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Abstract We have developed a molecular cluster method for the calculation of defects in
semiconducting materials by imposing proper crystalline embedding conditions to the well
known multiple scattering X, method. The proposed modification introduces a common
energy reference for the clusters representing the crystal and the defect, which makes
possible to compare the energy eigenvalues coming from both calculations. The method
has been applied to determine the electronic structure of the copper substitutional impurity
and the cationic vacancy in cubic zinc sulphide crystals with very satisfactory results.

1. Introduction

When considering the problem of a localized defect in an insulating matrix,
oneismainly interested in thosestates (associated to the defect) whose energieslie
into the host energy band gap. If the impurity gives rise to shallow energy levels,
the effective mass aproxiniation' provides a neat way of determining these states

and those electronic properties related to them. However, the same does not hold
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for the deep defects, due to the highly localized behavior of their wavefunctions.
Several procedures have been developed to describe these states, most of them
based on the Green’s function method?. An alternative procedure is provided
by the molecular cluster methods, which are also frequently used due to their
greater computational speed and conceptual simplicity. In this type of procedure
the defect and its immediate crystal environment are considered as if they form
a large and isolated molecule or molecular ion®~2, assuming that such a small
cluster of atoms can reproduce at least those crystal features that depend mainly
on short range interactions. However, in some cases, the reduction of a crystal to
afew atoms may not preserve the main crystal features. For instance, the finite
cluster size can turn the cluster energy spectrum into a mixture of bulk and surface
states®. These effectscan be minimized, but not avoided, by using some art in the
introduction of arbitrary embedding conditions* or by increasing the number of
atoms in the clusterS. Besides these inadequacies, the molecular cluster methods
suffer from the lack of a unique energy reference for the cluster representing the
crystal and the defect. The absence o this energy reference makes it very difficult
to determine the position of the defect energy states with respect to the band
edges or to decide among the several possible defect charge states.

A molecular cluster that avoids most of these inadequacies is the crystalline
cluster model (CCM)®:1°, In this self-consistent-field procedure the Schrodinger
equation issolved in a finite cluster o atoms, by using some quantum chemistry
method for large molecules, but the self-consistent potential is obtained solving
the Poisson equation in the infinite periodic crystal . Consequently, one avoids
the potential surface effects and the calculated cluster energy spectrum provides a
suitable description of thecrystalline density o states'®. Moreover, if a defect cal-
culation is performed through this method, the localized energy states associated
with the defect becomes properly located with respect to the crystal band edges
because the reference used to define the potential for the cluster representing the
defect is the same as that used in the crystal calculation.

In thiswork we have used thecrystalline cluster method, within the framework

of the multiple scattering X, method!!, to perform first principle investigations
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o the eectronic structure o the ZnS crystal, as well as o the localized states
associated to the copper cationic substitutional impurity and the zinc vacancy in

that material.

2. Theory

We begin our discussion d the CCM following the Hamiltonian

H=H,+A0(r~R) , (1)

where I?., is the Hamiltonian of an electron in the infinitecrystal, A isalarge and
positive constant, and @ is the Heaviside step function. The effect d the second
term on the right-hand side of eq,(1) is easy to understand. This term raises the
energy o theelectron if it ventiires outside the sphere of radius R. Consequently,
each energy band o the spectrum o B, is given by aset o discrete energy states
herein designated as cluster energy spectrum, and a continuum of states shifted by
A from the original band. This can be easily seen if one works in the Wannier

representation. In this representation, the matrix elements o H can be written in

the form:
H=H +8, (2)
where
<I1T#, IT> : 0
| EREE IRSTASRLTIIIELS )
0 : <LIH, IL >+
A<LIO®(r—R)IL >

and
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<Ire(r—R)IT"> : <1I H, IL' > +
X : A<iIe(r-R)IL >

< LI H, IT" > +
A<LIO(r—RIT > : 0
(4)
where IT > represents the minimai width Wannier function associated to the n-th
crystal band and to the lattice vector I 12, Each matrix of egs. (3) and (4) breaks
into four submatrices. The upper left submatrix refers to the internal Wannier

states, namely

Nif 1< &

the lower right diagonal submatricesrefer to Wannier functions outside the cluster,
that is,

Iz 10>k,

and the off-diagonal submatrices mix the internal and external Wannier functions.
One can easily see that the cluster states are those states coming from the upper-
left submatrix of fI;. Now, if A islarge enough (later on one will see how large A

must be), the effective cluster Hamiltonian becomes:

Bo (1) =< 11 B, 17 > 45 Y <1 1, I < T B, 1T >

L>R

+A<i10(r—-R)IT" >
A) <ire(r-R)IL><LI®(r-R)IT >

L>R
Y {<Ii1f, IL>< LIO(r—R) IT" >
L>R
+<1Ie(r-R)IL><LIA, IT" >} (5)
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The second term in eq.(5) is of crder B2 /A, where B is the width of the band one
isdealing with. So, if A is much larger than the bandwidth B, this term becomes
negligible when compared with the first term in eq.{(5). One can readily see that
the third and fourth terms in eq.(5) are of the order of the product of A by C,
where C is the largest eigenvalue of the matrix:

—

o(1,1") =< 11 ©(r - R) IT' >

Then, if A ismuch smaller than B/C, these terms can also be neglected. Finally,
if the above conditions are satisfied, the last term in eq.(5) being of the order of
the product of B by C can also be neglected. Summarizing the above results one
can say that, of the constant A in eq.(1) can be chosen so that

B << A<< B/C, (6)

the effective Hamiltonian for the discrete states of H is reduced to the first term
in eq.(5). In other words, the potential barrier at the cluster surface decouples the
internal and external Wannier functions, and the cluster energy spectrum consists
only of bulk states with energies lying between the top and the bottom o the
crystal band to which they are related.

Since the cluster energy spectrum depends very litle on the details of the
electronic potential outside the sphere of radius R, the potential to be used in the

cluster calculation can be rewritten in a more practical way as

V(M) — A if Tr<R

Ve (7) = (7)

w(f); if r>R
where w is a smoothly decaying function o r, which has only been introduced to

simplify the solution o the Schrédinger equation.
In order to obtain the electronic structure corresponding to the crystal, one
has to solve simultaneously the Schrodinger and the Poisson equations. The
Schrédinger equation is solved in the cluster for the potential defined in eq.(7)
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and the resulting number density is put into a muffin-tin format. The crystal
number density is then obtained according to Brescansim and Ferreira’. This
model nurnber density is used to solve the Poisson equation in the periodic lat-
tice by means of standard Ewald techniques*®. Now, as we have shown above,
the cluster energy spectrum obtained in the CCM becomes a good sampling of
the crystak density of states provided the self-consistent potential V, is truly the
crystalline potential, that is, if the model density of charge defined in the CCM
reproduces that of the crystal. Populating all of the cluster states associated to a

crystal band means to generate a nurnber density given by

n(@) =) lla. (-1 | (8)

1I<R

while the corresponding crystal number density would be
p(r) = Z Il e (F—T) |7 (9)

Comparing egs. (8) and (9) one observes that the cluster density leaves out the
contribution coming from the Wannier functions outside the cluster. But, when-
ever inequality eq.(6) is satisfied, this contribution is very small and the crystal
number density becomes well described by the cluster.

The Hamiltonian of a crystal containing a defect can always be decomposed
into the Hamiltonian of the unperturbed host lattice plus an effective perturbation
U introduced by thedefect. If U iswel localized inside the cluster, acondition that
can be easily attained for deep defects in semiconductors, the only nonnegligible
matrix elements of U are those corresponding to Wannier functions localized inside
the sphere of radius R. Then, if a development similar to that used in the case
of thecrystal is performed, one can easily show that the effective Hamiltonian for
the cluster representing the defect becomes

~

Hp (1,1 =< 1T A, IT" > + < TTUAHIT > (10)
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One can readily see from eq.(10) that A, preserves the same energy reference
used in the crystal calculation. Thus, the cluster representing the defect provides
energy levels which become properly localized with respect to the crystal band
edges.

3. Results and Discussion

It is well known the the 11-VI semiconducting compounds have highly ionic
bonds. This meansthat one can. assume that the muffin-tin approximation can be
used to properly describe their electronic properties. Thus, we have used the CCM
within the framework of the multiple-scattering X, method to perform investiga-
tions o the zinc sulphide electronic properties. One can also presume, from this
ionic character, that even small clusters can be used to reasonably describe the
electronic properties of these11-VI compounds. Two clusters with seventeen atoms
have been used in the present calculations d pure ZnS. These clusters, labelled as
Zn,8,Zn,, and 8;Zn,Sy,, consist of a central atom surrounded by its four near-
est neighbours and twelve next-nearest neighbour atoms, which are arranged in
a tetrahedral configuration compatible with the undistorted host lattice geome-
try. The radii of the atomic muffin-tinspheres have been chosen to be R;,=2.436
a.u. and Rs=1.988 a.u., in such a way that they are proportional to the tabu-
lated covalent radii for zinc and sulphur'4 and their sum reproduces the crystal
interatomic distance. The outer sphere radius has been chosen to be tangent to
the outermost atomic spheres. The a exchange-correlation parameter inside the
atomic spheres were chosen according to the atomic tables!® to be az,=0.706 and
ag=0.725. Our experience has shown that, provided a value close to that of the
atomic species is chosen, the cluster energy spectrum depends very litle on the
value o a in the inter-sphere region. On the other hand, in our model, the cluster
energy spectrum does not depend on the a value outside the sphere of radius R.
Thus, we choose an ad hoc value a=0.700 for the exchange-correlation parameter
in these inter-sphere and extramolecular regions. For all valence orbitals the basis
functions include angular momenta up to { = 2 in the central sphere and up to
!/ =1intheremaining atomic sites. The 3d orbitalsfor the outermost zinc atoms
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inthe Zn, 8,Zn,, cluster have been included in the self-consistent process but have
been imposed to be confined inside their muffin-tin spheres.

As can be seen from fig.1, the crystalline electronic structure for the full
occupation regime obtained in the present calculation agrees with previous self-
consistent band structure calculations!®*”. One can also see from fig. 1 that,
as anticipated in the previous section, our model provideslarger gaps and smaller
bandwidths than thoseobtained in a band structurecalculation. Onecan also con-
clude, by comparing our results with the calculations of Ferreira and De Siqueira'?,
that for materials like zinc sulphide the cluster energy spectrum is not very sensi-
tive to the details d the exchange-correlation potential.
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0+ — —_
sl=p» [ ] =
- r T —S3p
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o | S3p —
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Fig.1 - Calculated one-electron energy spectrum for pure ZnS crystals in the filled shell
configuration obtained in the present calculation. The band structure determinations by
Bendt and Zunger (ref.16) are also presented for comparison. (a) - present calculations
with Zn; 8; Zn; 4, (b) - Zunger and Cohen, (c) - present calculations with S, Zn,S;,
cluster.
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According to Ferreira and De Siqueira'®, the transition state concept has to
be used to determinethe electronic ionization potential whenever the electron self-
energy is larger than the width of the band one is dealing with, while the energy
eigevalues have to be used to estimate the ionization potential if the bandwidth
is much larger than the electron self-energy. In this work we have found that the
electron self-energiesfor the Zn-3d and S-3s bands are 4.5 eV and 1.1 eV. These
values are large compared to the respective bandwidths of 0.6 ¢V and 1.2 €V,
obtained by means of band structure calculations'®*”, and our estimates of 0.2
eV and 0.9 eV. One can conclude from these results that the hole created in the
ionization process d the Zn-3d band is highly localized around the zinc atom, so
that itsionization potential can be obtained through the transition state concept
by means of a cluster calculation. For the S-3s band we have that the created hole
becomes more delocalized than that created in the former case. However, it is still
localized enough to be properly described by means of a small 17-atom cluster such
asthat used in the present work. The self-energy for the S-3p band we obtained is
about 2.5 eV, avalue smaller than our estimate of 34 eV for the S-3p bandwidth,
or thevaluedetermined by meansdf band structure calculations'®:”. We have also
observed that the hole created has a much highly delocalized behavior in this case,
that is, the cluster is too small to describe the excited state wavefunction, which
becomes artificially confined inside the cluster volume, then increasing the electron
self-energy. Thus, if it is non-negligible, this self-energy cannot be determined by
means of a cluster calculation, unlessa much larger cluster isused. The same does
hold in the case of an electron promoted to the conduction band (Zn-4s). So, for
the S-3p and Zn-4senergy bands, the best one can do is to use the electron energy
eigenvalues to estimate the electron ionization energy.

The main optical transition energiesassociated with bulk ZnS are summarized
in table 1. The first transition corresponds to the ground state energy band gap,
namely the promotion of an electron from the uppermost valence stateto the lowest
conduction state. Our predictions of 3.13 eV and 3.96 eV, obtained by means
o the Zn;S,Zn,, and S;Zn,S,., clusters are in good agreement with previous
theoretical calculations'®~ 1% and the 3.91 eV experimental value!®. The other
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optical transitions correspond to the position of the Zn-3d and S-3s bands with
respect to the top of the S-3p valence band. These energies have been determined
to be 9.4 eV and 12.9 eV, respectively, while the experimental valuesare® 9.5 eV
and 13.5 eV. Thus, one can conclude that our 17-atom cluster calculations provide
a good descripton o the pure ZnS electronic structure. These results aso suggest
that these clusters can be used to describe the localized states associated with
deep defects in this material.

Table 1 - Theoretical estimatives o pure ZnS crystal obtained in the present
calculations. All energies are quoted in eV.

optical cluster present Ferreira  Bendt and Stukel experim.
transition used caculation De Siqueira®  Zunger® et ali®
energy Zn;S,:7Zn;, 3.13 4.46
band 1.95 377  3.91¢
gap 51Zn4312 396
position
Zn-3d  Zn;S,Zn;, 94 7.6 74 141 9.5"
band
position
8-3s S,Zn,S;, 12.9 141 12.9 11.8 135"
band

a-ref.18, b - ref.16, c - ref. 17, d - ref. 19, e - ref.20.

The cluster used to represent ZnS:Cu has been labelled Cu,;8,Zn,, and has
been obtained by replacing the central zinc atom o the Zn, S, Zn,, cluster by acop-
per one. In this cluster we kept the same atomic radii and a exchange-correlation
parameters we have used in the crystal calculation for all cluster regions. Accord-
ing to our calculationsthe substitutional copper (Cu**) impurity in zinc sulphide
gives rise to a resonant state with e symmetry, which is localized in the upper-
most valenceband, and a partially filles £, orbital that appearsin the fundamental
gap. Sincethese defect states associated to copper in zinc sul phide have wavefunc-
tions that are well localized within the cluster volume, one can assume that the
transition state concept should be used to determine the energies o the optical
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transitions associated with such a defect. Two main absorption lines have been
observed in copper-doped ZnS. The first consists of an internal e — ¢, transi-
tion from the resonant state with e symmetry to the ta acceptor state localized
in the gap. According to our calculations this transition occurs at an energy o
0.97 eV, in agreement with the experimental data®:*? and previous theoretical
calculations?®2®. The second absorption tine corresponds to the ionization of the
defect, that is, the promotion o an electron from the top of the uppermost va
lente band to the half-filled ¢, state in the gap. We obtained for thistransition an
excitation energy of 1.17 eV which is in good agreement with the experimentally
obtained values (1.25 eV?!, 1.44 eV?4),

Table 2 - Optical transition energies associated with the substitutional Cu impu-
rity in zinc sulphide. All energiesarein eV,

Transition Chacham  Ferreira and  Ours  Experimental
et di@ De Siqueird’

e—t, - 0.71 0.97 0.77¢, 0.85¢
(v°,88) = (v-1,88) 057 228 117 1.15%, 144"
green luminescence - _ 25 2.41

a-ref.23,b-ref.18, c- ref. 22, d - ref. 21, e - ref.24, f - ref. 25,

It has been well established in the literature® that the green luminescent
emission in copper-doped ZxuS is due to a donnor-acceptor transition, from asingle
shallow substitutional donor, say chlorine on aluminium, to a single acceptor,
usually copper or silver. It can be shown?® that, neglecting the electron-phonon
interaction, one has that the donor-acceptor density o states has a maximum at

the energy

2
h Vm =EG —ED "‘EA - fe—(ﬂ']VD)l/3 (11)

where E. is the host energy band gap, F, and E, are the donor and acceptor
ionization energies, e is the electronic charge, Ny is the concentration d donor
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wmities, and € is a proper dielectric constant®” which, for convenience, will
ve taken as the crystal static dielectric constant?®. Since the single donor states
associated to the green emission are shallow, they cannot be determined by rneans
of acluster calculation!®, so that we haveassumed for Ep the experimental value®®
E; = 0.24 eV. We have also assumed the experimental data'® for the energy band
gap, and our theoretical estimatesfor E,. Thus, for atypical donor concentration
of Np ~ 10 — 10'® c¢m™2, one has that the green emission line has a maximum
at about 2.5 eV, in remarkably good agreement with the experimental value o
2.4 eV?5, Thus, one can conclude that our cluster calculation provides a neat
description of the localized states associated to the copper impurity in inc sulphide.

We have aso performed calculations on the neutral Zn?+ cationic vacancy
V2 } in zinc sulphide. The cluster representing the cationic vacancy has been de-
finedin asimilar way as that used to obtain the cluster used in the copper impurity
calculation, the only difference being the value o « in the defect spheres which
has been chosen to be a= 1. According to the atomic tabulations!®, a increases
as the atomic number Z decreases, and the vacancy can be considered as an atom
with null Z In this case we obtained that afilled a, orbital and at, state occupied
with only four electrons, that correspond to the dangling bonds associated to the
vacancy, are introduced into the host gap. The Zn-3d states associated to the
outermost cluster atoms for the cluster representing the vacancy become shifted
by about 0.4 eV, when compared with those o the cluster representing the crystal.
Thisshift suggests that the perturbation potential spreadsout over a region larger
than that defined by the cluster. On the other hand, our calculations indicate that
the vacancy wavefunctionshave a spread larger than that observed in the case of
the copper impurity. So, one can conclude that the 17-atom cluster used in the
present calculations is too small to properly describe the zinc vacancy. We have
also observed that when the singly (V" ) and doubly (V) ionized vacancy states
are determined, the ¢; and e valence states a'so merge into the gap as this defect
becomes ionized. So, one can conclude that clusters with more than 17 atoms

must be used if one intends to obtain a proper description o the zinc vacancy.
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4. Summary

When performing first-principle calculations of localized defects in semicon-
ductors by means of a cluster calculation one usualy suffers from the lack of a
unique energy reference for the clusters representing the crystal and the defect.
This makes the localization of the defect states with respect to the band edges
a matter of free interpretation. Such a shortcoming can be avoided by using the
crystalline cluster method. In this work we have applied that method in the study
o ZnS:[Cuz,, V,] by means o calculations performed with small 17-atom clus-
ters. We have shown that, due to the highly localized behavior of the Cu-related
wavefunctions, these clusters provide a good description o ZnS:Cuy,, with the
theoretical predictions closely reproducing the experimentally determined optical
transition energies. In the case of zinc vacancy we have been unable to determine
the stability of the many charge states o the defect because the cluster used was
too small to properly describe this defect.
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Alves and Hélio Chacham for the very informative and encouraging discussions.
The computational facilities of the LCC/UFMG are also acknowledged.

References

1. JM. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955); W. Kohn, in Solid
State Physics (New York, Academic Press, 1957), vol.5, p.257.

2. N.J. Parada, Phys. Rev. B 3, 2042 (1971); F. Bassani, G. ladonizi and B.
Preziosi, Rep. Prog. Phys. 37,1099 (1974); J. Bernholc, N.O. Lipari and S.T.
Pantelides, Phys. Rev. Lett. 41, 895 (1978); G.A. Baraff and M. Schluter,
Phys. Rev. B 19, 4965 (1979); U. Lindefeld and A. Zunger, Phys. Rev. B
26, 846 (1982).

3. R.P. Messmer, S.K. Knudson, K.H. Johnson, J.B. Diamond and C.Y. Yang,
Phys. Rev. B 13,1396 (1976).



Electronic structure of ZnS:[Cugy, Van/

4.
5.
6.
7.
8.
9.
10.
11
12.

13.

14.
15.

16.
17.

18.
19.
20.
21.
23.

24.
25.

A. Fazzio, J.R. Leiteand M.L. de Siqueira, J. Phys. C 12, 3469 (1979).

J. van Der Rest and P. Pecheur, Sol. State Commun. 50, 269 (1984).

C.M Mdiller and U. Scherz, Phys. Rev. B 21, 5717 (1980).

N. Gemma, J. Phys. C 17, 2333 (1984).

P. Kadura and L. Kune, Phys. Stat. Sol.(b) 88, 537 (1978).

L.M. Brescansim and L.G. Ferreira, Phys. Rev. B 20, 3415 (1979).

P.S. Guimardes and L.G. Ferreira, Rev. Bras. Fis., 13, 99 (1983).

K.H. Johnson, Adv. Quantum Chem. 7, 143 (1973).

L.G. Ferreira and N.J. Parada, Phys. Rev. B 2, 1614 (1970); ibdem, J. Phys.
C 4, 15 (1971).

L.G. Ferreira, A. Fazzio, H. Closs and L.M. Brescansim, Int. J. Quantum
Chem. 16, 1021 (1979).

J.C. Slater, J. Chem. Phys. 41, 3119 (1964).

K. Schwarz, Phys. Rev. B 5, 2466 (1972), ibdem, Theor. Chim. Acta, 34,
225 (1974).

P. Bendt and A. Zunger, Phys. Rev. B 26, 3114 (1982).

D.J. Stukel, R.N. Euwema, T.C. Coallins, F. Herman, and R.L. Kortum, Phys.
Rev. 179, 740 (1969).

L.G. Ferreira and M.L. de Siqueira, Int.J. Quantum Chem.: Quantum
Chem.Symp.20, 313 (1986); ibdem, Phys. Rev. B 34, 3415 (1986).

R.G. Whedler and J.C. Miklosz, Proc. of the 7th Int. Conf. Phys. Semicond.
(Dunod, Paris, 1964) p. 873.

L. Ley, RA. Pollack, F.R. McFeely, SP. Kowalczyk and D.A. Shirley, Phys.
Rev. B 9, 600 (1974).

M. Tabei and S. Shionoya, J. Luminescence 15, 201 (1977).

I. Broser, H. Maier and H.-J.Schulz, Phys. Rev. 140, A2135 (1965).

H. Chacham, JL.A. Alvesand M.L. de Siqueira, Materials Science Forum
10/12, 49 (1986); ibdem, Solid State Commun. 60, 411 (1986).

H.-J. Schulz, Phys. Stat. Sol. 3, 485 (1963).

S. Shionoya, Luminescence of Inorganic Solids (edited by P. Goldberg, Aca-
demic Press, 1966) p.206; ibdem, J. of Luminescence 1/2, 13 (1970).

241



M.Lopes de Siqueira, P.S.Guimardes

26. M. Lanoo and J. Bourgouin, Point Defects in Semiconductors |: Theoretical
Aspects (Springer/Verlag, Berlin, 1981).

27. F.E. Williams, Phys. Chem. Sol. 12, 265 (1960).

28. G. Martinez, Handbook of Semiconductors (T.S.Moss, ed., 1980), vol.2, p.
210.

29. F.A. Kroger, Physica 22,637 (1956).

Resumo

N6s desenvolvemosum método de agregado molecular para o calculo de defeitos em materiais
semicondutores impondo condi¢do de contorno cristalino ao conhecido método do espalhamento
multiplo X.. A modificagio proposta introduz um referencial de energia tnico para os agregados
representando o cristal e o defeito, o que possibilita comparar os autovalores de energia proveniente
de ambos os célculos. O método foi aplicado para determinar a estrutura eletrénica de uma

impureza substitucional de cobre e de uma vacancia de cation no sulfeto de zinco com resultados
bastante satisfatério.
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