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The formation of In-As pairs and clustering of As atoms in Si was studied via their electric field
gradients by use of the perturbed—angular-correlation technique and !'!In as probe atoms. Cluster-
ing of As atoms strongly depends on As concentration and temperature treatment. The observed
pairing between In and As atoms seems to be typical for the interaction between acceptor and donor
atoms in Si and it explains the earlier observation that the presence of donor atoms influences the

lattice site of acceptor atoms.
PACS numbers: 61.70.Tm, 66.30.Jt, 76.80.+y

In semiconductors like Si, the electronic properties
are determined to a large extent by the clustering and
lattice site of dopant atoms and by the method of sam-
ple annealing in case of ion implantation. Up to now,
the information delivered by microscopic techniques
has been limited.! In Si the formation of Co dimers
was observed by Mdssbauer spectroscopy? and the
configuration of As pairs was reported by extended x-
ray-absorption fine structure experiments.®> The
paramount data on lattice-site determinations came
from the ion channeling technique, which revealed a
significantly larger tendency of group-V than of
group-III dopants for substitutional-site occupancy
after implantation in Si.*3 If both types of dopants
were present, however, for the group-III dopants an
increase of the substitutional at the expense of the in-
terstitial fraction was observed. The existing lattice-
site information supplied by channeling can be consid-
erably augmented by perturbed yy angular correlation
(PAC) measurements, because this method uses the
site-specific electric field gradient (efg) to distinguish
among impurity sites differing by their lattice-site loca-
tion and/or local electronic environment. In metals,
PAC measurements have provided a powerful method
of identifying and labeling defect-solute-atom com-
plexes and small solute-atom clusters®; but, up to the
present time, no unique identification of defects in
semiconductors has been achieved.” In this Letter, by
employing PAC we show that in Si the group-III ele-
ment In is strongly attracted by the group-V element
As; furthermore, small As clusters are directly identi-
fied and their formation probability is studied as a
function of As concentration and temperature treat-
ment of the sample. Such cluster formation has been
postulated in order to explain the reduction in the
electrical carrier concentration for high-dose As-
implanted Si samples.?

Radioactive ''In atoms with 40 keV energy at 293 K
were implanted into Si single crystals to give a calculat-
ed peak concentration of about 2 ppm, based on the
measured 'In activity and the ion range straggling.
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During this doping procedure some '!!Cd atoms were
also unavoidably coimplanted, the presence of which,
however, played a role only in the case of the lowest
As concentration. Beforehand, the Si samples were
doped with As atoms either from the melt, resulting in
concentrations of 0.015, 0.26, and 0.43 at.% As, or by
implantation and subsequent annealing, leading to
concentrations of 0.07 and 0.11 at.% As within the
relevant surface region. All As concentrations were
determined by the Rutherford backscattering tech-
nique. The ''In-implanted samples were isochronally
furnace annealed (600 s) in a vacuum of better than
5% 1076 Torr and then vacuum quenched by removal
from the hot zone. The PAC spectra were measured
at 293 K.

The site-specific efg is measured during the decay of
the "'In probe atom to '''Cd, which successively
emits two y rays. By use of four y detectors, PAC
time spectra R(t)=A4(0)G,(t) were obtained, as
shown in Fig. 1 [the coefficient 4(9) was —0.118 for
0 =180° and 90° and was —0.107 for 8 = 180° and 71°].
Provided that all In atoms experience the same efg,
the time dependence is described by®

3

Gy(1) =S+ 3, S,cos(w,t). (1)

n=1

The coefficients .S, depend on the orientations of both
the efg and the y detectors with respect to the Si lat-
tice. In the case of axial symmetry of the efg tensor
about its largest component V, we get w,= n(3w/
10) eQV,/ h, where Q is the electric quadrupole mo-
ment of the excited !''Cd nucleus. In general, the efg
tensor is described by the quadrupole coupling con-
stant vo=eQV,/h and the asymmetry parameter
n= (V= Vjp)/ Vz. If the In atoms occupy different
sites with fractions f;, G,(¢) in Eq. (1) is split into

G (1) =3,/,G (1), )

where each site is characterized by v o; and 7,.
Directly after !''In implantation, the PAC spectra of
all Si samples show a wide distribution of unresolved
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FIG. 1. Influence of the As concentration on the forma-
tion of three different In sites after annealing at (a)-(c)
1173 K, or (d) 900 K. Along with PAC spectra R(¢) their
Fourier transforms F(w) are shown. The arrangements of
the four y detectors are depicted by insets in the panels, for
which detectors 3 and 4 are opposite to detectors 1 and 2.
Note the change in the scaling of the ordinate for the lower
two Fourier transforms.

efg’s which is well known from earlier PAC studies’
and delivers no detailed information. However, after
annealing of the samples above 700 K unique efg’s oc-
cur as can be seen in the PAC spectra and their
Fourier transforms F(w) in Fig. 1; here, the Si sam-
ples contain 0.015%, 0.07%, and 0.43% As. A least-
squares fit according to Egs. (1) and (2) shows that for
lower As concentration [Figs. 1(a)-1(c)] In atoms
mainly experience an efg which is characterized by
v91=229(1) MHz and 7, =0 (site 1); for higher As
concentration [Fig. 1(d)] a second efg arises which is
described by v g, =238(1) MHz and ,=0.65(1) (site
2). The small values of S, and S; for site 1 in F(w) of
Figs. 1(b)-1(d), where the y detectors were posi-
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FIG. 2. The fractions of !''In atoms located in sites 1 and
2, as functions of the As concentration in Si samples which
were implanted with !'In, annealed for 600 s at 900 K, and
then vacuum quenched.

tioned close to or along a (111) lattice direction (see
insets in Fig. 1), indicate that the axially symmetric efg
tensor has its symmetry axis along a (111) lattice
direction.® A comparison of the influence of different
detector orientations on the S, values [Figs. 1(a) and
1(b)] confirms this assignment. We will briefly refer
to site 3, which is characterized by vo;=83(1) MHz,
n3=0, with a (111) symmetry axis, and was visible
only for the lowest As concentration [Figs. 1(a) and
1(b)]. It might be caused by association of impurities
other than As with In atoms since Rutherford back-
scattering measurements revealed that in the case of
the 0.015%-As sample the concentration of coimplant-
ed 'BIn or 1'Cd atoms was comparable to the As con-
centration.

As a function of As concentration, Fig. 2 shows the
fractions f; of In atoms on either site 1 or site 2 after
the samples were annealed at 900 K. By randomizing
of the Si crystals the fractions of f; were obtained from
the fitted parameters f;S,. Obviously, the populations
of both sites rise with increasing As concentration and
the formation of site 2 involves more As atoms than
that of site 1, as evidenced by the delayed increase of
site 2. Neither site 1 nor site 2 was observed in previ-
ous PAC experiments where !'!'In atoms were implant-
ed in Si samples that did not contain As atoms.” These
facts lead to an identification of both sites with In-As
complexes, where site 2 contains more As atoms than
site 1.

Regarding the formation of site 1 and site 2 the fol-
lowing conclusions can be drawn: At the highest As
concentration, the fractions of the In atoms f; and f,
occupying sites 1 and 2 both equal 45%. This behavior
excludes a trapping of mobile As atoms by In atoms as
the dominant reaction path for the formation of sites 1
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and 2, since the formation of additional larger As clus-
ters, caused by multiple trapping at the In atoms,
would suppress such high site populations, especially
the simultaneous population of two different cluster
sizes with 45%. Therefore, one has to assume that the
formation of both sites is mainly caused by mobile In
atoms; this interpretation is supported by the diffusion
coefficients for In and As in Si, yielding a 6 times
higher mobility for In atoms at 900 K.1° In the case of
mobile In atoms, the formation of only one type of
In-As complex (site 1) is expected as long as the As
concentration is so low that As clusters are not pres-
ent. Indeed, exclusively site 1 is observed for As con-
centrations of 0.015% and 0.07% As and therefore is
identified with In-As pairs. Then, the occurrence of
site 2 for higher As concentrations reflects the onset of
As clustering leading probably first to As-As pairs;
thus, site 2 should be identified with In-As, clusters.
The fact that not always do all In atoms form As com-
plexes can be explained by trapping of In atoms at oth-
er defects which produce an undetectably weak efg; at
annealing temperatures around 900 K these sites ac-
count for almost all of the In atoms being not in site 1
or 2. However, with increasing As concentration these
competitive traps obviously become less important and
for the 0.43%-As sample 90% of all In atoms form
complexes with As atoms.

The influence of annealing temperature 7, on the
populations of site 1 and 2 is shown in Fig. 3 for the
0.43%-As sample. The temperature region below 900
K is dominated by the irreversible process of defect
annealing, whereas in the region above 900 K the site
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FIG. 3. Populations of site 1 (In-As atom pairs) and site 2
(In-As, complexes) observed during isochronal annealing
(600 s) after !''In implantation; the influence of a decreased
cooling rate is demonstrated by the squared data points. For
both sites, the insets show the microscopic structures that
are in accordance with the symmetry of the measured efg
tensors.

populations are reversible and depend on the particular
annealing treatment. The In implantation at 295 K
caused radiation damage and/or amorphization of the
Si lattice. During annealing up to 900 K epitaxial re-
crystallization occurred and both types of In-As com-
plexes were formed. Their formation at this tempera-
ture can be explained by radiation-enhanced mobility
of both In and As atoms. Above 900 K the decrease
of site 2 indicates that the In-As, clusters are less
stable than the In-As pairs. The population of site 2
can be again increased by suitable heat treatment; for
example, after annealing at 1000 K and a subsequent
PAC measurement at 293 K the sample was annealed
at 980 K and slowly cooled instead of vacuum
quenched, which resulted in a restoration of the higher
site population observed at 900 K (squared data
points). This reversibility in the population of site 2 is
observable for temperatures up to 1170 K, where the
population had gone below 20%. That means that
above 900 K the cooling rate determines the actual
population of site 2, i.e., the clustering of As atoms:
A high (low) cooling rate reduces (increases) the for-
mation of As clusters. For a long time electrical resis-
tivity data for As-doped Si have been known, which
showed that either a too high As concentration (above
0.1% As) or a low cooling rate after thermal annealing
reduces the fraction of electrically active As atoms.?
This reduction in the electrical carrier concentration is
precisely paralleled by a high site-2 population in the
PAC experiments, therefore the reduction of electri-
cally active As atoms finds its explanation in the for-
mation of As clusters. Formation of these clusters was
already postulated in earlier publications, but their
direct detection was still missing.?

A formation of acceptor-donor pairs, like In-As, is
predicted on the basis of a local chemical bond be-
tween acceptor and donor atoms which leads to a co-
valent bond similar to that governing the III-V com-
pounds.!! Within such a model, In atoms in Si should
form pairs also with the other group-V elements.
Indeed, we have first experimental indications for the
pairing of In atoms with the donor atoms P and Sb,
which is characterized by vo=179(1) and 271(1)
MHz, respectively.!? Thus the pairing between accep-
tor and donor atoms in Si can be regarded as a general
phenomenon, which especially has to be taken into ac-
count in case of mixed implants of both types of
dopant atoms. The formation of In-As pairs can also
explain the enhanced population of group-III elements
(In) in substitutional sites under the influence of
group-V elements (As) as observed by channeling;
through the formation of In-As pairs, the In atoms are
pulled onto substitutional lattice sites.

It is known that a reliable, quantitative interpreta-
tion of the measured efg tensors characterizing both
In-As complexes is presently not possible because of a
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lack of an appropriate theoretical description of the
electronic structure around the probe nucleus. How-
ever, on the basis of the measured symmetry of the
efg tensors, which in many cases successfully could be
interpreted in the framework of a simple point-charge
model, we propose the atomic configurations shown as
insets in Fig. 3. Although the efg is observed at the
daughter atom ''1Cd it can be assumed that the sym-
metry of the efg is also characteristic for the lattice site
of the parent atom '!In in the respective In-As com-
plex; this has been shown by Mdssbauer experiments
in I1I-V semiconductors in the case of the parents °In
and '%Sb, which both decay into the daughter 11°Sn.13
The atomic configuration shown for the In-As pair ex-
hibits axial symmetry about a (111) direction of the Si
lattice, in agreement with the experimentally observed
(111) symmetry of the efg tensor of site 1. On the
basis of the (110) arrangement of As pairs observed
by extended x-ray-absorption fine structure,’ the
atomic configuration shown for the In-As, complex is
proposed, which produces a nonaxial efg tensor in ac-
cordance with the measured efg of site 2. Our simple
model is not able to account for any lattice relaxation,
but channeling results indicate that off-center posi-
tions are not occupied by the In or As atoms involved
in the formation of site 1 or site 2.%3

In conclusion, the presented PAC experiments sup-
ply microcsopic information on clustering of As atoms
and a strong attraction between acceptor and donor
atoms in Si. With the advent of more refined self-
consistent calculations of the efg,'* also a direct inter-
pretation of the observed complexes via their efg
would become possible. In any case, more investiga-
tions by PAC can be expected regarding point-
defect-solute atom complexes, the diffusion of dopant
atoms, and the formation of atomic-sized clusters of
dopant atoms, including the influence of furnace,
laser, or flash light annealing.
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