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Vacancy complexes with oversized impurities in Si and Ge
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In this paper we examine the electronic and geometrical structure of impurity-vacancy complexes in Si and
Ge. Already Watkins suggested that in Si the pairing of Sn with the vacancy produces a complex with the
Sn-atom at the bond center and the vacancy split into two half vacancies on the neighboring sites. Within the
framework of density-functional theory we use two complemengdryinitio methods, the pseudopotential-
plane-wave method and the all-electron Kohn-Korringa-Rostoker method, to investigate the structure of va-
cancy complexes with 11 differesp-impurities. For the case of Sn in Si, we confirm the split configuration
and obtain good agreement with EPR data of Watkins. In general we find that all impurities sjptherdb&p
series in Si and Ge prefer the split-vacancy configuration, with an energy gain of 0.5—1 eV compared to the
substitutional complex. On the other hand, impurities of the &nd 4p series form aslightly distorted
substitutional complex. Al impurities show an exception from this rule, forming a split complex in Si and a
strongly distorted substitutional complex in Ge. We find a strong correlation of these data with the size of the
isolated impurities, being defined via the lattice relaxations of the nearest neighbors.
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[. INTRODUCTION we concentrate on the hyperfine properties of this defect for
the different charge states, i.e., the hyperfine fields, the iso-
Intrinsic defects and their complexes with impurities play mer shifts and the electric field gradients, and compare with
an important role in semiconductor physics. In this paper wevailable experimental data by Watkirend other$:” These
presentab initio calculations for vacancy-impurity com- properties have not been calculated so far, since they are
plexes in Si and Ge. Based on EPR measurements, Whatkindifficult to obtain by the standard pseudopotential-plane-
has already shown that in Si the Sn-vacancy complex prefergave method. In the second part of the paper the structure of
an exotic configuration, i.e. a split-vacancy complex with theimpurity-vacancy complexes for other impurities is calcu-
Sn atom on the bond-center position and the vacancy spllated, in particular for heavy impurities with larger sizes than
into two half-vacancies on the nearest neightidN) sites.  Si or Ge atoms. For the elements Cd, In, Sn, and Sb of the
This configuration has been supported dy initio calcula-  5sp series we find that both in Si and Ge the split-vacancy
tions for Sn in Si by Larsert al? and Kaukoneret al,®  impurity complex is preferred over the substitutional one by
reporting a small energy preference of 0.045 eV for thisenergies between 0.5 to 1 eV, being slightly larger in Si than
complex compared to the configuration with substitutionalin Ge. The results for the even heavier element Bi of the 6
Sn and the vacancy on NN sites. series suggest, that in Si and Ge this is the stable configura-
Recently we have studied by density functional calculation for all oversized impurities. On the other hand, the cal-
tions the Cd-vacancy and Cd-interstitial complexes in Si anatulations show that impurities of thes@and 4p series, with
Ge! aiming at understanding the electric field gradientsthe exception of Al in Si, prefer the substitutional complex.
(EFG) measured in perturbed angular correlati®AC) ex-  In order to discuss the importance of impurity size for the
periments for thé*in/**1Cd probe atom. We find that both relative stability of the substitutional and split configurations
in Si and Ge the substitutional Cd-vacancy complex is in-we calculate the lattice relaxations of the nearest neighbors
stable and relaxes into the highly symmetrical Cd-split-for a large series of isolated impurities from thep34sp,
vacancy complex, being about 1 eV lower in energy than thend Sp series. In general, we find a good qualitative corre-
substitutional configuration. In the split configuration the Cdlation of the sign and size of the NN relaxations with the
atom hybridizes very weakly with the six Si or Ge neareststability of the two configurations, although a strict one-to-
neighbors, resulting in a nearly isotropic charge density an@ne correspondence is not valid.
an extremely small EFG. In this way we find good agreement
with PAC measurements and can uniquely assign the very
small measured Cd EFG’s of 28 MHz in Si and 54 MHz in
Ge to the Cd-split-vacancy complex. In parallel to our cal- All calculations are based on density functional theory in
culations Alippiet al. show in a recent publicationthat in Si  the local density approximatidchTwo different methods
also In impurities form such a split configuration with the have been used to solve the Kohn-Sham equations. The first
vacancy, exhibiting an unusually large binding energy ofone is the pseudopotential-plane-w#R&W) method, which
2.4 eV. has mostly been used to investigate the configuration and
The present paper has a twofold aim. First we preaént stability of the impurity-vacancy configurations. These con-
initio calculations for the electronic and geometrical struc-figurations, as well as the relaxations of the neighboring at-
ture of the Sn-vacancy complex in Si and Ge. In particularoms, have been recalculated by the KKR-Green function

Il. THEORETICAL METHODS

1098-0121/2005/48)/0352127)/$23.00 035212-1 ©2005 The American Physical Society



HOHLER et al. PHYSICAL REVIEW B 71, 035212(2005

method1® for the Sn-impurity, which as an all-electron then calculated self-consistently with proper embedding into
method allows also to calculate electric field gradients, isothe host crystal. All calculations include the fully anisotropic
mer shifts and hyperfine field$.12 potentials in each cell and thus allow the reliable calculation
The PPW method approximates the inhomogeneous sysf forces, lattice relaxations and electric field gradients. The
tems containing defect complexes by periodically arrange@oulomb potential can be expressed in termsngf) and
large supercells, and uses plane waves to expand the elggrerefore the forc&" on atomn can be derived with the use
tronic wave functions. This has the advantage that bandss the “onic” Hellmann-Feynman theoretf.In the KKR-
structure methods can be used to determine the electroni§rgen function method the electronic charge density is cal-
structure, and total energies and forces on the atoms can le

. o , flated from the imaginary part of the diagonal elements
caIcuIatgd without difficulty for arbitrary arrangements of th_eG(r I:E) of the Green function by integrating over all oc-
atoms in the supercell. We have used norm-conservin

Kleinman-Bylander(KB) pseudopotentialé for all atoms %upled states up to the Fermi ene@,y. Due to the Qnalytl- .
considered, where thg, p-valence electrons are treated by cal properties of the Green fupcnon the energy integral is
projectors, and thel(=2)-component is used as a local po- reple}ced by a contour. integral in the complex energy plane,
tential. Ourestcomppprogrant? is fully parallelized and can Starting at the real axis below the valence band, from there
efficiently handle supercells with up to 300 atoms. For thentering the complex plane and coming back to the real axis
calculations of impurity-vacancy complexes we usédii)- ~ at the Fermi energy. Most important is that this contour
oriented supercell with the basis vectobs=(3/2)a(0, mtggral can be acqurately calculated vynh only_a few energy
-1,1);b,=(3/2)a(-1,1,0;bz=2a(1,1,1) containing 108 POINts. The hyperfme p_arameters of |.nterest in the present
atoms.a is the theoretical lattice constaft0.71ag for Ge ~ Paper are the isomer shiitkS), the Fermi contact term of the
with Eg,=11.56 Ry, and 10.2% for Si with E,,=9 Ry; hyperfine field(HF) and the quadrupole splitting\*). The
Bohr radiusag=0.529 177 A. The impurity-complexes were last quantity is determined by the electric field at the probe-
placed in the middle of the cell. We usdth, symmetry —atom site. In a nonrelativistic treatment the isomer shift can
explicitly for all configurations. The isolated substitutional be calculated from the charge density0) at the nucleus
impurities were calculated with 22 x 2 a2 cubic cell con-

taining 64 atoms. The impurities were located at the central IS =an(0), (1)

site, and theT site-symmetry is enforced. A plane-wave ba- where « is the calibration constant. The hyperfine field is
sis set equivalent to 86X 6 Monkhorst-Pack k-points  gjven by the Fermi contact contribution in terms of the mag-
was used which yields three inequivaldapoints in the ir-  netization densityn(0) at the nucleus,

reducible part of the Brillouin-zone for the 108-atom-
supercell and five inequivalerk-points for the 64-atom-
supercell. We used a plane-wave cut-&f,=9 Ry for
impurities in Si, andg;=11.56 Ry for impurities in Ge. The o
atoms belonging to the impurity-complexes and their nearedtinally the quadrupole splitting is calculated from
neighbors were relaxed until the forces on all atoms were . 160V,
less than 0.1 mRyz. We checked that forces on further A=——"—X
neighbors (which were not moved were less than 2 Esource

20 mRy/ag. The Sn-complexes in both hosts were recalcuwhereQ is the quadrupole moment of the probe-nucleus and
lated for a cut-off energy of 13.67 Ry, and we found nov,, is the electric field gradient along the maihll) axis.
significant changes of the configurations or the energy differThe parametec is the speed of light anBg,,is the energy
ences for the tested configurations. We estimate that the pef the emittedy-ray, which is 23.8 keV for Sn. The tensor of

sitions of all relaxed atoms are determined with an accuracyhe EFG is given by the second derivatives of the Coulomb
better than 0.0dg, and the energy differences are accurate tqotential and can be written s

about 0.1 eV.
In the KKR-Green function method the calculation is di- Y 5
vided in two steps. First the Green function of the host is V= 2 Vam(0)d,d5(r°Yom(r)),

AHF = 8?77 wsm(0). 2)

c, (3

2

determined. In a second step the host Green function is used m=-2

to determine the Green function of the crystal with a single -

impurity by a Dyson equation. For details we refer to Ref. Vomn(0) =11 +15,

16. All calculations are performed with an angular momen-

tum cut-off ofl,,,,.=4. For the host crystal we use the LDA 87 (Rur oNom()

lattice constant§ of Si (10.21a,) and Ge (10.53,). A Iy = 5 r Tdr :

k-mesh of 30< 30X 30 k-points in the full Brillouin zone is 0

used. We use the screened KKR-formaf8ad-2°with the Rur o
tight-binding structure constants determined from a cluster of I, = Vam(Rur) _ 8_7’f Mdr’ (4)
65 repulsive potentials of 4 Ry heights. The diamond struc- 2 RMT2 5Jo RMT5 '

ture is described by a unit cell with four basis sites, two for _

host atoms and two for vacant sites. For the Green functiowhere Y,(r) are spherical harmonicy/, (r) are thel=2
of the defective systems, we allow 77 potentials of the defectomponents of the Coulomb potential, &g is the muffin
and the surrounding host atoms to be perturbed, which arén radius of the probe atom. Furthermomng,(r) are the
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FIG. 1. The Sn-split-vacancy configuratideft) and the substi-
tutional Sn-vacancy configuratidnight).
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=2 component§m=-2, ..., +2 of the radial charge den-
sity. We note that just thbe=2 components are needed for the
EFGs, while thd =1 components enter into the forces. Con-
sequently, the EFG vanishes for sites with cubic or tetrahe-
dral symmetry. For the cell division of the crystal we used a
generalized Voronoi construction. The impurity cell at the
bond center was constructed such that it is slightly larger
than the cells of the host atoms, thus avoiding to decrease the
muffin tin radius of real atoms by more than 16%. To include
the occupancy of the discrete gap states in the complex en-

ergy integration, we introduce two different energy contours _ ) _
in the complex energy plane: one, which encloses only the F!G- 2. LDOS projected on the irreducible subspaces oge
oup at the Sn sitéabove and at the Cd sitébelow) for the

valence band states and comes back to the real axis slight ) ) . .
above the valence band maximum. and a second one. whi purity split-vacancy complex in Ge. The nearest neighbors are
' ' Ixed on ideal lattice positions.

fully encloses all gap states. Here, a group theoretical de-

compositi_on .Of the Green function a".OWS us to.diStinnghSn is fully localized and at much lower energies. However,
the contributions to the charge density from different 98Phe overall level sequences are very similar, although the

Ztr?ttiié g‘gzeﬁ?;i'tr;/trcoc?nutfi'ggtigﬁzu?ﬁg;yagaggggocr;r?ig'gi(r:]qcations and the widths of the peaks are different for the two
pied according to their symmetry and enefdy. gystems. the?y, state lies at relative low energies, thg,,

and the doubly degenerakg, states are slightly below the
Fermi level, the doubly degenerdig state lies in the gap. In
the case of Sn, a secoiq, state is found at higher energies.
Since the occupiedh, Ay, and E, states accommodate
eight electrons, of which the six neighboring host atoms pro-
As predicted already many years ago by Watkios the  Vvide six(one dangling bond eagtthe vacancy complex with
basis of EPR measurements, and as has also be confirmed &gl (with two valence electronsis neutral for Er
ab initio calculations:® the stable configuration of the Sn- =Eq ([CdV]%), and the complex with Stwith four valence
vacancy pair in Si consists of a Sn-atom at the bond-centezlectron$ is doubly positively charged[SnV]?*). As dis-
position and the vacancy split in two halves on the twocussed in Ref. 4, the level sequence is basically determined
(empty nearest neighbor positions. This split-vacancy con-by the divacancy. The Cd and Sn-atoms can be considered as
figuration is shown schematically in Fig. 1 together with theionized Cd* and Sri* ions inserted in the center of the di-
“normal” substitutional complex. As we have found vacancy and only weakly hybridizing with the six nearest
recently} the same split-vacancy configuration occurs alsaneighbors. The attractive ionic potentials shift the divacancy
upon pairing with Cd-atoms, yielding both in Si and Ge verystates to lower energies, in particular the fully symmetrical
small electric field gradients, which allow to identify this A4 state, being the only state affected in the first Born ap-
complex uniquely. In this configuration the Sn or the Cdproximation with respect to the potential. This effect is natu-
atom are coordinated by six host atoms at the relatively largeally stronger for the Sti ion than for the C8&" ion, but the
distance of 1.26 times the nearest neighbor distdicghe  LDOS are very similar. Of course, also Cd and $Sand p
unrelaxed configuration states, localized at energies abdug,, are hybridized into
The local density of stated DOS) of this complex at the the occupied states, so that the local charge in the impurity
Sn-site in the Ge host is shown in Fig. (Bpper pang|  cell is about 1 electron in the case of Cd in Ge and 2 elec-
together with the corresponding LDOS for the Cd split-trons in the case of Sn in Ge. In fact, thAg, state abovés,
vacancy complex in Ge in Fig. @wer pane). In the calcu- can be considered as the genuine Snstates, which is,
lation the Fermi level is fixed at the maximuBy, of the  however, not occupied.
valence band. The different peaks are labeled by the irreduc- By occupying theEy state in the gap, we obtain com-
ible subspacesy, Ay, E,, andEg of the Dgy group, repre-  plexes with additional electron charges, i.gSnV]",
senting the point symmetry of the complex. Compared to th¢SnV]°, ... andanalogoushf CdV]~,[CdV]?,... complexes.
Cd complex with thed-level at about -9 eV, the-level of  Both the[SnV]" and the[SnV]® complexes are magnetic

LDOS [ states/eV]
=)

Ill. ELECTRONIC STRUCTURE
OF Sn-VACANCY COMPLEXES
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TABLE I. The calculated hyperfine fiel(HF) at the Sn atom TABLE Il. Isomer shifts and quadrupole splitting for the Sn-
(above and the nearest neighbor host atothelow) for the Sn-  vacancy complexes in S@a:0.2178a§ mm s, Egouree23.8 keV,
split-vacancy in Si and Ge is shown. A comparison to the experi-Q=-0.124 barr).
mental values of WatkingRef. 1) is given.

n(r=0) IS EFG A*

Si Ge System [a5°] [mmsY]  [MHz] [mms?
rost Hie (kG Hir (kG a-Sn 87759.82 ref 0.00 0.00
[VIsnv]* 139 6.00 subst. Sn 87758.81 -0.2200 0.00 0.00
[V|snv]° 211 14.59 [v|snviz 87759.71  -0.0.0257 -14.90 0.3875
Expt 241(386 MH2) [vV|SnvT* 87759.36 -0.1076 -10.59 0.2713
[VIsnv]* -39.59 —44.46 [v|snv]e 87758.99 -0.1942 -5.62 0.1473
[visnvi® -82.96 -94.19
Expt -91.02(-77.00 MH2

Sn atom and the six Si or Ge neighbors adjacent to the mag-
netic[SnV]* and[SnV]° split complexes and a comparison
with total moments of 1 and 2g, and with small local mo- with the experimental valués?? First we note, that the field
ments of 0.05u5(0.008 ) and 0.09u5(0.02 ug) on the Sn for [SnV]° is about twice the field ofSnV]*. This is a con-
site in Si(Ge). Although we have calculated only the three sequence of the large extent of thg state, representing
charge stategSnV]?*, [SnV]*, and[SnV]°, calculations as locally a small perturbation, so that the forces increase lin-
well as experiments show that also the negatively chargeéarly with the occupancy. Second, f@nV]° we obtain good
[SnV]™ and [SnV]?>~ states exist. Since for the complex agreement with the experimental values. Here we note, that
[SnV]° the E; majority state is completely filled having a our calculations are non-relativistic, so that the relativistic
moment of 2ug, we expect that also thESnV]™ state is enhancemett of the hyperfine field is missing, which would
magnetic with a total moment of g and local moments Presumably improve the agreement. For [tBaV]~ complex
similar to the[SnV]* complex, while thd SnV]?~ is nonmag- We expect a similar hyperfine field as for thi@nV]" com-
netic. The existence of these five charge states arises fropiex, since the total moment is the same. We have chosen in
the fact, that theE state is very extended and has moreoverour calculations the spin-polarization such, that the total mo-
a nodal plane at the Sn-site so that Coulomb effects are veryient has a negative sigapin down occupationAs a con-
small. This also explains the very small local moments. The&equence the local moments for all sites are negative, since
situation is quite similar for Cd complexes, except that thethe Ey state determines the magnetic properties alone. That
local moments are somewhat smaller in Si, e.g. u@Zor ~ means tham./H<0 at the Sn-site andy,./Hpye>0 at
[CdV]". The same level sequences we expect also for othdhe Si nearest neighbor site. The change of sign of the hy-
5sp impurities to occur. For instance for In, the charge statePerfine field from Si to Sn can be explained due to the dif-
should be[InVT*, if Eg is fixed atE,,, and the[InV]°, ferent exchange interaction mechanism betweendtike
[InV]~ and[InV]?~ configurations should be magnetic. In all “SPin down”E4 electrons and the “spin down” and “spin up”
calculations the complexes in Si are very similar to the abové-Core-electrons at the Sn-site. In the first case the interaction
results for the Ge hosts. is attractive, leading to a smaller charge density at the
The calculations yield sizable relaxations of the neighborlucleus, whereas in the latter case the situation is opposite.
ing host atoms towards the Sn atoms, which are practically?? total the hyperfine field changes its sign in comparison to
radially symmetrical and increase with the charge state. Fof1€ Si site. In addition to the hyperfine fields we have calcu-
[SnV]2* the NN Ge atoms relax by 2.9% of the NN distance,/ated the isomer shifts and quadrupole splittings. These ob-
for [SnV]* by 4.2% and[SnV]° by 5.4%. In Si the corre- servables can be _measured b_y the Mpssb_auer spectroscopy.
sponding relaxations are somewhat larger: 6%, 6.2%, anffi€asurements using th%is_n isotope In Si and Ge were
6.4%. The relaxations arise from the attraction of the neighperformgd by Weyeet al,>"in 1980 which hqwever .do not_
boring electrons to the $hion and increase with occupation 29'¢€ with our calculated re_sults. From various private dis-
of the E; gap states, since these states are dangling-bond liKg'SS!ons We conclude, that in these early experiments clus-

and mostly localized at the host atoms. Therefore the neutrdf/iN9 Of Sn-impurities might have occurred, leading to more
[SnV]° state has larger relaxations than fsaV]%*, which is complicated structures. On the other hand, our results are in

opposite to the normal expectations. good agreement with _unpublished measurements of Siele-
mann(private communication
In Table 11 the results for Si and in Table Il the results for
Ge are presented. The calibration constamias determined
by calculatingn(0) for several Sn-defects, for which well
known isomer shifts exist. Svam al 232*already calculated
Already Watkind has measured by EPR hyperfine fieldsin a relativistic treatment an of 0.092a§ mm s, which is
at the neighboring Si atoms adjacent to a SnV complexin good agreement to ours with taking the Shirley fatttor
which he identified as the neutrfgnV]® complex with total ~ Sn of 2.48 into account. A closer view on the isomer shifts
spinS=1. Table | shows the calculated hyperfine fields at thefor the Sn-split-vacancy configuratiofin relation to the

IV. HYPERFINE PROPERTIES
OF Sn-VACANCY COMPLEXES
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TABLE lll. Isomer shifts and quadrupole splitting for the Sn-

vacancy complexes in Ge. (a:0.2178a8 mms?Y,  Egource
=23.8 keV,Q=-0.124 barn. _

£

n(r=0) IS EFG A* 2

System [a5°] [mmsY] [MHz] [mms?] p

§_1s I NNideal pos\,
a-Sn 87759.82 ref 0.00 0.00 o N retaxed ] S 1deal pos
subst. Sn 87759.26 -0.1400 0.00 0.00 -20 | -
[visnv]** 87760.61 0.17 -12.05 0.31 oslo vl el vy

— 0506070809 1 0506070809 1

[v|isnvI* 87760.55 0.16 8.08 0.1938  afive diste e ditanne
[v|snvi]e 87760.46 0.14 -3.97 0.1027

FIG. 3. Energy and force on the Sn atom for the Sn-vacancy
complex in Ge as a function of the Sn positigelative coordinate
Mossbauer line of-Sn) shows a decreasing charge densityin (11)-direction: 0.5 is the bond center, 1.0 the substitutiona) site
at the nucleus with the occupation of tEg state in the band Presented are PPW calculations with a cut-o_ff energy_of 13.67 Ry,
gap. This behavior can be explained due to the screeningjhen the neigbors of the complex are at the ideal positinoare-
impact of the d-like E-electrons at the Sn-site on the '2xed, dashed lingsand when the six NN of the complex are re-
s-electrons responsible for the IS. As in the Cd céSey laxed (full lines). On the left, the t_ot_al energy is sho_vvn re_Iatlve to
~0.83 the Sn-EFG's are rather small, since hybridizationthe energy of the fully relaxed minimum configuration with Sn at

o . . . ! . 'the bond center site. On the right, the corresponding Hellmann-
with the ngghbors is weak. It is obylous, that the EFG iN-Eeynman force on the Sn-atom is shown.
creases with occupying tHg; state, sincep, andp, charges

give positive contributions to the EFG at the Sn-site. configuration is stable and for positive values the substitu-

tional one. The last column gives the exact position of the

V. SUBSTITUTIONAL VERSUS SPLIT-VACANCY impurity as measured in units of the NN distance from the
COMPLEXES WITH IMPURITIES vacant site.

The results show that both in Si and Ge thesp Bnpurities

In this section we describe the results for a whole series ofd, In, Sn, and Sb as well as thewGimpurity Bi on the
calculations for impurity-vacancy complexes in Si and Ge.substitutional site experience a strong force, which pushes
We would like to find out for each of the 11 investigated them into the “free space” at the bond center, thus gaining
impurities, which complex, substitutional or split-vacancy, istypically an energy of 0.5-1.0 eV. Note that the energy
most stable, and to draw a border line between these twgains are very substantial, much larger than the value
complex families as a function of the “size” of the impuri- 0.045 eV reported by Larsest al? for the Sn-vacancy com-
ties. To achieve this aim, we have performed PPW calculaplex in Si. One would intuitively classify these heavy impu-
tions for vacancy complexes with the impurities Al, Si, and Prities as oversized in Si and Ge. In line with this argument is
of the Fp series, with Ga, Ge, As, and Se of thepkeries, the fact that the forces as well as the resulting energy gains
with Cd, In, Sn, and Sb of thesp series and finally with€§p  are somewhat larger in Si than in Ge, due to the smaller
element Bi. In all cases only the neutral state has been calattice constant of Si. All other impurities, with the exception
culated. First we discuss in detail the results for the Sn imof Al in Si, prefer the substitutional configuration, however
purity in Ge. partly with large relaxations from the ideal position. For in-

Figure 3 shows the total energy and the force on a Swtance, the Ge impurity in Si is shifted by 13% of the NN
atom, if this atom is moved adiabatically, i.e. by full relax- distance in the direction of the vacancy and the As atom in
ation of all other atoms, from the substitutional positi@an  Ge by a similar amount. Of all impurities, only the Ga im-
dicated by “relative distance 1,” measured in units of the NNpurity in both Si and Ge is shifted towards its remaining
distance from the vacant sjtéo the bond centef‘relative  three neighbors, i.e. away from the vacancy. Therefore it is
distance 0.5. The two curves refer to the cases when thetempting to classify the Ga impurity as “undersized.” The
host neighbors of the complex are kept fixed at their ideabehavior of the Al impurity is most surprising. As a member
lattice positiongdashed lines and when the six host neigh- of the 3p series it should be smaller than the isoelectronic
bors are allowed to relax for a given Sn positidall lines).  Ga impurity of the 4p series. However the calculation
While an intermediate minimum position at about 0.75 isseems to indicate a larger size than Ga. The force at the ideal
obtained when only the Sn atom is moved, in the case of fullattice site drives the impurity in the direction of the vacancy,
relaxations the Sn impurity moves without energy barrierresulting in a split configuration for the Al-vacancy complex
into the stable bond center position at 0.5. in Si, and in a strongly distorted substitutional configuration

The results for all considered impurities in both Si and Gein Ge.
are listed in Table IV. The second column gives the force on Unfortunately, we do not know any reliable rules for the
the impurity in the unrelaxed substitutional position, i.e.,“size” of impurities. Pauling® has given some general rules
when the impurity and all neighbors are fixed at ideal latticeabout the volume of atoms, e.g., in a tetrahedral environ-
sites. The third column gives the energy difference betweement. According to this, the size of impurities of the same
both configurations, such that for negative values the splitow of the periodic table should decrease with increasing
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TABLE IV. Relaxations of impurity-vacancy complexes in Si 1207 3sp asp ssp| |6sp

(Ecu=9 Ry, above and Ge(E.,= Ry, below: The first column 11.07
gives the forces on the impurity atom in the substitutional positions, 10.0+
a negative sign means that forces are directed to towards the bond g 9.0
center. The second column gives the energy differences between the X 80
fully relaxed configurations with the impurity at the bond-center Z 701
and at the substitutional site. The last column gives the final posi- %5 6.0
tion of the impurity in(112) direction; 0.5 is the bond center and 1.0 S 507
is the substitutional lattice positiolt+ was obtained by the PAW "§ 4.0
method withE,,=20.25 Ry) g 304

20
Impurity force AE=Egpjit— Esupst Stable pos. w.l l
in Si [eVInm| [eV] in (111 004 -_l

Al Si P Ga Ge As Se In Sn Sb Bi

Al -5.15 -0.15 0.50 point defects in Si

10.0
P ~2.96 +1.27 0.95 a5 [P 43P Ssp - fpsp
Ga +1.38 +0.22 1.04 8.0
Ge -5.58 +0.30 0.87 ; 7.0
As -10.7 +0.82 0.90 X, 6.01
Se -115 +0.55 0.92 g 509
Cd* -21.9* -1.04* 0.50* B 40
In -19.8 -0.69 0.50 g >
Sn -27.0 -0.83 0.50 8 l
Sb -33.2 -0.68 0.50 - 0ol gy
Bi -46.8 -0.92 0.50 1.0 —I—.——I
Impurity force AE=Egpiit—Esubst Stable pos. A S P 'Ga Ge As Se' m Sn s B
in Si [eV/nm] [eV] in (112 point defects in Ge
Al -0.25 +0.03 0.82 FIG. 4. Nearest-neighbor relaxations for variowsp,34sp, 5sp,
Si -1.16 +0.30 0.88 and &p impurities (substitutional point defecktsn Si (above and
P -3.01 +0.81 0.93 Ge (below).
Ga +3.75 +1.11 1.04 these calculations is that both problems, i.e. the NN relax-
As -11.3 +0.41 0.87 ations of the impurities and the different configurations of
Se -9.67 +0.35 0.91 the impurity-vacancy complexes, are directly correlated. For
cd* —17.9% —1.01* 0.50* instance, the impurity exerts forces on the nearest neighbors,
In 111 ~0.47 0.50 which, as a consequence, are displaced from their ideal po-
sn —20.3 0.60 050 sitions. The impurity |tse_lf is not shifted, since the reaction

forces of the nearest neighbors cancel each other due to the

SF’ —28.0 064 0.50 tetrahedral symmetry. However, in the case of a vacancy, one
Bi -39.1 -0.86 0.50

of the four neighbors is missing, so that the reaction forces of
the remaining three neighbors no longer cancel each other
valence, However, for the investigated cases we find just thand shift the impurity either to or away from the vacancy. In
opposite, i.e. the size increases with increasing valence, #tis way the pair geometry should be related to the size of
least for the impurities of €p and Sp series. For instance, the single impurities.
As is larger than Ga, and Sb larger than In. Moreover, ac- The calculated lattice relaxations of the nearest neighbors
cording to Pauling® the size of isovalent impurities should of the various impurities are shown in Fig. 4. They are given
increase with increasing main quantum number. As expectedh percentages of the NN distance, with positive values de-
our calculations confirm this second rule in general. How-noting outwards relaxations. Note that in the calculations
ever, deviations from both rules occur for Al: We find that Al only the NN are allowed to relagthe relaxation of the higher
is larger than Si and P, and in particular, is larger than thaneighbor shells is expected to increase the NN relaxations,
isovalent Ga impurity, which belongs to the highespse-  presumable by about 30%-509%or the 4p and Spimpu-
ries. rities we clearly find that the relaxations increase with in-
In order to shed some light on the size problem and itxreasing valence of the impurities. The same trend has been
relation to the stability of impurity-vacancy complexes, wefound in Table IV for the force on the unrelaxed impurity.
have calculated the lattice relaxations for the relevant isoAlso the relaxations of the $p impurities are in general
lated impurities in Si and Ge. For simplicity, we have only larger than the ones of thesgimpurities, which is line with
calculated the displacements of the nearest neighbors, by fixhe fact that the forces on the unrelaxed impurity in the sub-
ing all other atoms at the ideal positions. The idea behindtitutional vacancy complex, as given in the second column
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of Table IV, show the same behavior. This makes it plausibléhe bond center position and the vacancy split into two “half
that the Spand &pimpurities form a split-vacancy complex vacancies” on the neighboring sites. The density of states of
with the vacancy, while thesp impurities prefer the substi- Sn and Cd are characterized by the same sequence of states
tutional complex. The figure also shows the unusual behavioand similar charge states exist. The calculated hyperfine
of the Al impurity, leading to a relatively large outward re- fields of Sn and the Si neighbors are in good agreement with
laxation in Si and only a small inward relaxation in Ge. Thusthe measurements of Watkihddowever, no agreement is
the calculations clearly indicate that the size of Al is largerobtained with the available isomer shift data for®3n.
than the one of Ga, which points to an unusual behavior of In the second part of the paper we present a systematic
Al, showing also up in the stability of the Al-split-vacancy study of vacancy complexes with 11 different impurities,
complex in Si-bulk. Thus the NN relaxations for the isolatedboth in Si and Ge. We find that, in both hosts, impurities of
impurities correlate qualitatively well with the stability of the the Ssp and Gp series form split-vacancy complexes, while
impurity-vacancy complexes. However a detailed compariimpurities of the 4p and &p series prefer, more or less
son is not possible. For instance, the outward NN relaxationdistorted, substitutional complexes. An exception from this
of the Al impurity in Si are slightly smaller than the ones of rule is Al, forming in Si a split complex and in Ge a strongly
As; yet Al forms with the vacancy in Si a split complex, but distorted substitutional complex. Qualitatively we explain
As a substitutional one. Similarly, the NN relaxations of thethe results in terms of the size of these impurities, such that
Si impurity in Ge are inwards, but in the substitutional Si- oversized impurities can lower their energy in the “free
vacancy complex Si relaxes by 12% towards the vacancy. space” available at the bond center site. To examine the
“size” of these impurities, we calculated the nearest neighbor
VI. SUMMARY relaxations for the isolated impurities and find a good corre-

. ) i lation between the calculated NN relaxations and the struc-
We have studied the electronic and geometrical structurg,re of the impurity-vacancy complexes.

of vacancy complexes with “oversized” and “normal-sized”

impurities in Si and Ge. First we discuss the electronic struc- ACKNOWLEDGMENTS
ture of the Sn-vacancy complex. In agreement with reaént
initio studies for the Sn-vacancy complex in(&iefs. 2 and We thank R. Sielemann for helpful and motivating discus-

3) and in analogy to our recent studider the Cd-vacancy sions. We gratefully acknowledge financial support by the
complex in Si and Ge, we find a split-vacancy complex asGerman government, BMBF-Verbundforschung, Project No.
the stable configuration in both hosts with the impurity on0O5KK1CJA/2.
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