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The interaction between substitutional and interstitial donors and single or double acceptors in
Si, GaAs, InP, and InAs has been studied by perturbed angular correlation spectroscopy (PAC).
For the case of Si, complex formation between ubstitutional donors (As, P) and different radioac-
tive acceptors (!1!In, 11'mCd, 117Cd) have been observed. The formation of Cd-hydrogen pairs us-
ing either 111mCd or 117Cd are discussed for GaAs, InP, and InAs.

1. Introduction

The formation of pairs and complexes between ionized defects in group IV [1,2], III-V[3]
and II-VI semiconductors [4] via Coulombic attraction has been studied extensively by per-
turbed yy angular correlation spectroscopy (PAC) for more than 10 years. Besides the interest
in semiconductor physics on the properties of these complexes like formation probability and
thermal stability, the most simple of these defects, pairs between a substitutional dopant (i.e.
an acceptor) and one other impurity atom either on a substitutional or interstitial first neighbor
lattice site represent model systems to test and enhance theoretical calculations of the electric
field gradients (EFG) associated with these pairs. During the last years, due to the availability
of fast computers calculations of EFG caused by defects in semiconductors have achieved an
astonishing progress [5,6] and may develop to an important tool to identify the structure of
defect complexes observed in semiconductors by hyperfine interactions via first principle cal-
culations and to gain more information on these defects not directly accessible by hyperfine
interaction techniques, like the lattice relaxation of the defects involved in such complexes or
the charge state of the complex. The ISOLDE on-line separator at CERN is able to deliver a
range of radioactive probe atoms suitable for PAC which can be used to form such pairs be-
tween a specific defect and different probe atoms. The intention of this paper is to present a
set of data which hopefully triggers the further development of theoretical calculations of
electric field gradients due to simple defect complexes in semiconductors.

In this paper, we will summarize known and present new results of PAC experiments for
the formation of different acceptor-donor complexes in Si and the III-V semiconductors
GaAs, InP, and InAs. This complex formation has been observed using different PAC probe
atoms: 1n/M11Cd, 111mCd, and 17Cd/*17In. In Si, the known formation of complexes be-
tween the single acceptor 111In (decaying to 111Cd) and the double acceptor !1!mCd and the
substitutional donors P and As has been extended to the double acceptor 117Cd decaying to
117[p, In the III-V semiconductors, the results of the formation of Cd-H 7pairs will be presented
using either 111mCd or 117Cd single acceptors. Due to the decay of 117Cd to 17In where the
actual PAC measurement takes place, the originally trapped hydrogen is now observed with-
out any Coulombic binding in the neighborhood of the probe atom.

2. Experimental Details

FZ Si doped with P (3 x 10!8 cm™ — 2 x 102 cm™3) and As (2 x 10'° cm™ - 1 x 10%° cm™3)
either homogeneously or by ion implantation has been implanted with !1!In single acceptors
(E =350 keV, 2 x 10!2 cm™2) at the Konstanz implanter. In (T,,, = 2.8 d) decays to an ex-
cited state of 111Cd where a spin 5/2 intermediate state with 84 ns half-life is used for PAC
spectroscopy. The doping with double acceptors has been achieved by implantation of 111™mCd
using a plasma ion source or '17Ag using a chemically selective laser ionization ion source [7]
at the ISOLDE on-line separator at CERN with an energy of 60 keV and a dose of 2 - 6 x 10!
cm2. 11ImCq decays with an half-life of 49 min via the same intermediate spin 5/2 state as



111y/111Cd and there is no elemental transmutation involved. The 17Ag decays within min-
utes to 17Cd with a half-life of about 3 h which further decays to an excited state of !7In
where the actual PAC measurement takes place using a state with spin 3/2 and 53.6 ns half-
life. The formation of the acceptor-donor complexes in Si has been achieved either by an-
nealing at 900 K for 10 min using a furnace or for 20 s using a rapid thermal annealing setup.
Semi-insulating GaAs, InP, and InAs have been implanted with !11™Cd and 17Cd in a similar
way as described above. To remove the implantation induced damage after all 17Ag has de-
cayed to 117Cd, the GaAs and InP samples have been annealed at 1073 K and the InAs sam-
ples at 930 K by furnace annealing in a closed quartz tube for 600 s under As or P atmos-
phere, respectively. The hydrogen loading has been performed at 323 K or 373 K using a
mass-separated 100 eV H* ion beam and a dose of 3 x 10" cm™ produced by a low-energy
ion implanter.

The immediate neighborhood of the implanted !In, 11'™Cd, and !!7Cd and their interac-
tions with donor-like defects was monitored by perturbed yy angular correlation spectroscopy
(PAC). Here the electric field gradient tensor (EFG) at the site of the radioactive probe atom
is measured. The EFG is described by the quadrupole coupling constant v and the asymme-
try parameter 1. These values are characteristic for specific defects neag)y the radioactive
probe atom and the symmetry of a formed probe-atom-defect complex, its orientation within
the lattice, and the fraction of probe atoms involved in this complex can be determined [8].
For the case of 17In, due to the spin 3/2 of the nuclear state used by PAC, only v and neither
1 nor the orientation of the EFG can easily be determined.

3. Results and Discussion
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Fig. 1: PAC spectra (left) and Fourier

transforms (right) of acceptor-donor com-
plexes in As (2 x 109 em3 — 1 x 10?0 cm™3)
doped Si using 111In, 11ImCd, and 117Cd as
probe atoms.

complex formation at the double acceptor Cd
which is, in contrast to In, not compensated
by the binding of one single donor. The as-
signment of Cd-As, to a trapped single As in
a relaxed configuration or to a highly sym-

metric complex formed by three As donors is
still controversial and theory may help to clarify this question. The lower panel of Fig. 1
shows the results for complexes formed at 117Cd but measured at 17In. Once more two dif-
ferent complexes are observed (s. Table I). The assignment of these two complexes to Cd-As,
and Cd-As,, respectively, is at the moment only based on the relative strength of the EFG and
the formation probability compared to 111™Cd. But the electrical situation is now different: In
contrast to 11I™MCd, at the moment of the PAC measurement the !17In-As pair should be a



neutral defect and the complex involving a second As should be of donor-like character. For P
doped Si a very similar behavior for all used probe atoms has been found (s. Table I).

Table I: PAC parameters (nQ, h) and orientation (<ijk>) of acceptor-As and acceptor-P
complexes in Si using different radioactive acceptors.

System A-D, A-D, A-D,
(acceptor)
Vo (Mhz) n <ijk> vQ (Mhz) n <ijk> Vo (MHz) n <ijk>
Si:As
iy 229 0 <Ill> 237 0.65
Hmcq 229 0 <111> 237 0.65 193 0 <1l1>
17cq 306(4) 217(4)
Si:P
RS ' 179 0 <l1ll> 195 0.65
Hmcd 179 0 <111> 195 0.65 165 0 <ll1>
11704 283(4) 204(4)

HI-V Semiconductors

Fig. 2 (left) shows PAC spectra along with their Fourier transforms for GaAs, InP, and
InAs doped with 11™Cd and loaded with hydrogen by low energy (100 eV, 3 x 1014 cm)
implantation. Under this conditions hydrogen forms pairs with up to 80% of all 111mCq ac-
ceptors [3]. For all systems, these pairs are characterized by an axially symmetric EFG (1 = 0)
and are oriented along <111> lattice directions. Table II lists the respective PAC parameters
Vvq- These results are consistent with the generally accepted model proposed by Pajot [10] that
the hydrogen breaks a Cd-As or Cd-P bond, respectively, saturates the dangling bond, and the
free hole annihilates the Cd dangling bond (“bond-center site™). This results in a relaxation of
the acceptor and the As or P along a <111> direction but the trigonal symmetry remains con-
served as confirmed by the axially symmetric EFG. But without supporting theoretical calcu-
lations, PAC spectroscopy can not distinguish between different possible lattice sites of the
hydrogen which also preserve the observed <111> symmetry of the EFG.

Even more simple, from a theoretical point of view, is the situation if the Cd-H pairs are
formed using ''7Cd. After the transmutation of 117Cd to !1In, a group III element, the hydro-
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Fig. 2: PAC spectra (left) and Fourier trans-
forms (right) of Cd-H pairs in II-V semi-
conductors using 111mCd.

Fig. 3: PAC spectra (left) and Fourier trans-
forms (right) of Cd-H pairs in HI-V semi-
conductors usine 117Cd



gen is no longer bound by Coulomb attraction to !17In. It has been shown, that by observing
the probability for jumping of hydrogen out of the neighborhood of !'7In can be used to de-
termine the hydrogen diffusion in II-V semiconductors on a microscopical scale [11]. Fig. 3
(left) shows PAC spectra for GaAs, InP, and InAs doped with 1'7Cd and analogously loaded
with hydrogen as in the case of 111™Cd. To avoid any hydrogen diffusion, all measurements
have been recorded at 10 K. As can be clearly seen in the corresponding Fourier transforms
(Fig. 3 right), all the studied systems show two EFG (s. Table II) belonging to two different
interstitial lattice sites of the hydrogen adjacent to !'’In. Both EFG have to be related to hy-
drogen in the immediate vicinity of the probe atom 1!7In. In PAC experiments using the ra-
dioactive acceptor 1'™Cd, under similar conditions only one Cd-H configuration with a
<111> symmetry is formed. The existence of two EFG observed at !!7In can be understood, if
one assumes that after the decay of 1!7Cd the initially bound H relaxes to two different equi-
librium lattice positions of isolated interstitial H atoms. The only microscopical information
on isolated H comes from muon spin rotation spectroscopy (LSR) where the muonium acts as
a light isotope of hydrogen. For GaAs, two sites of isolated muonium have been observed
[12]: A tetrahedral interstitial site with four Ga neighbors (“normal muonium”) and a site on a
bond bridging two host atoms (“anomalous muonium”) with a population probability of the
two sites of about 2 to 1. The assignment of these sites is also supported by theoretical calcu-
lations of Pavesi and Gianozzi [13].

Table 11: Quadrupole coupling constants vy for 11Cd-H and 11'™Cd-H [3] pairs observed in
various I1I-V semiconductors at 10 K.

Compound Vo (MHz)
1 17Cd 11 1mC d
GaAs 111(2) 515(2) 457(2)
InP 94(2) 549(3) 484(1)
InAs 99(2) 505(2) 427(1)
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