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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 point
defects in crystalline Si. The point defects, injected by low energy Si, Ge, and Pt implants into the
bulk of silicon wafers, were monitored measuring the defect-induced dopant deactivation by spreading
resistance profiling. Dopant deactivation is detected up to depths of several microns beyond the region
directly modified by the ions. It is demonstrated that long-range migration of Si self-interstitials is
responsible for the observed phenomena.

PACS numbers: 61.72.Ji, 61.72.Tt, 66.30.Lw

The issues of defect migration, agglomeration, and interat room temperature, and that the defect evolution during
action with substrate impurities in crystalline silicon haveion implantation is fully dominated by recombination and
attracted considerable interest for both fundamental andlustering inside the damaged region. Moreover, the role
technological reasons. In fact, the experimental determief C in trapping Si self-interstitials has been known for a
nation of several properties of the vacandi€$ and self- long time [10], and its trapping properties have been re-
interstitials (1), such as diffusivities and interaction cross cently shown [11,12] to further reduce the self-interstitial
sections, will be of invaluable importance for the descrip-diffusivity at high temperatures{(650 °C). Molecular dy-
tion of a large variety of phenomena, such as defect evaaamics (MD) calculations [13] have shown that the diffu-
lution and damage accumulation during ion implantationsivities of the defects are quite low at least if their thermal
formation of secondary defects, and transient-enhanceequilibrium structure is used in the calculation. In con-
diffusion. However, in spite of the several investigationstrast, indirect evidence of fast Si self-interstitial migration
the present knowledge of point defect diffusion and inter-at room temperature has been recently given by Svensson,
action in silicon is fairly poor. In fact, as a consequencelagadish, and Williams [14].
of the low equilibrium concentration of point defects in  The aim of the present work is to give a contribution to
crystalline silicon, any determination of their propertiesthis long-standing and controversial argument by obtain-
comes from indirect measurements and very often largang a coherent picture of the Si self-interstitial migration
discrepancies exist between different estimates of the sana room temperature.
property. For example, defect diffusivities at high tem- Experiments have been performed mtype (P-doped)
peratures (above 800 K) are derived from the analysis oind p-type (B-doped) (100)-oriented crystalline Si
dopant, self- and metal diffusion [1—3], and from oxidationwafers. In particular, epitaxial (Epi), float-zone (Fz), and
[4] and silicidation [5] experiments. The extrapolation of Czochralski grown (Cz) Si wafers with nearly identical
the derived diffusivities of vacancies and self-interstitialsdoping levels of ~4 X 1013 /cm® or ~3 X 10'3/cm?
gives quite low room temperature diffusivities (typically were compared. The aim is to have a large variation in
less than10~3° cn?/s). On the other hand, most of the the O content<10'°/cm® in the Epi layers,~10'¢/cnm?
information on the structure of the defects comes fromin Fz samples, ane-10'8/cm’ in Cz samples) and in the
deep level transient spectroscopy (DLTS) and electroi© content of the wafers<(10'3/cn? in the Epi layers,
paramagnetic resonance (EPR) measurements performed0!’/cm? in Fz and Cz samples). These homogeneously
at cryogenic temperatures and under electron irradiatiodoped substrates were implanted &ttit with 40 keV
[6,7]. From these experiments, very high room temperaSi, 90 keV Ge, and 180 keV Pt ions, to fluences ranging
ture diffusion coefficients of self-interstititals and vacan-from 5 x 10''/cm? to 5 X 10'3/cn?, in a vacuum
cies are obtained [8,9]D; = 3.2 X 107* cn?/s, Dy =  better thar2 X 1077 Torr and at room temperature. The
4.2 X 107° cm?/s). The large discrepancy between thesechosen energies result in a projected range~6f) nm
two sets of data has been explained by a change in thfer all ions and in standard deviations of 33, 23, and
stable structure of the defects at higher temperatures, d5 nm for Si, Ge, and Pt. The effect of the implants
by attributing the high diffusivity at low temperatures to on the electrical activation of the dopants was studied
ionization-enhanced migration effects induced by the elecmeasuring the carrier profiles by spreading resistance pro-
tron beam. filing (SRP). This technique offers the advantage of high

Recent experimental investigations and theoretical calsensitivity (1 X 10'>/cm®) and depth resolution (better
culations of the migration properties of the defects suggedhan 10 nm). The extent of the region directly modified
that no long-range migration of point defects can occuiby the ions was determined to be less than (considering
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the channeling tail) 0.4em by secondary ion mass doped ata concentration leveloB X 103 /cn?. Alsoin
spectroscopy (SIMS) analyses, performed on samplehis case the modified region extends deeper in the more
implanted with 40 keV P (i.e., a mass similar to Si), pure Epi silicon compared to Cz silicon, which contains
90 keV Ge, and 180 keV Pt ions. higher concentrations of O and C. Moreover, a comparison
The effect of a 40 keV5 X 10'3/cn? Si implant on  of the profiles measured in the Epi layers reported in
different homogeneously doped substrates is comparedgigs. 1(a) and 1(b) demonstrates that the modified depth
in Fig. 1. The solid lines reported in the figure resultdecreases when the doping level increases. Finally, a
from simulations described later in the text. In Fig. 1(a)comparison between the effect of the defect injection in
we report the carrier concentration profiles, measured bthe P-doped and B-doped epitaxial Si samples is provided
SRP analyses, of an Epi sample and of a Fz samplm Fig. 1(b). Here the B-doped layer presents a more
both P doped at a concentration 2f X 10'3/cm?. In  pronounced deactivation, probably because the trapping
both samples a decrease in the carrier concentration oss section of the defects is larger for B than for P.
observed in a region that, starting from the surface, extends By integrating the measured carrier concentration pro-
beyond the 0.4um thick surface region directly affected files from a depth of 0.4«m to the depth at which the
by the ions. This result implies that in this region part of carrier concentration level of the unperturbed substrate
the dopants are either no longer electrically active, e.gis reached, the areal density of dopants which have be-
because they are not on a substitutional site, or that theome electrically inactive, because of the Si irradiation,
electrically active dopants are compensated by deep levetan be determined. The result of such an exercise, for
introduced in the band gap. Both pictures involve defecprofiles measured im-type lowly doped Epi layers im-
migration from the ion implanted surface region into theplanted with 40 keV Si ions at different fluences, is re-
bulk. Moreover, it should be observed in Fig. 1(a) thatported in Fig. 2. The number of deactivated atoms first
the extent of the modified region is much larger in an Epiincreases linearly with the ion fluence and then, above a
than in a Fz sample. Since both samples are P doped fitience of1 X 10'*/cn?, starts to level off. Since the
the same concentration level, this result suggests that thresidual number of active dopants has only decreased by
defect migration is very sensitive to the concentration ofabout a factor of 2 after the implant &tx 10'3/cn?, the
residual impurities (such as C) present in the substrat@bserved saturation has to be attributed to a reduction in
Subtracting the 0.4vm thick surface region, the perturbed the injection efficiency of the defects at higher fluences.
region is~2.1 um in epitaxial silicon and only 0.L.m in We also compared the ability of different ions to
Fz silicon. Similar results are obtained when comparingnject defects and electrically deactivate the dopant atoms.
Epi and Cz silicon, as shown in Fig. 1(b) for substrates Rn Fig. 3 we report the carrier concentration profiles
measured on an Epi layer, P doped at a concentration of
3.0 X 10 /cm?, implanted with 40 keV Si, 90 keV Ge,
or 180 keV Pt at a fluence df x 10'3/cn?. Although
the magnitude of the deactivation increases with the ion
mass, the effective length in which the deactivation is
occurring is independent of the ion, confirming that it
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FIG. 1. SRP profiles of different homogeneously doped
Si(100) substrates implanted with 40 ké§6i 5 X 10'3 cm™2:

(a) epitaxial (A) and Fz(O) silicon P doped at a level of
3.7 X 108 cm™3; and (b) epitaxial(A), Cz (O) silicon P FIG. 2. Areal density of deactivated phosphorus (obtained by
doped aB.0 X 10'5 cm™, and B-doped epitaxial ${1) with a  the integral of the concentration profile) as a function of the
doping level of2.8 X 10 cm™3. The solid lines are obtained 40 keV Si fluence. The substrate is an epitaxial Si(100) P
by simulations described in the text. doped t03.7 X 10" cm™3. The solid line is to guide the eye.
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cally following the method described in Ref. [17]. We
have taken into account the numerous reactions describing
(i) defect recombination and clustering [i.e., formation of
divacanciegV,) and di-interstitiald1,)]; (i) defect inter-
action with dopants (i.e., formation of complexes between
substitutional dopant, B or P, arddand V); (iii) interac-
g tion of defects and dopant with substrate impurities (i.e.,
ek & & _ ‘ I+ Cy— C;,V + 0; = OV). Among the defect com-
£ T o ™ an? plexes produced by the reactions only C interstit@l)
f‘ ° 90keVGe1x101133cm'22 and boron interstitialB;) have been considered mobile at
4 180 keV P10 em room temperature [7,18]. The parameters used in the sim-
101 L T S S S S— ulation are summarized in Table I.
00 02 o4 08 °'8D :h° 12418 a8 20 The simulated profiles of the active P and B atoms left
epth fum] after Siimplantation are reported as solid lines in Figs. 1(a)
'f(l)le-gr-rﬁ?Relzitng?g:eSS i?lfog) hg&g?r:?goilﬁgariﬁdoﬁvi% ><) and 1(b). The agreement with the experimental results is
) . e 2 oo good and the model is able to explain the dependence of the
?&kfg/osklévxpi? Xclrgm ,C(rgjz?o keV Gel X 107 cm™, and spatial extent of the deactivated region on_the cc_)r_lcentration
both of the dopants and of the other impurities. The
calculations clearly indicate that, in spite of the fact that

is determined only by the dopant and by the residuaFOthI andV are injgcted, dopa_nt deac_;tivation is. glmost
impurity concentrations. Moreover, the efficiency of uIIy'(>90%_) deter_mmed by the interaction of the mpcte_d
injection, defined as the ratio between the number opelf-interstitials with the _dppa_nt atoms. In addition, it
deactivated dopant atoms and the total number of defec?omtfi be noted thaV’ injection cannot produce the
generated by the ion (calculated accordingred [15], a eactlvatlon_effects that we have observed in the B-doped
Monte Carlo simulation), decreases by increasing the ioffuPstrates since the B-complexes are not stable at room
mass being about 40% less for Pt than for Si ions. temperature. Also, since the inject¥dconcentration is
The results presented so far can be interpreted inside tifgnall, formation of divacancies is inhibited and by far
following scenario. Most of the defects generated by thé?verwhelmed by vacancy-impurity complexes such & O
ion beam in the surface region are either recombined c"d F/. The deep level introduced by theVOis too
clustered into more complex defects. However, a smafhallow to produce dopant compensation and theaire
fraction of them can diffuse outside the implanted regiorknown to anneal out at 150C. We have found that
and migrate into the unperturbed substrate. Here, these délermal annealing at temperatures up to 200does not
fects interact and can be trapped by the dopants and/or tigcover dopant deactivation in the highly dopedype
other impurities, such as O and C. The observed dopar@pitaxial silicon, demonstrating thavRare not responsible
deactivation can result from (i) the formation of complex for the observed phenomena.
defects, such as divacancies, which introduce deep com- Having identified the interstitial injection as the main
pensating levels in the band gap or (i) the formation ofcontribution to the dopant deactivation, some important
complexes between the dopant and the defects. In ordéformation on the migration properties of the injected
to discriminate between the different possibilities detailedSi self-interstitials can be derived from the presented
simulations of the distribution, diffusion, and interaction experimental results.
of the point defects generated by the implants have been (1) The measured profiles remain stationary as a function
carried out. The Boltzmann transport equation approachf time. This indicates that the penetration depth of the
[16] was used to simulate the implantation process, and #jected Si self-interstitials is limited by the capture at
set of nonlinear coupled differential equations, describingrapping centers in the material. Therefore the interstitial
defect annihilation and interaction, were solved numeri-concentration, and hence the profile of deactivated atoms,

-
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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
(cm™3) 3.7 X 1013 3.0 X 105 2.8 X 105 3.7 X 1083 3.0 X 105
Impurity level
[C] [em™3] 5.0 X 101 5.0 X 101 5.0 X 10" 5.0 X 10'° 1.0 X 1077
[O] [cm~3] 5.0 X 101 5.0 X 105 5.0 X 105 2.0 X 10'° 1.0 X 1013

Diffusivities (cn?/s): D; = 3.2 X 107* (Ref. [8]), Dy = 4.2 X 107° (Ref. [9]), Dp; = 0.0, Dpy = 0.0, Dc; = 1.1 X 107
(Ref. [18]), Dg; = 3.0 X 10713 (Ref. [7])
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L; = (4marN7)Y/2, wherear is the trapping radius and his stay in Catania.

N7 is the concentration of the traps. The results reported

in Figs. 1(a) and 1(b) indicate that both dopants and
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