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Trap-Limited Migration of Si Self-Interstitials at Room Temperature
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We have investigated the room temperature diffusion and trapping phenomena of ion-generated
defects in crystalline Si. The point defects, injected by low energy Si, Ge, and Pt implants into
bulk of silicon wafers, were monitored measuring the defect-induced dopant deactivation by sprea
resistance profiling. Dopant deactivation is detected up to depths of several microns beyond the r
directly modified by the ions. It is demonstrated that long-range migration of Si self-interstitials
responsible for the observed phenomena.

PACS numbers: 61.72.Ji, 61.72.Tt, 66.30.Lw
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The issues of defect migration, agglomeration, and int
action with substrate impurities in crystalline silicon hav
attracted considerable interest for both fundamental a
technological reasons. In fact, the experimental determ
nation of several properties of the vacanciessV d and self-
interstitialssId, such as diffusivities and interaction cros
sections, will be of invaluable importance for the descri
tion of a large variety of phenomena, such as defect e
lution and damage accumulation during ion implantatio
formation of secondary defects, and transient-enhan
diffusion. However, in spite of the several investigation
the present knowledge of point defect diffusion and inte
action in silicon is fairly poor. In fact, as a consequen
of the low equilibrium concentration of point defects i
crystalline silicon, any determination of their propertie
comes from indirect measurements and very often la
discrepancies exist between different estimates of the sa
property. For example, defect diffusivities at high tem
peratures (above 800 K) are derived from the analysis
dopant, self- and metal diffusion [1–3], and from oxidatio
[4] and silicidation [5] experiments. The extrapolation o
the derived diffusivities of vacancies and self-interstitia
gives quite low room temperature diffusivities (typicall
less than10230 cm2ys). On the other hand, most of th
information on the structure of the defects comes fro
deep level transient spectroscopy (DLTS) and electr
paramagnetic resonance (EPR) measurements perfor
at cryogenic temperatures and under electron irradiat
[6,7]. From these experiments, very high room tempe
ture diffusion coefficients of self-interstititals and vacan
cies are obtained [8,9]sDI ­ 3.2 3 1024 cm2ys, DV ­
4.2 3 1029 cm2ysd. The large discrepancy between thes
two sets of data has been explained by a change in
stable structure of the defects at higher temperatures
by attributing the high diffusivity at low temperatures t
ionization-enhanced migration effects induced by the ele
tron beam.

Recent experimental investigations and theoretical c
culations of the migration properties of the defects sugg
that no long-range migration of point defects can occ
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at room temperature, and that the defect evolution dur
ion implantation is fully dominated by recombination an
clustering inside the damaged region. Moreover, the r
of C in trapping Si self-interstitials has been known for
long time [10], and its trapping properties have been r
cently shown [11,12] to further reduce the self-interstiti
diffusivity at high temperatures (.650 ±C). Molecular dy-
namics (MD) calculations [13] have shown that the diffu
sivities of the defects are quite low at least if their therm
equilibrium structure is used in the calculation. In con
trast, indirect evidence of fast Si self-interstitial migratio
at room temperature has been recently given by Svenss
Jagadish, and Williams [14].

The aim of the present work is to give a contribution
this long-standing and controversial argument by obta
ing a coherent picture of the Si self-interstitial migratio
at room temperature.

Experiments have been performed onn-type (P-doped)
and p-type (B-doped) (100)-oriented crystalline S
wafers. In particular, epitaxial (Epi), float-zone (Fz), an
Czochralski grown (Cz) Si wafers with nearly identica
doping levels of ,4 3 1013ycm3 or ,3 3 1015ycm3

were compared. The aim is to have a large variation
the O content (,1015ycm3 in the Epi layers,,1016ycm3

in Fz samples, and,1018ycm3 in Cz samples) and in the
C content of the wafers (,1015ycm3 in the Epi layers,
,1017ycm3 in Fz and Cz samples). These homogeneou
doped substrates were implanted at 7± tilt with 40 keV
Si, 90 keV Ge, and 180 keV Pt ions, to fluences rangi
from 5 3 1011ycm2 to 5 3 1013ycm2, in a vacuum
better than2 3 1027 Torr and at room temperature. Th
chosen energies result in a projected range of,60 nm
for all ions and in standard deviations of 33, 23, an
15 nm for Si, Ge, and Pt. The effect of the implan
on the electrical activation of the dopants was studi
measuring the carrier profiles by spreading resistance p
filing (SRP). This technique offers the advantage of hig
sensitivity s1 3 1012ycm3d and depth resolution (bette
than 10 nm). The extent of the region directly modifie
by the ions was determined to be less than (consider
© 1996 The American Physical Society 1493
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the channeling tail) 0.4mm by secondary ion mass
spectroscopy (SIMS) analyses, performed on samp
implanted with 40 keV P (i.e., a mass similar to Si
90 keV Ge, and 180 keV Pt ions.

The effect of a 40 keV5 3 1013ycm2 Si implant on
different homogeneously doped substrates is compa
in Fig. 1. The solid lines reported in the figure resu
from simulations described later in the text. In Fig. 1(a
we report the carrier concentration profiles, measured
SRP analyses, of an Epi sample and of a Fz sam
both P doped at a concentration of3.7 3 1013ycm3. In
both samples a decrease in the carrier concentration
observed in a region that, starting from the surface, exten
beyond the 0.4mm thick surface region directly affected
by the ions. This result implies that in this region part o
the dopants are either no longer electrically active, e.
because they are not on a substitutional site, or that
electrically active dopants are compensated by deep lev
introduced in the band gap. Both pictures involve defe
migration from the ion implanted surface region into th
bulk. Moreover, it should be observed in Fig. 1(a) th
the extent of the modified region is much larger in an E
than in a Fz sample. Since both samples are P doped
the same concentration level, this result suggests that
defect migration is very sensitive to the concentration
residual impurities (such as C) present in the substra
Subtracting the 0.4mm thick surface region, the perturbed
region is,2.1 mm in epitaxial silicon and only 0.1mm in
Fz silicon. Similar results are obtained when comparin
Epi and Cz silicon, as shown in Fig. 1(b) for substrates

FIG. 1. SRP profiles of different homogeneously dope
Si(100) substrates implanted with 40 keV28Si 5 3 1013 cm22:
(a) epitaxial sDd and Fz ssd silicon P doped at a level of
3.7 3 1013 cm23; and (b) epitaxial sDd, Cz ssd silicon P
doped at3.0 3 1015 cm23, and B-doped epitaxial Sishd with a
doping level of2.8 3 1015 cm23. The solid lines are obtained
by simulations described in the text.
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doped at a concentration level of,3 3 1015ycm3. Also in
this case the modified region extends deeper in the m
pure Epi silicon compared to Cz silicon, which contain
higher concentrations of O and C. Moreover, a comparis
of the profiles measured in the Epi layers reported
Figs. 1(a) and 1(b) demonstrates that the modified de
decreases when the doping level increases. Finally
comparison between the effect of the defect injection
the P-doped and B-doped epitaxial Si samples is provid
in Fig. 1(b). Here the B-doped layer presents a mo
pronounced deactivation, probably because the trapp
cross section of the defects is larger for B than for P.

By integrating the measured carrier concentration p
files from a depth of 0.4mm to the depth at which the
carrier concentration level of the unperturbed substr
is reached, the areal density of dopants which have
come electrically inactive, because of the Si irradiatio
can be determined. The result of such an exercise,
profiles measured inn-type lowly doped Epi layers im-
planted with 40 keV Si ions at different fluences, is r
ported in Fig. 2. The number of deactivated atoms fi
increases linearly with the ion fluence and then, abov
fluence of1 3 1013ycm2, starts to level off. Since the
residual number of active dopants has only decreased
about a factor of 2 after the implant at5 3 1013ycm2, the
observed saturation has to be attributed to a reduction
the injection efficiency of the defects at higher fluences

We also compared the ability of different ions t
inject defects and electrically deactivate the dopant ato
In Fig. 3 we report the carrier concentration profile
measured on an Epi layer, P doped at a concentration
3.0 3 1015ycm3, implanted with 40 keV Si, 90 keV Ge
or 180 keV Pt at a fluence of1 3 1013ycm2. Although
the magnitude of the deactivation increases with the
mass, the effective length in which the deactivation
occurring is independent of the ion, confirming that

FIG. 2. Areal density of deactivated phosphorus (obtained
the integral of the concentration profile) as a function of t
40 keV Si fluence. The substrate is an epitaxial Si(100)
doped to3.7 3 1013 cm23. The solid line is to guide the eye.
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FIG. 3. SRP profiles of a homogeneously P-dopeds3.0 3
1015 cm23d epitaxial Si(100) substrate implanted withs3d
40 keV Si1 3 1013 cm22, ssd 90 keV Ge1 3 1013 cm22, and
smd 180 keV Pt1 3 1013 cm22.

is determined only by the dopant and by the resid
impurity concentrations. Moreover, the efficiency
injection, defined as the ratio between the number
deactivated dopant atoms and the total number of def
generated by the ion (calculated according toTRIM [15], a
Monte Carlo simulation), decreases by increasing the
mass being about 40% less for Pt than for Si ions.

The results presented so far can be interpreted inside
following scenario. Most of the defects generated by
ion beam in the surface region are either recombined
clustered into more complex defects. However, a sm
fraction of them can diffuse outside the implanted regi
and migrate into the unperturbed substrate. Here, these
fects interact and can be trapped by the dopants and/o
other impurities, such as O and C. The observed dop
deactivation can result from (i) the formation of comple
defects, such as divacancies, which introduce deep c
pensating levels in the band gap or (ii) the formation
complexes between the dopant and the defects. In o
to discriminate between the different possibilities detail
simulations of the distribution, diffusion, and interactio
of the point defects generated by the implants have b
carried out. The Boltzmann transport equation appro
[16] was used to simulate the implantation process, an
set of nonlinear coupled differential equations, describ
defect annihilation and interaction, were solved nume
al
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cally following the method described in Ref. [17]. W
have taken into account the numerous reactions describ
(i) defect recombination and clustering [i.e., formation
divacanciessV2d and di-interstitialssI2d]; (ii) defect inter-
action with dopants (i.e., formation of complexes betwe
substitutional dopant, B or P, andI andV ); (iii) interac-
tion of defects and dopant with substrate impurities (i.
I 1 Cs ! Ci, V 1 Oi ! OV ). Among the defect com-
plexes produced by the reactions only C interstitialsCid
and boron interstitialsBid have been considered mobile a
room temperature [7,18]. The parameters used in the s
ulation are summarized in Table I.

The simulated profiles of the active P and B atoms l
after Si implantation are reported as solid lines in Figs. 1
and 1(b). The agreement with the experimental result
good and the model is able to explain the dependence of
spatial extent of the deactivated region on the concentra
both of the dopants and of the other impurities. T
calculations clearly indicate that, in spite of the fact th
both I and V are injected, dopant deactivation is almo
fully (.90%) determined by the interaction of the injecte
self-interstitials with the dopant atoms. In addition,
should be noted thatV injection cannot produce the
deactivation effects that we have observed in the B-dop
substrates since the B-V complexes are not stable at room
temperature. Also, since the injectedV concentration is
small, formation of divacancies is inhibited and by fa
overwhelmed by vacancy-impurity complexes such as OV
and PV . The deep level introduced by the OV is too
shallow to produce dopant compensation and the PV are
known to anneal out at 150±C. We have found that
thermal annealing at temperatures up to 200±C does not
recover dopant deactivation in the highly dopedn-type
epitaxial silicon, demonstrating that PV are not responsible
for the observed phenomena.

Having identified the interstitial injection as the mai
contribution to the dopant deactivation, some importa
information on the migration properties of the injecte
Si self-interstitials can be derived from the present
experimental results.

(1) The measured profiles remain stationary as a funct
of time. This indicates that the penetration depth of t
injected Si self-interstitials is limited by the capture
trapping centers in the material. Therefore the interstit
concentration, and hence the profile of deactivated ato
TABLE I. Parameters used in the simulations presented in Fig. 1.

Doping level n-type Epi n-type Epi p-type Epi n-type Fz n-type Cz
(cm23) 3.7 3 1013 3.0 3 1015 2.8 3 1015 3.7 3 1013 3.0 3 1015

Impurity level
[C] fcm23g 5.0 3 1014 5.0 3 1014 5.0 3 1014 5.0 3 1016 1.0 3 1017

[O] fcm23g 5.0 3 1015 5.0 3 1015 5.0 3 1015 2.0 3 1016 1.0 3 1018

Diffusivities scm2ysd: DI ­ 3.2 3 1024 (Ref. [8]), DV ­ 4.2 3 1029 (Ref. [9]), DPI ­ 0.0, DPV ­ 0.0, DCI ­ 1.1 3 10215

(Ref. [18]), DBI ­ 3.0 3 10213 (Ref. [7])
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decreases with a characteristic decay length given by
LI ­ s4paT NT d1y2, whereaT is the trapping radius and
NT is the concentration of the traps. The results repor
in Figs. 1(a) and 1(b) indicate that both dopants a
other impurities, such as carbon, are efficient traps for
injected self-interstitials. Good agreement between
experimental decay length and the theoretical expres
sLI d is found. In fact, the decay length derived fro
the experiment is,1 mm in the low-n-doped Epi silicon
(NT , 1015ycm3 is probably due to C),,0.6 mm in the
3.0 3 1015ycm3 p- and n-doped Epi layers (NT ­ 3 3

1015ycm3 since trapping is dominated by the dopant
and,0.1 mm in Cz and Fz samples (NT , 1017ycm3 due
to C).

(2) Assuming a time of,30 min for the implants and
the SRP measurements, and considering that in lo
doped Epi layers the deactivation extends to 2.5mm,
it is possible to put a lower limit of3 3 10211 cm2ys
on the diffusion of self-interstititals at room temperatu
This value is more than 20 orders of magnitude hig
than that obtained by extrapolating high temperature d
Since we are considering migration occurring outs
the implanted region, the large value ofDI cannot be
due to ionization-enhanced mobility as in the electr
irradiation experiments. The low and high temperatu
data can be reconciled if self-interstitials exist in at le
two configurations with dramatically different mobilities

(3) A very low fraction s,1025d of the defects gen-
erated by the beam is injected into the substrate. M
of the generated defects do not escape recombination
clustering occurring in the implanted region. The fra
tion that escapes appears to be strongly dependent o
damage structure in the implanted region. In particu
the injection efficiency is reduced at high fluences, sin
the ions are now impinging in an already damaged reg
which acts as a sink for the defects impeding their inj
tion. The injection efficiency in also reduced for hea
ions because a large fraction of the generated defects
lapses into amorphous clusters from where they can
escape at room temperature.
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