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With the radioactive probe atom "'In as a representative for shallow acceptors in Si the passivation of
acceptors by H was studied by using the perturbed-yy-angular-correlation technique. It is shown that
during passivation, close In-H pairs are formed and that the number of pairs exactly accounts for the
number of deactivated acceptors. The formation of In-H pairs was investigated with use of different hy-
drogenation techniques and the stability of acceptor-H pairs was studied in isochronal annealing experi-
ments.

I. INTRODUCTION

In Si the passivation of shallow acceptors by H atoms,
labeling the electrical deactivation of acceptor atoms by
the formation of acceptor-H complexes, was discovered
several years ago and stimulated a large number of exper-
imental and theoretical studies. Sah, Sun, and Tzou' no-
ticed the deactivation of 8 dopants in their metal-oxide
semiconductor (MOS) capacitors and proposed the for-
mation of electrically inactive 8-H pairs to be responsible
for this process. The H stemmed from the oxide layer of
the device and was introduced in the bulk by avalanche
injection of carriers. In p-type Si, spreading resistance
measurements showed a superficial resistivity increase
after exposure of 8-, Al-, Ga-, and In-doped samples to a
H plasma that reached several micrometers in depth. '

Meanwhile, it is known that the deactivation of electri-
cally active centers in semiconductors by H is a quite
common phenomenon. It is observed for acceptors,
donors, and deep levels in elemental and III-V semicon-
ductors. The change of electrical properties by H can
rather easily unintentionally happen during common pro-
cessing steps such as cleaning and etching in aqueous
solutions, plasma etching, in devices under certain bias
conditions, ' and even just by air humidity. " A
thorough study of the H passivation process is necessary
in order to avoid unwanted alterations of material prop-
erties but also to use it for possible device tuning applica-
tions.

A variety of experimental techniques has contributed
to the knowledge on the H passivation of shallow
(group-III) acceptors in Si. Corresponding to their sensi-
tivities, they work in quite different concentration re-
gimes, which should be considered when the results are
compared. Evidence for a formation of acceptor-H pairs
being responsible for the acceptor deactivation came
from secondary-ion-mass spectroscopy (SIMS) measure-
ments, which revealed a quantitative correlation between
the B and D concentrations in a B-doped Si sample treat-

ed in a D plasma. ' Infrared' ' (IR) and Raman spec-
troscopy' proved that during H plasma treatments mi-
croscopic complexes are formed. Isotopical exchange
('H, D and ' 8,"8) showed that H and 8 atoms were in-
volved in the complexes which were identified via their
vibrational absorption spectra. ' However, there are
several difficulties: The dopant concentrations, in the
range of 10' —10' cm, used in these experiments do
not allow the investigation of contamination pathways
which are relevant at much lower concentrations. The
investigation of the acceptor In is not possible because of
its too-low solubility. In IR and Raman experiments the
absolute fraction of acceptor atoms involved in acceptor-
H pairs is difficult to quantify.

The lattice site of H was investigated experimentally by
ion channeling' and discussed in numerous theoreti-
cal studies (e.g. , Refs. 21 —29) for 8-doped Si converging
to a H site situated on or close to a bond between the B
acceptor and a neighboring Si atom. Methods observing
the electronic properties of semiconductors like the
above-mentioned spreading resistance technique are, by
far, more sensitive. They measure integral electrical
properties resulting from the complex formation, but do
not supply direct information on the microscopic proper-
ties and chemical constituents of the complexes. In 8-
doped Si treated in a H plasma, Hall measurements
proved a reduction of the free-hole concentration paral-
leled by an increase of the hole mobility, suggesting the
removal of B scattering centers by the formation of neu-
tral B-H pairs. The electrically active acceptor concen-
tration was also measured by capacitance-voltage (C-V)
profiling and was modified by the applied bias. ' ' ' By
photoluminescence the removal of acceptor levels from
the band gap as a result of H treatments was observed.

Continuing earlier studies of the H passivation, in
this work the microscopically sensitive perturbed-yy-
angular-correlation technique (PAC) has been applied us-

ing the radioactive probe atom "'In. The behavior of the
PAC signal of "'In-H pairs, which is influenced by the
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FIG. 1. Decay scheme of the PAC probe atom "'In which
converts to "'Cd via electron capture (EC). The half-lives of
the excited states are indicated. The nuclear splitting of the
isomeric level, which is used in the PAC measurement, is shown
for the case of an axially symmetric EFG.

chemical transmutation of the probe atom "'In to "'Cd
(see Fig. 1) was described recently. ' The study of the
acceptor In is complementary to IR and Raman studies.
Using PAC the absolute number of In-H pairs can easily
be quantified and acceptor concentrations below 10'
cm can be studied, which are comparable to those used
by electrical techniques, like C-V profiling or the Hall
effect. After the description of the technique and the ex-
perimental details in Secs. II and III, respectively, the ex-
perimental results are presented in Sec. IV. They
comprise the identification of In-H pairs formed during
H passivation of In-doped Si. Furthermore, the correla-
tion between electrical deactivation and acceptor-H pair
formation is investigated to clarify the question whether
every deactivated acceptor atom is involved in an
acceptor-H pair; this opinion is commonly accepted, but
not strictly proven, up to now. Finally, contamination
pathways are identified and the eSciency of low-energy
H+ implantations as well as the thermal stability of the
In-H pairs are investigated. In Secs. V and VI these data
are discussed and summarized.

II. METHOD

The perturbed-yy-angular-correlation technique has
recently been described. Therefore only a brief intro-
duction mill be given here. PAC uses radioactive probe
atoms whose decay involves a yy cascade, in this case
"'In (Fig 1). Wit.h a half-life of 2.8 days, it decays via
electron capture to an excited state of "'Cd. Then, two

y transitions populate and depopulate an isomeric nu-
clear level and lead to the stable ground state of '"Cd.
The hyperfine interaction between the nuclear quadru-
pole moment Q and the electric-field gradient (EFG),
characteristic for the charge distribution in the immedi-
ate environment of the probe nucleus, causes a splitting
of the isomeric level whose half-life is 85 ns. By a stan-
dard four detector setup (Fig. 2) the correlation in space
and time between the two y quanta arising from the same
"'In decay is detected. For all 12 possible combinations
of detectors the time elapsed between the first and second

A

FIG. 2. Schematic block diagram of a PAC measurement
with four y detectors. Using the y& and y2 radiation from the
same decay event to start and stop a clock, respectively,
separate time spectra are collected in a multichannel buffer
(MCB) for every detector combination. The resulting 12 spectra
are combined into a single R (t) spectrum whose Fourier trans-
forms shows the three frequencies co„, n =1,2, 3, associated with
each EFG.

y transitions is measured and stored. The resulting time
spectra are combined into a single R (t) spectrum which
contains the information about the hyperfine interaction
of the probe nucleus with the electromagnetic fields of its
environment. R (t) is described by

The perturbation factor G(t) comprises the transition
frequencies co„ofthe split isomeric level and reads, in the
case of a pure electric quadrupolar interaction,

3

G(t)=SO+ g S„cos(to„t) . (2)
n=l

The anisotropy A is a nuclear parameter of the yy de-
cay folded with the angular resolution of the setup and
equals —0.130 in the present experiments. Different frac-
tions of probe atoms f, (g;f, =l) can be exposed to
different EFG's with strengths V' (largest component of
the traceless EFG tensor). The EFG is described through
the quadrupole coupling constant v& =eQV~/h. Because
of the —,

' spin of the isomeric state for each EFG three
transition frequencies co„occur in the spectrum, which
are co„=n (3m /10)v& for axial symmetry of the EFG ten-
sor ( V,„=V~~). The amplitudes S„depend on the orien-
tation of the principal axes system of the EFG with
respect to the detector system and they are reduced by
the finite angular and time resolution of the setup.

For an In atom, substitutionally incorporated in the Si
lattice, the EFG vanishes because of the tetrahedral sym-
metry of the electrical charge distribution and therefore
the R (t) spectrum becomes time independent [G(t)=1].
If the probe atoms are exposed to a well-defined EFG
pronounced oscillations occur in the R (t) spectrum and
the corresponding peaks of co„appear in the Fourier
transform F(co) (see Fig. 2). Such a well-defined EFG is
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III. EXPERIMENTAL DETAILS

We used p-type Si, homogeneously doped with B at
different levels. For 8 concentrations below 10' cm
the samples are referred to as "intrinsic. " The typical
depth concentration profiles of a sample are displayed in
Fig. 3. The radioactive "'In probe atoms were implanted
at room temperature, usually with 350 keV and some-
times with 60 keV. The implantation depths are
1640+470 and 370+120 A and the peak concentrations
are 5 X 10' and 2X10' cm, respectively. In some ex-
periments the resistivity of the samples was measured
parallel to the PAC measurement with a four-point
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FIG. 3. Depth profiles of impurity concentrations for typical
samples: The '"In probe atoms are implanted at 350 keV (solid
line). H loading with 200-eV implantation energy (here, 5 X 10'
cm ) leads to a shallow H profile (black) so that H has to
diffuse into the sample to form In-H pairs. Several experiments
were performed using higher p-type doped material (dashed
lines), e.g., either homogeneous B-doped (here, 5.5 X 10' cm -')

or additiona11y implanted with stable " In (peak concentration
10"cm -').

generated by trapping a defect at the probe atom in a
unique configuration. From a fit of the theoretical func-
tion (1) to the experimental R (t) spectrum, the absolute
fractions f; (with a detection limit of about 1%), the
quadrupole coupling constants v&, and the amplitudes S„
are determined.

The y rays recorded in the PAC experiment are emit-
ted by the residual isotope "'Cd when the original In-
defect complex has converted to a Cd-defect complex.
Thus the symmetry and orientation observed are, strictly
speaking, that of the residual complex containing Cd,
which is not necessarily identical to that of the initial In-
defect complex. Questions concerning this chemical
transmutation and associated relaxation effects are dis-
cussed in detail elsewhere.

The coupling constant v& serves as a characteristic
pattern and allows the reliable recognition of a once
tagged complex under all experimental circumstances.
The amplitude f of the modulation corresponds to the
fraction of probe atoms involved in the complex and is a
quantitative measure of how many complexes have been
formed. Using its characteristic pattern v&; a complex
can be identified by varying the experimental conditions
and the fraction f, allows the investigation of its forma-
tion and dissociation.

probe. In these cases a special sample design was re-
quired because the conductance caused by the typically
5 X 10" cm radioactive '"In atoms is much too low to
be detected. Therefore an additional doping by implanta-
tion of stable " In acceptor atoms was performed. For
damage recovery and electrical activation the implants
were annealed at 1173 K under Qowing N2 gas either for
20 s in a rapid thermal annealing setup (RTA) or for 10
min in a resistance heated furnace. Loading of the Si
samples with H was achieved in a H plasma, in darkness
in hot HzO (353—373 K), or quantitatively controlled by
means of a low-energy implantor (Colutron corporation)
at 200 eV, allowing an element-specific and almost-
defect-free doping. According to a Monte Carlo simula-
tion of the 200-eV implantation, 16% of the H+ ions
are backscattered from the Si lattice, the remaining ions
are deposited in a depth of 65+30 A, and less than 0.5 va-
cancies are created per implanted ion. For the study of
the thermal stability of the In-H pairs the annealing was
performed in air up to 523 K and in a furnace under Aow-

ing N2 above this temperature.

IV. RESULTS

To investigate whether a possible acceptor-H complex
formation is the reason for the acceptor deactivation in
H-loaded Si, an intrinsic Si sample was doped with '"In
and exposed to a H plasma (15 min, 13.56 MHz, 320 U,
0.6 mbar). In Fig. 4(a) the PAC spectrum taken from this
sample at 300 K is shown. It exhibits pronounced oscilla-
tions proving that well-defined complexes have been
formed with the "'In probe atoms. The Fourier trans-
form indicates that two EFG's are observed, labeled by
their coupling constants v&&& =349 MHz and v&2=463
MHz. The identical EFG's are observed in samples load-
ed with H in H20 [353 K, 100 min; Fig. 4(b)] or implant-
ed with low energetic H+ ions [200 eV, 10' cm; Fig.
4(c)]. This result is characteristic for intrinsic samples.
The same loading procedures applied to 8-doped samples
whose concentrations exceed the implanted local "'In
concentration always lead to the observation of a cou-
pling constant v&& whose value ranges from v, &o=269
MHz to v, &

=349 MHz at 300 K and strictly depends
on the electrically active B concentration in the sample.
An example is shown in Fig. 4(d) for a B concentration of
5.5 X 10' cm, where v&, =311 MHz is observed after
H+ implantation and annealing at T~ =410 K. From
the amplitude of the modulation the fraction of probe
atoms forming complexes is extracted. It varies between
15%%uo and 45% in the spectra shown in Fig. 4. All EFG's
observed after H loading are axially symmetric along
(111) lattice directions. The designations of the ob-
served coupling constants v&, and v&2 refer to two
difFerent configurations of the "'Cd-H complex generated
by the chemical transmutation of the "'In probe atom,
whereby the first configuration can occur in different
charge states (Cd-H) with 0 ~ w ~ 1. The population of
the different structural and electronic states in depen-
dence on the electronic conditions in the sample is well
known and wi11 be used for the discussion of the experi-
ments.
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In order to establish a quantitative correlation between
the number of formed In-H complexes and the number of
deactivated In acceptor atoms in addition to the fraction
of complexes the change in electrical conductivity has to
be known. For this purpose four-point resistivity mea-
surements were performed parallel to the PAC experi-
ment. Because the number of implanted radioactive '"In
atoms (about 5X10" cm ) is too small to produce a
detectable conductance, stable " In was additionally im-
planted at the 20 times higher dose of 10' cm with the
same energy of 350 keV increasing the peak concentra-
tion to 10' cm . After activation of the implant by rap-
id thermal annealing at 1173 K the sample was post an-
nealed for 10 min at 630 K prior to the low-energy H+
implantation (200 eV) at 400 K with a dose of 5X10'
cm . This procedure should prevent electrical altera-
tions of the sample during the subsequent low-
temperature annealing (400-625 K) due to effects other
than the interaction between H and the acceptor atoms.
In Fig. 5(a) the fraction of probe atoms forming In-H
complexes observed after H loading and during a subse-

quent isochronal annealing experiment is shown. In Fig.
5(b) the conductance of this sample (open circles) is plot-
ted for comparison. In addition the data of reference
samples are shown, which consisted of the same base ma-
terial (B-doped, 2000 Qcm) and were subjected to the
same annealing treatments as the In-doped sample, but
were not implanted with In or H. Their conductances
vary between 0.11 and 0.20 mS (box). After H implanta-
tion, 53% of the In atoms have formed In-H complexes
and the conductance decreases towards the values of the
intrinsic reference samples. During annealing an increase
of the number of complexes is always re6ected by a de-
crease of the conductance and vice versa. Especially the
dissolution of the In-H complexes starting above 525 K is
accompanied by a recovery of the conductance to the
value before H loading. A quantitative comparison of the
PAC and conductance data is performed in Sec. VB.
After this annealing sequence a second H+ implantation
was performed with the high dose of 10' cm to investi-
gate how many In-H complexes could be formed in this
sample. This maximum fraction was determined to 78%
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FIG. 4. PAC spectra (left) and their Fourier transforms (right) of H-loaded Si samples with different homogeneous B concentra-
tions. In intrinsic Si after loading by a (a) H plasma, (b) in hot H20, or (c) by low-energy H implantation the formed In-H pairs are
characterized by v&, ~ =349 MHz and v&2=463 MHz (at 300 K). In (d) higher B-doped Si, v&& assumes values between v&&&0=269
MHZ and v~&z =349 MHz (in this case 311 MHz at 300 K) depending on the B concentration, the degree of passivation, and the
sample temperature (Ref. 38).
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from the PAC spectrum shown in Fig. 6.
Using the known characteristic pattern of the In-H

complexes their formation conditions can be easily pur-
sued by PAC and even the unintentional contamination
of a sample with H can reliably be identified. Some ex-
amples of procedures leading to the occurrence of the
In-H specific coupling constants are given in Fig. 7. In
(a), during the evaporation of Pd on top of '"In implant-
ed and oxidized Si, used for the production of a MOS
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FIG. 6. PAC spectrum of the sample from Fig. 5 which was

implanted with a high H dose after the annealing sequence. The
conductance before and after H implantation, the fractionf, ,
and coupling constant v&, of the In-H pairs are given.

annealing temperature (K)

FIG. 5. Isochronal annealing experiment of an intrinsic Si
sample implanted with "'In and '"In at 350 keV and loaded
with H at 200 eV (a) Fraction of In atoms in In-H pairs (solid
squares), and (b) conductance of the same sample (open circles).
The conductance before H loading is marked by an arrow; the
conductance range observed for rapid thermal annealed intrin-
sic reference samples is indicated by a box.

structure, 8% of the radioactive probe atoms form In-H
complexes as is visible by v&& in the PAC spectrum. In(b)
low energetic Cu ions (200 eV, 10' cm ), being respon-
sible for another passivation mechanism occurring during
chemomechanical polishing of Si, ' were implanted and
the sample was measured at 78 K. Besides the formation
of In-Cu complexes (marked in the Fourier transform) a
small fraction of probe atoms (3%%uo) has formed In-H com-
plexes as is evidenced from the occurrence of vg~yo. The
last spectrum (c) stems from a sample that was implanted
with "'In (60 keV) and annealed for electrical activation.
Storage of the sample for several hours in warm (about
320 K) and humid air decorated 50% of the In acceptors
with H and led to the occurrence of v&&& at ambient
temperature.

The efficiency of In-H complex formation during low-
energy H+ implantation was investigated in a sample
doped by subsequent implantation of radioactive '"In
and stable " In (10' cm ) with the same energy and ac-
tivated in one annealing step. H was implanted with in-
creasing dose at an energy of 200 eV and a temperature
of 400 K, just below the dissociation temperature of the
complexes (see below). The fraction of In-H complexes
observed for different H doses is shown in Fig. 8(a) along
with the conductance of the sample measured with a
four-point probe [Fig. 8(b), open circles]. The first dose
of 5X10' cm results in a fraction of 9% complexes.
Since the radioactive and the stable In are chemically
identical this value means every fifth H atom has been
trapped at an In atom. For higher doses the number of
formed complexes saturates at about 65%. With increas-
ing H close, the conductance of the sample has decreased,
indicating the deactivation of the In acceptor atoms. In
Fig. 8(b), besides the conductance o, the coupling con-
stant v&, is plotted (solid squares), which is known to de-

pend on the Fermi-level position in the sample. The
increase from 335 to 349 MHz during H loading indi-
cates the increase of the Fermi level caused by the deac-
tivation of the In acceptors.

When the H+ implantation energy is too high the
efficiency of In-H pair formation is dramatically de-
creased. For an implantation energy of 1 keV the frac-
tion of In-H pairs is about ten times smaller than for an
energy of 200 eV.

From the study of the dissociation of In-H complexes
during an isochronal annealing program under different
experimental conditions, the stability of In-H complexes
can be determined. As an example, in Fig. 9 the decrease
of the modulation amplitude belonging to the In-H com-
plexes is shown for increasing annealing temperature.
The results presented below are summarized in Fig. 10.
In intrinsic material (a) after deactivation in hot Hzo the
In-H complexes abruptly disappear at a temperature of
420 K, whereas after low-energy H+ implantation the
dissociation step is less sharp. The same annealing exper-
iments performed in samples with homogeneous B con-
centrations exceeding the implanted '"In concentration
show quite different results (b). For Si doped with
1.6X 10' B cm, first a marked increase instead of a de-
crease in the fraction of In-H complexes is observed
around 380 K. The dissolution is delayed to much higher
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temperatures above 500 K. The same behavior is ob-
served at samples with even higher B concentrations. To
investigate this codoping related increase for another ac-
ceptor species an intrinsic sample was implanted with Ga
in addition to the radioactive "'In (c). The implantation
was performed at two different energies of 155 and 310
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FIG. 8. (a) Fraction of In atoms in In-H pairs (right scale,
solid squares) and, respectively, sheet concentration of In-H
pairs (left scale) plotted against the H dose implanted in In-
doped Si. (b) Conductance o. (left scale, open circles) and cou-
pling constant v&& {right scale, solid squares) observed at the
same sample. The conductance prior to H implantation is indi-
cated.
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FIG. 9. PAC spectra recorded at an intrinsic Si sample load-
ed in hot H20 (353 K, 100 min) after isochronal annealing at
diferent temperatures T&. The decay of the fraction of In-H
pairs in this experiment is shown in Fig. 10{a).
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the sample verifying that H has been trapped at the "'In
probe atoms. It has been shown that the different
occurring EFG's correspond to different states of the
"'Cd-H complexes produced by the radioactive decay of
"'In to '"Cd. Their occurrence and population depend
on species and electrically active concentration of accep-
tors and on the temperature and can be reversibly varied
by changing electronic parameters that cannot effect,
however, a change of the composition of the complex.
Therefore the occurrence of different EFG's is not caused
by different number of H atoms trapped at the In. That
means only one stoichiometry of In-H complexes is
formed under all experimental conditions, which is most
probably an In-H pair. This conclusion is supported by
the observation of axial symmetry along (111) axes of
the Si lattice for all Cd-H complexes, measured after
the decay of '"In to "'Cd, which can hardly be explained
by more than one H atom involved in the complex. This
finding extends the experimental evidence for acceptor-H
pairing in Si after hydrogenation to the acceptor In,
which already existed for B-H, Al-H, and Ga-H pairs
identified by IR (Refs. 13—15) and Raman studies. '

20- B. Correlation of pair formation and deactivation
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I ' ' ' '
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FIG. 10. Fractions of "'In atoms in In-H pairs vs isochronal
annealing temperature for (a) and (d) intrinsic, (b) B-doped, and
(c) Ga-doped Si loaded with H by di6'erent techniques.

V. DISCUSSION

A. Identification of In-H pairs in Si

The results of Fig. 4 prove that the identical In-H pairs
are formed during the different hydrogenation treat-
ments: The identical well-defined EFG's, characterized
by v&&& and v&2, are observed in intrinsic samples after
loading in a H plasma, H20, or by low H+ energy im-
plantation. Because no or very few intrinsic defects are
created in case of the H20 treatment and of the low-
energy implantation, complexes formed between In and
intrinsic defects can be ruled out. Because of the mass
selected implantation nothing but H was introduced into

keV to produce an almost homogeneous Ga concentra-
tion of 1.6X10' cm between 900 and 2400 A. Now
the increase in the fraction of In-H complexes occurs
around 400 K, which is above the temperature observed
for B and below the dissociation temperature for In-H
complexes observed in intrinsic samples. The stability of
the complexes was also studied after hydrogenation of an
intrinsic sample in a H plasma (d). In this case the frac-
tion of In-H complexes persists to significantly higher
temperatures compared with the samples shown in Fig.
10(a) and the dissociation takes place around 500 K.

Although a substantial fraction of acceptor atoms has
formed complexes after a H treatment known to deac-
tivate the dopants, it is not obvious that the complex for-
mation is responsible for the deactivation. The term H
passivation means that the formation of an acceptor-H
pair renders the acceptor atom electrically inactive. If
this is true, the number of formed acceptor-H pairs has to
be equal to the number of deactivated aeeeptors at any
time of the experiment. The establishment of this corre-
lation requires the combination of a method capable of
determining quantitatively the number of formed pairs
with quantitative electrical measurements. For 8-doped
Si, combined SIMS and spreading resistance measure-
ments' ' have shown the correlation between the con-
centration of deuterium and the concentration of active
acceptors. For high acceptor densities, the deuterium
and the acceptor concentrations converge. ' But there is
no direct information on the formation of close
acceptor-H pairs available in these measurements. For
the acceptor In the number of In-H pairs formed is easily
to quantify by PAC: The fraction of "'In atoms involved
in an In-H pair is a direct result of the measurement.
This fraction multiplied with the dose of implanted In
atoms, radioactive "'In and stable " In, which chemical-
ly behave equal, gives the sheet concentration of In-H
pairs formed. The concentrations of In-H pairs calculat-
ed in this way from the experimental data in Fig. 5(a) are
shown in Fig. 12.

For a comparison the four-point resistivity data from
the same experiment [Fig. 5(b)] have to be converted to
absolute numbers of electrically active In atoms. Because
for Si, little information is available in the literature
about the relationship between the measured resistivity
and the In concentration we adapted the 8 resistivity-
concentration standard curve for In (Fig. 11). The iden-
tical concentration of ionized acceptors corresponding to
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FIG. 11. Dependence of the resistivity ofp-type Si on the ac-
ceptor concentration. The curve for In has been calculated
from the B standard curve (Ref. 43).

equal concentrations of free holes was assumed to gen-
erate the same conductivity for B and In doping. This
takes into account the influence of the concentration but
not of the species of the ionized acceptors on the hole
mobility. Therefore the resistivity versus concentration
curve for In in Fig. 11 bears the same uncertainty as that
for B, on which it is based. The uncertainty may be in-
creased by a possible inhuence of the In dopants on the
mobility of the carriers due to the size differences be-
tween In and B. The result basically agrees with that of
Sclar obtained by similar calculations.

The Gaussian-shaped In profile (1640+470 A) was ap-
proximated by a rectangular one with a width of 1250 A
corresponding to an averaged absolute concentration of
8X10' In cm . The rapid thermal anneal at 1173 K
for 20 s creates a small bulk conductance in our intrinsic
base material, reducing its resistivity from 2000 0 cm to
values between 650 and 1300 Q crn. This effect contrib-
utes an offset conductance, scattering between 0.11 and
0.20 mS for unirnplanted and annealed intrinsic reference
samples [see Fig. 5(b)], in addition to the conductance of
the In doping of the sample and has to be subtracted
from the measured data.

A constant bulk conductance of 0.19 mS was assumed
and subtracted from the sample conductance to obtain
the pure contribution of the In dopants. After annealing
the corrected conductance corresponds to 8X10' crn
electrically active In atoms, meaning that 80%%uo of the im-
planted In could be activated by the RTA treatment.
The changes in conductance measured after H loading
and during annealing are now plotted as a sheet concen-
tration of deactivated In atoms in Fig. 12 (open circles)
for comparison with the concentration of In-H pairs
(solid squares). The two curves agree well within the er-
ror bars and always show the same tendency, indicating
that every formed or dissociated In-H pair corresponds
to a deactivated or reactivated In acceptor, respectively,
and therefore justifying the term H passivation.

Of course, a four-point resistivity measurement of a
thin implanted layer with mechanical contacts is not the
best method to establish a quantitative correlation. Nev-
ertheless, the reproducibility of the data taken for
different sample positions under the four-point probe and

FIG. 12. Comparison of PAC and electrical data of the sam-

ple in Fig. 5. The sheet concentration (left scale) of In-H pairs
(solid squares) and deactivated In atoms (open circles) is plotted
against the annealing temperature. The right scale (fraction of
In atoms) refers to all implanted In atoms, of which 20%%ui were
not electrically activated by the rapid thermal annealing pro-
cess.

the reasonable In concentrations obtained after activa-
tion, passivation, and reactivation seems quite convinc-
ing. As a further check of the assumption made above on
the bulk conductance of the sample, it was loaded with a
saturation dose of 10' cm after the annealing sequence
(Fig. 6). From the measured coupling constant

v&» =349 MHz it is concluded that now almost all ac-
ceptors are deactivated, because v&&& is only observed
in Si with low acceptor concentration ((10' cm ). s

The remaining conductance of 0.19 mS is identical to the
bulk conductance assumed above and the 78%%uo fraction of
In-H pairs corresponds to the initial electrical activation
of 80% of the implanted In by the RTA treatment. This
result supports the evaluation of the conductance data in
Fig. 12.

C. Formation conditions

H passivation of p-type Si can take place during all
processes involving the generation of atomic H at the sur-
face or in the bulk of the semiconductor. " During our
studies at "'In-doped Si, unintentional H passivation was
observed under different experimental conditions. In the
example of Fig. 7(a) H was obviously driven from the sur-
face or the oxide layer into the bulk by the evaporation of
the Pd film and formed In-H pairs. In the second exarn-
ple (b), Cu implantation lead to the predominant forma-
tion of In-Cu pairs. ' But the implantation process pro-
duced also some In-H pairs characterized by the coupling
constant v&&&~, in agreement with the B doping of
1.6X 10' cm and the temperature of the sample. In
contrast to electrical methods, by PAC the differentiation
between different passivating species, here Cu and H, is
readily possible. The introduced atomic H probably
stems from a surface contamination with H20 or hydro-
carbon molecules which are fragmented by the Cu ions.
Similar effects were observed by Seager, Anderson, and
Panitz. The strong passivation by air humidity observed
in the third sample (c) was obviously supported by the
shallow "'In implantation (60 keV).
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Since the H dose is quantitatively controlled if H is im-
planted, the efficiency of passivation is obtained from Fig.
8(a). For the lowest H dose of 5 X 10' cm, 9% of the
10' cm implanted In atoms formed In-H pairs. This
means that about every fifth H atom diffused to an In ac-
ceptor and was trapped there, which is a rather high frac-
tion if competitive processes like backscattering (16%),
outdiffusion through the near surface (65 A), and trap-
ping at lattice defects are taken into account. Under the
given conditions a dose of 5 X 10' H cm is sufficient for
a complete passivation of the In acceptors in the sample,
visible in the decrease of the sample conductance to the
bulk value [see Fig. 8(b)]. At the same time the coupling
constant v&, increases from 335 MHz to its maximum
possible value of 349 MHz [Fig. 8(b)], which is charac-
teristic for intrinsic material with the Fermi level near
midgap and therefore proves that at least 90% of the In
acceptors are electrically inactive.

Compared to the nonquantitative plasma process, the
low-energy implantation provides a better defined way of
H loading. The implantation energy should be well
below 1 keV in order to avoid the production of lattice
defects which represent strong competitive traps for H.

D. Thermal stability of acceptor-H pairs

For the extraction of dissociation energies, a modeling
of H difFusion, taking into account trapping and detrap-
ping of H at acceptor atoms and lattice defects, as was
performed by Rizk et al. , would be desirable. However,
this would not be possible unless the H concentration
profiles were known. Therefore the data of the annealing
experiments were analyzed assuming that a single jump
of the H atom away from the In acceptor is sufficient for
a dissociation of the In-H pair. In intrinsic material only
doped with radioactive probe atoms, In-H pairs formed
by H20 loading dissociate sharply at T„=420 K [Fig.
10(a)]. If an attempt frequency of vo= 10' Hz is assumed
for the In-H pairs, a dissociation energy E,„~=1.3 eV is
deduced using Eq. (3), where t„=10 min is the iso-
chronal annealing time, and f0 and f ( Tz ) denote the
fractions of In-H pairs after H loading and after anneal-
ing at T~ =420 K, respectively:

EIn-H = kT& ln
1 fo

ln
+OrA f (TA )

(3)

This value is an upper limit for the dissociation energy of
the In-H pairs because any retrapping of H at the In ae-
ceptors would increase the experimentally observed disso-
ciation temperature.

The result obtained for the B-doped samples [Fig.
10(b)], exhibiting first a strong increase of In-H pairs
around 380 K and later a much higher dissociation tern-
perature, is explained by the altered equilibrium condi-
tions for the In-H pair concentration. A large amount of
B-H pairs is formed near the sample surface during H
loading. They dissociate during annealing and release
atomic H which can diffuse deeper into the sample where
undecorated "'In acceptors reside. The released H leads
to the formation of additional In-H pairs and the fraction

of In-H pairs grows. In addition, the outdiffusion of H
from the In-doped region is decelerated by trapping and
detrapping processes at the B and In acceptor atoms
leading to the strongly increased dissociation tempera-
ture. From the temperature around 380 K, where the
formation of additional In-H pairs begins, an estimate
for the upper limit of the stability of the B-H pairs can be
made yielding a dissociation energy of E~ ~ =1.1 eV.

A similar behavior is observed for the Ga-doped sam-
ples [Fig. 10(c)] showing an increase of the In-H pairs
around 400 K. Thus the dissociation energy of
acceptor-H pairs increases from B over Ga to In ranging
from 1.1 to 1.3 eV as upper limits. But also in intrinsic
samples hydrogenated by a H plasma the dissociation
temperature is increased [Fig. 10(d)] compared to loading
in H20 [Fig. 10(a)]. In this case lattice defects created by
the plasma bombardment act as additional H traps in the
sample. The intrinsic defects have the same effect as the
codoping with B or Ga: They trap and release additional
H and slow down the diffusion of H, thereby increasing
the apparent stability of the In-H pairs. The data in Fig.
10(a) show that also after low energetic H+ implantation
at 200 eV a slight increase in the dissociation temperature
is observed, which is ascribed to the small amount of de-
fects still created by this hydrogenation method. These
defects are also visible in the PAC spectra shown in Fig.
4: Lattice defects in different positions near the probe
atoms lead to a reduced fraction of probe atoms in an un-

perturbed surrounding and produce a perturbation in the
R (t) spectra, which is refiected by a reduced value of
R (r) at t =0. Whereas after H20 treatment R (t =0) is
about —0.10, this value is slightly reduced after H+ im-

plantation and strongly after H plasma loading.
The effect of high concentrations of acceptor atoms or

lattice defects on the observable thermal stability explains
why higher dissociation energies have been found after H
plasma loading or in highly doped samples. In the review

by Pearton, Corbett, and Shi, values of 1.1, 1.6, 1.9, and
2.1 eV are reported for B, Al, Ga, and In, respectively,
and Stavola et al. found dissociation temperatures of
450, 480, and 580 K for B, Al, and Ga, respectively. In
contrast, Zundel and Weber prevented the retrapping of
H at the acceptors by removal of H+ with help of the
electric field in a reverse biased Schottky diode in order
to ensure pure first-order kinetics of the dissociation pro-
cess. The dissociation energies were obtained from the
development of the active acceptor concentration profiles
during annealing, as measured by C-V profiling. The
values of 1.28, 1.44, 1.40, and 1.42 eV for B, Al, Ga, and
In, respectively, are in reasonable agreement with the
PAC results. Also dissociation energies obtained by
modeling of H diffusion profiles in p-type Si, taking into
account the interaction with the acceptor atoms, are
similar to our findings.

VI. SUMMARY

With use of the PAC technique, it was shown that
close In-H pairs are formed in Si after loading with H.
Four-point resistivity measurements performed in paral-
lel proved that for every formed In-H pair an In acceptor
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is electrically deactivated, justifying the use of the term H
passivation. In-H pairs are observed following different
sample treatments which demonstrates the ease of unin-

tentional contamination of Si with H. With the help of
the well-defined low-energy H+ implantation at 400 K, it
is shown that about every fifth H atom introduced is
trapped at an acceptor atom. Taking into account strong
competitive processes this value represents a high
eSciency. For In-H pairs the dissociation energy was
directly determined as E&„H &1.3 eV and indirectly for

B-H pairs as E~H(1. 1 eV. A systematic tendency of
slightly increasing dissociation energy with increasing ac-
ceptor size seems to hold for B, Ga, and In.
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