simultaneously observed phenomena (e. g. decrease of conductivity) 

we arrived at the conclusion that the anisotropic signal at 9 1.9963, 

1.9948, is the most probable candidate for the F+ centre. Our 911 

calculations support this view by (i) providing a sodnd', theoretical basis 

basis for the observed anisotropy of the wavefunction both qualitatively 

and quantitatively, (ii) providing the existence of an excited state 

and therefore the possibility of self-absorption(which is only 

observed for the anisotropic signal), and (iii) pointing to the position 

of the ground state as being near the bottom.,. of the band gap. 

Our treatment of the negatively charged zinc vacancy can be 

considered as a two parameter model, the two parameters being the 

diagonal matrix'elements of the potential V, and V 2' Our results 

however depend mostly on Vl. This centre differs considerably from the 

F+ centre since in this case the difference between V, and V2 - which 
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is substantial - is not due to deviations of the real defect potential 

from spherical symmetry but to the presence of the hole on the 0- ion. 

The short distance screening part of this lextra potential-due to the 

unoccupied 2p orbital (hole) is not easily calculated for reasons 

we discussed in the corresponding section so that the diagonal element 

which mostly depends on it, Vl, is evaluated by fitting to the 

experimentally measured ground: state. For purposes of comparison 

(to be discussed immediately below) we also calculate an estimate for 

vi using linear screening theory. The other element V2 is calculated 

using the approximations described in section 5.1. 

With the matrix elements of the potential determined in this 

way we obtain thq experimentally observed preferential character of the' 

basal site. Also our calculated energy of 24 meV by which the basal 

site is preferred compares favourably with the experimentally measured 

20 meV. Furthermore in our calculations the prefereniial character 

of the basal site is independent of the values of VI and V 2' it 

is interesting to note that the ratio of the calculated value (0.83,1 Ryd)Of the 

. -part of V 1- which is due to the potential of the hole (i. e. <IIIV 11>) to the 
P 

corresponding value obtained by fitting to experiment (0.934 Ryd) is 

The primary objection - discussed fairly near to the ratio of 7/8. 

in 5.1 - to using linear screening theory is that the potential 

on the 0- site will in actual fact be predominantly screened by the 

electronic density of seven electrons and not eight as linear screening 

theory would require - hence the ratio 7/8. We do not carry this 

point further however because it may easily be a numerical coincidence 

although it does tie with our later discussion of screening. 
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Our formulation of the neutral zinc vacancy is such that 

again only two kinds of diagonal elements of the potential need be 

considered. Assuming that the presence of the extra hole affects 

only the matrix element referring to the site on which the extra 

hole is situated (which is not a bad approximation as an examination 

of the defect potential revealed) we are permitted to use for the 

neutral centre the values of V1 and V2 that_gave agreement with 

experiment for the negatively charged centre. Using these values we 

obtain for the ground state of an electron in the neutral centre with 

both holes on basal sites a level at 2.9 eV below EC No experimental 

value exists so that this value must be considered as a prediction. 

It does seem reasonable however in two ways. Firstly'it is lower than 

the ground state of the negative centre (2.7 eV) as it should be and 

secondly it is lower by only a small amount. In view of the fact that 

the extra hole is not going to perturb the negative centre 

considerably the calculated value seems reasonable. We also obtain that 

the ground state of an electron in the centre with one hole on the 

axial site and the other on a basal one is lower by... 52 meV. This 

difference is not the energy difference by which one configuration of 

the neutral zinc vacancy is preferred to the other since the latter is 

at least a two-particle problem. The two values however do represent 

directly observable quantities, namely the energies of transition 

from the localised level of the corresponding centre to the bottom 

of the conduction band. 

Our. parameterised treatment of the substitutional neutral 

lithium centre differs considerably from the parameterisation of the 

similar V- defect centre in that there is one potential matrix element Zn 
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left undetermined - the hopping element we called Vh- but 

no estimate for it could'easily be calculated and in fact we did 

not obtain an estimate and (ii) by fitting to, experiment, only an 

upper bound of'it could be obtained. The reason for the latter is 

that experimentally only the ground state of, the negatively charg6d 

lithium centre has been measured which is an upper bound for the 

ground state of the neutral centre. The reasons why a calculation of 

Vh is difficult and not worth undertaking have been discussed in 

section 5.3. It is not unreasonable however to suppose - as we have 

done in'section 5.3 - that the ground state of the neutral centre will 

be approximately 0.2 eV below the negative one, i. e. the amount by 

which Vo is below This is a pure speculation of course but if Zn Vin 

it is, considered(49) that the ground levels of the two charge states 

of the zinc vacancy do not differ considerably, as indeed our 

calculations show, it is not unreasonable to think that the lithium centre 

will follow suit. In such a case the ground state is at 2.22 eV below 

Ec I Vh becomes -4.56 eV and the amount of energy by which the axial 

site is preferred by the hole comes out to be 91. meV. This value 

indicates - by comparing poorly with the experimental valpe of 15±4 meV - 

that the assumed 0.2 eV difference can only be__a crude estimate. 

At this point one may question the profit gained by our lithium 

calculations. We believe that the most important result of our 

calculations for this centre is the fact that the energetically 

preferential position of the axial site is confirmed and shown to 

be independent of-the particular values of the potential matrix 

elements for a variation of the ground state level between E and its 

upper bound. This result coupled with the absence of a real root 

for the determinental scattering equation when the neutral lithium 
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centre is formulated exclusively in terms of oxygen p-type orbitals 

forces us to postulate that it is the presence of the s orbital on 

the lithium ion which accounts for the qualitative difference between 

the VZn and (Li+)o centres and that this orbital is, necessary to 

stabilise the wavefunction of the latter. 

In section 5.3 we demonstrated that the energy difference between 

the ground states of the hole in the two configurations is essentially 

a function of the position of the level in the band-gap and exhits a 

complicated variation with respect to it. This energy difference never 

acquires the experimental value, its best value being its minimum of 

60 meV. This poor agreement with. experiment - poor when compared with 

the VZn case - demands an explanation. We belieýe that it is due to 

the many additional - with respect to the VZn case - approximations 

that we have been forced to employ in dealing with the substitutional 

lithium centre. The most important of these approximations are the ones 
0 involved in the calculation of the matrix elements of G and in 

particular the use of a zinc 4s orbital in place of the more suitable 

lithium 2s displaced. by the appropriate amount. In essence it is true 

to say that lattice distortions are important - as far as the calculation 

of Go is-concerned - for the case of the (Li )o centre but not so for 

the VZn centre. 

Another reason for the comparatively poor agreement with experiment 

is our simplified treatment of the defect potential especially 

in the presence of a substitutional atom and lattice distortions. 

In this connection it is worth noting that the element of the 

potential on which the energy difference between the two 
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configurations of the hole mostly depends is V h* However this is 

the element whose value will mostly depend on the elongation or 

shortening of any bond-lengths. A general discussion of the role 

of the defect potential in our calculations will be given in the 

subsequent paragraphs. Here we only-wish to mention that it is 

possible that,, due to the comparaýttve complexity of the matrix of the 

defect potential of the (Li + )0' centre, any small errors present 

may add up to influence considerably the calculated energy difference. 

We now come to a consideration of some more general questions, 

namely the applicability and usefulness of the Green functions method 

for the II-VI compounds and the relation of the latter to the theory 

of screening, as applied to the defect potentials. Before we enter 

the discussion of these topics we wish to be explicit about the meaning 

of the terms we use: by the word applicability we mean the definition 

of the class of defects in which the Green functions may be used; by 

the term usefulness we mean its ability to predict and interpret 

experiment. Clearly as far as the former is concerned the most important 

question to be discussed in relation to our calculations is that of 

the Coulombic tail of the potential. A general discussion of 

this subject was given in the first chapter, section 1.2. There we 

argued that the prime consideration for the truncation of the secular 

equation (and consequently the truncation of the theoretically infinite 

matrix U) is the expansion of the defect wavefunction in the appropriate 

basis set. The. re is no need to repeat the arguments again. Here we 

wish to discuss the question of the Coulombic tail within this context 

but with reference to our calculations. 
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In all cases we considered the form of the wavefunction 

that we adopted and in particular the extent of the wavefunction 

(localisation) 'was, if not dictated, strongly suggested by experiment. 

The experimental-evidence included - again in all cases - ESR 

experiments which give direct information. about the nature of the 

wavefunction., In this respect, and using the above mentioned arguments, 

we'think we are justified in neglecting the Coulombic tail of the 

potential. The error involved will essentially be determined by the 

relative weight of the missing orbital*s in the chosen complete basis 

set'of orthogonalised atomic orbitals. It is true to say, that our 

chosen expansion of the defect wavefunction for each of the defects 

that we considered is adequate for the corresponding experimentalist 

to discuss and interpret his results. The question is whether such 

an expansion is adequate for an accurate calculation of the energy level 

of the ground state and the other properties of the centre under 

consideration. 

This question can partly be answered conclusively. The 

qualitative features of all the centres we have dealt with have been 

reproduced by our calculations. Such features are the basal site 

being an energetically* preferential position for the hole in the case 

of the zinc vacancy, the axial one in the case of the substitutional 

lithium centre, etc. Not only that but some of these features were 

quantitatively reproduced for reasonable values of the matrix elements 

of the potential and in addition their qualitative character was 

preserved for all values of the matrix elements of the potential in the 

investigated region., Therefore although we cannot exactly state, 

i*In fact our expansion of the defect wavefunction always agreed with 
that assumed or implied by individual experimentalists 



-176- 

quantitatively what the effects are on the ground state of truncating 

the basis set the way we have (and consequently truncating U and GO), 

we can safely say, that our representation of the various defect 

wavefunctions was enough to reproduce the main characteristics of 

all centres. Very recently Rodriguez*et al. 
76) (1980)-have I estimated 

that the contribution of the long range part of the potential to the 

ground state of similar defects in III-V compounds is approximately 

0.1 eV. It is not unreasonable to assume that at least in ZnO, a 

II-VI compound where localisation is higher, the same value (or a 

smaller one) will hold. It is important to note here that the 

potentials we have used are all of long range character (i. e. Coulombic 

or simijar)ý Their long range part, however, does not enter in our 

calculations, not because it is not appreciable in magnitude but because 

of our choice of the defect wavefunction for each centre, i. e. because 

each defect wavefunction being well localised is virtually zero outside 

a certain radius of the order of magnitude of second nearest neighbour 

distance. 

These observations and conclusions. lead us to suggest that 

the Green functions method may, even in the presence of long-range 

Coulombic potentials, be very useful qualitatively and even quantitatively,, 

especially if used in parameterised form. In the latter case the 

values of the matrix elements of the potential may be determined by. 

fitting to the experimental value of the ground state (or some other 

physical quantitity or both) and then the remaining observable quantities 

or properties deduced from the solution of the determinental scattering 

equation. In many circumstances the situation will arise where the 

number of available experimental values equals the number of independent ' 

matrix elements of the potential. In such a case an accurate estimate 

of one or more of the matrix elements must be provided. 
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, -This is not the only reason why it is necessary to have an 

accurate estimate for some (or the majority if possible) of the 

elements. of the potential. It is possible that as the complexity 

of the defect grows and consequently the number of undetermined 

parameters increases there may exist different types of roots for 

different combinations of the undetermined matrix elements of the 

defect potential. One then may be misled and look at the wrong root 

(for a given combination, of values of the parameters) which can give 

different properties for the centre from some other root. The 

situation is considerably eased by the fact that some parameters 

(matrix elements) have a minor effect on the roots of the scattering 

equation but the problem still remains. 
This brings us back to our original problem of screening 

which is, as we have stated, the stumbling block in-the determination 

of the potential . Here we wish to discuss several limitations of 

applying linear screening theory which are common to all the defects 

we dealt with as well as some observations we consistently made in 

relation to the actual degree of screening physically present. Such 

observations derive from an examination of our numerical results 

so that if taken in the form of conclusions they can only be of an 

ex-post facto nature. It was observed that to achieve agreement with 

experiment the values of the matrix elements of potentials referring 

to either disturbed cation or. vacant sites had to be such that 

apparently screening was almost absent. To put it in another way, the 

bare perturbing potentials were hardly screened when they were 

centred on sites on which there did not exist a strong electronic 

valence densitY. This is truesfor example, for the diagonal matrix 
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elements for the F+ centre, for'the basal diagonal elements in the 

axial Vzn centre(and conversely for the basal VZn ) and for the 

corresponding elements in the case of the Li centre. 

Obviously from such a statement - which refers to the values 

of certain matrix elements when the lowest root of the scattering 

equation coincides with the experimentally measured value of the 

ground state level - we cannot conclude that, physically speaking, 

screening is absent. After all the position of the root is also 

determined by the rest of the potential matrix elementst and by such 

initial assumptions as the extent of the wavefunctions, the neglect 

of'electron-lattice interaction, etc. However we think we are justified 

in saying that the-above-mentioned observations-strongly-suggest 

that the screening of potentials produced by cation or vacant sites 

is weaker than linear screening theory would predict. 

It should be stressed, of course, that the validity of the 

above argument rests on the assumption- that our calculated values of 

the-matrix elements of the bare potential are accurate; otherwise we 

cannot say that the screening part is negligible. In this connection 

it is worth noting that provided the basis orbitals are well localisedtt, 

eqns. (4.2.19) and (4.2.20) imply that the value of the matrix elements 

under consideration is approximately 2/R, where R is the appropriate 

distance, and hence independent of the type of orbitals used. This 

removes some of the arbitrariness in our choice of orbitals. 

In the case of the F+ centre there is only one bare potential, that 

produced by the vacant site, and hence this argument does not hold. 
In fact the case of the F+ centre strongly supports the argument 
to follow. 

tt Well localised is taken here to mean that most of the charge density 
is contained within a radius equal to the interatomic distance 
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One reason why linear screen-ing theory may not be applicable 

to I ionic I materials, such as zinc oxide, was given in section 1.4.1 .t is 

the basis on which the random phase approximation rests, namely the 

fact-that this approximation was shown to be valid in the high density 

limit whereas ionic materials have alternating regions of high and 

low electronic density. This is only a negative argument however and 

not very indicative of the actual physical processes. The reason why 

linear screening theory overestimates screening in our case is the 

following. It is implicit in the derivation of this theory that (a) 

the "total number of electrons remains constant upon application of the 

perturbation (field) and (b) that the latter is independent of the 

eigenvalues occupied in the unperturbed case. However in the case, say, 

of a removal of an anion such as the oxygen ion, not only are these 

two assumptions invalid but it is precisely the electronic charge 

density on the anion which, if present, would have predominantly 

contributed to the screening of an electrostatic field placed at the 

oxygen site. 

The difficulty of applying linear screening theory although 

central in our calculations is not the only conceptual (as opposed to 

computational) difficulty we have encountered. In the cases of the 

zinc vacancy and substitutional lithium acceptors we had to consider 

the potential on the 0- site due to the unoccupied state which for the 

purpose of calculating the potential we 
! took to be a simple oxygen 2p 

orbital. In principle, however, it is a function of the defect wave- 

function, i. e. of the solution of the perturbed crystal. The error 

due to this factor does not enter Our calculations having been 

absorbed in the valu )f the matrix element referring to the 0- site 
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which was obtained by fitting to experimen tt This case, however, 

(the only one of its kind in our calculations to a good approximation) 

serves to illustrate that the bare perturbing potential may be a 

function of the defect wavefunction and hence one should, in principle, 

perform a self-consistent calculation (although to the best of our 

knowledge no such calculations exist for Green functions method). 

Finally we wish to discuss the influence of lattice distortions 

especially in relation to the way we have used the Green functions 

method. Usually the role of latticd distortions is to change the 

geometry around the defect and consequently lower the symmetry of 

the potential around the perturbed site. This does occur in the 

majority of the defect centres we have dealt withtt; the primary reason, 

however, for the lowering of the symmetry is not the asymmetry in lattice 

displacements but the resulting charge transfer processes which give rise 

to localised holes on particular oxygen sites. It should be noted 

though that the two processes are inter-related; the change in electro- 

static forces which brings about lattice displacements is partly due to 

the charge transfer process and conversely the latti'ce distortions must 

exist if the lattice is to stabilise. We have taken account of both 

these processes in the defect potential by using the distances of the 
I a' 

tThe rest ', of the elements depend only on the long range part of this 
potential which should be insensitive to the exact form of the 
unoccupied orbital. 

'1-ýThe exception being the F+ centre where experiýent shows that the 
distortions are symmetrical. 
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displaced sites and including in the defect potential the potential 

due to the localised hole. The treatment cannot be considered complete, 

of course, because in reality it is a self-consistent problem. 

Any errors in our calculations due to the physical presence of 

lattice distortions in some defect centres are not -to be found only in our 

simple treatment of the perturbing potential. The Green functions are 

affected too because of our way of expanding the defect wavefunction. 

Our, expansion consists of a small set of orthogonalised orbitals 

centred on the perturbed site and/or the nearest neighbouring ones. 

Since we are not using an infinite basis in the sense of continuously 

increasing a finite basis until convergence is obtained the success of 

our method depends on having a good representation of the defect 

wavefunction right from the start. Now experiment shows that the 

orbitals on the displaced sites are an adequate representation of the 
t0 defect wavefunction Therefore the matrix elements of G must be 

taken with respect to these orbitals and not. 'w. r. t. the. corresponding ones 

of the basis of the perfect crystal. The errors due to this factor 

have been discussed in the corresponding sections. Here we only wish 

to state that they become important only in the case of the lithium 

centre and this is probably the main reason for the poor agreement 

with experiment of the results for this centre as compared with its 

similar ones. 

In concluding this chapter we wish to make some suggestions for 

future work on the subject. The main disadvantage of the Green 

functions method is the sensitivity of the energy levels on the choice 

tThe meaning of the'term adequate has been discussed in previous 
paragraphs of this chapter. 
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of the defect potential coupled with the uncertainties in the 

latter especially when heavy lattice distortions are present. This 

has partly been the case with our calculations since only certain 

matrix elements of the potential affect significantly the position 

of the root of the determinental equation. The problem, however, 

remains. We do not think that this a good enough reason for switching 

to cluster calculations as many workers have thoughtt. The Green 

functions method - unlike the cluster calculations - has a fi rm 

theoretical foundation which protects the individual worker from the 

pitfalls embodied in the latter. Very recently -Jaros a6d 8rand. (1'6ý have 

reformulated the Green functions method in a way which makes it 

insensitive to the potential at the expense of more computational labour. 

This could be an alternative. We suggest as another possibility 

although not mutually exclusive to the former -a better treatment 

of the defect potential by an explicit consideration of the wavefunctions 

present in the perturbed problem and by aiming at self-consistency. 

Another way of improving the method - in relation to the way we have 

used it - is to examine convergence with respect to the basis set. 

We believe that when a realistic defect potential can be found a 

determinental scattering equation involving a small order matrix could 

be used to predict and interpret experiment. 

This switch has, of course, also been prompted by the generally 
accepted but mistaken opinion that the Green functions method is 

unsuitable for defects with long range potentials. 
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APPENDIX A 

In this appendix we derive the result of eqn. (4.1.14). We 

recall that we are interested in energies in the band-gap. 

Idk1 
2Trk 2 dk 

2VB. Z. E-Eo-ctk? - CLV B. Z. 0' e-k 
2 

where CL 
< 0, k2 

and km is the radius of the sphere of integration. Now let 

e= -B2 so that B=A. Then I becomes 

kk 
-2Tr 

M (k2+B 2 
-B 

2 )dk 2Trk 
m 27r mB2 dk 

+ 22 
ayB. Z. 0BA av B. Z. av B. Z. -o 

BA 

27rB -1 
km 27rk 

M 
- 

av 
tan (y-) - 

av B. Z. B. Z. 

N 

A 
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APPENDIX B 

To reduce' the three-dimensional integral of 4.1.15 to a simple 

one-dimensional integral. 

Let Ri-Ri= 

Ak. R 3k 27r 
edk ikR cos6 2 ek sinedodedk 
E-E ak2 0 c- 00 E-EC-ak 

where 0 is the angle between k and R.. Since dcosO = -sinedO we 

have 

27r 
M- 

(e ikR 
_ e- 

ikR )k2 dk 47r 
km 

sin(kR) kdk 
0 ikR(E-Ec-ak ?-)-= T- 

fo 

E-. Ec-ak2-- 

0 

U' 

A 
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