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Calculated electric field gradients and electronic properties of acceptors in CdTe
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Technische Physik, Universitat des Saarlandes, D-66041 Saarbricken, Germany

Linearised augmented plane wave (LAPW) calculations are performed in order to determine
the electric field gradients (EFG) induced by group V and group Ib acceptors in CdTe at the near-
est neighbour (NN) atomic site. Experimentally, the EFG are measured by the peprathgdlar
correlation spectroscopy using the radioactive probe isotofeesaind’‘Br. Besides the identifica-
tion of the experimentally observed defects, the LAPW calculations provide information about
fundamental properties of the EFG. For the group Ib acceptors, the dependence of the EFG on the
NN distance is opposite to the expectation from the simple point charge model.

1. Introduction

Measured by different experimental techniques, such as pertwizsdular correlation
(PAC), Mossbauer spectroscopy, or nuclear quadrupole resonance, defect-related electric field
gradients (EFG) in semiconductors have been successfully used as ‘fingerprints' of the respec-
tive defects in the past, because the EFG is very sensitive to an anisotropic charge distribution
about the probe nucleus, caused for example by a neighbouring defect [1, 2]. The EFG dis-
cussed in this paper are experimentally determined by PAC spectroscopy, using the
radioactive PAC probe atom¥in and’’Br. In the 1I-VI semiconductor CdTe, botftin and
""Br are donor atoms which can form close donor-acceptor (D-A) pairs with stable acceptors,
driven by the Coulomb attraction of ionised donors and acceptors. #tinsy donors form
nearest neighbour (NN) pairs with group V acceptors located at the Te sublattié8Brand
donors form NN pairs with group Ib acceptors located at the Cd sublattice. The actual PAC
measurement takes place after the radioactive decay of the parent'pliobesd’'Br at the
| = 5/2 excited state of the daughter isotop&d and’’Se, respectively, and yields the quad-
rupole coupling constamiy, related to the EFG byg = eQV./h|, along with the asymmetry
parameten = (Vi—Viy)/Vzz ([Vxd <| Vil < [V24). The componenY,; is calculated fronvg us-
ing the quadrupole moment® =0.83b for *'Cd [3] and Q=0.76 b for "'Se [4].
Exemplified for the group V acceptor N and the group Ib acceptor Ag, the local defect struc-
ture after the radioactive decay of the PAC probes is sketched in fig. 1.

In the present work, the linearised augmented plane wave (LAPW) code WIEN97 [5] is
employed for EFG calculation. Exchange and correlation effects are treated in the generalized
gradient approximation as described in Ref. [6] being a development based on the local den-
sity approximation (LDA). The general treatment of a defect in a semiconductor host lattice
within this method is performed according to Ref. [7], where a BCC supercell with a 32 atom
basis and the tetrahedral symmetry of Tggoint-group was used for the calculation of the
group V acceptors. Here, we are dealing also with cases in which two impurity atoms are in-
troduced into the supercell and consequently a trigonal symn@&i)yig present.
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Fig. 1. Local defect structure after the radioactive decay of the parent PAC probe. (a) N acceptor trapped at a
" donor which decays td'Cd (T; symmetry). (b) Ag acceptor trapped atBr donor which decays tdSe
(Csy symmetry). Arrows indicate structural relaxation.
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Table 1. Experimental EFG, calculated EFG, and calculated NN distance of the probe-defect pair for group V
and group Ib acceptors in CdTe. The calculated EFG refer to the ionised acceptors(e.gndNto the
NN-Cd and the NN-Sg site, respectively. The NN distance of the undisturbed CdTe lattikg is2.81 A.

experiment theory
Vo, [10?*V/m?] V. [10°'V/m?] dn [A]
MCd-Nre +13.95(5) -13.7 2.20
Med-Rre +10.56(9) -11.2 2.50
Wed-Asre +9.27(5) 95 2.57
Med-She +7.62(5) -8.1 2.71
;;Sere-Cqu: +5.3(2) -3.6 2.46
""Sere-Aged. +6.7(2) —6.7 2.64
Sere-Alcq +2.6(3) ~1.1 2.64

2. Results of EFG calculations

PAC experiments vyield characteristic, axially symmetric EFG=0) for the
cd-(group V) [8] and thé’Se-(group Ib) [9] pairs (T = 295 K). In the case of the Au ac-
ceptor, however, the PAC spectrum measured with the pfBbé’Se is difficult to analyse,
because less than a whole modulation period is obtained. Assuming an axially symmetric
EFG as observed for the Cu and Ag acceptors, the quadrupole coupling constant
Vo = 47(4) MHz is obtained which is unexpectedly small for a NN pair. However, the PAC
spectrum can also be described reasonably by a damped fit function modelling an EFG distri-
bution about zero caused by a disturbed lattice environment. Thus, the support for the
interpretation of the experimental data by the EFG calculations is highly appreciated.

In table 1, the calculated EFG for the ionised group V and group Ib acceptors are compared
to the experimental data, taking into account the lattice relaxation about the defect complex in
the LAPW calculation. The axial symmetry of the EFG tensor in the EFG calculations is con-
strained by the appliedy and C3, symmetry. Additionally, the calculated distandgy
between the acceptor and the PAC probe is listed in table 1. For the group V acceptors, the
agreement of the theoretical and experimental EFG is excellent, the difference is within about
0.5x1G*V/m? For the group Ib acceptors, the calculated EFG differ from the experimental
values by 1.7x18V/m? at maximum, which still confirms the proposed defect model, i.e. the
observation of ‘Sere-Cucq, *'Sere-Agcs, and’’Sere-Aucq complexes. (Note that absolute dif-
ferences between calculated and experimental EFG should be regarded rather than relative
ones, becausé,, can assume negative and positive values including zero. Experimentally, the
sign ofV;; is not determined.) In particular, the unusually low magnitude of the EFG the Au
acceptor is causing at a NN site is clearly reproduced. The somewhat larger differences to the
experimental data compared to the group V acceptors are probably due to the well known
limitations of the LDA in describing moderately localizéélectrons, i.e. the outershell of
the group Ib elements in the present case. For both the group V and the group Ib acceptors,
the calculated value df,; in the neutral state of the acceptor yields less agreement with the
experimental data. Consequently, the measured EFG are attributed to the ionised state.

3. The distance dependence of the EFG

The calculated EFG is very sensitive to the actual distance between the acceptor site and
the site of the probe atom (Cd ort§eat which the EFG is determined. If this distance is
shortened by only 1% of the bond length of the undisturbed CdTe lattice, the EFG already
changes considerably: The EFG at a NN Cd neighbour to a group V acceptor changes by
aboutAV,, = -0.9x1G" V/m?, while the EFG at a $esite caused by a neighbouring group Ib
acceptor changes by abaM,, = +0.4x16"' V/m?® Thus, taking into account lattice relaxa-
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tion is crucial for EFG calculation. For thets€group Ib) pairs, the positivaV,; for a de-
creasing NN distance together with the negative valued/fofsee table 1) result in the
surprising observation that tiadsolute valuef the EFG at the Sgprobe sitelecreasesvith
decreasing distance from the group Ib acceptor. The simple point charge model, in which the
ionised acceptor represents a point charge causing the EFG, is incapable to explain this be-
haviour. The point charge model can reasonably be applied to highly ionic crystals [10], but
obviously it breaks down in the case of covalent bonding present in semiconductors. Speaking
in terms of the electron orbitals of the chemical bonds, the EFG is generally dominated by the
p contribution of the valence electrons, and often the EFG is in good approximation propor-
tional to the anisotropy of the part@atharge [11]:

Vzz~ Y2(px + py) = Pz (1)

For both the group V and the group Ib acceptors, the influence of lattice relaxation on the
EFG is analysed in more detail by means of calculations with an artificial displacement of the
four NN atoms. Since the above mentioned distance dependence of the EFG &g site Se
holds analogously for a Te site neighboured to an isolated group Ib acceptor, and in this case
the higherTy symmetry can be employed, the EFG at a Te site instead gf ait®as consid-
ered in the following. For two NN distancedy = 2.65 A anddyy = 3.03 A, the EFG at a
NN-Cd and a NN-Te site is plotted in fig. 2 for therAsand the Agq acceptor, respectively
(solid lines). The pure relaxation effect is determined by calculating the EFG in the absence of
the acceptor impurity and changing the distance of the four NN atoms to the central host atom
(fig. 2, dashed lines). The linear interpolation between the two representative NN distances in
fig. 2 was checked to be a good approximation within the considered ratge of

A remarkably strong EFG at a Cd site is obtained if the four NN Cd atoms are moved to or
from the central Te atom (fig. 2, €ice pair). This EFG is in the same order of magnitude as
the defect induced EFG (cf. the @dr. pair) and arises due to the rearrangement of the elec-
tronic charge after the relaxation; e.g. for an inward relaxation thp, @drtial charge is
increased with respect to the @g-charge leading to a negative, according to eq. (1) (the
local z axis is understood to direct towards the central Te atom). For thfesfsgbair, the
slope of the graph in fig. 2 is almost the same as for th€eQehir, indicating that the charge
rearrangement induced by relaxation is similar in both cases. As a further discrepancy to the
point charge model, the EFG of the-Bere pair changes the sign éin = 2.9 A. The pure
relaxation effect at the Te site (fig. 2,-Tel pair) is less pronounced than for the Cd site, but
gualitatively similar. In contrast to all other cases, the slope of the graph for-thg-J pair
in fig. 2 is negative, indicating that the EFG of the group Ib acceptors is affected in a specific
way during the relaxation, leading to the unexpected distance dependence.
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Fig. 2. The EFG as a function of the NN distance for thd-ig. 3. Site projected, angular momentum decom-
ionised As and Ag acceptor and for the pure CdTe crystahosed DOS. The interaction between the dAig

in which the host atoms are artificially displaced. Theand the Te3, states is indicated by a shading of
atomic site at which the EFG is determined is underlined.the respective DOS region.
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4. The influence of the group Ibd electrons

Besides the unusual distance dependence of the EFG, a further puzzling observation is the
weak EFG for the Au acceptor, in particular compared to the Ag acceptor having the identical
calculated NN distance to the{g@robe (see table 1). For both effects, dredectrons of the
group Ib elements play an important role: In the crystal field of a semiconductor with
zincblende structure, such as CdTe, the atainicbital splits into non-degenerateande
sublevels. Additionally, the group I8 electrons can interact with the Ppeelectrons (or
Sere-p electrons, analogously), where for symmetry reasons onlyg-thesublevel and the
Te{, orbitals are affected. For the isolatedcf@cceptor, fig. 3 shows the electronic states
decomposed into thig ande symmetries of the Ag-electrons and thg, andpxy, symmetries
of the NN Tep electrons. Thal-t, andd-e levels are located about 4 eV below the valence
band maximum (VBM), but thd-t, symmetry shows up an additional peak at the energy of
the Tep, state Eygm — 0.5 eV, cf. shading in fig. 3). As a consequence offHusnteraction,

Te{, like charge is transferred to the Ad, charge, and the EFG at the Te (of.psite be-

comes weaker [i.eV,; becomes more positive according to eq. (1)] than it would be in the
absence of the Ad-electrons. Thus, the considerably weaker EFG for the Au acceptor com-
pared to the Ag acceptor is understandable: Due to the additional core electrons dnd the 4
shell, the Au-8 shell is more extended than the Adj€hell, and the overlap with the pe-
states is even larger. Consequently, thepte-Aud-t, charge transfer is more pronounced

and the EFG at the Te (Rpsite is weaker for Au than for Ag. The distance dependence can
be explained by the fact that thel interaction fades out for increasing NN distances and the
charge transfer becomes smaller, leading to a stronger EFG, i.e. a more négative

5. Summary

In order to support the identification of defects, LAPW calculations are performed which
yield defect related EFG for Cd-(group V) andS@roup Ib) pairs in CdTe. In particular for
the Au acceptor, where the experimental situation is ambiguous, a clear interpretation is
achieved only by support of the EFG calculation. For the group Ib acceptors, an analysis of
the electronic structure reveals the influence of the al&dectrons on the EFG and the ori-
gin of the unexpected dependence of the EFG on the NN distance. Thus, besides the
theoretical prediction of the EFG, the LAPW calculations provide insight into the electronic
structure of defect complexes in semiconductors.
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