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Defect formation in H implantation of crystalline Si
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The distributions of H atoms, displaced Si atoms, and vacancy-type defects in Si(100) produced by
the implantation, at room temperature, of 1)&10' 35-, 60-, and 100-keV H+-ions/cm' were mea-
sured with use of ion and slow-positron beam techniques. Three different regions of damage were
observed. The damage dist6butiog, did not correlate with the deposited energy distribution. A
vacancy-type damage region surviving room-temperature annealing and the dynamic annealing dur-

ing implantation is produced in the region where the energy of the primary Si recoils exceeds a
threshold value of 2.0+0.5 keV, i.e., an energy spike is needed for damage formation. In the region
of the deposited energy peak, 8 is associated with damage consisting of SiH centers and vacancy
complexes. At the end region of the implantation range, the distribution of displaced Si atoms is
produced by H impurities in crystalline Si. Two dieerent recovery stages were observed. T'he first

stage, at 500 K, is associated with the damage region containing vacancy-type defects and SiH
centers with vacancy complexes; the recovery energy is 1.7 eV. The second stage, at 700 K, is attri-
buted to the end region of the H range, ~here the recovery energy associated with the recrystalliza-
tion of Si after the H loss is 2.1 eV.

I. INTRODUCTION

The processes which generate damage in crystalline sil-
icon (c-Si) during ion bombardment have been studied ex-
tensively for over two decades (e.g., Refs. 1-6 and refer-
ences therein}. The slowing down of an energetic ion pro-
duces a cascade of atomic displacements in c-Si, resulting
in damage and, ultimately an amorphous zone around the
implantation track. As several implantation variables
(temperature, Aux, 6uence„ ion mass, and energy) are in-
volved, however, there is some controversy about the
mechanisms by which a cascade of atomic displacements
results in damage.

In this study, we combined three different techniques
to study H-implantation-induced damage in c-Si and
measured the distributions of vacancy-type defects with
slow positrons, H atoms with the nuclear resonance
broadening (NRB) method, ' and Si atoms displaced
from the lattice site (SiD) with the Rutherford back-
scattering spectroscopy (RBS) and channeling. Based on
the distributions in the room-temperature implanted c-Si
and the observed recovery stages of the defects, a new in-
terpretation is given to damage induced in c-Si by ion
bombardment. %e have briefly presented this interpreta-
tion earlier. ' This work completes the technical aspects
of the measurements and analysis, and the inclusion of
new results allows a more detailed interpretation.

The samples were prepared at the University of Hel-
sinki 100-kV isotope separator by implanting 1 X 10' 35-,

60-, and 100-keV H+-ious/cm~ into n type Si(1-00) slices
at room temperature. The incident H+ beam was normal
to the (100) face, with an intensity of 0.4 lsA/cm . To en-
sure the lateral homogeneity of the samples, the implan-
tation was performed with a two-directional sweeping
system, which produces an overall homogeneity of within
1% for an implanted area of 10&(20 mmz.

The recovery of diferent defects was studied using 60-
min isochronal annealings. To be able to follow the evo-
lution of H and Sio concentration pro61es, the annealings
were carried out in a quartz-tube furnace, in a low-
pressure dry argon atmosphere of less than 50 @Pa. The
temperatures 500-1000 K of the samples were measured
with a calibrated Chromel-Alumel thermocouple in close
contact with the sample. In the slow-positron measure-
ments, the annealings from 300 to 1200 K were per-
formed in situ, in an ultrahigh-vacuum (UHV} chamber
with a pressure of about 10 nPa. The temperatures were
measured with a thermocouple gauge.

The depth pro61ing of implanted H atoms was carried
out by the NRB technique, using a ' N+ beam from the
University of Helsinki EGP-10-II tandem accelerator in
conjunction with the 6.385-MeV resonance of the
'H(' N,ay)' C reaction. " The depth resolution was
about 10 nm at the surface. The beam intensity at the
3/3-mm spot on the target was about 30-particle nA.
The y radiation was detected with two 12.7-cm-
diam X 10.2-cm NaI(Tl) crystals.

The Sio distributions were measured by RBS and chan-
neling with 2.0-MeV He+ ions from the University of
Helsinki 2.5-MV Van de GraafF' accelerator. Backscai-
tered particles were analyzed with a 50-mm Si(l.i) detec-
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tor located at 155' with respect to the incident beam at a
distance of 65 mm from the target. The angular diver-
gence of the incident beam was less than 0.02'. The sam-
ples were mounted on a precision goniometer, and the
beam was aligned with respect to the ( 100) axis. The to-
tal accumulated ion charge per sample was always less
than 35 pC. The relative ion doses for spectra from the
(100)-aligned virgin and damaged crystals as well as for
the random-oriented spectra measured by tilting the
goniometer about 6' away from the main channeling axis
were obtained by using a beam chopper with a separate
pulse analysis system having better than 2% accuracy.

The depth distributions of vacancy-type defects caused
by the H+-ion implantation were measured by using the
slow-positron beam at the Helsinki University of Tech-
nology. ' The sample was mounted in the UHV
chamber, and a variable-energy (10-30-keV), monoener-
getic (5E ~3-eV) positron beam (typically 10/sec) was
made to strike the sample. The characteristics of the
511-keV positron annihilation radiation were recorded,
with an HP Ge detector adjacent to the sample, as a
function of incident beam energy. 2)& 10 counts were
collected on the 511-keV annihilation line at each in-
cident energy.

III. MKASUREMKNTS AND RESULTS
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The damage induced by hydrogen implantation was
studied by taking measurements of the as-implanted and
annealed samples.

A. Hydrogen distributions

In NRB proNing, the atomic fraction of hydrogen
atoms f in a target composition Si& fHf was deduced by
comparison of the y-ray yield with that obtained from a
H standard.

The depth scale x was calculated from the successively
increasing nitrogen-ion energies E;, using the formulas

E) —E,
x(E, )=

E —F--
0.5[a(E;)+e(E;,)] '

where E,. is the nitrogen beam energy of the ith point of
measurement in keV, E„ is the resonance energy 6385
keV, and e(E, ) is the nitrogen stopping power (in units of
keV/nm) of the mixture Si, fHf. The commonly adopt-
ed stopping power value of 291 ev/1015 atoms-cm2 was
used for Si. ' ' The Si density was assumed to be that of
crystalline silicon. The stopping po~er for H was taken
from Ref. 15.

The measured range profiles of the as-implanted sam-
ples and hydrogen distributions after annealings at
diferent temperatures are shown in Fig. 1.

8. Sio atom distributions

The number of Sio atoms was determined following the
conventional procedure. ' The initially aligned beam
traversing along a crystal axis may be divided into two

DEPTH (nm)

FIG. 1. Hydrogen distributions of the 1X10' 35-, 60-, and
100-keV H+-ions/cm2 in c-Si. The solid lines through the mea-
sured points are the computer simulations of the range profiles.
Hydrogen distributions after 60-min isochronal annealings are
also sho~n. The solid lines are from the computer simulation of
the annealing behavior of H I,

'see the discussion).

components, the channeled and dechanneled parts.
Dechanneling in a damaged crystal is mainly due to col-
lisions of the ions with defects and, to a lesser degree,
with lattice atoms. Scattering through angles larger than
the critical angle results in deflection of part of the beam
away from the channel. This dechanneled component en-
counters all atoms, and is backscattered as in amorphous
material,

The probability of dechanneling P(x) caused by the
displaced Si atoms located between the sample surface
and depth x is proportional to the number of displaced
atoms ND (atoms/cm ) and the cross section for dechan-
ne1ing 0'0

P(x)=oDNDx .

At the surface XD is given by

X(0)—X,(0)
ND(0) =N

1 —X„(0)

where N is the bulk density of atoms, g the experimental-
ly determined ratio of aligned to random yields, and 7,
the ratio for the virgin crystal. At depth x the normal-
ized yield is
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C. Vacamy distributions

After implantation, positrons rapidly thermalize in the
solid sample and execute a diffusive motion. 's The ability
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ND{x)
X(x)= [1—XD(x)] +XD(x),

N

where XD is the dechanneled fraction of the beam

XD(x)=X,(x)+[1—X„(x)]P(x) .

For the calculation, the sample is assumed to be divided
into thin slabs. The dechanneled fraction at depth x is
given by Eqs. (2) and (5) from dechanneling by defects be-
tween the surface and depth x. Solving Eq. {4)then gives
ND in the next slab. The defect distribution as a function
of depth is thus obtained. As the dechanneled fraction
XD(x) should equal the aligned yield X(x) below the dis-
order region, the whole procedure was iterated, varying
the unknown cross section oD until this condition was
fulfilled.

The stopping power from Ref. 17 with the 10%, 20%,
and 20% reduction for the impinging channeled He+
iona for the 35-, 60-, and 100-keV targets, respectively,
yielded a depth scale in agreement with that obtained
with the '~N stopping.

The measured SiD atom distributions in the as-
implanted and annealed samples are shown in Fig. 2.

to detect vacancy-type lattice defects is based on the trap-
ping of positrons at vacant lattice sites. Measurements of
the shape of the 511-keV annihilation line can be used to
distinguish between free and localized positrons as well as
those dilused back to the sample surface. A characteris-
tic parameter S, defined as the area of a fixed central re-
gion of the 511-keV line divided by the total area of the
peak, is shown in Fig. 3 as a function of the incident posi-
tron energy E. %bile the data at small E is dominated by
annihilations at the surface, the high-energy behavior of
S(E), both in irradiated and unirradiated Si(100) sam-
ples, is due to free-positron annihilations deep inside the
samples. DifFerences in the two sets of data are ascribed
to positrons annihilating in the vacancy-type defects pro-
duced by the 60-keV proton irradiation. The differences
at E =0 are due to changes in the surface properties
caused by irradiation, and they can be removed by scal-
ing (see below).

%e describe positron motion by the difrusion-
annihilation equation''

V+ V n (x,E)—[Ab+pC„„(x)]n (x,E)+P(x,E)=0,

where D+ is the positron difFusion coefFicient, n (x,E) the
quasistationary positron density at the depth x for the in-
cident positron energy E, Abthe f.ree-positron annihila-
tion rate, p the specific trapping rate, C„„(x)the vacancy
concentration, and P (x,E) the positron implantation
profile. For the implantation profile we use' 2'

P(x,E)=(2x lxo)e (7)
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FIG. 2. Measured distributions of displaced Si atoms (Sio) in
as-implanted e-Si and after 60-min isochronal annealings. The
solid lines through the data points are drawn to guide the eye.

FIG. 3. Positron annihilation line-shape parameter S vs in-
cident positron energy for the unimplanted c-Si and the corre-
sponding 60-keV implanted sample.
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x0=18.6[E/(1 keV)]' nm .

By solving this equation at each incident energy E, we
can calculate the fraction of positrons annihilating at the
surface

f,„&(E)=D+ Vn (0,E),
in the vacancies

f„„(E)=f dx IuC„(x)n (x,E),

fb„ik(E)= f dx Abn(x, E) .

The line-shape parameter S(E) is then obtained as a su-

perposition of the difFerent annihilations from

S(E)=f,„~(E)S,„~+f„„(E)S„+fb„it,(E)Sb~„. (12)

To extract the spatial vacancy defect distribution, we
vary C„„(x)and calculate S(E) from Eqs. (6)-(12) until
a satisfactory St to the experimental S;„(E) curve is
reached.

For better illustration of the changes caused by
irradiation-induced defects, we consider' ' the
difference data

bS(E)=S;„(E) S„„;„(E).— (13)

have a statistical uncertainty of about 15%.

Because the surface properties, and thus the parameter
S,„z, may change during irradiations and thermal anneal-
ings, for each sample we have scaled the S„„; (E}curves
to correspond with the proper S,„z value so that
6$(0)=0.

In the unirradiated sample, positron motion was well
characterized by free difFusion with D+ ——2.9 cm /s. The
difFusion-related parameter Eo had a value of 5.1 keV,
which is slightly higher than that reported earlier. ' The
characteristic values S,„&——0.4870 and Sb„~„—0.5075 for-
the unirradiated sample were measured at E =O. 1 and 25
keV, respectively. As discussed earlier, the latter de-
scribes annihilations far behind the damaged region in all
the samples. $,„& for irradiated samples varied from 0.48
to 0.51. A value $„„=1.034$b„u, was adopted to de-
scribe positron annihilation at H -irradiation-induced
vacancy defects. This value was obtained from separate
measurements of high-Suence (saturation positron trap-
ping) 12-MeV Si+-irradiated Si(100) samples. We ob-
served in the fitting that a change in S„„causes a change
in the total number of defects but not in the shape of the
defect distributions. A value of 10' s ' was used for the
specific trapping rate of vacancy defects (divacancies) in
Si. A satisfactory fit to the experimental data was ob-
tained using a constant vacancy proNe with a well-
de6ned cutoS depth. The mean depth

f dx xC„„(x} f dx C„„(x) (14)

and the total-positron trapping rate

f dx pC„~(x)
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FIG. 4. Doppler-broadened annihilation line-shape data AS
vs incident positron energy for the as-implanted 35-, 60-, and
160-keV samples. The solid lines are the Sts corresponding to
the vacancy profiles shown in Fig. 5.

D. Results of anaeaBnls

The room-temperature irradiation of c-Si with neu-
trons23 or 'sO (Refs. 25 and 26), "B,~Zn, and ' 'Sb ions
(Ref. 27) is known to yield the formation of divacancies

H+ -& Si

O
U

U t00 keV

i

200
k i

400 600

DEPTH (nm)
800

FIG. 5. Divacancy distributions due to the 1& 10' 35-, 60-,
and 100-lMV 8 -1ons/CIB ln c-S1.

The absolute scale of the number of defects depends on
the choice of the value of S„„and the specific trapping
rate p. We think the uncertainties in the concentration
scales are less than a factor of 3.

The experimental and fitted annihilation hne-shape
data )AS uersus the incident positron energy E are shown
in Fig. 4 for the as-implanted samples. The extracted va-
cancy complex distributions are displayed in Fig. 5. The
annealing behavior of the vacancy-type defects are illus-
trated in Fig. 6 by the parameter de%. The extracted va-
cancy distribution parameters are given in Table I.
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as predominant vacancy defects. Divacancies are known
to become mobile at 470-610 K. 2s z We observed the
abrupt anneahng of vacancy-type defects in the regions
0-100 nm {the 35-keV implantation), 0-400 nm (60 keV),
and 0-800 nm (100 keV) in the temperature region
470-570 K. This resulted in a reduction of the concen-
trations by about a factor of 10, and extension of the dis-
tributions to the depths 500 nm (35 keV) and 2000 nm (60
and 100 keV). In annealings above 900 K, continuous
losses of vacancies and the broadening of the distribution
lead to a defect-free state at about 1200 K. The anneal-
ing behavior of the total amount of the vacancy-type de-
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FIG. 6. Doppler-broadened annihilation line-shape data AS
vs incident positron energy for the annealed samples. The solid
lines are the Sts corresponding to the vacancy profiles given in
Table I.

fects as well as of the hydrogen atoms are illustrated in

Fig. 7.
In the regions around 350, 620, and 870 nm of the 35-,

60-, and 100-keV samples, respectively, where the peaks
of the deposited energy distribution overlap with ihe H
distribution, a rapid loss of H starts at about 570 K (Fig.
1). In these regions, only isolated Frenkel pairs are pro-
duced during the implantation. The association of vacan-
cies with SiH centers has previous1y been postulated by
Stein. 2 Our results support this interpretation.

The coupling of H and SiD atom distributions have
been demonstrated by earlier studies. The constant, im-
plantation energy independent width of the annealed SiD
distributions and their annealing behavior now show that
these distributions are located at the end region of the H
range beyond the maximum value of the deposited ener-

gy, and also beyond the maximum concentration of the H
distribution. We observe, furthermore, that in the region
of the deposited energy peak of the as-implanted sample,
the vacancies associated with SiH centers increase the
lattice relaxation caused by H atoms, and hence reduce
the number of SiD atoms, which would be produced as a
result of the presence of H impurities. This mechanism
can be expected to enhance the epitaxial crystallization of
Si induced by the ion beam. '

As illustrated in Fig. 7, the total amount of H retained
in the 35-keV sample stays constant during the annealing
between 300 and 600 K, although the H profile becomes
narrower. The mobile H is trapped in the region with the
maximum H concentration, presumably by the H-
induced dislocation loops. In the cases of the 60- and
100-keV samples, where a continuous loss of H is ob-
served (Fig. 1), the evolutions of the SiD distributions
{Fig. 2) indicate the trapping of mobile H in the region
beyond the maximum of the deposited energy distribu-
tion. In the case of the 35-keV sample, the evolution of
the maximum H and Sio atom concentrations around the
modal H range at 450 nm shows that the defect caused by
one H atom corresponds effectively to that of about ten
SiD atoms. The same ratio is also observed 1n the an-

TABLE I. Analyzed vacancy distributions in H+-implanted and annealed Si(100) samples. The dose
in all the samples is 1 X 10' 8/cm .

Implantation
energy
(keV)

35

Annealing
temperature

(K)

as-implanted
570
720
970

Divacancy
concentration
(10' cm )

3.9
0.16
1.18
0.05

Depth of defective
surface layer

(nm)

as-implanted
570
720
970

1.5
0.06
0.05
0.02

as-implanted
570
720
970

0.7
04
0.05
0.02
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FIG. 7. Amounts of retained 8 and total number of vacan-
c1cs vs annealing temperature.

nealed 60- and 100-keV samples. This is further evidence
that the number of Sio atoms is associated with the H
concentration in the lattice rather than with the damage
caused by the deposited ener y. According to the
modified Kinchin-Pease model, the number of SiD
atoms should be about 5X10 ' SiD/cm, calculated for
the fluence 10' H+-ions/cm, the deposited energy 0.25
eV/A, and the threshold displacement energ~ 20-30 eV
for creating a permanent Frenkel pair. " 6 The ob-
served increase in the ratio 10:1of SiD to H atoms occur-
ring above 650 K is explained by the fact that the damage
is removed by the solid-phase epitaxial growth at temper-
atures 800-900 K (Ref. 37) after the loss of H at 650-850
K.

We have performed computer simulations to under-
stand further the production of damage during the H im-
plantation. The collision cascades were calculated using
the binary coihsion lattice simulation code costpo.

As the rinciples of the simulation have already been
described, only the main parameters used in the present
work are given.

The electronic stopping power was taken from our ear-
lier study"

5, =f,S~ss/I1+0. 002 35[E(keV)]'i I

based on the function given by Demond et al. '

S, =kE'~ is the I.SS-electronic stopping power. The
correction factor f, was adjusted so that the experimen-
tal and calculated modal ranges were coincident for each
energy. The interatomic potential is a mean of 50 atom-

atom potentials calculated from Dirac-Fock electron den-
sities. ' ' The root-mean-square vibration amplitude of the
uncorrelated thermal vibrations was 0.06 A. The max-
imum impact parameter was 1.6 A.

The structure and orientation of the c-Si samples were
included in the simulation of the range profiles. The
value of 0.6 was used for f, in order to reproduce range
distributions of the H+ ions in agreement with those
measured by NRB. Thus, the deposited energy distribu-
tion shown in Fig. 8 is compatible with the experiment.

In the first part of the range, the damage is partly pro-
duced in the form of energetic spikes; the energies of pri-
mary recoiling Si atoms are up to 4.7, 8.0, and 13.3 keV
in the 35-, 60-, and 100-keV implantations, respectively.
Isolated Frenkel pairs are produced near the end of the
range, i.e., in the peak region of the deposited energy dis-
tribution where the energies of primary recoils are below
1 keV. Note that during the slowing down of ions
heavier than H, the collisions lead predominantly to the
formation of spikes, and the mechanisms associated with
the spike model or the critical damage density models'9

cannot be separated experimentally. About 4000 his-
tories were calculated, but only some tens of primary
recoiling Si atoms with an energy above 2 keV were
created. In spite of the low statistics, limited by the very
long computing time, the maximum range of the vacancy
distribution (very sensitive to the threshold energy) could
be determined well.

The experimentally obtained region of the vacancy-
type defects in the as-implanted sample were reproduced
in the simulations by adapting a threshold energy of
2.020.5 keV for the primary recoiling Si atoms to create
a stable vacancy defect. The error limits are mainly due
to the uncertainty in the width of the experimental
vacancy-defect distribution. This value corresponds to
the energy needed to produce enough damage to survive
the dynamic and room-temperature annealing. The con-
centrations shown in Fig. 8 illustrate the numbers of
created divacancies, and were obtained by using a dis-
placement energy 25 eV (Refs. 34-36) for the recoiling Si
atoms to create a permanent Frenkel pair and by dividing
the number of deduced vacancies by two.

The concept of the threshold energy explains the
failure to produce amorphous Si in a high-fluence 1-MeV
e irradiation below 10 K. The energies of primary
recoiling Si atoms (& 150 eV) did not exceed a threshold
value. At 10 K, the threshold energy for the production
of permanent damage is apparently between 150 eV and
2.0 keV. A somewhat similar threshold energy concept
has previously been proposed by Stein et al.25 7 on the
basis of 8, 0, Zn, and Sb implantations of c-Si. They ex-
plained the results by assuming that an ion energy of
1.5+O.S keV is spent in atomic processes per unit volume
in the formation of a divacancy. Thus they assumed that
the critical damage density model is valid. The essential
point of the present work is that a suitable choice of the
implanted ion and its energy enables us to show that a
critical threshold energy is needed, and that a stable diva-
cancy is created only if a suSciently large disorder is pro-
duced locally, i.e., in an energy spike.

In Fig. 9, the damage induced in e-Si by H implanta-
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butions {solid lines). The dashed lines close to the H distribu-
tions show the corresponding distributions of the deposited en-

ergy caused by the nuclear energy loss. The vacancy distribu-
tions simulated using colljs ion-cascade calculations are
represented by the dashed lines.

tion is shown to be concentrated on three differen re-
gions: (1) the region of vacancy-type defects (divacancies)
ranging from 0 to 100, 400, and 800 nm for the 35-, 60-,
and 100-keV samples, respectively, (2) the region where
the H profile and deposited energy distribution overlap
and where vacancies are associated with the SiH centers,
and (3) the region behind the modal ranges at around 400
(35 keV), 800 (60 keV), and 1000 nm (100 keV) where the
damage is produced by the H concentration and appears
as S10 concentrations.

At about 600 K, detrapping of H atoms from the re-
gion of the SiH-vacancy centers is observed in all the
samples. In the 35-keV sample, the mobile H is trapped
in the region with the maximum H concentration. In the
60- and 100-keV samples, 8 diffuses predominantly to
the surface. H atoms detrapped from the type-2 damage
region and trapped in the type-3 damage region can be
scen by the increase of Sio atoms in the type-3 damage re-
gion (Fig. 2). The difference in the H loss of the 35-keV
samples and that of the 60- and 100-kcV samples is obvi-
ously due to the decrease in the type-3 damage region rel-
ative to the type-2 damage region and to the fact that the

N(divac) x S

6 200 400 61M 800 1000 1200

OEPTH (nm)

FIG. 9. Defect distributions in H-implanted c-Sj. The num-

bers given refer to the three dimerent regions observed. The H-
trap distributions of the as-implanted samples used in the
Monte Carlo simulation are given by 2 and 3.

divacancy region bridges the H concentration profile and
the surface of the 60- and 100-keV samples. At annealing
temperatures above 700 K, a gradual H loss is observed
in all the samples.

In order to obtain approximate recovery energies for
the damage of types 2 and 3, the annealing behavior of
H-concentration profiles was simulated by a simple model
based on Monte Carlo calculations. The distribution of
H in the SiH-vacancy region (type-2 damage) was ap-
proximated by the overlap of the calculated deposited en-
ergy profile and the measured as-implanted H profile.
The distribution of H not affected by the SiH-vacancy
centers was assumed to be the difference between the
original H concentration distribution and that of type-2
traps. The fitting parameters to reproduce the experi-
mental annealing behavior were the recovery energies Ez
and E3 and also the scaling factor determining the rela-
tive amount of H in type-2 and type-3 traps.

A detailed description of the computer simulation is
given in Ref. 43. This simple model was modified to take
into account the lack of homogeneity of the samples. In
the 35-keV sample, c-Si on both sides of the H proNe was
assumed to be a diffusion barrier below 620 K, where the
loss of H begins to occur. The retrapping of H atoms
released from traps of type 2 (around 570 K) was as-
sumed to be proportional to the concentration of H in
traps of type 3. In the 60- and 100-keV samples, no
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diffusion barrier between the surface and H pro61e was
needed. The simulation of the annealed H profiles shown
in Fig. 1 yielded the energies E2 ——1.7 eV and Es =2. 1

eV. Figure 9 shows how the number of traps of type 2,
(SiH-vacancy complexes) increases with the increasing
implantation energy.

The present results show that after a room-temperature
H implantation of e-Si, there are three difFerent regions of
damage (Fig. 9) which survive the dynamic and room-
temperature annealing. The accumulation of damage in
H-implanted c-Si cannot be predicted realistically by
focusing attention on the distribution of the deposited en-

ergy. Only in the region of the type-2 traps can the
dependence of the damage formation on the deposited en-

ergy be anticipated.

implanted c-Si and obtained direct evidence which shows
the following.

(i) There are three difFerent damage regions which do
not correlate with the deposited energy distribution.

(ii) A threshold energy of 2.0%0.5 keV is needed for
primary Si recoils for the production of a vacancy-type
damage region which survives the dynamic and room-
temperature annealing.

(iii) In the region of the deposited energy peak H is as-
sociated with damage consisting of SiH centers and va-

cancy complexes. Vacancies reduce the number of Sio
atoms which would be produced by H impurities.

(iv) At the end region of the range, H impurities in c-Si
produce SiD atoms and affect the solid phase epitaxial
growth of damaged c-Si.
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