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The formation of acceptor-hydrogen complexes in silicon is studied via the electric field gradients
caused by H atoms at the site of radioactive '''In acceptor atoms, and is measured by means of the per-
turbed yy angular correlation technique. The identical In-H pairs which are oriented along (111) lattice
directions are found in samples hydrogenated by different methods, well known for the passivation of
shallow acceptors. They dissociate around 420 K and are more stable than B-H complexes. There is evi-

dence for an influence of the free-hole concentration on the actual structure of the In-H pairs.

PACS numbers: 61.70.Yq, 71.70.Jp, 76.80.+y

In recent years the electrical passivation of shallow ac-
ceptors like B, Ga, In, and Al in silicon by hydrogen
atoms has been subject of numerous research activities, !
whereby the passivation is observed after a variety of
different procedures, such as charging from a H plasma,
boiling in water, avalanche injection in SiO;, chemical
etching, and other common wafer processing steps?; they
all seem to have in common the introduction of atomic
hydrogen into Si. The first observations®* of this process
in B-doped Si have stimulated a large number of investi-
gations; among them, important microscopic information
arose from infrared experiments,® ’ passivation studies
under electric fields,¥* and Raman-scattering experi-
ments.® In spite of this effort, the passivation mecha-
nism and the nature of the hydrogen-acceptor bond have
remained a matter of controversy. =14

In this Letter, first results on the formation, stability,
and structure of In-H complexes will be given from the
perturbed yy angular correlation (PAC) technique. The
presence of a H atom next to an In acceptor atom is
detected at the In atom itself via the electric field gra-
dient induced by the H atom. This field gradient is
characteristic for the H defect and its crystallographic
position and because of its » 3 dependence a defect has
to reside close to the In atom in order to be visible. For
the present study radioactive '''In probe atoms were im-
planted at 350 keV at 295 K into B-doped (100) Si
wafers (1x10" to 5.5%10'” cm ~3, Wacker Chemitron-
ic) resulting in a peak concentration of about 5x10'6
"""In cm 73 at a depth of 1500 A. The radiation damage
caused by the implantation process was removed by an-
nealing at 1170 K for 600 s under flowing N,; subse-
quently, the Si samples were charged with hydrogen. At
295 K, eight coincidence spectra were measured by
recording of the yy cascade of the decay of '''In to
"1Cd with help of a standard four-detector setup. The
coincidence spectra were combined into a single PAC
time spectrum R (¢), which contains the information on
the electric field gradient produced at the site of the ra-
dioactive probe atom.!> For probe atoms on regular lat-
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tice sites, the field gradient is zero because of the te-
tragonal symmetry of the electric charge distribution
around these atoms and the R(¢) spectrum is time in-
dependent. A nonzero electric field gradient caused by a
H atom next to an In atom gives rise to oscillations in

_on H- PLASMA
(a) &
O »AO g 9 \
01t H:0
(b) . ‘ F VR
O L
= o1
(c)
O,
o H* (200eV)
(d)

0 100 t(ns) 200
FIG. 1. PAC time spectra for '"'In/!"'"'Cd probe atoms in Si
samples differently charged with H atoms. The spectra, mea-
sured at 295 K with y detectors oriented along (100) and {110
lattice directions, show the formation of In-H complexes. The
Si samples were doped with (a),(b) 1x10'5, (c) 5.5x10', and
(d) 1.6x10'" Bcm ~3.
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the R(z) spectrum, whereby the actually observed ampli-
tudes depend on the fraction of probe atoms associated
with such a H atom.

In Fig. 1 PAC spectra are collected for Si samples
which were doped with hydrogen under different condi-
tions, all known for passivating acceptor atoms. Spec-
trum (a) shows the result for a Si sample (10'> B cm ~3)
charged for 15 min by a H plasma (operated at 13.56
MHz, 320 V, and 0.6 mbar). The pronounced oscilla-
tions point to the presence of H atoms in the close vicini-
ty of ''In atoms. A least-squares fit to the experimental
R(t) spectrum (solid lines in Fig. 1) reveals the presence
of two different field gradients, which is more clearly
visible in the Fourier transform F(w) shown in Fig. 2
(top): The occurrence of two frequency triplets shows
the presence of the two different electric field gradients;
the frequency ratio and the dependence of the frequency
amplitudes on the two different orientations of the y
detectors (top and bottom panel) shows the axial sym-
metry of both field gradient tensors about a (111) direc-
tion of the Si lattice.'® Their largest component V,, is
expressed by vp =eQV../h =(10/37) wo, where Q is the
electric quadrupole moment of the isomeric '''Cd state
and wg is the smallest frequency of the triplet, so that
vo =349(1) and 463(1) MHz, respectively.

Spectrum (b) of Fig. 1 shows the result of boiling a Si
sample (10 B ¢cm ~?) in doubly deionized H,O for 45
min at 353 K. Since the same field gradients are ob-
served as before, identical In-H complexes are formed
after plasma charging and boiling in water, with the
349-MHz complex being dominant in both cases. The
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FIG. 2. Fourier transforms F(w) of PAC spectra R(¢) mea-
sured with y detectors along (top) (100) and (bottom) (111)
lattice directions at a H-plasma-charged Si sample. The am-
plitudes of the two electric field gradients, characterized by
vo =349 and 463 MHz, show the (111) axial symmetry of the
In-H complexes.
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last two PAC spectra in Fig. 1 show the results for H-
charged Si samples containing a higher B concentration:
Spectrum (c) (5.5%10'" B cm ~3) is observed after boil-
ing in H,O for 395 min at 353 K and annealing at 410 K
and spectrum (d) (1.6x10'7 B cm ~3) following 200-eV
H* implantation with a dose of 1x10'* cm ~2 at 353 K
and annealing at 402 K. In both cases, the higher B con-
centration causes the exclusive occurrence of the 349-
MHz complex, whose actual frequency, however, can be
slightly reduced as discussed below.

On the basis of their appearances following boiling in
water, the well-defined and strong field gradients can be
attributed to In-H complexes where the H atoms reside
at a unique lattice site, which is close to the In atom.
That means that H forms close pairs with the In accep-
tor atoms, which are oriented along (111) lattice direc-
tions because of the (111) axial symmetry of the field
gradients. On account of the present results, the inter-
pretation of a recent PAC experiment on laser-annealed
Si, where the identical field gradients have been associat-
ed with the formation of In-vacancy complexes,!” has to
be revised.

The stability of the acceptor-H complexes is studied
during isochronal annealing (10 min), as plotted in Fig.
3 for Si samples charged in H,O (top) or by 200-eV H*
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FIG. 3. Fractions of In-H pairs in Si(100) samples doped
with '"'In atoms (5%10'® cm ~3) and (top) boiled in H,O at
353 K or (bottom) implanted with 1x10'* 200-eV H* cm ~2
at 353 K. Circles and triangles correspond to the 349- and
463-MHz complexes, respectively.
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with a dose of 1x10'* cm =2 (bottom). In the case of
lower B concentration (open symbols), where the Si lat-
tice in the region of the '''In profile is dominated by the
5%10!% In cm 73, the panels show a constant fraction of
In-H complexes at low annealing temperatures, followed
by a decrease of both types of In-H complexes between
373 and about 450 K. On the assumption of a single
jump for the dissociation process, a dissociation energy
Einu=kT4In(vot4) =1.3 eV is deduced with use of an
annealing temperature 74 =420 K for 14, =600 s and an
assumed attempt frequency vo=10"'3 s '; this value is
significantly lower than the 2.1 eV given by Pearton.! In
the case of the higher B concentrations (filled symbols),
where the Si lattice observed by '!'In atoms is B dom-
inated, mainly the fraction of In-H complexes with the
lower field gradient (349 MHz) is observed. Obviously,
the high B concentration provides a strong source of H
for the In atoms, because the In-H fraction still increases
at temperatures where the In-H complex already starts
to vanish in case of low B concentration. This observa-
tion is easily understood if B-H complexes formed during
the charging procedure exhibit a lower dissociation ener-
gy than In-H complexes, as is also suggested by Sah,
Pan, and Hsu.'® The faster decrease of In-H pairs be-
tween 400 and 500 K, observed in the upper panel, is due
to the lower H concentration introduced by boiling in
water. The high concentration of B-H complexes seems
to be also responsible for the observed field-gradient dis-
tribution exhibited by the damping in the PAC spectra
(c) and (d) of Fig. 1. Furthermore, with increasing B
concentration, a remarkable steady decrease of the mag-
nitude of the field gradient during annealing is observed,
starting from 349 MHz at 353 K and arriving at about
300 MHz for T4 about 500 K in the case of the highest
B concentration. This decrease of the field gradient dur-
ing annealing indicates a change of the length of the
In—H bond that is caused by the increasing concentra-
tion of reactivated B atoms or of free holes. In Fig. 4,
two arrangements of In-H complexes are sketched which
both fulfill the (111) symmetry determined by PAC
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FIG. 4. Two models for the microscopic structure of In-H
pairs according to the present PAC results where the H atom
resides at either (a) a bond center or (b) an antibonding inter-
stitiai site; possible lattice relaxations are not taken into ac-
count.

(possible relaxations are not taken into account); howev-
er, the magnitude of the electric field gradients does not
allow us to identify either model since reliable theoretical
calculations are not available. Model (a), the commonly
accepted configuration, was proposed by Pankove et al.’®
and DeLeo and Fowler,!'! in order to explain the ob-
served H-related infrared absorption band at 1875 cm ~!
in passivated, B-doped Si.*>® Here, the H atom occupies
a site between two neighboring Si atoms (bond-center
site) and is covalently bound to one of the four Si atoms
surrounding the acceptor atom which then becomes neu-
tral and threefold coordinated. However, these infrared
data were also explained by Assali and Leite'? assuming
a covalent bond to the acceptor atom whereby the H
atom occupies a nearest-neighbor interstitial site between
the acceptor atom and the tetrahedral site (antibonding
site). Also, in model (b) of Fig. 4, the H atom resides at
the antibonding site; but a Coulombic bond between a
H*Y and an In"~ species is assumed, which was also dis-
cussed by Stutzmann® and Pantelides'? for B in Si. A
Coulombic bond can most easily account for the ob-
served influence of the free-hole concentration on the
magnitude of the field gradient of the 349-MHz com-
plex: The increasing concentration of holes effects a
stronger electrostatic screening of the In~ so that the
H* becomes more weakly bound and, consequently, the
field gradient of this complex decreases. Since a similar
relaxation of the H atom in model (a) is not expected,
the 349-MHz complex, which was dominant at 295 K
and at higher B concentrations, is interpreted as an
In "-H* complex as in model (b). The occurrence of H
at an antibonding site is also supported by recent ion-
channeling experiments on Si doped with 5x10!° B
cm 3, which were performed at 295 K.!°

The second, 463-MHz field gradient is indicative of a
second, metastable H complex, because its fraction
grows whenever the concentration of free holes becomes
small: Thus, Fig. 3 already showed that the formation of
this complex occurred in case of the lowest B concentra-
tion and for the next higher B concentration only directly
after passivation. In addition, an increase of the 463-
MHz at the expense of the 349-MHz complex is ob-
served, if the sample temperature is decreased below 295
K or the sample, forming a Schottky diode, is reverse
biased. Therefore, the 463-MHz field gradient rep-
resents a second In-H complex, that might be similar to
complex (a) in Fig. 4, which is easily formed in case of
low hole concentrations because the H atom can stay
neutral. Thus, the two models of Fig. 4 seem to rep-
resent two limiting cases for possible In-H arrangements,
where models (a) and (b) are typical for lower and
higher hole concentrations, respectively; that means also
for different sample temperatures. Also, recent infrared
experiments by Stavola et al.” can be interpreted in the
framework of such a metastability, where a narrowing
and shift of the acceptor-H related absorption bands
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upon cooling was observed.

Summarizing, it can be stated that (1) H atoms form
close In-H pairs along (111) lattice directions in Si and
occupy two different, metastable complexes depending
on the free-hole concentration; (2) In-H complexes dis-
sociate around 420 K and are more stable than B-H
complexes; and (3) all charging procedures studied so
far, i.e., plasma charging, boiling in water, or 200-eV
H* implantation, lead to the formation of the identical
In-H complexes. It can be expected that the structure of
other shallow acceptor-H complexes is similar to that of
the In-H pairs because of their similar vibrational
characteristics” and thermal stabilities. '®
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