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Abstract
Ab initio calculations in the framework of density functional theory are employed to complement
experimental PAC and EPR data on vacancies in CdTe. The Te vacancy is found to be a negative-U
centre with a large lattice relaxation in the neutral and the doubly charged state. The electronic state
introduced by V. lies below the valence band maximum fardand shifts to above the conduction
band minimum for V' . An experimentally observed electric field gradient is interpreted in terms of
acceptor compensation by:&'. Experimental data available for the Cd vacancy is discussed in the
context of the calculated electric field gradients. A Jahn-Teller effectfoisViot confirmed.
PACS: 61.72.Vv, 71.55.Gs, 76.80.+y
Keywords: vacancy, CdTe, EFG, DFT
e-mail: Lany@tech-phys.uni-sb.de
1. Introduction

Besides intentionally introduced dopants and residual impurity atoms, intrinsic defects, e.g. vacancies
and interstitials, can strongly influence the optical and electrical properties of semiconductors and
consequently have been a subject of intense research [1, 2]. Except for the positron annihilation
spectroscopy (PAS), most locally sensitive methods investigate vacancies indirectly via the hyperfine
interaction (HFI) at neighbouring nuclei. In order to determine vacancy related HFI parameters,
methods such as electron paramagnetic resonance (EPR), electron nuclear double resonance (ENDOR)
and perturbed angular correlation spectroscopy (PAC) have been used. The correct experimental
identification and characterisation of vacancies, however, is more difficult compared to the
investigation of impurity atoms, which can be introduced into the semiconductor crystal by a
controlled doping process, e.g. by ion implantation.

As a theoretical instrument being generally helpful to characterise dopants in semiconductors as well
as intrinsic defects (e.g. Ref. [3]), the density functional theory (DFT) formalism is used in order to
compensate for the particular difficulty to investigate vacancies. The DFT calculations yield defect
related information that is difficult to access by experiment such as about the electronic structure and
structural relaxations. Additionally, the identification of a particular defect is supported by the
calculation of defect related parameters, such as the electric field gradient (EFG), which is used
experimentally as a 'fingerprint' of the studied defect.

In the present work, the EFG tensor — characterised by the largest comygent the asymmetry
parametern — is measured by PAC (for details, see e.g. Ref. [4]), using the radioactive probe nuclides
n and **'Ag. In 1I-VI semiconductors, théincg donor and thé*'Agcq acceptor form donor-
acceptor (D-A) pairs with dopants, residual impurities or intrinsic defects, and in either case the EFG
is determined at theé= 5/2 excited state of the daughter isotop€d [4]. It is emphasised that in

CdTe, the daughter isotop€Cd is a host atom and consequently the measured EFG characterises the
isolated defect. The absolute number of radioactive probe atoms needed for PAC measurements is
10'-10" and the resulting concentrations are generally low enoughcii® and less) that the
electrical properties of the semiconductor crystals are not changed significantly.

The DFT calculations are performed using the linearised augmented plane wave (LAPW) method
implemented in the WIEN97 [5] program package. The general treatment of an impurity in a
semiconductor for EFG calculation within this method is described in Ref. [6]. In addition to the 32
atom supercell in BCC structure witfy symmetry used in that work, a 32 atom cell w@k,
symmetry is used in the present case of the cadmium vacancy. In the LAPW method, the basis set
consists of plane waves augmented by a spherical harmonics expansion within so-called "muffin-tin"
spheres around the atomic positions. In general, the wave functions are described by the plane wave
basis at a vacancy site, but the use of an "empty sphere" allows an angular momentum decomposition
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of the vacancy related states for analysis purposes. Magnetic hyperfine fields are not calculated in the
present work.

2. The tellurium vacancy

From simple valence arguments, the tellurium vacangya¥counts for a double donor, having an
occupieda; level &like) and an unoccupied level (-like) in the neutral state. Thus, no Jahn-Teller
effect and no symmetry lowering fromy symmetry is expected. A paramagnetic centre observed by
EPR [7] and ENDOR [8] has been interpreted as,\but this assignment was questioned in Ref. [9],
where calculations with the linear muffin tin orbital method in the atomic sphere approximation
(LMTO-ASA) yielded HFI constants incompatible with the experimental results. Furthermore, the
ENDOR data require that the electron spin is localised at the vacancy site to about 96%, which is
rather implausible for a vacancy and strongly differs from the theoretical localisation of 20% of the
electron spin within the ASA sphere.

Using a 32 atom cell with all neighbouring atoms of the tellurium vacancy fixed at ideal lattice
positions, i.e. suppressing the relaxation, we findaghevel within the gap for all three charge states
Ve, Vreh and V™, occupied by two, one and zero electrons, respectively. The localisation of 10% of
the electrond; level) within the LAPW muffin-tin sphere fory compares well with the 20% for the
LMTO-ASA sphere, taking into account the different volumes of the respective spheres. From the
positions of they; level for the three charge states with respect to the valence band maximum (VBM),
the transition energies(++/+) =Eygy + 0.76 eV ande(+/0) =Eypy + 1.22 eV are inferred, which are

in good agreement with the electron removal energies of 0.67 eV and 1.27 eV, reported in Ref. [9].

Taking into account the relaxation of nearest neighbour (NN) Cd atoms, which was not possible in the
LMTO calculations, has drastic implications. With exception agf'Vstrong relaxation occurs
resulting in a shift of the energetic position of thelevel and a significant lowering of the total
energy (see Table 1). In Fig. 1a, the total density of states (DOS) is shown for the relaxed
configurations of the three charge states (note that for the unrelaxed configuration of all three charge
states, the DOS resembles the DOS shown fgf, ¥xcept from the occupation number). In Fig. 1b,

the a; level and thd, level are identified by the respectiseandp character within the muffin-tin
sphere at the vacancy site. Only fof.V the a; level is still positioned within the band gap after
relaxation. While for V¥, the strong inward relaxation of the NN-Cd atoms leads to a shift ef; the
level to below the VBM, this level is shifted to above the conduction band minimum (CBM) during
the outward relaxation in the 2+ state. The 2+ statetpfisvcomparable with the 3+ state of the
arsenic vacancy in GaAs, which also hasapty a level and was calculated in Ref. [10]. There, the
observed outward relaxation of the NN-Ga atoms was interpreted by the authors in terms of a
rehybridisation towardsp’ bonding. A similar argument holds in the present case {§f,Where the

NN-Cd atoms move about 60% of their way towards a plapgabonding configuration with the
NNN-Te atoms. In the neutral state of.Vthea; orbital isfully occupiedand there is a pronounced
p-like contribution within the NN-Cd spheres (the locabxis directs towards the vacancy).
Consequently, thep® configuration is retained from point of view of a NN-Cd atom, causing the
strong inward relaxation of the NN-Cd shell. After relaxation,ahlevel is located 0.5 eV below the

VBM (cf. Fig. 1b, left hand side). In the singly charged statg, Where thea; level ishalf occupied

the counteracting mechanisms described faf ¥nd 4" approximately cancel each other, leading

to only little relaxation and energy gain (cf. Table 1).

The transition energy between two charge states measures the Ferigi iewelhich the formation

energy Erom Of both states is equal (the formation energy of charged defects depert3. on
Accordingly, the relative formation energ¥:,m with respect to . is plotted in Fig. 2a in the case

of suppressed relaxation. Due to the relaxation, however, the formation energies are lowered by the
respective relaxation energiag&, (Fig. 2b). In fact, the large relaxation energies fof \and Vo™

(cf. Table 1) result in a negative-U behaviour with a transition enE(gy/0) =Eygu + 0.85 eV
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between ¥."" and 4, and the paramagnetic statg,'is never the most stable state, independent of

the Fermi energy. Consequently, it should not be observed in an EPR experiment. Therefore, the
rejection of the EPR identification of;y in Ref. [9] is confirmed. The fact that for the calculations of

the HFI constants in Ref. [9] relaxation was neglected, does not harm, because in the paramagnetic 1+
state the relaxation is quite small (cf. Table 1).

It is pointed out that the tellurium vacancy exhibits a rather extreme Franck-Condon effect, and
thermal and optical excitation energies are no longer comparable. An optical excitation does not seem
possible at all, because in the stable statgdand V™", thea, level is "hidden" in the valence band

and in the conduction band, respectively. According to our LAPW calculations, the negative-U effect
for the Te vacancy is very strongly pronounced, so that this property should not be affected by errors
that may arise from the local density approximation and the estimation of the transition energies via
the level positions. The negative-U behaviour accompanied by large lattice relaxation seems to be a
rather general feature of anion vacancies in II-VI semiconductors; it has been found alggiffior V
ZnSe [11], while the extreme shift of tlag level into the valence band (neutral state) and into the
conduction band (2+ state) was not reported there.

In order to investigate the interaction between Ag and Cu dopants, 2 nm copper were evaporated onto
a CdTe crystal implanted with*Ag ions. After subsequent annealing at 500 K, PAC measurements
yield an EFG ofV,, = +22.8(9)10°* V/m* with n =0.0(3) (T =295 K). This value, which is
unusually high for an EFG measured at'tH€d nucleus in CdTe, is close to the calculated EFG at a
NN-Cd site for ™", V,, = +24.610°* V/Im? with ) = 0 (see Table 1). Based on EFG calculations for
interstitial Ag in CdTe, it is not expected that the interaction'dkg with Cu atoms, e.g. the
formation of**!Agc+Cu pairs, would result in the observation of such a strong EFG. Therefore, the
observed EFG is interpreted with the formation of cfd&gcsV+1e"" pairs and shows the capability

of the Te vacancy to compensate group | acceptors.

3. The cadmium vacancy

After the D-A pair formation of*in donors with the double acceptord/the PAC probe is a
NNN-atom with respect to the defect causing the EFG. Three distinct EFG have been reported in
literature for the"*!Cd-Vcq pair: One, labelled EFG1 in the following (values are given inTable 2), is
observed after annealing'in doped CdTe under tellurium vapour pressure [12, 13]. A set of two
EFG, EFG2 and EFG3, is observed simultaneously in crystals doped additionally with stable In to a
level higher than 16cm®[14]. Similar EFG have been reported for ternaryoddgcesTe
compounds [15]. The stronger EFG, EFG2 and EFG3, which are observed when a background donor
doping level is present, have been discussed in Refs. [14] and [15] in terms of a different charge state
of Vg and the possibility that two In donors (one stable In atom and*dnesotope) bind to the

double acceptor 3. The LAPW calculations, using a 32 atom supercellsisymmetry containing a

Cd vacancy, yield an atomic relaxatiokd(y ~ —13%) which is less pronounced than in the case of

V1 and essentially independent of the charge state. In Table 2, the experimentally observed EFG are
compared to the EFG calculated for the NNN-Cd site: Assigning EFG1, EFG2, and EFG3 to the
neutral, singly, and doubly charged Cd vacancy, respectively, yields a relatively good agreement
between experimental and theoretical data. It is noted, however, that in the 32 atom supercell, only
three of the four Te neighbours to the Cd probe are contained within the supercell and a larger cell
should be used. First calculations with a 64 atom supercell are currently running, indicating changes in
the calculated EFG that are not very large, but significant. Therefore, the assignment of EFG1, EFG2,
and EFG3 to the three charge states gf i¥ only tentatively at the present, and the possibility that

two In atoms bind to ¥; can not be excluded.

In the simple orbital model, the neutral cadmium vacancy has a fully ocaypiekl and &, level,
which is partly occupied by four electrons. In principle\and the paramagnetic statesVcan be
subject to a Jahn-Teller effect due to the partial occupation df tbeel. In this case, thig orbital
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(p-like) would split into an occupieé level (,-like) and an unoccupied &f) or half occupied

(Vcd) uppera, level (p-like), accompanied by a symmetry lowering frdmto Cs,; i.e. one NN-Te

atom would relax stronger towards the vacancy site than the others (cf. Ref. [16], whergnSe is
discussed). An EPR signal, presenting trigonal symmetry, has been interpreted as resulting from V

in a Jahn-Teller distorted configuration with the hole localised at one Te neighbour [17]. In order to
investigate the Jahn-Teller effect theoretically, calculations with a 32 atom supeféglsiimmetry

were performed. The interesting result is that the calculated forces on the NN-Te atoms tend to restore
deviations fromTy symmetry for both the neutral and the singly charged state. Even for a strong
trigonal distortion, no single, unoccupied band (the uppdevel, containing the holes localised at

one Te neighbour) would separate from the valence band in the casg’0838/expected in the
presence of a Jahn-Teller effect. Rather the holes occupy valence band like states and are moderately
localised at the NN-Te shell (6% within each muffin-tin sphere of the NN-Te atoms). Thus, the DFT
calculations clearly disagree with the assumption of a Jahn-Teller effect. It is further noted that in case
of a Jahn-Teller distortion, the NNN-Cd atoms are no longer equivalent, and a set of three EFG instead
of a single one should be observed for both the neutral and the singly charged stateTdifisv
behaviour is not reflected by the PAC experiments. The discrepancies regarding the Jahn-Teller effect
and the different possible interpretations of the experimentally observed EFG show that the cadmium
vacancy still deserves further investigation.

4, Summary and outlook

DFT calculations of the tellurium vacancy in CdTe give access to the complex behaviour of this defect
regarding the lattice relaxation and the electron structure which both change drastically with the
charge state. Thus, a negative-U behaviourgfid/predicted and the paramagnetig'\state should

not be stable. Additionally, the acceptor compensation by doubly charged Te vacancies is discussed on
the basis of the calculated EFG and experimental PAC data. As for the cadmium vacancy, the presence
of a Jahn-Teller distortion is not confirmed. First calculations using a 32 atom supercell with
symmetrical relaxation around the Cd vacancy yield a reasonable agreement with experimentally
determined EFG, but due to the fact that the site of the probe atom is a next nearest neighbour to the
vacancy, the use of a larger supercell is indicated. Calculations with a 64 atom supercell are expected
to improve the detailed interpretation of the experimental data.
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Tables

Table 1. Relaxatiomdyy of the NN-Cd atoms about{y (in percent of the bond length 2.81 A of
CdTe, a negative sign is indicating an inward relaxation), along with the relaxation aggrgshich

is the energy lowering due to relaxation, and the calculated electric field gragiane NN-Cd site
(n = 0 due to symmetry ).

Adwn [%0] AE; [eV] V,, [107V/m?]
Vreo’ -22 0.98 +2.0
N -2 0.05 +16.2
Ve +20 0.69 +24.6

Table 2. Experimental and theoretical values for the EFG caused by the Cd vacancy at the NNN-Cd
site. V,, values are given in units of #o//m?. The experimental error of,, andn is lower than
0.1:10°* V/Im? and 0.05, respectively.

experiment (T; = 295 K) theory

EFG1 EFG2 EFG3 M Veda Ved
V,;  £3.0 +5.1 +5.6 -3.0 -4.1 -5.0
n 0.17 0.12 0.20 0.01 0.14 0.24
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Fig. 1. (a) Total DOS for ¥, V1o', V1o . Occupied states are shaded. (b) Local DOS at the vacancy
site decomposed int®andp contributions. For V., the half filleda, level in the band gap is very
narrow, therefore thecontribution needs a different scaling1(3) to be displayed.
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Fig. 2. Relative formation energies for the different charge statesr0@s/a function ofer. (a)
Relaxation suppressed. (b) Including relaxation. The left and the right margin of each plot corresponds
to the VBM and the CBM, respectivel§F;,m = O corresponds to the unrelaxed configuration gf.V



