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Generation of vacancy-type point defects in single collision cascades
during swift-ion bombardment of silicon
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Silicon samples ofn-type have been implanted with low doses (10721010 cm22) of 11B, 12C, 16O, 28Si,
74,76Ge, and 120Sn ions using energies between 0.4 and 8.0 MeV. Because of the low doses employed,
single-collision cascades prevail, and an analysis of the implanted samples by deep-level transient spectroscopy
~DLTS! reveals two dominant point defects of vacancy type, the divacancy (V2) and the vacancy-oxygen
(VO! center. The generation ofV2 andVO is studied in detail as a function of ion mass, dose, dose rate, sample
depth, and sample temperature. Surface-enhanced annihilation of migrating defects is found to play a signifi-
cant role in depleting the concentration ofV2 andVO centers in proximity to the surface. The concentration of
V2 andVO increases linearly with ion dose, but the generation efficiency per incoming ion decreases at high
dose rates after displaying a constant value below;108 cm22 s21. This dose rate effect exhibits a depen-
dence on ion mass, and is qualitatively predicted by computer simulations of the defect reaction kinetics,
applying a model where the interaction between individual collision cascades is primarily due to fast-diffusing
Si self-interstitials. At dose rates<108 cm22 s21, the generation ofV2 centers per ion-induced vacancy in the
damage peak region is identical, within610%, for all the different types of ions studied. However, theV2

centers formed by heavy ions are strongly perturbed, as shown by large deviations from a one-to-one relation
between the two DLTS peaks associated with the singly and doubly negative charge state ofV2, and also by
a broadening of the two peaks. In contrast to that forV2, the generation ofVO centers per ion-induced vacancy
decreases with increasing ion mass, consistent with the picture that light ions are more effective in generating
point defects than heavy ions. At elevated implantation temperatures, gradual relaxation of lattice strain occurs
together with recrystallization of disordered zones, promoting the formation of unperturbedV2 centers and
increasing the generation efficiency ofVO centers.@S0163-1829~97!09915-3#
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I. INTRODUCTION

The displacement energy threshold for target atoms
crystalline semiconductors is in the range of 10–40 eV, a
consequently, bombardment with any type of ions hav
energies in excess of;100 eV gives rise to pairs of vacan
cies and recoiling target atoms. The creation of such Fren
pairs is predominantly determined by the elastic collis
cross section, which depends on the mass of the incom
ions, the target atom mass, and the incident ion energy,
ing a maximum around«;0.3, where« is the reduced en
ergy introduced by Lindhardet al.1 For swift ions with en-
ergies in the MeV range, electronic stopping domina
initially, and elastic collisions prevail toward the end of th
ion track. This implies a nonuniform distribution of defec
peaking at large depths, where a high concentration of
cancies and target self-interstitials occurs. For example,
suming a displacement energy threshold of 13 eV,2 Monte
Carlo calculations using the transport of ions in matter co
~TRIM, version290) ~Ref. 3! yield an average generatio
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rate of more than one vacancy per Å and ion in the dam
peak region for bombardment of silicon with MeV Ge ion
This suggests formation of complex defect clusters by sin
ions, but the probability for recombination between vaca
cies (V’s! and self-interstitials (I ’s! is normally very large in
semiconductors. In silicon, only a few percent of the vac
cies escape annihilation with Si interstitials and are left
form point defects stable at room temperature~RT!.4,5 These
conclusions are mainly based on experimental data, but
also consistent with recent results from molecular-dynam
~MD! simulations showing that very few isolated Frenk
pairs are produced by single-collision cascades.6 According
to MD simulations, isolated point defects are predominan
due to replacement collision sequences along low-in
crystallographic axes, and, since these sequences are
relative to the radius for spontaneous annihilation, the pr
ability of creating ‘‘stable’’ pairs ofV’s andI ’s is small. On
the other hand, the MD simulations also suggest that la
pockets of unrelaxed disordered material are produced by
collision cascades. These disordered regions are am
10 498 © 1997 The American Physical Society
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phouslike with large surface-to-volume ratios and s
rounded by crystalline material which make them recrys
lize much faster than a stable planar amorphous-crysta
terface.

Despite the fact that considerable efforts have been m
by several groups to study the evolution of damage in cr
talline silicon during ion implantation, which ultimatel
gives rise to a crystal-to-amorphous phase transformation
consensus has been reached. Some authors discussed
cess based on accumulation of point defects,7 while others
favored a mechanism involving overlap of intracasca
generated amorphous zones.8 However, no model account
for all the experimental observations,9 and large uncertaintie
exist for several fundamental properties, e.g., different e
mates of the diffusivity ofI differ by ten orders of magnitude
or even more.10 In this study, we focus on the formation o
vacancy-type defects during the initial state of ion bomba
ment where single-collision cascades prevail, and the ove
between different ion tracks is small. In such a dilute co
centration regime, defects in semiconductors are most ap
priately investigated by means of optical and electri
methods,11–17e.g., infrared spectroscopy~IR!, photoconduc-
tivity, electron paramagnetic resonance~EPR! techniques,
photoluminescence~PL!, and deep-level transient spectro
copy ~DLTS!. In particular, DLTS has recently proven to b
highly suitable because of its extreme sensitivity, where s
cific defects with distinct signatures and concentrations
;102521026 of the dopant concentration can b
monitored.17 Moreover, in DLTS, defect concentration ve
sus depth profiles can be obtained. However, the assignm
of the observed signatures~energy-level position in the ban
gap and capture cross sections of charge carriers! with spe-
cific defect centers is not trivial, and correlation with da
from other techniques is required.

Point defects in crystalline silicon induced by MeV ele
tron irradiation have been extensively studied by many
thors for more than 30 years applying a variety of expe
mental methods such as EPR, IR, DLTS, PL, and electr
nuclear double resonance.11,12,14–18In this context it should
be emphasized that, in contrast to energetic ions, MeV e
trons give rise to a uniform distribution of isolated and u
perturbed point defects over depths of several millimete
Vacancy-type defects of major importance in silicon, hav
well-established signatures and being stable after irradia
at RT, are the centers of vacancy-oxygen (VO), divacancy
(V2), and vacancy-groupV atom ~the E center or VP,
VAs, andVSb, depending on the type of dopant atoms use!.
VO is formed through the capturing of migrating vacanc
by interstitial oxygen atoms~O i), which are the main impu-
rity atoms in Czochralski-grown~Cz! silicon. This defect,
the so-calledA center, was first reported more than 35 ye
ago;11,14,19,20the oxygen atom occupies a position sligh
displaced from the central tetrahedral substitutional site
^100& direction, and bonds to two silicon atoms. In contra
to Oi , VO is electrically active, with an acceptor level lo
cated;0.18 eV below the conduction-band edge (Ec);

11,14

(2/0; of the charge state2 if the level is occupied by an
electron, and 0 if it is unoccupied!. V2 is the most prominen
and fundamental intrinsic defect stable at RT, and can ap
in four different charge states (1,0,2,22).12,15,18,21–25V2
has basically aD3d point-group symmetry with the high
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symmetry axis along the four equivalent^111& directions.
However, in the charge states1, 0, and2, degenerate and
partially occupied orbitals appear, and Jahn-Teller distort
lowers the symmetry toC2h , as experimentally observed b
EPR measurements performed below 20 K.21 Above;30 K,
electronic bond switching between the three equivalent
rections of distortion is thermally activated, and, ultimate
the switching rate is so high that the defect does not rela
the low-symmetry configurations.V2 becomes a six-silicon-
atom center, and exhibits a motionally averaged state w
the effective symmetry ofD3d . It has previously been
pointed out that the DLTS peaks associated with the differ
charge-state transitions ofV2 occur at high temperature
where the reorientation time for bond switching is seve
orders of magnitude smaller than the time for carrier em
sion from theV2 levels in the band gap:26 Ec20.23 eV:
V2(22/2); Ec20.43 eV: V2(2/0); Ev10.23 eV:
V2(0/1); where Ev is the valence-band edge. Thus th
DLTS peaks caused byV2 are attributed to the motionally
averaged state and not to the distorted one withC2h symme-
try. Similar arguments for motional averaging hold also f
the DLTS peak ascribed to theE center, which is a defect o
prime importance in moderately and highly dopedn-type
float zone~Fz! samples.23,27,28Assuming phosphorus-dope
samples,VP gives rise to an acceptor level;0.45 eV below
Ec , and can be described as a vacancy trapped next
substitutional phosphorus atom. In the neutral charge s
two of the three silicon atoms surrounding the vacancy p
together to form an electron pair bond, leaving an unpai
electron in the orbital of the third silicon atom, while tw
electrons with antiparallel spins are accommodated by
phosphorus atom. When the Fermi level is aboveEc20.45
eV, an extra electron is accepted, andVP becomes negatively
charged, possessing no unpaired electron. In fact,VP is more
effective in removing electrons from the conduction ba
thanVO, since generation of the former center removes t
electrons by converting a positively charged P donor to
negatively chargedVP center while generation ofVO re-
moves only one electron by converting a neutral Oi atom to
a negatively chargedVO center.

In this work vacancy-associated defects inn-type silicon
implanted with low doses (10721010 cm22) of 11B, 12C,
16O, 28Si, 74Ge (76Ge!, and 120Sn ions are studied usin
energies between 0.4 and 8.0 MeV. No defects associ
with the implanted species are found, but intrinsic a
impurity-related defects likeV2 andVO are identified; their
generation has been studied in detail as a function of
mass, dose, dose rate, implantation temperature, and sa
depth. Immediate recombination betweenV’s andI ’s plays a
dominant role, and in proximity to the surface~depth of dam-
age peak<1mm!, substantially narrower depth distribution
than predicted by simulations are obtained. In particular,
is most pronounced for theVO centers, and the results ind
cate that the surface acts as a sink for migrating defe
Keeping the dose constant, a ‘‘reverse’’ dose rate dep
dence is observed where@V2# and @VO# decrease with in-
creasing dose rate~the brackets denote concentration value!.
The dose rate effect depends on the ion mass, but at
enough dose rates the generation ofV2

2 in the damage peak
region is closely proportional to the density of elastic ene
deposition for all the different types of ions studied. How
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10 500 55SVENSSON, JAGADISH, HALLE´N, AND LALITA
ever, large deviations from such a proportionality occur
V2

22 and VO, which actually increase in concentration
implantation temperatures between 300 and 525 K w
@V2

2# stays constant. This temperature dependence em
sizes the importance of defect migration and lattice resto
tion of disordered zones for formation of unperturbedV2 and
VO centers by single-collision cascades.

The experimental data are qualitatively compared w
computer simulations of the defect reaction kinetics, and
cussed within the framework of a simple model where int
action between individual collision cascades is primarily d
to fast-diffusing and overlapping Si self-interstitials. The i
teraction is most pronounced at high dose rates giving ris
enhanced annihilation ofV, V2, andVO centers because o
recombination with the overlappingI ’s.

II. EXPERIMENTAL PROCEDURE

Samples were cut fromn-type ~100!-oriented Cz or Fz
silicon wafers doped with phosphorus. Five different types
Cz materials were used with resistivities of 0.4V cm
(;1.631016 P atoms/cm3), 0.6 V cm (;1.031016 P/
cm3), 0.7 V cm (;831015 P/cm3), 2 V cm (;2.5
31015 P/cm3), and 6V cm (;831014 P/cm3), respectively.
The resistivities of the Fz wafers were 25V cm
(;231014 P/cm3) and 65V cm (;831013 P/cm3), respec-
tively. According to IR-absorption measurements, perform
at RT, the concentration of interstitial oxygen atoms@O i#
varied between;1.731018 and;731017 cm23 in the Cz
samples while the concentration of substitutional carb
@Cs# was below 231016 cm23. In the Fz samples both@O i#
and @Cs# were below 531015 cm23.

The samples were implanted with11B, 12C, 16O, 28Si,
74Ge (76Ge!, and 120Sn ions at temperatures from;90 to
;525 K using the 1.7 MV NEC Tandem implanter at th
Australian National University. The ion energies were b
tween 0.4 and 8.0 MeV, and the incident ion beam, havin
spot diameter of;1 mm, was scanned over an apertu
(2.534 cm2) to ensure uniformity~horizontal scan rate 517
Hz, vertical scan rate 64 Hz!. The ion doses were in th
range of 53107 to 231010 cm22, and the average dose ra
was varied from;33107 to 33109 cm22 s21 by changing
the scanned area while keeping the beam current cons
Careful attention was given to accurate dosimetry at the
doses used, and the error in nominal dose never exce
10% except under the highest dose rate conditions, whe
was below 20%.

After implantation, the samples were chemically clean
using a standard procedure which included a final dip
diluted hydrofluoric acid.29 Immediately after cleaning, the
samples were loaded into a vacuum chamber, wh
Schottky barrier contacts were grown at RT (<40 °C! by
thermal evaporation of gold through a metal mask at a b
pressure less than 231026 Torr.

The DLTS setup used is a refined version of the one
scribed in detail in Ref. 30. The sample temperature w
scanned between 77 and 300 K with a resolution of 1 K, i
the capacitance transients assigned to a given temper
were recorded and averaged within an interval of 1 K. T
DLTS signal was extracted from the transients applying
lock-in type of weighting function, and eight traditiona
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DLTS spectra with rate windows from~20 ms! 21 to
~2.56 s!21 were simultaneously obtained from one sing
temperature scan. Concentration, energy position in the b
gap, and electron-capture cross section of the observed le
were subsequently evaluated from the spectra stored in
computer memory. During all the measurements, rever
bias conditions applied and no forward-bias injection w
performed.

Concentration versus depth profiles were determined
selecting one of the eight rate windows and holding the te
perature constant within60.5 K at the maximum of the
DLTS peak of interest. The steady-state reverse bias volt
was kept constant while gradually increasing the amplitu
of the majority-carrier pulse. The depth profiles were the
extracted from the dependence of the DLTS signal on t
pulse amplitude,17,24where the voltages used were converte
into depth by the conventional square-root dependence fo
Schottky barrier junction.30

III. RESULTS

Figure 1 shows DLTS spectra from three Cz samples~0.6
V cm) implanted at RT with 0.44-MeV11B, 0.6-MeV
28Si, and 2.3-MeV120Sn ions, respectively. The dominating
level is located 0.43 eV belowEc , and originates primarily
from V2

2 with some contribution from the overlapping sig
nal of VP. The VP center is less thermally stable tha
V2,

23,28 and annealing experiments yield a relative contrib
tion of VP to @Ec20.43 eV# of 10–15 % in these samples
The relative strength of the level assigned toV2

22 at
Ec20.23 eV decreases with increasing ion mass and the
tio @Ec20.43 eV#/@Ec20.23 eV# deviates strongly from
unity, consistent with previous findings for heavy ions.26

Also, the peak associated withVO atEc20.18 eV decreases
in relative strength with increasing ion mass, whe
@Ec20.18 eV# is almost comparable to@Ec20.43 eV# for
11B ions but only;15% of @Ec20.43 eV# for 120Sn ions.
Two weak peaks occur atEc20.30 andEc20.35 eV, respec-

FIG. 1. DLTS spectra from three Cz samples implanted wi
11B, 28Si, and 120Sn ions, respectively. The two latter spectra a
displaced for clarity. The rate window is~80 ms!21, and the width
of the injection pulse is 10 ms.
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tively; the latter was discussed in detail by Jagadish, Sve
son, and Hauser31 and is due to an impurity-related center
possibly containing carbon and/or copper.32 The origin of the
Ec20.30-eV level is not known but it saturates in strength
low implantation doses which strongly suggests a compl
involving impurities of low concentration (,1014 cm23) in
the as-grown material.

In Fig. 2, concentration versus depth profiles are d
played for the levels at 0.43, 0.23, and 0.18 eV belowEc in
a sample implanted with 0.6-MeV28Si ions to a dose of
1.83109 cm22. Comparison is made with the vacancy dis
tribution estimated fromTRIM simulations, where the colli-
sion sequences induced by recoiling silicon atoms were f
lowed to completion. In all theTRIM simulations, version
90.05 of the code was employed, and a displacement ene
threshold of 13 eV was used. All four profiles in Fig. 2 pea
at ;0.85mm, but the experimental ones are more confine
to the peak region with a considerably smaller tail toward t
surface than predicted byTRIM. In particular, this holds for
VO, while the profiles of the two levels primarily associate
with V2 are identical in shape and broader toward the surfa
than that of theEc20.18-eV level. Further evidence of the
influence of the surface on the defect generation is given
Figs. 3, showing depth profiles of@Ec20.18 eV# in samples
implanted with 0.5- and 7.3-MeV12C ions. For the deep
implantation the profile peaks at;6.6mm @Fig. 3~b!#, and
the surface plays a minor role. In contrast to that in Fig. 3~a!,
the measured distribution in Fig. 3~b! is broader than the
TRIM profile with a;0.7-mm larger value of the full width at
half maximum, and a pronounced tail toward the surface
well as into the bulk. Moreover, in Figs. 2 and 3 the absolu
concentration values are much smaller than suggested
TRIM, and the total concentration of electrically activ
vacancy-type defects amounts only to a few percent of t
calculated vacancy concentration.

A linear increase in concentration with ion dose is ob
tained for the levels associated withV2 andVO, irrespective
of the type of bombarding ion, and Fig. 4 illustrates resu
for 0.6-MeV 28Si ions using doses up to 33109 cm22. At
higher doses, charge-carrier compensation by the deep-le

FIG. 2. Concentration vs depth profiles for the levels at 0.4
0.23, and 0.18 eV belowEc in a sample implanted at 295 K with
1.83109 Si ions/cm2 using a dose rate of;1.23108 ions/cm2 s.
Comparison is made with the vacancy profile estimated byTRIM.
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defects becomes significant, and the DLTS technique is
truly applicable. The generation ofV2 andVO centers de-
pends on the dose rate, and in Fig. 5 the amplitude of
Ec20.43-,Ec20.23-, andEc20.18-eV levels is depicted as

,

FIG. 3. Concentration vs depth profiles for theEc20.18-eV
level in samples implanted with12C ions using an energy of 0.5
MeV ~a! and 7.3 MeV~b!. Vacancy profiles obtained byTRIM are
included for comparison.

FIG. 4. Concentration of the levels at 0.43, 0.23, and 0.18 e
belowEc as a function of implantation dose at 295 K for 0.6-MeV
28Si ions using a dose rate of;1.23108 ions/cm2 s.



w
f

c

c

-

f
a-
x-
ct
es

n-

old

-
al
r,

li-

y

e

-

V

l
-

at

d
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a function of dose rate for 1.0-MeV76Ge ions, keeping the
dose constant at 1.23109 cm22. Within the experimental
accuracy,V2 andVO exhibit an identical behavior where the
amplitudes of the three levels stay constant belo
;13108 cm22 s21, while a relative decrease by a factor o
;3 is found at;63108 cm22 s21. A similar effect is also
observed for the other ions, and Fig. 6 compares the resu
for the Ec20.43-eV level after bombardment by11B, 28Si,
76Ge, and120Sn ions. Figure 6 reveals a mass dependen
and the decrease in generation of theEc20.43-eV level
shifts to higher dose rates for light ions. This trend is als
consistent with data reported previously for protons,33 show-
ing a decrease in the defect generation at dose rates in ex
of ;1010 cm22 s21.

In Fig. 7, results are shown for the generation rate of th
Ec20.43- andEc20.23-eV levels in the damage peak re

FIG. 5. Amplitudes of the levels at 0.43, 0.23, and 0.18 e
belowEc as a function of dose rate for 1.0-MeV

76Ge ions, keeping
the dose constant at 1.23109 cm22. The implantations were per-
formed at 295 K. At high dose rates, the error bar indicates a re
tive accuracy of615%, and is given by the accuracy of the dosim
etry.

FIG. 6. The relative amplitude of theEc20.43-eV level as a
function of dose rate for11B, 28Si, 76Ge, and120Sn ions, keeping
the dose constant at 131010, 33109, 1.23109, and 63108

cm22, respectively. The implantations were performed at 295 K
Error bars at high dose rates indicate a relative accuracy
615%.
lts

e

o

ess

e

gion, and data are included for all the materials, types o
ions, and ion energies employed in this study. The implant
tions were performed at RT, and the generation rate is e
tracted from the slope of the linear relation between defe
concentration and ion dose obtained at low dose rat
(<108 cm22 s21). The generation of theEc20.43-eV level
per ion-induced vacancy is identical within610% for all the
ions, irrespective of mass and silicon material used. The co
centration of ion-induced vacancies is estimated fromTRIM

calculations, and assuming a displacement energy thresh
of 13 eV, the absolute value of generatedV2 centers per
ion-induced vacancy becomes;1.131022. For the
Ec20.23-eV level, large deviations from a constant genera
tion per ion-induced vacancy are observed, and a gradu
decrease in the efficiency occurs for heavy ions. Howeve
the generation of theEc20.23-eV level increases as the im-
plantation temperature is raised above RT, while@Ec20.43
eV# stays constant; this is illustrated in Fig. 8 for28Si ions,
where the ratio@Ec20.43 eV#/@Ec20.23 eV# decreases from
;4.5 at temperatures below 300 K to;2 at 500 K. Results
are included for both 0.6- and 5.6-MeV28Si ions, and no
energy dependence is revealed. Further, although the amp
tude of the Ec20.43-eV peak remains constant within
610% in Fig. 8, the full width at half maximum of the peak
decreases from;33 K below 300 K to;22 K at 500 K, Fig.
9. The latter width is close to that expected theoreticall
(;20.6 K!, and a corresponding narrowing with increasing
temperature is also found for theEc20.23 eV peak~Fig. 9!.

Figure 10 shows the ratio between the amplitudes of th
Ec20.18- and Ec20.43-eV levels versus ion mass in
samples implanted at RT with group-IV ions. The resistivity
of the samples was 6V cm, and in order to minimize surface
effects and to keep the peak position of the defect distribu
tions at a constant depth (;4.0 mm!, energies between 3.6
and 8 MeV were employed for the different ions. A pro-
nounced decrease in the generation efficiency ofVO is ob-
served with increasing ion mass, and for120Sn ions a reduc-

a-

.
of

FIG. 7. Generation of theEc20.43- andEc20.23-eV levels per
ion-induced vacancy in the damage peak region for bombardment
low dose rates (<13108 cm22 s21) of Cz and Fz samples by
11B, 12C, 16O, 28Si, 74Ge, 76Ge, and120Sn ions. The implantations
were performed at 295 K, and the concentration of ion-induce
vacancies was obtained fromTRIM calculations assuming a dis-
placement energy threshold of 13 eV.
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55 10 503GENERATION OF VACANCY-TYPE POINT DEFECTS IN . . .
tion by a factor of;5 is found relative to12C ions; a similar
trend is also observed in high-purity, low-doped Fz sample
with the damage peak located at depths in excess of 1
mm.34 Moreover, in analogy with the observations for the
Ec20.23-eV level, the generation of theEc20.18-eV level
increases at elevated implantation temperatures, and f
28Si ions @Ec20.18 eV# is almost comparable to@Ec20.43
eV# after implantation at 500 K. This is illustrated in Fig. 11,
showing data from both deep~5.6 MeV! and shallow~0.6
MeV! silicon implantations; the two sets of data yield differ-
ent absolute values because of surface effects, but exhibi
similar dependence on the implantation temperature.

IV. DISCUSSION AND CONCLUSIONS

No DLTS peak associated with the implanted species
found for the ions used in this study. This holds generally fo
all kinds of ions after low-dose bombardment of silicon a

FIG. 8. Ratio between the concentrations of theEc20.43- and
Ec20.23-eV levels as a function of implantation temperature fo
0.6- and 5.6-MeV 28Si ions. The absolute amplitude of the
Ec20.43-eV level, normalized to the capacitance value at stead
state reverse-bias voltage during the DLTS measurements, is a
shown.

FIG. 9. Full width at half maximum ~FWHM! of the
Ec20.43- andEc20.23-eV peaks as a function of implantation
temperature for 0.6- and 5.6-MeV28Si ions.
s
0

or

t a

is
r
t

RT, except for protons, where two hydrogen-related lev
appear at;0.32 and;0.45 eV belowEc .

35–37 For heavier
ions than protons, the defect production per ion becom
large and the doses must be kept low in order to av
charge-carrier compensation by deep-level defects. If
compensation exceeds;10% of the free-carrier concentra
tion, DLTS is not truly applicable, and for a dose
109 cm22 the peak concentration of implanted species
only of the order of 1013 cm23. This is very low compared
to the concentration of common impurities like oxygen a
carbon in as-grown silicon samples, and the probability
trapping mobile defects, as for exampleV’s and I ’s, by the
implanted species becomes small. Hence, unless a vast
jority appears in an electrically active state directly af
slowing down and coming to rest, no DLTS signal associa
with the implanted species is anticipated above the detec
limit.

A. Depth and dose dependence

The linear dependence on dose observed forV2 andVO
indicates a dilute concentration regime where@V2# and

r

y-
lso

FIG. 10. Ratio between the amplitudes of the levels
Ec20.18- andEc20.43-eV versus ion mass for implantation b
group-IV ions at 295 K.

FIG. 11. Ratio between the amplitudes of the levels
Ec20.18- andEc20.43-eV as a function of implantation temper
ture for 0.6- and 5.6-MeV28Si ions.
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@VO# are not high enough to influence the trapping of m
grating defects, e.g., formation of high-order stable co
plexes through reactions with diffusing vacanci
(VO1V→V2O andV21V→V3), and a corresponding de
crease in the effective generation rate ofV2 andVO are of
minor importance. For a dose of 13109 cm22 the average
distance between the impinging ions is>0.3 mm, and the
defect generation is primarily due to individual collision ca
cades with possible overlap of rapidly diffusingI ’s between
adjacent cascades.33,38

Monovacancies are normally considered to be highly m
bile in crystalline silicon at RT,39 with a diffusion coefficient
DV of ;531029 cm2 s21. Despite the fact that vacancy di
fusion is not accounted for in theTRIM calculations, the shal
low depth profiles of@V2# and @VO# with peak positions at
;0.820.9 mm @Figs. 2 and 3~a!# are considerably narrowe
toward the surface than the calculated vacancy profile. H
ever, the experimental profiles with peak positions
;6 mm are broader than predicted byTRIM @Fig. 3~b!#, and
strong evidence is obtained for surface-enhanced anni
tion of the V2 and VO centers. In particular, the effect
most pronounced forVO, where the generation process i
volves migration of monovacancies. For the ions used in
study~atomic mass>11), the density of elastic energy dep
sition is relatively high, and a substantial fraction of theV2
centers are expected to form directly in the collision casc
without requiring diffusion and pairing of monovacancie
The surface-enhanced annihilation is, therefore, less
nounced forV2, and it is important to point out that bot
V2 andVO are immobile at RT.11,14,21

A similar near-surface effect for the depth profiles
@V2# and@VO# has been observed in MeV electron-irradiat
samples where a decrease occurs gradually from a dep
;2.5 mm toward the surface despite that the initial dist
bution of @V# and @ I # is essentially uniform throughout th
samples.24,40Wang, Lee, and Corbett40 assumed that the sur
face acts as a perfect sink for migrating vacancies, an
relation of the form

@V~z!#;„12exp~2z/Lv!… ~1!

was derived for the steady-state vacancy distribution in
near-surface region applying the ordinary law of diffusio
Lv is the vacancy diffusion length, andz is the sample depth
Equation~1! is qualitatively supported by experimental da
but in order to obtain a quantitative agreementDV must be
assumed to increase with decreasing depth. A correspon
effect is also revealed for the shallow profiles of@V2# and
@VO# in the present study. Using the reactions described
Sec. IV B @Eq. ~2!# with the surface as a perfect sink fo
migrating V’s, induced by 0.5-MeV12C ions, and putting
DV constant as a function of depth, the surface effect on
resulting@VO# profile extends only toz<0.2 mm, while ex-
perimentally a substantial depletion occurs forz<0.7 mm
@Fig. 3~a!#. Wang, Lee, and Corbett40 partly attributed the
increase inDV near the surface to a conversion ofV from a
negative to a positive charge state. However, there is no
clusive evidence for this assumption, and further studies
being pursued to elucidate the exact role of the surface
ing formation of vacancy-type defects.41
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B. Dose rate effect

The decrease in generation ofV2 and VO centers with
increasing dose rate~Figs. 5 and 6! is in direct contrast to
that generally observed for damage buildup at doses in
cess of 1012 cm22, and dose rates in the rang
;101121015 cm22 s21.8,9,42–44This also holds for the de
crease in generation ofV2 centers with decreasing implanta
tion temperature reported previously for120Sn ions.38 In or-
der to understand the reverse dose rate effect and
dependence on ion mass qualitatively, we adopted and
ther developed a model originally proposed by Halle´n et al.33

for proton bombardment.V’s and I ’s are assumed to origi
nate from a well-defined source from which they can spre
radially. Only one dimension is considered in the calcu
tions, and the initial sources ofV’s and I ’s are randomly
distributed along anx axis perpendicular to the inciden
beam direction with a density corresponding to the impla
tation dose and a separation in arrival time byDt. V’s and
I ’s diffuse along thex axis, and the following defect reac
tions are included:

V1I→B ~annihilation!,

V1V→V2 ,

V21I→V, ~2!

V1Oi→VO,

VO1I→Oi .

This set of equations is not complete, and is only intend
for a qualitative comparison with the experimental data. S
eral reactions which affect the absolute generation rate
V2 andVO are omitted, and must be considered for an
solute treatment, e.g., formation of carbon-oxygen cent
carbon-carbon pairs, and direct generation ofV2 centers. In
particular, for heavy ions a substantial fraction of theV2
centers are anticipated to form directly in the dense collis
cascades. The coupled differential rate equations der
from Eq. ~2! are given in Table I together with the inpu
values used in the calculations. The differential equations
numerically solved simultaneously from timet50, when the
first cascade is initiated, until the defects from the last
have completed their reactions. The evolution in concen
tion of each defect center can be followed as a function
time and position along thex axis, and Fig. 12 shows th
integrated concentration ofVO centers versus the arrival ra
for incoming ions of H, B, Si, and Ge. Similar to the expe
mental results, the production ofVO decreases at high
enough rates, and this occurs because of rapidly diffus
I ’s which overlap and annihilateV’s created in adjacent ion
tracks. The annihilation is enhanced when the collision c
cades are generated sufficiently close in time and space
low dose rates the distribution of@ I # generated by one ion
becomes diluted before the arrival of later ions, since
I ’s have enough time to diffuse out from the space of inter
and/or to form stable~immobile! complexes with other de
fects and impurities. The overlap ofI ’s between different
collision cascades is, therefore, of minor importance at l
dose rates, and no enhanced annihilation ofV’s occurs.
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Furthermore, in accordance with the experimental da
the simulations reveal a mass dependence where the decr
in defect production shifts to higher dose rates with decre
ing ion mass~Fig. 12!. The shift appears because of an in
creasing size of the collision cascade for heavy ions. In t
case of MeV protons the cascades at the depth of the dam
peak can be represented by a step-function-like distribut

TABLE I. Survey of the simultaneous differential rate equation
for the reactions in Eq.~2! and numerical values of the input pa
rameters used in the computations. Brackets denote concentra
values, and the source terms~initial values! of the vacancy and
interstitial distributions,@V(x,0)# and @ I (x,0)#, are estimated from
TRIM simulations.

]@V(x,t)#
]t

5DV

]2

]x2
@V#24pR$(DV1DI)@V#@ I #14DV@V#2

2DI@V2#@ I #1DV@V#@Oi #%

]@ I (x,t)#
]t

5DI

]2

]x2
@ I #24pR$(DV1DI)@V#@ I #1DI@V2#@ I #

1DV@VO#@ I #%
]@V2(x,t)#

]t
54pR$2DV@V#22DI@V2#@ I #%

]@VO(x,t)#
]t

54pR$DV@V#@Oi #2DI@VO#@ I #%

]@Oi(x,t)#
]t

524pR$DV@V#@Oi #2DI@VO#@ I #%

Capture radius R55 Å

Diffusion coefficients~300 K! DV54.231029 cm2/s
taken from Refs. 39 and 45 DI53.231024 cm2/s

Initial values (t50) @V2(x,0)#50
@VO(x,0)#50

@Oi(x,0)#5131016 cm23

FIG. 12. Simulated values for the integrated concentration
VO centers in a layer perpendicular to the incident beam direct
and at the depth of the damage peak as a function of arrival rate
MeV ions of 1H, 11B, 28Si, and74Ge. The model used is described
in the text and numerical values for the input parameters are giv
in Table I.
a,
ase
s-

e
ge
n

with a width of 50 Å and a density of 131018 V’s and I ’s
per cm3, as estimated fromTRIM calculations. The corre-
sponding distribution for MeV Ge ions is of Gaussian typ
with a peak concentration of 4.631018cm23 and a full width
at half maximum of;6600 Å. Hence theI ’s induced by Ge
ions have to diffuse much larger distances in order to reac
diluted concentration ofI ’s compared to that for protons
and, sinceDI is independent of the type of ion, this implie
longer diffusion times in the former case. Thus overlap b
tween adjacent collision cascades due to diffusingI ’s takes
place during longer times for heavy ion bombardment, a
the separation in arrival time between different impingi
ions (Dt) at which enhanced annihilation ofV’s can appear
becomes longer with increasing ion mass. As a result,
decrease in generation of vacancy-type defects occur
lower rates of ion arrival (1/Dt) for heavy ions.

C. Mass and temperature dependence

For bombardment at RT by heavy projectiles like74Ge
and 120Sn, both experiments46 and MD simulations6 predict
formation of amorphouslike zones by individual collisio
cascades, while light ions mainly produce point defects a
small disordered zones. However, the results in Fig. 7 rev
a constant generation of theEc20.43-eV level per ion-
induced vacancy in the damage peak region despite a rela
variation in the elastic energy deposition by a factor
;16 between11B and 120Sn ions. The spontaneous~corre-
lated! recombination ofV and I plays a dominant role, as
shown by an absolute value of only;1.131022 of gener-
atedV2 centers per ion-induced vacancy. The spatial dis
bution of theV2 centers within the individual collision cas
cades is not known, but our data indicate a substan
stability of the atomic configuration ofV2 even in highly
damaged regions. On the other hand, the large decrea
generation of theEc20.23-eV level with increasing ion
mass provides strong evidence for distortedV2 centers. In
electron-irradiated samples, where isolated point defects
vail, @Ec20.43 eV# and @Ec20.23 eV# exhibit a close one-
to-one proportionality, as expected for unperturbedV2
centers.22,24,26TheEc20.43- andEc20.23-eV levels are at-
tributed to a motionally averaged state ofV2 with an effec-
tive point-group symmetry ofD3d , but lattice strain in the
damage peak region of implanted samples prevents,
large extent, the motional averaging~electronic bond switch-
ing! of V2. The importance of the latter effect increases
heavy ions because of a higher density of elastic ene
deposition and larger distortion and strain of the crystall
silicon lattice. The electronic bond switching is a therma
activated process, and theEc20.23-eV peak, appearing a
low temperatures, is, therefore, more influenced by the lat
strain than theEc20.43-eV peak. Moreover, the state of th
second acceptor electron is less localized than that of the
electron because of the lower binding energy, and is an
pated to be more affected by the distorted positions of
atoms in the strained lattice.

However, theEc20.43-eV peak is also influenced by th
lattice strain, as indicated by the broadening of the peak r
tive to that expected theoretically. The increase in pe
width occurs concurrently with the relative decrease in
amplitude of theEc20.23-eV peak, and is interpreted as

ion
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broadening of the well-defined level position associated w
unperturbedV2 centers.

26 At elevated implantation tempera
tures the lattice strain is gradually relaxed, and theV2 centers
become less perturbed, as shown by a substantial decrea
the ratio@Ec20.43 eV#/@Ec20.23 eV# at implantation tem-
peratures above;300 K ~Fig. 8! and a narrowing of the
peak widths approaching the theoretical values~Fig. 9!. Here
it should be emphasized that@Ec20.43 eV# stays essentially
constant for implantation temperatures between 100 and
K, and the decrease of the ratio@Ec20.43 eV#/@Ec20.23
eV# is due to an increase of@Ec20.23 eV#, reflecting the
crystalline properties of the silicon lattice surrounding t
V2 centers. These conclusions are also supported by re
from MD simulations, suggesting that the disordered zo
are quite unstable and tend to recrystallize easily.6

Similar to theEc20.23-eV level, the generation of th
Ec20.18-eV level per ion-induced vacancy also decrea
with increasing ion mass~Fig. 10!. However, the latter leve
does not originate from a motionally averaged state, and
decrease is mainly attributed to a true reduction in the c
centration ofVO centers. Because of the low doses used,
since Oi is a dominating impurity with@O i ]@@VO#, the gen-
eration ofVO centers is primarily controlled by the amou
of monovacancies escaping immediate recombination wi
the collision cascades. In fact,VO can be considered as
monitor for the creation of free vacancies, and is essenti
a primary defect, even more elementary thanV2; indeed, this
is confirmed by results from samples irradiated with Me
electrons, where the generation ofVO centers is typically
one order of magnitude higher than that ofV2.

21,24,47Thus
for a given density of energy deposited in elastic collisio
heavy ions produce less vacancies free to migrate, and fe
VO centers are formed than for light ions. This reveals
distinct difference between theV2 andVO centers where the
results for the most elementary one (VO! are fully consistent
with predictions from MD simulations.6 Furthermore, the in-
crease in generation ofVO centers at elevated implantatio
temperatures can be associated with the following.

~i! Relaxation of the lattice strain. The migration ofV is
promoted to formVO centers in a relaxed crystalline silico
lattice, and correlated recombination betweenV andI is less
important.

~ii ! Rapid recrystallization of disordered zones. The
zones may have density fluctuations which upon annea
give rise to migrating point defects likeV’s and I ’s in the
recrystallized material.6

Finally, it should be pointed out that the acceptor lev
caused byVO is relatively shallow, and the captured electr
is not highly localized. This implies a rather perfect cryst
line lattice surrounding theVO center for a well-defined
Ec20.18-eV level to appear, and may partly explain the re
tive decrease in generation of the level for heavy ions.

V. SUMMARY

The generation ofV2 andVO centers in monocrystalline
silicon samples bombarded with MeV ions has been stud
h
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in detail. Because of the low doses used, the defects
primarily created by single-collision cascades and a str
surface-enhanced annihilation of theV2 andVO centers are
observed. In particular, the surface effect is most pronoun
for VO, where the formation process involves migration
monovacancies. If the surface is assumed to act as a pe
sink for diffusing monovacancies, simulations of the defe
reaction kinetics show that the diffusion coefficientDV must
increase toward the surface in order to obtain a quantita
agreement with the experimental data.

A linear dependence on dose is observed, but at h
enough dose rates the generation efficiency ofV2 andVO
centers per incoming ion decreases. The dose rate at w
the decrease occurs shifts to lower values with increasing
mass. This mass dependence is attributed to the increa
size of the collision cascades for heavy ions, as supporte
computer simulations of the defect reaction kinetics usin
model where the interaction and/or overlap between in
vidual collision cascades is primarily due to fast-diffusin
I ’s. Because of the large collision cascades induced by he
ions, it takes long times to dilute the concentration of ov
lappingI ’s, and hence, theseI ’s can enhance the annihilatio
of V’s in adjacent cascades even for low rates of ion arri
compared to that for light ion bombardment.

The formation ofV2 andVO centers display a distinctly
different dependence on ion mass; at low dose ra
(<108 cm22 s21) the generation of the former one per io
induced vacancy stays constant for all the types of ions u
in this work, whereas that ofVO decreases with increasin
ion mass. The results forVO are consistent with the pictur
that light ions are more effective in generating point defe
while the data forV2 suggest that the atomic configuration
V2 is stable even in highly disordered regions. TheV2 cen-
ters are, however, strongly perturbed, as demonstrated
large deviations from unity of the ratio@Ec20.43 eV#/
@Ec20.23 eV# and broadening of the DLTS peaks. Afte
implantation at elevated temperatures theV2 centers are less
perturbed, and appear in a silicon lattice where
bombardment-induced strain is gradually relaxed. Conc
rently, more monovacancies free to migrate and form sta
VO centers are generated, as shown by a substantial incr
in @VO# for implantation temperatures above 300 K.
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