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Defect interactions of group-1 elements in cubic II-VI compounds

V. Ostheimett S. Lany* J. Hamanrt, H. Wolf,> Th. Wichert! and ISOLDE Collaboratich
Technische Physik, Universitdes Saarlandes, D-66041 Saarbken, Germany
°PPE ISOLDE, CERN, CH-1211 Gere Switzerland
(Received 27 June 2003; published 8 December 003

By means of perturbegty angular correlatiofPAC) experiments using the radioactive dopafigr, 1*Ag,

and'lin, the behavior of the group-1 elements Li, Cu, Ag, and Au is investigated. Group-I elements are shown
to form nearest{NN) and next-nearest-neighbor donor-acceptor pairs in the 1I-VI semiconductor CdTe. The
simultaneous occurrence of cation vacancies indicates the transition of group-I elements from substitutional to
interstitial lattice sites. In case of NN pairs, the electric-field gradients measured in the PAC experiments are
compared with those obtained theoretically by density-functional theory calculations. PAC experiments per-
formed in ZnTe and ZnSe show a similar behavior regarding the donor-acceptor pairing with group-1 elements
in these compounds.
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. INTRODUCTION ments using the isotope¥®"Ag and °""Ag, it was ob-
served that implanted Ag atoms leave substitutional Cd sites
In semiconductors, the understanding of doping processeghoveT =400 K.12 In general, however, there exists no com-
forms a key issue for the development of electronic devicesprehensive scenario concerning the behavior of group-1 ele-
In this context, donor and acceptor atoms in II-VlI com-ments in 11-VI compounds and, in particular, their interac-
pounds are subject of widespread investigatichsn the  tions with other defects, up to now. In this work, the
case of group-l elements, the interest is focused on theifadioactive dopant atom&Br, *!Ag, and *“in are used in
potential use as acceptors and on the occurrence of compegrder to study the incorporation of the group-I elements Li,
sating defect reactions. The information about the behavioty, Ag, and Au as acceptors via the formation of nearest-
of group-I elements in II-VI semiconductors, however, is still heighbor(NN) and next-nearest-neighb@NN) D-A pairs
rather scarce. In addition, the situation is complicated by thgn CdTe and, in part, also in ZnTe and ZnSe. In addition, the
possibility of an unintentional incorporation of these ele-existence of Cd vacancies is shown via the formatiorof
ments, in part supported by their high diffusivity, and the centers. In case of the formation of NN pairs in CdTe, the
problem of a unique identification of these elements. Photopyperimental results are complemented by theoretical calcu-

luminescence experiments show that the group-l elemenigtions. Preliminary results of the experimental data were
Li, Cu, Ag, and Au form acceptor levels in Cd¥e&ince the published in Refs. 10 and 14-16.

achievablep-type conductivity is strongly limited, it was

supposed that the elements Li and Ag are amphoteric dopants

being incorporated_on subs_titutiorjal Iatti(_:e sit_es as acceptors Il. EXPERIMENTAL TECHNIQUE

and, at the same time, on interstitial lattice sites as dohors.

For Li, this behavior was confirmed by infrared absorption For the investigation of defect structures in semiconduc-
spectroscopy measuring localized vibrational modegors on an atomic scale, the EFG measured by the perturbed
(LVM's) in CdTe:Li, which showed the formation of close yy angular correlation technique has turned out to be a very
Licq-Li; pairs®® For the heavier group-I elements, like &g,  successful toot/!® In this type of experiment, the EFG,
the corresponding pairing process is believed to exist but nathich is measured via its interaction with the nuclear electric
yet unambiguously identified. In the case of Li, also the for-quadrupole moment of a radioactive probe atom, character-
mation of AlsLicg and InsgLicg next-nearest-neighbor izes the defect complex which the probe atom is part of.
pairs was observed via their characteristic LVfI'mdicat-  Often, however, a unique assignment of the measured EFG
ing the passivation of group-l acceptors by the interactiorto specific defect configurations is difficult to achieve solely
with different elements that act as donor atoms. By use of thbased on the experimental sample conditions used. In order
radioactive donor*iin, perturbedyy angular correlation to overcome this problem, the calculation of the EFG for the
(PAC) experiments showed characteristic new electric-fieldsupposed probe-defect configuratitrere, theD-A pair) can
gradients(EFG’s) in 1I-VI semiconductors doped with Ag. be employed. In this work, the behavior of the group-I ele-
The Ag related EFG, however, have been discussed controrents Li, Cu, Ag, and Au in CdTe is investigated by PAC
versially as caused by cation vacanciés CdTe, see Ref. using the probe atoms’’Br/’’Se, MAg/*'lcd, and

9), by the donor-acceptoi)-A) pair formation of**in and  *in/!*'Cd (referring to the parent and daughter isotopes,
Ag (for CdTe, see Ref. I0and by a complex involving Ag respectively. In order to arrive at a most certain identifica-
at interstitial lattice sitegfor CdS, see Ref. 11 Positron tion, ab initio calculations corresponding to the assigned de-
annihilation spectroscopyPAS showed that Ag diffused fect configurations were performed and compared with the
into CdTe occupies substitutional Cd sites by filling up Cdexperimentally determined EFG. The quality of such calcu-
vacancies Vg .2 Finally, in emission channeling measure- lations has recently been demonstrated in the case of experi-
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mentally well characterized-A pairs in Si, Gé? and  oms exposed to the defect specific EFG which is character-
CdTe? ized by the parametem#Q and#'. The parametef, denotes
The group-I elements Cu, Ag, and Au were introducedthe fraction of probe atoms on unperturbed dfdhe frac-
into CdTe single crystals by evaporation of a 10-nm-thicktion at slightly perturbed lattice sites with cubic symmetry. A
layer of the respective metal onto the surface of the crystatlamping of theR(t) spectrum, described by the parameters
and subsequent diffusion at 550 (Ku), 550-700 K(Ag), o, anda,, occurs if the host lattice is disturbed, e.g., due to
and 900 K(Au) in an evacuated quartz ampoule for 30 min.implantation damage which is not completely annealed. Fi-
In the case of Li, the crystal along with a piece of Li metal nally, A,, describes the anisotropy of the respectjwe cor-
was heated for 30 min at 880 K. Stable In atoms were intro+elation; it is exclusively determined by nuclear physics pa-
duced using different techniques as described in Ref. 2Irameters and its effective value was0.40, —0.11, and
Finally, stable Br atoms were introduced by implantation at—0.14 for the probes ""Br/"’Se, Ag/'*'Cd, and
an energy of 60 keV and a dose of!4@m2 at the For- -In/**'Cd, respectively, in the present experiments. All
schungszentrum Rossend¢BZR, Dresden, Germaiy PAC spectra were recorded at ambient temperatures using a
The radioactive probe atoms were introduced by ion im-Standard setup which consists of foudetectors. The 13-y
plantation of the isotope&Br (60 keV at ISOLDE, CERN c0|r_1(:|dence spectra, smultaneou;ly_recorded as a function
and Ag (60 keV at ISOLDE, CERN, or 80 keV at the of time t elapsed between t.he er.mssmn.of the_ first and sec-
isotope separator in Bonn, Germanynder these conditions ond y qugntl_Jm, were combined into a single time spectrum
and for the used ion doses of typically’¥@m 2, TRIM,?? R(t), which is described by
calculations yield peak concentrations of about®iin 2 at
a depth of about 30 nm. Theln probe atoms were intro- R(t):Azz[ fot fh
duced by diffusion from aft*inCl; source at 970 K for 90
min, yielding a concentration of about *fa&m™3 within a
layer of about 1Qum below the surfacé’ i E £ } 1)
PAC experiments take advantage of the pair formation of <! '
the probe atoms with defects of opposite charge driven by
the Coulomb attraction, which takes place in the presence of The ab initio calculation of EFG resulting from the for-
the respective radioactive parent isotopes, i.e., the donokgation of NN donor-acceptor pairs was performed by means
Br*, Min*, and the acceptot/Ag™. At the time of the  of the linearized augmented plane-wave mettiodPW) in
radioactives decay of the parent isotope, the EFG is mea-+the framework of density-functional theory, using the pro-
sured via the hyperfine interaction of the electric quadrupolgyram packageviensz.?* The calculations are based on a 32-
momentQ of the | =5/2 excited state of the daughter iso- atom supercell in bce structure containing both the probe
tope, i.e.,"'Cd (in the case of'Ag and ™in) or ’Se(in  atom and the trapped defect. If one substitutional impurity
the case of 'Br). In CdTe, for instance, the daughter isotope atom is part of this clustel 4 symmetry can be assumed; in
Cd is a host atom, and the EFG thus characterizes thghe case of a complex consisting of two impurity atoms the
isolated defect which was initially trapped by thEAg or  symmetry is lowered t€, . For a correct calculation of the
n atom. The daughter probéSe, on the other hand, is an EFG, the charge state of the defects and the relaxation of
impurity being isoelectronic to Te, and the EFG consequentlytoms in the supercell have to be taken into account. In the
characterizes the complex formed byrSand the defect case of NN probe-defect pairs, the EFG tensor is axially
originally trapped by the’’Br atom. The traceless EFG symmetric (=0) and itsz principal axis is aligned along
tensor is usually described by the quadrupole couplinghe[111] lattice direction. The calculation of defect induced
constant vo=|eQV,,/h|, the asymmetry parameter EFG in semiconductors using the LAPW method is de-
7= (Vax— Vyy) V5, with [V, |<|V,y|<|V,] and O<9=<1, scribed in more detail in Refs. 20, 25, and 26. For the com-
and the orientation of the EFG tensor with respect to the hogtarison with the experimentally determined EFG, the quad-
lattice. Due to the cubic zinc-blende lattice of CdTe, ZnTe,rupole momentQ=0.83b (''Cd) andQ=0.76 b ('Se)
and ZnSe, the EFG vanishe¥ t=0) if the probe atom is (Refs. 27 and 2Bwere used to calculate, from the theo-
incorporated on an unperturbed substitutional lattice siteretically determined/,, values.
Furthermore, the strength of the EFG decreases rapidly with
the distancea between the probe nucleus and the generating
charge distribution(e.qg., vQ~r‘3 in the case of a point
charge generating the EFG The highest sensitivity concerning the detection of substi-
The experimental PAC spectruR(t) is described by Eq. tutional group-I acceptors residing on cation sitds (M
(1). It contains the information on the strength and the sym—=Cd, Zn) is obtained with the donor-prob&Bry residing
metry of the EFG tensor by the relations;~vqo, and  on the NN anion siteX=Te, Se. In this case, the formation
w,lw;=9(7), respectively!® the frequencies satisfy the re- of NN pairs is expected, having a higher binding energy than
lation w3=w;+w,. The coefficientss, and s, depend NNN pairs, which can be formed using the donor probe
strongly on the orientation of the EFG tensor with respect to'*iny, residing on the NNN cation site. It should be noted
the host lattice and weakly on the asymmetry paramster that the presence of different group-I elements leads to much
The parameter$; denote the relative fractions of probe at- larger differences in the absolute values of the defect specific
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FIG. 2. PAC spectra measured witfBr probe atoms in ZnTe
after Cu and Ag doping, and in ZnSe after Cu doping.
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¢ [ns] o [Mrad/s] Due to the relatively weak EFG in CdTe:Au, the corre-
spondingR(t) spectrum in Fig. 1 does not show a full modu-
lation period within the recorded time window. Therefore a
spectrum is obtained in the absence of doping with stable element§.,econd pOSSIbIII’Fy has to be taken 'n_to account for the analy-
sis of the experimental data assuming that the probe atoms

EFG's for NN pairs as compared to NNN pairs. In the fol- do not form NN pairs with the Au atoms but are solely lo-

FIG. 1. PAC spectra measured wiffBr probe atoms in CdTe
after doping with the group-I elements Cu, Ag, and Au. The bottom

lowing, the formation of NNN donor-acceptor pairs is inves- ated in a slightly disturbed lattice environment. Such an
tigated using the donor probln,,. The results obtained €nvironment leads to a fractioi with a dampingo in the

with the probes’’Br and !4in are supplemented by investi- R(t) spectruniEq. (1)] and the corresponding fit reproduces
gations with the radioactive group-I proBEAg. the data almost as well as the fit based on the axially sym-

metric EFG withvg=47 MHz, which is caused by the for-
mation of NN pairs. This ambiguity will be discussed in Sec.
IV A in more detail.

CdTe crystals were doped with the group-l elements be- Supplementary investigations in ZnTe and ZnSe with the
fore the implantation of thé’Br probe atoms and the PAC ’Br probe show specific EFG for the acceptors Cu and Ag in
measurements were performed after annealing the sample anTe and for Cu in ZnSe; the corresponding PAC spectra are
T,=550-700 K in order to remove the implantation inducedshown in Fig. 2. The PAC results obtained with the probe
radiation damage and to support the pairing process betweetom 'Br in CdTe, ZnTe, and ZnSe are summarized in Table
probe atom and group-I element. In Fig. 1, the PAC spectra Like in CdTe, also in ZnTe and ZnSe an additional EFG is
R(t) and their Fourier transfornis(w) clearly show triplets observed aftef’Br implantation without any additional dop-
consisting of the quadrupole frequencies and designating ing. In analogy to the interpretation for CdTe, these latter
the EFG measured by the donor proBiBr/”’Se. It is obvi- EFG'’s are assigned to the center, formed by thé’Br/"'Se
ous that the EFG observed in CdTe crystals doped with Cuprobe and a Zn vacancy.

Ag, or Au are strongly different and correlate with the pres-
ence of the respective group-I element. The EFG’s are axi-
ally symmetric[ »=0.0(1)] and are characterized byg
=98(4) MHz (Cu), 1244) MHz (Ag), and 476) MHz The experiments using the proB&r show defect struc-
(Au). They are not observable in crystals that are exclusivelyures which are directly correlated with the presence of the
doped with “/Br. In this case, a different EFG vq  respective acceptors Cu, Ag, and Au. Assuming that these
=188(4) MHz, »=0.0(1)] is observed(Fig. 1, bottom acceptors form NN pairs with the donor prob®r, the do-
pane), which is assigned to the formation of complexes con-nor probe*in might form NNN pairs with group-l accep-
sisting of a’’Br donor and an acceptorlike Cd vacandy,  tors as well, provided the corresponding complexes exhibit a
(i.e., a Br-relatedA centej. The assignment was confirmed sufficiently high binding energy. The local structure of probe
by EFG calculations for this defet.Furthermore, the for- atom-acceptor pairs is sketched in Fig. 3 for both tHn
mation of A centers is well known from ODMRoptically — and the’’Br probe. As mentioned above, due to their larger
detected magnetic resonah@xperiments in CdTe:B? separation(see Fig. 3, the NNN pairs should give rise to

A. Experiments using the probe’’Br

B. Experiments using the probein
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TABLE I. EFG’s induced by group-l acceptors in CdTe, ZnTe, and ZnSe and measured with the PAC
probe atom’’Br/’’Se (M =Cd,Zn). The EFG's are expressed by the quadrupole coupling congjarll
EFG's listed are axially symmetrici{=0) and refer tol',=295 K. The calculated EFG's in CdTRef. 25
are shown for comparison with the experimental values.

CdTe!’’Br/’’Se ZnTe’'Br/"’Se ZnSe''Br/’’se
Acceptor v (MHz) vq (MHz) vq (MHz) vg (MHz)
experiment theory experiment experiment
Cuy 98(4) 66 1264) 121(4)
Agy 124(4) 123 1494)
Auy 47(6) 20
Vu 1884) 198 24%6) 1904)

smaller binding energies compared to the NN pairs and, ahe experimental resolution. This EFG is also known to be
the same time, to a smaller EFG at the site of the probe atonproduced by thé/4 defect just mentioned abovsee Table

Figure 4 shows PAC spectra, measured in CdTe after dogt). Finally, in CdTe:Li the EFG measured with the probe
ing with *in and diffusion of the group-I elements Au, Ag, *in is not identical with but very similar to that caused by
Cu, and Li(top to bottom at T,=550-900 K. InAg and Au the V.4 defect. It amounts tovy=60.1(5) MHz, 7
doped samples, in each case two slightly different EFG’s are

observed at the same time. The relative fractions of the two R(?) F(w)
complexes depend on the sample treatment. In both cases, S =542 MHz
the larger of the two EFG's is identical[vq 0.1 W T]Q=O.07 ]
=60.2(5) MHz, »=0.171)], is independent of the respec- | 3 | 14
tive group-I element, and is known to be caused by the cat- Au

ion vacancyVc4 as a consequence of the formation Af 0.0 —

centers™incy Vey. 202 This EFG is also observable after —————— —T—
vQ=56.6 MHz |

annealing CdTe under excess Te vapor at 86@d€ Fig. 4, 01 | 2"
bottom. From the dependence of thfe-center fraction on T, n=011 14
different conditions chosen for the thermal treatment, the I |

binding energyE,, of the In-Vq4 pair (Refs. 10 and 3B8and 0.0 Ag
the migration energf,, of the V4 defect® have been de- — e ——
termined, previouslyE,=0.18(2) eV, ank,~0.8 eV]. In LT v =60.5 MHz |
contrast, the smaller, second EFG in the Ag and Au doped 0.1 n=0.17
samples depends on the respective dopant introduced into the - I 14
CdTe crystal and is characterized by=56.6(5) MHz, » 0.0 Cu W n 1
=0.11(2) for Ag, and byvq=54.2(5) MHz, »=0.07(3) : A 0
for Au (see Table . The binding energy of th&"inc+Agcy L T 1 v =60.1 MHz
pair has been determined in Ref. 108g=0.19(2) eV, very 0.1 . °
close to the binding energy of thElng,Veqy pair. In the
case of CdTe:Ag, additionally the orientation of theorin-
cipal axis of EFG tensor was determined to be directed ap- 0.0 ——
proximately along th¢111] crystal axis:® v,
In the case of CdTe:Cu, Fig. 4 shows that only a single o p ¢ 1t

EFG[vq=60.5(5) MHz, »=0.171)] is observable within

0.0 : . : . |

0 200 400 O 100 200 300

f [ns] ® [Mrad/s]

FIG. 4. PAC spectra of CdTe crystals, diffused wiffin and
different group-l elements. After annealing CdTe under Te excess
vapor, the PAC spectrum shows the EFG of sheenter™™inc Vg
(bottom panel The same defect complefindicated by dashed

FIG. 3. Atomic configuration of NN (Bg-Agcg and NNN lines) is observed in CdTe:Au and CdTe:Ag together with
(Inc-Ageg) donor-acceptor pairs, illustrated for the CdTe lattice. In *ngeAucq and Ung-Agey pairs. In CdTe:Cu the same EFG as
a PAC experiment, the pairs are formed with a radioactive dopantor the A center is observed. In CdTe:Li the asymmetry of the EFG
(""Br, ™Min, or ™MAg). Subsequently, the EFG is determined at thesignificantly differs from that of thé\ center, indicating the forma-
respective daughter nuclede or'Cd. tion of MincsLicy pairs.

235206-4



DEFECT INTERACTIONS OF GROUP-I ELEMENTS IN . .. PHYSICAL REVIEW 88, 235206 (2003

TABLE Il. EFG’s induced by group-l acceptors in CdTe, ZnTe, and ZnSe and measured with the PAC
probe atomin/*'Cd. It holds Ty,=295 K for all measurements with the exception of ZnTe: Ay, (

=77K).
CdTelin/*cd ZnTelMin/*cd ZnSe!lin/cd
Acceptor Vg n Vg n Vg n
(MHz) (MHz) (MHz)
Lipy 60.1(5) 0.073) 59.25) 0.083) 72.45) 0.083)
Cuy 60.55) 0.171) 70.35) 0.11(2)
Ady 56.65) 0.11(2) 58.510) 0.055) 69.95) 0.093)
Ay, 54.25) 0.073)
Vum 60.25) 0.171) 60.0(10) 0.155) 71.95) 0.053)

=0.07(3) and the EFG differs from that known fdg4only  the stable donor atoms Br and In from the point of view of
by the different asymmetry parametgrHowever, this small  the Ag acceptor by employing the acceptor prébag. The _
difference is of experimental significance as is also reflecte?AC experiments in CdTe crystals, which were doped with
by the different shapes of the modulations at long delaystable Br and radioactive'Ag, yield an axially symmetric
times in the correspondin&(t) spectra shown in Fig. 4. EFG (7=0) with vo=259(5) MHz.” In CdTe doped with
(Note that the evolution of the different shapes at long delayn and *"'Ag a characteristic EFG withg=62(3) MHz and

times is caused by the different frequency rat'to§/wl, 7]:0 is Observedf1 S|m|lar|y, in the other I1-VI semiconduc-
which are direct'y related to the respectivﬁ/a'ues of the tors In-correlated defect structures were observed: PAC ex-
two different EFG tensor®) periments in ZnTe:In and ZnSe:In using the probB¥Ag

In ZnTe und ZnSe doped withlin probe atoms, a defect showed EFG’s which are not observed in crystals doped ex-
induced EFG is observed after d0p|ng with the group_| aC_C|USive|y with lllAg. Therefore it can be assumed that the
ceptors Li and Ag in ZnTe and after doping with Li, Cu, and observed defect complexes are induced by In doping. The
Ag in ZnSe (Table I). The PAC spectra measured in Ag corresponding EFG's measured with the probéig are
doped ZnTe and ZnSe are shown in Fig. 5. For the sake dfsted in Table lIl.
completeness, the EFG corresponding to thecenters
(*4n,-V5,), occurring in ZnTe and ZnSe after thermal IV. DISCUSSION
treatment in a chalcogen rich atmospHéiso are listed in ) )

Table II. It is noted that in these compounds the quadrupole The results obtained with three probe atoms, comple-
coupling constants oV, and those ones occurring after mented by the calculated EFG's for NN pairs in CdTe, pro-
group-I doping are distributed in an interval of only 2 MHz vide a comprehensive basis for a safe identification of defect
width, which is even narrower than in case of CdTe. Accord-Structures formed by group-I elements and, thereby, deliver

ingly, a unique distinction between the different PAC signalsinformation about the behavior of group-I elements in CdTe,
is at the limit of experimental resolution. ZnTe, and ZnSe. Thus the defect scenario observed with one

probe can be verified with help of the information delivered
by the other probe atoms and by the LAPW calculations.
Thereby, the discussion of calculated EFG’s will be restricted
In case of the group-I element Ag, the results presented s@ the NN configuration because the calculations are not yet
far were complemented by studying the pair formation withaccurate enough to discriminate the nearly identical EFG’s
caused by different group-I elements in the case of the NNN

F(w) configuration(see Sec. IV B Concerning EFG calculations

' ' —* for the *n-V4 pair in CdTe, the interested reader is re-
ZnTe:Ag Vo= 38 3MHz ferred to a previous publicatiof.
o 0

-0.1 E =0.05
Wm 1 !
0.0 ,\/\‘/\/\J\\ﬁ .
- 4 Based on the experimental conditions, the EFG’s mea-

" ZnSe:Ag vo=69.8MHz sured in CdTe:Cu and CdTe:Ag are supposed to be caused
-0.1 L/\.J\,./\_w n=009 | 5 by substitutional Cu and Ag atoms, respectively. In case of
i CdTe:Au the measured EFG is too small for observing a full
00 ' Mik modul_ation period in t_he PAC time spectrum SO that its rela-
0 300 200 — 2(')0 3(‘)0 0 tionship to a well d'ef_lnedD—A co.mplgx remains doub.tful.
¢ [ns] o [Mrads] However, the remaining uncertainty in the mt_erpretatlon of
the PAC data was resolved by LAPW calculations. The cal-

FIG. 5. PAC spectra measured within probe atoms in ZnTe culation of the EFG that are caused by singly negatively
and ZnSe after Ag doping. charged group-I acceptors at their NNSsites yield vq

C. Experiments using the probe''Ag

R(®

T T T T

A. Probe atom ""Br
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TABLE lll. EFG’s induced by the donors In and Br in CdTe, ZnTe, and ZnSe and measured with the PAC
probe atom**Ag/t'Cd atTy =295 K.

CdTel'Ag/*'Cd ZnTelt'Ag/HiCd ZnSe!'Ag/tticd
Donor vg n vg 7 vg n
(MHz) (MHz) (MHz)
Bri, 25905) 0.012)
N7 62(3) 0.02) 62(1) 0.0(1) 78(2) 0.205)

=66 MHz for Clgy, vo=123MHz for Agsy, and vq the Ag related EFG has been attributed to a larger
=20 MHz for Augy,? being close to the respective experi- ~INce Ve Ag; configuration, where the interstitial Ag atom
mental valuegsee Table )l Considering the doping condi- is relatively distant from thé*in probe™ In the light of the
tions and the good reproduction of the experimentally ob-Observation of substitutional group-I acceptors in CdTe by
served EFG’s by theory, the defects corresponding to thé’Br probe atomse.g.,” Brr-Agcq pairg and the confirma-
PAC spectra shown in Fig. 1 are attributed to the substitution of this configuration by means of EFG calculation, how-
tional, singly negatively charged group-l acceptorscgu  ever, we tend to ascribe the similarity between #eenter
Adcq, and Aus4 that form NN donor-acceptor pairs with the EFG and the EFG related to group-I acceptors to the reduced
probe atom’’Br as is shown for the case of Ag in Fig. 3 sensitivity of the EFG in the case of the NNN probe-defect
(left). Since the experimental findings for Cu and Ag dopedconfiguration, mentioned above. A further, more direct argu-
ZnTe and for Cu doped ZnSe are similar to those in CdTement against the formation of attincg Ve Ag; cluster
the observed EFG’s are attributed to the analogous defegtith Ag at an interstitial lattice site is the observation of

complexes formed with Gy and Ag, acceptors(see ‘“Ag-In pairs, which will be discussed below.
Table ). In the case of CdTe:Cu, within the experimental resolu-

tion exclusively the same EFGvo=60.5(5) MHz, 7
" =0.171)] is observed as known for 4 (see Table ). Con-
B. Probe atom *in sequently, there are two possible interpretations for this EFG:

The EFG’s observed after Ag and Au dop|ng are Supposea) Under the chosen eXperimental Conditions, the diffusion
to be caused by A@ and Altd acceptorS, respective|y' This of Cu EXC|USive|y leads to the formation of Cd Vacan&%
assumption is confirmed by the above-mentioned formatioforming pairs with the™in probe atoms(ii) Cu acceptors
of Br-acceptor pairs, which shows that substitutional group-form D-A pairs with**in atoms and the resulting EFG can-
acceptors can be trapped by donors in CdTe. As a result dfot be distinguished experimentally from that of the cation
the NNN position of the probe atortiing, to the group-I ~vacancy Vgq. If existing, a simultaneous formation of
acceptors, the nearest-neighbor shell about the probe, dfica Clcgand InegVeq pairs cannot be resolved by PAC, in
which the EFG depends most sensitively, consists excluthis case. Taking into account the results obtained with the
sively of Te atoms and is identical for the different acceptorsprobe “Br, which show that ionized Gy acceptors should
(see Fig. 3, right-hand sitle Accordingly, the identical exist, along with the results obtained with the prot¥n,
nearest-neighbor shell in case of the NNN probe-defect pairgshich show thatA centers are observed together with
is the reason for the close similarity of the EFG caused by incsAgeq and ingAugg pairs, casda) is not favored.
the different group-1 acceptofsee Table I). In case of the The experimental results can be explained consistently as-
NN pairs, such as th®-A pairs of the group-lI acceptors suming casegb), stating that™incgVeg and Mingg Cugg
with the "Br probe (see Table )l as well as the pairs of give rise to almost the same EFG at the site of tHed
group-V acceptors with th&*in probe® the differences of probe atom. It is suggested that both defect complexes are
the EFG’s with regard to the respective acceptor species a@served simultaneously in CdTe after diffusion of Cu, as in
much more pronounced. Since the influence of the acceptdhe case of CdTe:Ag and CdTe:Au. Finally, it can also be
impurity in case of the NNN pair is mediated by the Te atomexcluded that the EFG assigned to g, defect rather be-
neighboring both the probe and the acceptor, it is also undetongs to the Cu acceptor. In this case, n@gVcqy pairs
standable that the orientation of the EFG tensor is along thevould have been observed by PAC, up to now, which would
[111] direction rather than along tH&10] symmetry axis of be in strong contrast to the experimental conditions and the
the probe-defect pair. A similar effect was reported in Ref. 36very detailed identification of ky-Vcq pairs in CdTe by
for In-vacancy pairs in HgCdTe. The measufédi] orien- ODMR.?®
tation of the EFG tensor for the group-l acceptor Ag is also Because of the different asymmetry parameter, the EFG
reproduced by the EFG calculatioffswhich yield only 2°  measured with the prob&in in CdTe:Li (vo=60.1 MHz,
deviation from thg111] lattice direction. 7=0.07) indicates that at least a significant fraction of the

An EFG, measured with*in and related to Ag doping, probe atoms is located in a defect complex other tharthe
has also been reported for the 11-VI semiconductor dS. center. Since in infrared absorption measurementg llit.g
Like in CdTe, this EFG is similar in its strength compared pairs are detected via their LVM%and taking into account
to the EFG caused byq4 in CdS. Based on this similarity, the PAC data for Ag and Au, it is suggested that the new
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defect complex observed by PAC is identical to thepairs(see Table Ill. Thus in all investigated Il-VI semicon-
MynesLicy pair. As discussed above, the formation Af  ductors, the In-Ag pair formation has been confirmed by
centers is directly observable in CdTe:Ag and CdTe:Au dueneans of probe isotopes of both constituents, i.e.ip

to the distinctly different EFG tensor; therefore it is possibleand 1*Ag.

that also in CdTe:Li crystal®\ centers have been formed

besides thé™ingLicq pairs. In this case, a superposition of D. Interaction with cation vacancies

two EFG’s with nearly the same strength but somewhat dif-  1e gjmyitaneous observation of substitutional group-I

ferent asymmetry parameterg<0.17 andy=0.07, reéspec-  ,cantors and Cd vacanciese Fig. 4 for Ag and Au doped

tively) causes a PAC signal which can_be fitted with an aV-samplesalong with the discussion of the results for Cu an Li
erage asymmetry parameter determined by the relativ

) ) i §uggests that vacancies are formed as a consequence of the
fractions of the respective defect complexes. In the I|teraturedoping with group-1 elements via the defect reaction
the EFG measured after diffusion of Li has originally been

attributed exclusively to thé-center complex? The com- Acg— A+ Vey. (2

prehensive knowledge on NNN pairs mvolvmg dl_fferent The fraction of group-l acceptor atondg4 that leaves the
group-l elements and a new, more detailed analysis of the e ! . X . o
ubstitutional lattice site transforms into interstitial donors

EFG parameters observed for CdTe:Li in measurements wit . . -
i» Which electrically compensate a part of the remaining

high statistical quality gives rise for correcting this earherSubstitutional acceptor atoms as was also proposed on the

Interpretation. basis of photoluminescence experiméhtsThe generated

In context with the results obtained for CdTe, the corre-Cd vacancies are detected by trapping at the dHn
; ) ve 1L _ . ; cd:
spondingD-A pairs *Minzy Az, (A=group-| acceptdr in orming A centers. Consequently,'*incsAcqy and

znTe and Zn_Sg are suggested to exist _in principle, too. bu nes Veg pairs are simultaneously observable as shown in
to the very similar quadrupole frequencies measured in eacEig ild- InCdPAS experiments, thaversereaction of Eq(2)
compound, however, the differedt-A pairs cannot always has been reported after diffusing Ag atoms into CdTe

be characterized unambiguously by a specific EEBe S 9
Table Il). In ZnSe, for instgnce t)r/1e I>E/FG opbserved g?ir Cusamples at room temperatdFeTakmg into account the dop-

. : ing conditions in the present workT =550 K), the PAC
and Ag doping, and the EFG caused by Li ang,, respec- ) )
tively, are identical within the experimental resolution. In :ﬁzuIstzrf]%mtﬁfénegé:ﬁeer))('Cg:{;gﬁ{g%?g%@ﬂg;gﬁf v(\j/i?;]a-tﬁé
ZnTe, the EFG of thé center can be distinguished from the ' b

Li and Ag related EFG due to the different asymmetry pa—er.ms.Slon channeling results from Ref. 13 showing that sub-
rameters stitutional Ag acceptors leave the lattice site above 400 K. In

contrast to™n, using the prob€’Br a simultaneous exis-
tence of "Bry- Vg and " Brre-Acq pairs was not observed at
111 . . L. .
C. Probe atom ~Ag similar experimental conditions. An explanation may be

Here, the group-l element is represented by the prob&und by a higher binding energy of téBrr-Acq complex
atom MAg itself. Thus this probe atom offers the possibility @8 compared to thA-center Bfe-Vcg. .
of directly examining the formation db-A pairs involving Based on experiments with the probin, it was pro-
the group-| acceptor Ag, which is proposed to occur on the?0sed by Reislneret al? that in CdTe:Ag the EFG char-
basis of experiments with the donor prob@sr and **4n.  acterized byrq=56.6 MHz andy=0.11 is also caused by
For the isolated Bf donor in CdTe, the calculated EFG at Vca, in addition to the well-known EFG ofo=60.2 MHz
the NN Cd site corresponds tg,= 267 MHz (7=0).25This and 771:10.17. qule present results obtained vylth t.he. probe
result is in good agreement with the experimental PAC dat&toms in and Ag, however, clearly contradict this inter-
obtained with the!Ag probe in CdTe:Br yieldingvq prgtatlon by showing the formation of In-Ag pairs in CdTe
—259 MHz (5=0) (see Table Ill. The measured EFG is USiNg both probe atoms, whereby théin-Ag pair is char-
therefore attributed to thé'!Cd-Br, configuration. It is acterized byrg=56.6 MHz and»=0.11.
pointed out that the formation of the AgBry donor-
acceptor complex is observed by means of both ‘thag
and the "Br PAC probe in combination with doping by  In the 1I-VI semiconductors CdTe, ZnTe, and ZnSe, a
stable Br and Ag atoms, respectively. And in both cases, thearge number of different donor-acceptor complexes involv-
assignment of the observed EFG to the respeddivA pair  ing group-I acceptors have been identified by their character-
has been confirmed by EFG calculations. istic EFG's. In particular, it has been shown that the group-|

In CdTe doped with'!Ag probe atoms and stable In do- elements Cu, Ag, Au form NN as well as NNN pairs with
nors, a characteristic EFG withy=62 (3) MHz andy=0 donor atoms. Whereas in the case of NN pairs different de-
is measured®!® Thus the formation of théD-A complex fects give rise to easily resolvable, significantly different
AgcqIngg is also observed by the PAC probBAg and the  EFG's, this is obviously not the case for NNN pairs: The
interpretation of the PAC data obtained within, i.e., the ~EFG's, caused in CdTe by the different group-I acceptors or
formation of ingsAgeg pairs is confirmedsee Sec. IVB V¢4 at the NNN site of an**'Cd nucleus, give rise tog
In the case of the experiments with tH&'Ag probe in  values within the narrow interval between 54 and 60 MHz.
ZnTe:In and ZnSe:In, again characteristic EFG’s are obin contrast, the EFG’s at th€'Cd site, caused by different
served that can be assigned to the respecth®g,,-In,,  group-V elements in an NN configuration, are distributed

V. SUMMARY
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over a range of more than 100 M&ZBy using the experi- substitutional NN pairs or complexes of substitutional probe
mental results obtained by the three probe atéfBs, 1?Ag,  atoms with nearby interstitial defects. The present paper
and ™in it is also possible to resolve some confusions withcomprises the results obtained by PAC experiments using the
regard to the interpretation of defect related EFG’s whichprobe atoms’Br, 'Ag, andin in the 1I-VI semiconduc-
arose in the past as a consequence of the close and possills CdTe, ZnTe, and ZnSe. As a valuable tool that became
unexpected similarities of EFG’s characterizing the formarecently available, the density-functional theory based EFG
tion of different NNN pairs in these materials. calculation leads to a substantial improvement regarding the

Besides the bare identification of the defect related EFG'sye|japility of the identification of defect complexes in semi-
valuable information about the behavior of the group-I ac-conductors.

ceptors has been obtained: The amphoteric character of the
group-l elements according to the defect reaction in &§.

has been confirmed and additional parameters such as bind-
ing and migration energies have been determined. Finally, it
should be noted that the present work constitutes the first It is a pleasure to thank the team of the Isotopenseparator
comprehensive study about NNN donor-acceptor pairs at algt the University Bonn and the Forschungszentrum Rossen-
irrespective of first preliminary data about the dMAucyand  dorf for their generous experimental help. The financial sup-
InceAgcq pairs in CdTe and the simultaneous formation ofport of the Bundesministerium fuBildung und Forschung
Vg4 published previously?14-1®By far the most PAC stud- (BMBF) under Contract No. 03WI5SAA is gratefully ac-
ies regardingD-A pairs in semiconductors have concernedknowledged.
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