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Theoretical study of the group-IV antisite acceptor defects in CdGeAs >
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Native and impurity antisite point defects in CdGgAse studied here using an embedded quantum
cluster model based on density functional theory. The calculated geometric relaxations and spin
densities of the antisite defects considered here show a clear and distinct difference in the nature of
native(i.e. [Geys]) and impurity(i.e. [Cas] and[Siyg]) antisite defects in CdGeAsFor the native
antisite acceptor, the hole appears to be delocalized in contrast to impurity antisites where the hole
is mainly localized at the acceptor site. 2004 American Institute of Physics

[DOI: 10.1063/1.1818731

Cadmium germanium arsenid€dGeAs) is an ideal facilitates the interfacing of the cluster with the crystalline
candidate material for nonlinear optigdLO) applications, lattice in a way which appropriately embeds the electron
since it has the highest NLO coefficient, 236 pm/V, knowndensity of the cluster within the lattice appropriately.
for a phase matchable compound semicondudtdrecent In CdGeAs, tetrahedral coordination of the atoms sug-
successédn the horizontal gradient freeze growth techniquegests that the covalent bonding predominates, while the com-
made it possible to grow large single crystals of CdGeAs position of the cation sublattice indicates a partial ionic char-
which led to renewed efforts to utilize this material for op- acter. Realizing this, we therefore do not consider a fully
toelectronic devices. However, a discrete absorption baninic model assuming Cd, G&*, and AS~ ions, rather we
near 5.5um is found to hinder the performance of devices.perform a first-principles crystalline calculation followed by
This absorption band is attributed to acceptor levels inan atoms in moleculg@IM)” analysis to evaluate the charge
CdGeAs.*™" A recent experimental stulyfurther confirms localized within the basin of each given atom in the lattice.
the association of a paramagnetic state of the acceptor levéhe AIM calculation yields fractional charges 6f0.62 for
to the absorption band at 5&m. The most likely candidate Cd, +0.71 for Ge and-0.665 for As in CdGeAs Employ-
for the acceptor level was suggested to be the Ge-on-As afiRg the AIM charges, we now build the point-charge set in
tisite (i.e. [Gexs]) defect, though a small possibility was al- Which the calculated electrostatic potential mimics the shape
lowed for impurities, such as C or Si antisites. and the features of the perfect lattice potential very well. It is

In this work, our aim is to obtain local electronic and Well known that the finite point-charge set generally intro-
structural properties of native and impurity antisite defects induces a global shift of the electrostatic potential and its mul-
CdGeAs. Specifically, we will perform embedded quantum tipole derivatives at the origin. Since the As site in CdGeAs
cluster calculations, based on density functional theoria@s G symmetry, a small set of ghost point charges is se-
(DFT) to calculate the spin densities over the near neighbortected as an orthohedron parallel to the unit cell, with
for the antisite defects in the lattice. Although there existcharges and edge ratios chosen such that the potential, and
alternative first-principle methods to compute the geometriPoth its gradient and hessian at the As site exactly match
cal and electronic properties, such as the supercell or th&10se of the perfect lattice. _
Green’s function approaches, the advantage of the present FOr the cluster atoms, we took the CRENBL effective
method is that it can access the local electronic propertieé{orfopOtent'a(E_CB plus double-zeta valence Gaussian basis
unlike the former, and it uses standard quantum-mechanic&Ft ~ and reoptimized the largest exponents of the basis sets
codes, unlike the latter. within the CdGeAs lattice:™ On the other hand, the cluster

In our embedded quantum cluster method, there are fopoundary atoms are represented by caPS that essentially
principal components which need to be described carefullyMimic the quantum embedding potential of an f6riThe
These are(i) The finite point-charge set that simulates thecaPsS for the host atoms were derived at the prefect crystal
long-range electrostatic potential of the crystalline lattigg, ~9€OMely of CdGeAs We have used thesAUSSIAN9S
the crystal-adapted pseudopotenti@aP$ for atoms at the progrant” to perform DFT calculations employing Becke
cluster boundary simulating the short-range Coulomb an@"d Perdew-Warlg density functional forms.

overlap repulsions to the cluster atongsi) the Gaussian Since the chalcopyrite CdGeAs very close to the ideal

basis sets with which the electron density of the cluster atB3 Structure, we will simplify the description by sorting the

oms is described, an@v) the cluster-lattice partition, which ite?]rtTZIIgérei:iﬁttlgecl)r;erilslrilSgtner:enig\(/}l%Sg)eillssrr?;?jl;:ngpthe
of the defect centaiAs for the nominal cluster, but C, Si, or
dTemporary address: Department of Physics, Michigan Technological UniGe for the antisite cas)‘-.)sﬁrst- (2Ge+2CJ second(12 As)
versity, Houghton, M| 49931. . . ! '
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connected to the second shell which are not in the first shelorrection®’ Accordingly, we will calculate the difference
and is composed in fact by two different distance shells, thirdbetween the corresponding self-embedding cluster and defect
and fifth, even in the symmetric B3 latticeThe next con-  cluster to model the deviation of a geometrical parameter in
nectivity shell(42 As, three B3 shells in totpis substituted going from the perfect lattice to the defective lattice. Any
by caPS and no basis functions are centered on it. Finally, theystematic deviation in the embedding model is assumed to
classical embedding region consists of ten shells of poinpresent and equivalent in both cluster calculations, and thus
charges located at perfect lattice positions, plus the smathe difference gives the deviation introduced by the defect
group of ghost charges described before. Overall, the nompnly.
nal cluster includes 83 atoms with 660 electrons described by The ARge_as(ARcy_ad Vvalues are —0.481—0.3349,
834 basis functions, 878 core electrons described by ECPs0.069—0.086, and —0.033—0.051) A for [Cal, [Siasl,
(in 41 atomsy, 1414 electrons described by caff 42 at- and[Ge,¢] antisite defects, respectively, after applying the
oms, and 260 point charges representing the electrostatigelf-embedding correction. In all cases, near-neighbor Ge/Cd
potential. atoms show inward relaxations whose magnitude decreases
The defect center and its first neighbor shell are the onlyn going from C to Si to Ge in the lattice. The relatively large
atoms allowed to move in the geometrical optimization. Theinward relaxation of near neighbors a8, is probably due
second- and third-neighbor shells, forming the cluster boundto its electronegativity, larger than that of As, allowing for a
ary, are kept at the geometry they would have in the unremore localized electron density and polar bonding, and also
laxed lattice. Since they are part of the cluster, the eleCtrOlbecause of its small Size’ which leads to a non-neg"gib]e
density over them will respond to the geometrical changes ihrinking of the first coordination sphere and larger geo-
the cluster, accommodating these changes to the lattice gnetrical effects. Regarding the corrected displacements
ometry, thus acting as a buffer between the fullg., elec-  alongx the direction, they are about 0.2 A for C, near 0.07 A
tronically and geometricallyrelaxed inner cluster, and the for Sj, and negligible for Ge antisites, indicating again a
fU”y frozen external lattice, imprOVing the description of the |arger deformation and local effects f[IEAs]'
defect region. o In the unrestricted DFT calculations, spin-up and spin-
We first consider equilibration in our model between thegown electrons are treated separately, so that if there is an
perfect-crystal arsenic-centered embedded clusr[As]  ynpaired electron, as in the clusters containing antisite de-
[Gey+Cd,][Asy,][Geyot Cdyp]) and the embedding lattice. I fects, cluster atoms will be spin polarized. The relevant ex-
this self-embedding modeRg._asis about 1.4% larger and perimental evidence is in the form of spin densities derived

Reg-agis 1.7% smaller than the corresponding experimentatrom the ENDOR data. Since our self-embedding cluster is
values® (Table ) indicating that, at least with respect to

cluster-embedding compatibility, our model is quite reason-

able. TABLE I. Bond distancegA) and anglegdegreg in the optimized configu-
It should be kept in mind that the As site has §m- rations of perfect lattice and defect clusters.

metry in the lattice, allowing the central atom to move during

the geometry optimization of the embedded quantum cluster.

In all cases, we have found the central As atom to be disc€dGeAs lattice”

Ree-as  Redas  @Ge-as-ge  @ca-as—cd

placed along the £(x) axis in the direction of the Cd atom. 2430 2632 101.91 114.56

This indicates an error in the computed electric field over theéPerfect-lattice cluster

asymmetric As central atom, due to the approximate nature [Asps] 2465  2.586 102.69 112.60

of the classical region. However, this error is small and sys#nti-site defect clusters

tematic, in the sense that all of the perfect and defect- [Casl 1978 2252 10211 11261

containing clusters show it. [Sins] 2381 2500 10486 11044
To account for the small systematic embedding errors in [Géns] 2432 2535 101.35 114.16

the geometrical parameters, we can use a self-embeddirigee Ref. 16.
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TABLE 1. The calculated spin densityin MHz: Isotropic Fermi contact  tjon correction to the IP§.e., the known correlation error for
coupling ter in antisite defect clusters. the calculations of the free atojnghe Ge antisite appears
within the gap, with an IP of 0.36 eV with respect to the

Defect center First neighbors Second neighbors conduction band, while both and C Si appear within the con-
[Chsl —12.93 0.00 0.00 duction band, 0.09 and 0.71 eV, respectively, above its lower
[Sias] 6.00 0.00 0.00 limit. The corrected gap value is 1.10 eV, still larger than the
[Géns 0.00 0.00 -0.01 experimental value of 0.69 eV. If we further scale the ener-

gies to reproduce the experimental band gap, the resultant Ge
antisite level comes out to be 0.226 eV or 54, strongly
diamagnetic, there is no need for a correction in spin densitysuggesting that the Ge antisite is the origin of the observed
and calculations can proceed as the case with isolated mok:5 ,m absorption band in CdGeAshough a detailed EN-
ecules. DOR study is warranted to ascertain this conclusion.

The spin polarization effects due to the paramagnetic  |n summary, we have developed an embedded quantum
antisite defects in CdGeAst nuclear sites are collected in ¢|yster model for point defects in CdGeAssing state-of-
Table II. The spin density at the defect site is appreciable foghe.art techniques. The calculated geometric relaxations and
[Cas] and[Sis], but it is almost negligible fofGexs]. On  gpin densities of the antisite defects considered here show a
the other hand, there is a small but significant polarization agjear and distinct difference in the nature of native and im-
the second-neighbor 12 As sites fiBes]. The first and ity antisite defects in CdGeAsThe calculated results
second neighbors of the centf@l,s] and[Sixs] atoms do not  point to the nativg Ge,o] antisite defect to be the primary
show any spin polarization due to impurity antisites in thecandidate for the acceptor center associated with thes5

lattice. _ _ _ _ absoption band in CdGeAs
For paramagnetic acceptor centers in a given lattice, the

degree of localization of the trapped hole at and around the This work was done at Michigan Tech University under

acceptor sites can be obtained from the magnitude of spiaupport by the Air Force Office of Scientific Research Multi-
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