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Modified neglect of diatomic overlap parametrization of oxygen: A cluster study of oxygen
defects in silicon
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We present a parametrization of oxygen within the framework of the modified neglect of diatomic overlap
(MNDO) technique. The atomic structure and formation energy of a oxygen defect in silicon are studied as a
test of the reparametrized MNDO technique. We find that the geometry and the associated formation energy are
in good agreement with experiment as well as with resul&bahitio calculations. Even the calculations based
on the MNDO technique are by 2 or 3 orders of magnitude less expensivalthaitio calculations.
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With the advent of highly powerful computers, calcula- between two neigboring lattice atoms. It is believed that oxy-
tions at the atomic level offer a chance to shed light on thegen breaks the silicon-silicon bond and forms a Si-O-Si
obscure properties of silicon. Historically, the electronicbridge* Two lattice silicon atoms dilate the Si-Si bond by
structure problem has been solved using the translationaround 36%>!® The interaction between the neighbors
symmetry of the systerhThis appeared to be more than a forms a virtual Si-O-Si molecule witkS,, symmetry'® The
good idea. However, there are some good reasons for coutefect is electrically neutral and induces a shallow acceptor
sidering alternatives. In particular, defects can break the pdevel at E.—0.07 eV (Ref. 17. Irradiation of oxygen-rich
riodic symmetry and then it is difficult to use the idea of silicon at room temperature produces mobile vacancies and
crystalline periodicity. If the defect is charged, the situationinterstitials. In case a vacancy meets an interstitial oxygen, a
is even more complicated, and a spurious neutralizing mevYO complex @-centej is formed. The defect is associated
dium has to be inserted to remove the divergent Coulombigvith an acceptor level dE.—0.17 eV (Ref. 17 due to the
repulsion energy. The cluster approach with a hydrogenweak bond between the pair of silicon atoms bordering the
saturated surface coupled with the Hartree-FOo¢kF)  vacancy. Another pair of silicon atoms forms an Si-O-Si
technique$ developed mostly for quantum chemistry avoidsbridge and moves the oxygen from the substitutional site to
some of these problems and could have advantages over thige[100] direction. Although the basic structure for the oxy-
periodic systems. One of the strongest ones is that calculggen defect is generally accepted, it still hides many secrets
tions based on the cluster approach, with well-tuned paramand its properties remain poorly understood.
eters, give results by 2 or 3 orders of magnitude faster than In this paper, we present a parametrization for oxygen in
simulations based on the local density approximatidDA ) the framework of the modified neglect of diatomic overlap
technique. All HF techniques are self-consistent field meth{MNDO) technique. This method neglects the repulsive or-
ods taking into account electrostatic repulsion and exchang®gonalization corrections and the attractive penetration inte-
stabilization. In semiempirical HF methods, all calculatedgrals of the one-center core Hamiltonian matrix elements.
integrals are evaluated by approximate means. However, thEhese two terms, in general, compensate each other but the
implementation of a semiempirical HF technique could becompensation is not perfect. For this Dewar and Thiel
limited by the choice of physically plausible model param-added a new term with the aim to adjust the balance between
eters. Generally, this can be done by fitting the model tahe attractive and repulsive terms. This correction is outside
either experimental data or accuraie initio calculations. the quantum-mechanical framework and is given as a sum-

Oxygen as the most common impurity in silicon can bemation of spherical Gaussian functions,
introduced in many different ways. If a silicon crystal is
grown by the Czochradski method, then it is contaminated ZpZg
from the surrounding quartz cruciBland can contain ap- E(A,B)= R
proximately 182 oxygen atoms in one cubic centimetarhe
ubiquitous presence of oxygen in silicon has led to an extenwhere E(A,B) is the correction functionR,g is the pair
sive study of this defect by a multitude of experimetital distance, and; ,b;,c; are adjustable parameters. This ap-
and theoretic&r*° techniques for more than 30 years. The proach was used in AM(Austin method (Ref. 19 and later
equibrium structure of the oxygen defect in silicon has beerin PM3 (parametric method Ref. 20
extensively studied, including computation of vibration In our study, we used two different in size silicon clusters.
modest! and diffusion®? or reorientation energy? The gen-  In particular, we used $Hg, and Sig,Hs (this we will refer
erally accepted model shows the oxygen atom “squeezedfo as large clusters. The lattice constant was set to the ex-
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TABLE |. Oxygen defect geometry computed on3g, clus- TABLE Il. List of adjustable parameters for oxygen in various
ter using various MNDO parametrizations. parametrizations.
G Parameter AM1 PM3 NOP
Method AM1 PM3 NOP LDA2 a, 0.2809620 —1.1311280 —0.217867
Si-O-Si(deg 155.9 144.3 152.3 154 b, 5.0000000 6.0024770 5.150000
Si-O (A) 1.72 1.64 1.65 1.65 (o 0.8479180 1.6073110 2.358491
ov a, 0.0814300 1.1378910 0.317213
Si-O-Si (deg 112.5 109.5 138.9 148 b, 7.0000000 5.9505120 6.000000
Si-0 (A) 1.88 1.78 1.69 1.69 Cy 1.4450710 1.5983950 2.302430
as —1.019130
%Reference 22. bs 5.200000
perimental value of 5.43 ARef. 21). The dangling bonds on Cs 0.984307
the cluster surface were saturated by hydrogen in such a way 84 1.048130
that the new bonds become equivalent with the original by 5.848000
bonds of the crystal. The quality of surface silicon bonds ¢ 1.005118
approximation depends mainly on the distance between the s 0.281000
surface silicon and the related hydrogen atom. The optimized bs 5.000000
distance corresponding to the minimum total energy was ©s 0.848000
found to be 1.48 A. The geometry and size of the clusters s 0.070814
used guarantees that all silicon atoms are equivalent to each e 7.000000
other as well as all hydrogen atoms are equivalent to each Ce 1.445000

other.
To treat the oxygen defect, we use large cluster. The in-

terstitial oxygen we positioned at the Si-Si bond center in tthata of the oxygen defect Comp|ex Computed on |arge clus-

center of the cluster. For the oxygen-vacancy deféctén-  ters within the framework of the MNDO technique for vari-

ter) we alternate one silicon by oxygen. In both cases, relaxpys parametrizations are listed in Table 1. Note that both

ation underwent by the.s.econd shell of atoms around thﬁarametrizations AM1 and PM3 give in the case of e

defect. We found that original AM1 as well as PM3 param-cqnter misleading, symmetry instead of generally accepted

etrization for' oxygen, as used in M.OPAC’ gave m|slead|ngC2v symmetry. Comparing the original AM1 or PM3 and the
results both in geometry and formation energy. To solve thig, parametrization, which we will refer to as “new oxygen

problem we char_lge_adjustgb_le parameters f(_)r oxygen in th;‘?arametrization"(NOP), we use six Gaussians, four repul-
MNDO parametrization by fitting the geometrical data to thegj e 5nq o attractive, instead of two Gaussians, both repul-

ab initio values. In particular, for interstitial oxygen we em- _. . - : oo ;
. ; - ; . sive in AM1 or repulsive and attractive in PM3 parametriza-
ploy an Si-O-Si angle of 154° and Si-O distance of 1.63 A Figure 1 shows the correction function for various

(Ref. 22, and forA center we employ an Si-O-Si angle of g : ;
o . . : parametrizations. The associated values of adjustable param-
148° and Si-O distance of 1.69 Ref. 2. Geometrical  giers are listed in Table Il. It is interesting to note that the

NOP correction function gives two artificial minima at 1.6 A
and 2.9 A of pair distanc®,g; however, for the Si-O pair

0.25:“\ distance stabilization in defect occurs at 1.65idterstitial
TN oxygen and 1.69 A @ centej.
P A The value of the formation energy of the interstitial oxy-
3 015 A gen andA center is used as a test of the new parametrization
& - R of oxygen. However, first we need to distribute the total clus-
g 010 ter energy between the silicon and hydrogen atoms. For this

we employ two different size clusters, in particular;sHi,
and Sjg,Hg, clusters. Using simple algebra we obtained en-

0.00 s ergies for silicon and hydrogen which we will refer to as the
_005 1 1 1 1
1.0 15 20 25 30 35 TABLE Ill. Formation energies of the interstitial oxygen aAd
Pair distance R,q(A) center complexes in silicon calculated by various techniques.
FIG. 1. Correction functiorEag as a function of pair distance Method AM1 PM3 NOP LDAR
Rag: NOP, solid line; AM1, dashed line; PM3, dotted line. The
correction function works outside the quantum-mechanical frame- E;(O,)(eV) 2.1 1.57 1.6 1.6
work with the aim to adjust the nuclear-nuclear interaction. The E (Ov)(eV) 1.8 0.36 25 3.7
shape of the compensation function depends on the adjustable pa
rameters. The associated parameters are listed in Table II. 4Reference 22.
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TABLE IV. Bond length(A), angle(deg, and formation energy TABLE V. Bond lengths and angles for the four-oxygen-atom
(eV) for oxygen dimer (@) and substitutional oxygen dimer defect(di-Y-lid) in silicon shown in Fig. 2.
(VO,) center in silicon.

Distance(A)  Si,— O, Si,— 0, Si;—0, Si,—0,
Oy VO,

NOP 1.657 1.787 1.731 1.734
Si-O Staggered Skewed AIMPRO 2 1.658 1.686 1.694 1.984
This work 1.65 1.66 1.69  Angle(deg Si,—O;—Si, Si,—0,~Si, Si;—0,—Si,
Coutinhoet al.? 1.63, 1.65 1.61, 1.62 1.70 NOP 143 130 112
Oberget al.” 1.62, 1.65 AIMPRO 133 147 117
Ewelset al.© 1.52, 1.67
Si-O-Si 8Reference 25.
This work 151, 153 147 137
Coutinhoet al.? 126, 131 166 150 the case of thé\ center, the result is comparable with the
Oberget al.” 166 LDA calculation. Both parametrizations AM1 and PM3 give
Ewelset al.© 170 worse results.
Es As a test of transferability we used oxygen defects that are
This work 2.86 3.06 3.73 not included in the parametrization ensemble, but that are
Coutinhoet al.? 2.0, 3.0 2.1,34 3.93 well characterized and may serve as a reference to test the
Pesolaet al.® 3.70 quality of the parametrization. In particular, we use the oxy-

gen dimer (Q;) and the substitutional oxygen dimevQ,).
These dimers were recently examined very carefullyaby
initio methods'>?? The dimer was positioned in the large
hydrogenated silicon cluster and relaxed by the Broyden-
Fletcher-Goldfarb-Shann@FGS technique. The relaxation
is allowed in two shells of atoms around the defect. Table IV
gives the geometry and formation energy of the dimers. We
find that results obtained are in the good agreement with the
availableab initio data.
1 As a demonstration of the NOP we have modeled a four-
EL(O)= E{Et_8EL(Si)_12EL(H)}: (20 oxygen-atom defect known as di-Y-lid thermal donor. The
defect consists of a pair of oxygen dimers, both in the same
whereE, is the total energy of the §i;,0, cluster after (110 plane. The defect creates a double-donor-level very
relaxation. The formation enerdy; of an oxygen defect is close to the conduction band. Following the computation re-
given by ported by Ewel® we have modeled the defect in the2
) charge state. The defect was embedded in thgHBi;g clus-
E¢=nsiEL(S)+nyEL(H) +noE (O) — Er, (3 ter and relaxed by the BFGS technique. The calculated ge-
ometry of the oxygen complex is shown in Fig. 2. The bond

and O andE; is the total cluster energy after relaxation. In '€Ngths and angles are given in Table V and are compared
Table 11l we report the formation energies of both interstitial With the previous study. The geometry of the oxygen com-
oxygen andA center computed in the large cluster togetherP!€X computed in the frame of the NOP is in good agreement
with ab initio and other semiempirical calculations. It is ob- With previous results given by Ewels. It should be note that
servable that the NOP gives a result in excellent agreemef0th AM1 and PM3 parametrizations give an incorrect ge-

with the LDA calculation in the case of interstitial oxygen. In °Metry of the complex. We find that the calculated formation
energy per oxygen for the di-Y-lid complex equals 0.36 eV

and is in good agreement with the formation energy of 0.61
eV reported by Pesolat al.?®

In conclusion, we have presented a new parametrization
for the oxygen in the framework of the MNDO technique.
We use the NOP in a silicon cluster model to study the ge-
ometry and energy of some oxygen defects in silicon. We
find that NOP gives good results in comparison with the
LDA computation. This implies that MNDO in combination
with the NOP is accurate enough to have predictive powers.

~ FIG. 2. The calculated structure of the four-oxygen-atdinY-  On the other hand, semiempirical methods are fast enough to
lid) defect. The defect consists of a pair of oxygen dimers, both inyjjow to study large systems.

the samg110) plane and is in the 2 charge state. Distances and .
angles are shown in Table V. Large and small balls denote silicon This work was supported by the Slovak Grant Agency
and oxygen atoms, respectively. under Grant No. 1/9042/02.

8Reference 13.
bReference 23.
‘Reference 24.
dreference 22.

lattice energyE, (Si) andE, (H). The oxygen lattice energy

E, (O) is computed employing the total energy o§l%i,0,
cluster as

whereny is the number oK atoms in the cluster=Si, H,
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