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Interaction between self-interstitials and substitutional C in silicon: Interstitial trapping
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In this work the Si self-interstitial—carbon interaction has been experimentally investigated and modeled.
The interactions between self-interstitials, produced by 20-keV silicon implantation, and substitutional carbon
in silicon have been studied using & SjC, layer grown by molecular beam epitaxy/BE) and interposed
between the near-surface self-interstitial source and a deeper B spike used as a marker for the Si-interstitial
concentration. The C atoms, all incorporated in substitutional sites and with a C-dose rangd @f-74
X 10" atoms/cr, trap the self-interstitials in such a manner that the 3T, layer behaves as a filtering
membrane for the interstitials flowing towards the bulk and, consequently, strongly reduces the boron-enhanced
diffusion. This trapping ability is related to the total C dose in the 3C, membrane. Substitutional carbon
atoms interacting with self-interstitials are shown to trap Si interstitials, to be removed from their substitutional
sites, and to precipitate into the C-rich region. After precipitation, C atoms are not able to further trap injected
self-interstitials, and the interstitials generated in the surface region can freely pass through the C-rich region
and produce B-enhanced diffusion. The atomistic mechanism leading to Si-interstitial trapping has been inves-
tigated by developing a simulation code describing the migration of injected interstitials. The simulation takes
into account the surface recombination, the interstitial diffusion in our MBE-grown material, and C traps. Since
the model calculates the amount of interstitials that actually react with C atoms, by a comparison with the
experimental data it is possible to derive quantitative indications of the trapping mechanism. It is shown that
one Si interstitial is able to deactivate about two C traps by means of interstitial trapping and C clustering
reactions. The reaction causing trapping and deactivation is tentatively described.
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[. INTRODUCTION scaling down of device size. For example, during the postim-
plantation annealing necessary for the electrical activation, a
The study of point defects in crystalline silicon and their large broadening of the implanted boron profile occurs that is
interactions with the most commonly used dopants has beegietrimental for the dopant confinement and ultrashallow
in the past decades, and still nowadays represents, one of tiunction formation. On the other hand, the interstitial-
most crucial topics in the semiconductor scientificinduced diffusion of B can be used as a sensitive tool to
community.l‘8 For example, it has been demonstrated thatjnvestigate thd flux evolution in the different experimental
under equilibrium conditions, B diffuses exclusively via a conditions”*®
process involving the interaction with a silicon self- As for boron, even carbon has an interstitial diffusivity
interstitial (1) though the precise atomistic mechanism is still fraction close to oné’ The basic mechanism of carbon dif-
under strong debate fusion is the so-called “kick-out?1®
A consequence of such mechanisms is that changes in the
equilibrium populations of the intrinsic defects cause devia-
tions from the equilibrium diffusion coefficients of the dop-
ants. Nonequilibrium diffusion has gained large interest be-
cause of its implications on advanced microelectronidn which a self-interstitiall) pushes out a carbon atom from
technology>~*° In fact, some of the most important micro- a substitutional site (§, creating a highly mobile interstitial
electronic production steps, such as ion implantation andgarbon (G); even the dissociative Frank-Turnbull mecha-
thermal oxidation, cause interstitial supersaturatiog, in-  nism is shown to be possibtd,in which a substitutional
terstitial concentration higher than the equilibrium pne carbon turns itself into an interstitial form, leaving a vacancy
which gives rise to anomalous diffusion of the dopants redn its original site. For the first time, 25 years ago, Watkins
ported to as transient-enhanced diffusigiiED) and and Browef® showed by electron paramagnetic spectroscopy
oxidation-enhanced diffusiofOED) in the case of ion im- that the interstitial carbon (L structure consists of one sili-
plantation and thermal oxidation, respectively. These physieon and one carbon atom pair, partially sharing a single sub-
cal mechanisms are some of the limiting steps towards thetitutional site.
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Independently of the atomistic mechanism responsible for -
its diffusivity, C appears to be a trap for Si self-interstitials S_‘>
and thus to be able to reduce B diffusivity. This phenomenon —» |:I;'>
was studied both under equilibrium conditi6h& and in A
implanted or oxidized samplé&¢?3~26thus introducingl P
supersaturation. :||:> Sty Cy

In equilibrium conditions it was shown that a high con- E
centration of C can induce an undersaturation of self- 200 (um) d (am)
interstitials, strongly reducing thermal diffusion of boron % ' ' ' '
spikes located in C-rich silicoff. This was explained in 10" & r~ \ 3
terms of a coupled diffusion of C and Si interstitials that _ i
induces undersaturation of interstitials and out-diffusion of C '§ _, [ A‘L ]
from the C-rich regiorf! = 10F lk

C is effective as an trap also in nonequilibrium condi- % l I{
tions. If B is implanted in C-rich silicon, the supersaturation € 10" g | i E
of self-interstitials produced by the ion-implantation process § al —e— Carbon J i
is reduced by C, resulting in a strong B TED § , [ —— Boron f % ]
suppression®2Moreover, it has been demonstrated that this \ I3 Y
suppression increases with increasing overlapping of im- L 2 LN
planted B and C profiles, and that it is due to the formation  10®E .
of I clusters either with B or C atoms. Bkeret al2* showed 0 01 02 03 04 05 06 07 08
the TED suppression of boron spikes grown in C-rich silicon Depth [um]

and subjected to BRmplantation. Also this effect was ex- . o . )
plained by Ck interaction and C out-diffusion, even if a frac-  FIG. 1. (@ Schematic description of the experiment: the Si
tion of immobile C was revealed. structure used contana B spike at a depth of 660 nm and a

On the other hand. it is known that C inlsycy and Si;_,C, layer, of variable thickness, below a 200-nm-thick Si cap
Sy ,GeC, alloys precipitates in clusters visible to trans- ?X:Zf(tgufls'\g?ng:giszgg En?r;d:% ggr:teg};rat'on incorporated in
mission electron microscopy(TEM) under thermal ’ ’ C

annealing”’?® Moreover, competition between C diffusion .

and C clustering under interstitial injection by thermal oxi- PoSe€d. Such a model takes into accountltiuss through the
dation has been demonstraf8dFinally, the existence of surface, the intrinsid¢ 'traps present in molecular beam epi-
C,C, carbon pairing was characterized in low C concentra!®Y (MBE)—grown Si(Refs. 4 and 1§ and thel-C interac-
tions in Si%® However, the use of such a mechanismGg tions. The use of the m(_)del to reproducg the _e_xperlmental
for explaining thel trapping phenomenon was recently pro- data Iead_s to_the conclusion that one self—llntclers_tltlal prodL_lces
posed also for high C concentrations in5iThe results the deactivation of two C atoms. An atomistic interpretation
above suggest that tHetrapping mechanism involves very ©f the result above is also proposed.

complex phenomena and that the C out-diffusion could not

be the _only _mechanism involved.but also C clustering and/or Il. EXPERIMENT

C precipitation should be taken into account.

The C-B interaction and the electrical deactivation of Bin In order to study the interactions between Si self-
the C-rich regiof?® can be avoided by spatially separating interstitials produced by Si implantation and substitutional
the C layer from B. In fact, suppression of B TED and OEDcarbon in silicon, a sample structure whose schematic is
by Si,_-,Ge,C, layers was observed recently even with adrawn in Fig. 1a) was prepared by MBE. We grew a 850-
carbon-rich silicon layer well separated from the B spikenm-thick Si structure on a21 reconstructed §100) sur-
used to monitor thé supersaturatiof® Moreover, the ability ~face. The substrate temperature was kept at 500 °C during
of a remote Si_,C, layer to suppress the TED of B im- the growth while the Si rate deposition was 1 AJs. The base
planted in preamorphized silicon was demonstrated. pressure measured in the MBE chamber was5

In this paper we study the effect of & S|C, layer placed %X 10" mbar. The Si structure contaira B spike, inserted
between a deep B spike and a surface implanted re@on at a depth of 660 nm with a peak concentration 06
cap layey on the TED of the deep B spike. Moreover, we X 10¥B/cm® and a full width at half maximum of about 8
characterized the evolution of both the carbon-concentrationm, while a Sj_,C, layer was placed 200 nm below the
profile and its lattice location under the interstitial wind. In sample surfacéSi cap layer. A similar structure without
our conditions of higHh flux, C clustering will be shown to carbon was also grown, as a reference sample. The role of
be predominant with respect to C out-diffusion. Moreover,the B spike is that of acting as a marker for the interstitial
clustered C will be shown to be no longer active as an interflux. The C fraction was varied in the range 0.01-0.03 at. %,
stitial trap. From our experimental results it turns out thatwhile the Sj_,C, layer thicknesgd) was varied between 10
some of the possible interaction mechanisms can be nend 250 nm, resulting in a total C dose incorporated in our
glected and a simplified model able to quantify the numbesamples ranging from 102 to 4x 10**C/cn¥.
of interstitials reacting with the &i,C, layer will be pro- The chemical concentration depth profiles of C and B
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were obtained by secondary-ion mass spectrom@&hylS),
using a CAMECA IMS-4 instrument. A 300-nA, @ ana-
lyzing beam was used, rastered over an area of 25(

X 250um?, while collecting C and B" ions from a central
area of 60um in diameter. The samples were biased-dt5

kV, and the primary-beam impact energy was 3 keV. In these
conditions, the detection limit of B and C was below 1
X 10" and 1x 10*® atoms/cm, respectively. The background
C contamination in the MBE silicon layers was measured
using 14.5-keV C$ primary-ion and C secondary-ion de-

&

B concentration [cm’

tection, thus lowering by one order of magnitude the C de-

tection limit, at the cost of a poorer depth resolution.

To have a quantitative measure of the total substitutional
carbon dose, strain analyses by high-resolution x-ray diffrac-
tion (HRXRD) were performed®>* HRXRD measurements

were collected with a Philips diffractometer with a Bartels
Ge220 four-crystal monochromator, using a channel-cut
G220 analyzer before the detect@riple-axis configura-
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FIG. 2. SIMS profiles of the B spike. The life-) and the open
circles (O) are the reference samples as-grown and annealed at
800 °C, respectively. The solid symbols refer to 20-keV 1

tion). The sample illuminated area was of about 1 104cm 2 siimplanted and 800 °C annealed samples with differ-
X 10 mnt. The strain profile was obtained by means of dy-ent ¢ doses: #* 10*C/cn? (#), 3.4x<103Clcn? (A), 6.9

namical x-ray scattering theory simulations based on the<10'2C/cn? (M) and reference, no 0®).
Takagi-Taupin equatiors.To this aim(004) rocking curves

were analyzed following the strain-substitutional C relation-
ship described in Refs. 33 and 34. The minimum substitu-
tional carbon dose detectable in the present structures tur
out to be about (0.5—2)10**C/cn?. High-resolution x-ray

diffraction analyses revealed that the C atoms were fully su

stitutional in the as-grown samples.

In Fig. 1(b) we show the grown structure plotting the,
primary-ions SIMS concentration profiles of @) and B
(A) incorporated in one of our samplesl=250nm, y
=0.03 at. %). The carbon contamination out of the .
region grown on purpose was measured, by means of th
Cs' primary-ion beam, to be much lower k210 C/cn?)

clusters in such a manner that interstitials diffuse from the
IJ&h-implanted damaged region towards the surface and the
bulk of the material. An interstitial concentration orders of

pmagnitude higher than the equilibrium value can be reached

for a transient time, in which chemical species that have a

o high interstitial fraction of diffusivity? such as boron, un-
dergo an enhanced diffusion procé$&D). In our case, the
phenomenon above can be seen in Fig. 2, where the boron

concentration profile obtained by SIMS analyses is plotted

for samples implanted with 20-keV Si at the highest dose,
1x 10"ions/cnt, and annealed at 800 °C for 10 min. The

than the detection limit obtained in the measurement condicontinuous line—) is the profile of the B spike in the as-
tions of Fig. 1b). lon implantation of 20-keV Si was then 9rown reference sample, which does not contain C but is

performed on these samples at doses &f1P'3, 5x 103,

equivalent to the other samples both in the width and depth

and 1x10%ions/cn? in order to introduce a controlled Of the B spike. The open circle€D) represent the spike
amount of Si interstitials. The implant damage region was2hnealed at 800 °C for 5 min without any implant: The ther-

always contained in the Si cap layer, and moreover all of the''¢' &
implant doses were well below the amorphizing thresholddiffusion length,L = (D

dnal broadening of the profile is very small; in fact the mean
&%)Y2, using the boron equilibrium

Finally, all the samples, as-grown and implanted ones, wergliffusivity D§"taken from Faif® is <2 nm. The TED of the
subjected to rapid thermal anneali(RTA) at a temperature boron spike, for the implanted samples, is visible in the pro-
of 800 °C for a time long enough to extinguish the transientdiles plotted with filled symbols: the largest broadening is
enhanced diffusion of boron for each implant dose: this conobtained in the reference samgio C,®), as expected if we
dition is fully satisfied for a time of 5, 5, and 10 min for the assume that C acts as a trap for Si interstitials.

three implant doses, respectively. Furthermore, TEM analy- The effect of the Si ,C, membrane on the boron-
ses(not reported hepeconfirmed that all the extended de- enhanced diffusion depends on the total carbon dose: For the
fects formed during the ion implantation were dissolved aftedlowest carbon dose, 6:910%atoms/cr (M), we obtain a

the RTA process. Therefore, the whole implantation damagslight reduction of B TED with respect to the reference

is the source of interstitials migrating from the damaged resample (no O,

gion towards the surface and the bulk.

Ill. RESULTS

A. Reduction of B transient-enhanced diffusion

The postimplant annealing, as it is knowninduces the
agglomeration and successive evaporation{3i1} defect

while for

the highest

dose, 4.0

x 10**atoms/cri (#), an almost complete suppression of
the enhanced diffusion is registered. So, during the postim-
plant annealing the migration of interstitials from the ion-
implanted damaged region towards the deep B spike is af-
fected by the presence of & SjC, layer that clearly acts as

a membrane, filtering the interstitial flow. The ability of this
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; : x10%cm 2 (V). The open circles(O) represent pure thermal

10"k : 3 broadening. The dotted linds ) are guides for eyes.
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information about the supersaturation is extracted as follows.
Depth [um]

The variances of the as—growrarg) and post-TED §?) B
FIG. 3. SIMS profiles of the B spikea) and (b) refer to the ~ P€aks are directly calculated by the SIMS concentration dis-
reference and 3x10%C/cr? samples: the liné—) and the open  tributions after background subtraction. The difference of
circles (O) refer to the as-grown and 800 °C annealed samplessuch variances?— o is the variance of the boron distribu-
while the effects of 20-keV Si implantation and subsequent annealtion after deconvolution with the as-grown profile. Cowern
ing are plotted for different implant dosesx10*cm™2 (@), 5  and co-workersdemonstrated that, even if in general the B
X108 cm 2 (x), 2x 1023 cm 2 (V). broadening does not have a Gaussian shape due to the kick-
out mechanism, the variance of the B distribution is related
The effect of the implantation fluence on the boron TEDto the | supersaturation being equal to the quantity
was then studied both in the reference structure and in theDg (c,/cf%)dt (wherec, andc/? are the interstitial con-
medium carbon dose (34103 C/cn?) sample and the re- centration at time and the equilibrium one, respectivilyn
sults are shown in Figs.(& and 3b), respectively. In Fig. the following we will use the integrated diffusivity, de-
3(a) the results relative to the reference samfrle O are fined as follows, to identify the effective B diffusivity inte-
reported: as expected, the larger the implantation fluence, thgrated over the TED time:
larger the broadening of the boron spike. However, for the
lowest implantation fluence (210"ions/cnt, V), nearly o’=of eq Ci
no broadening is observed with respect to the simple thermal W= 2 Dg j @dt' 2)
treatment(O). We can deduce that the migration of intersti-
tials towards the bulk is not able to reach the depth of the B The results of such an exercise are shown in Fig. 4, where
spike (660 nm and to produce there a self-interstitial con- the integrated diffusivity is plotted as a function of the total
centration higher than the equilibrium value. In some waycarbon dose for the different implant doses, together with the
there is a threshold in the implant dose: this effect can onlycase of no implantO); the dotted lineg: --) are only guides
be due to the presence lafraps in the as-grown MBE silicon for the eyes, while the error bars, when not drawn, are to be
material. By looking at Fig. ®) it appears that the effect of considered lower than the size of the symbols. As just ob-
C is to raise this dose threshold above 50ions/cnf. As  served, the effect of the lowest implant dose (2
a matter of fact, after implantation of this dose the boronx 10'%ions/cnf,¥) on the B-spike broadening is indistin-
broadening*) is comparable to the pure thermal efféct), guishable from that measured after the pure thermal anneal-
while the 1x 10**ions/cnt implantation fluencé®) is only  ing (O), and this is true for all carbon doses. We can state
slightly larger than the thermal one and much smaller tharthat the horizontal dotted line represents the mean value for
that in the reference sample. It appears that oyr &,  the experimental integrated diffusivity under equilibrium
layer with 3.4x 10**C/cn? behaves as an opaque membraneconditions. If the implant dose is increased to 5
for low implantation doses, preventirigirom reaching the X 10"ions/cnt (*) or to 1x 10**ions/cnt (@), we measure
boron spike. For the highest implant dose the $C, mem-  an increasing broadening with respect to the equilibrium
brane becomes semitransparent to the interstitial flow andondition. This effect becomes smaller the higher the total
nonequilibrium boron diffusion is registered. carbon dose, and it vanishes for the highest C dose (4
The boron peak broadening is used in order to measur& 10"cm ?): for this case none of the investigated implant
the interstitial supersaturation during the TED process. Theloses produces spike broadening distinguishable from the
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FIG. 6. SIMS profiles of C in the 3X410'3C/cn? sample: the
FIG. 5. HRXRD spectrgM) for the 3.4x 1013 C/cnf as-grown  line (—) refers to the as-grown sample, while the closed symbols

sample (lower spectrum and 20-keV X 10*cm 2 Si implanted ~ are the C profile after 20-keV>110"cm™2 Si implantation and

and annealed samplepper spectrum The data are well fitted by ~annealing at 800 °C for 10 mi{®) and at 850 °C for 4 ({l). The

simulations(—) assuming all the C atoms are in substitutional sitesrelative open symbols refer to pure thermally annealed samples.

for the as-grown sample and out of these sites in the other case.

A satisfactory simulation of the same sample implanted

equilibrium one; this means that the; SjC, membrane, be-  With 1 10**Si/cn after annealingFig. 5, upper spectrum
cause of its large carbon dose, remains totally opaque to thg obtained by assuming no strain due to C, which means that
interstitial flow. either C is completely out-diffused or C is no longer on

The Si_,C, layer interposed between the interstitial substitutional sitlezs7as we expect' if'the trapping reaction
source and the deep B spike behaves as a filter for the inters Cs—C; occurst®*’ In fact, for this implant dose we saw
stitial flow with the consequence of reducing the TED of[Fig. 3(b)] that the migration of interstitials towards the bulk
boron. This TED reduction depends on the total C dose in thééaches the B spike by passing through the 3L, mem-
Si;—,C, membrane and could become a full suppression obr_a_ne. The HRXRD analysis clear!y indicat_es that the inter-
the enhanced diffusion in the case of a high enough C dosétitial flow, as a result of the trapping reaction, has strongly
Furthermore, we observed a threshold for the implantatiofinodified the original arrangement of the carbon atoms. Fur-
dose in order to observe an enhanced diffusion in the B spikéhermore, HRXRD analysignot shown performed on the
at the depth of 660 nm, and we attribute this phenomenon t§@me sample revealed an almost full loss of substitutional
the presence of intrinsic traps for interstitials in the MBE-carbon(strain after the implantation of & 10" Si/cn? and
grown material. annealing, while for the lowest implant dose (2
X 10'Si/cn?) the loss of carbon substitutionality is limited
to one-third of the total carbon dose. On the basis of the
results discussed so far, we can state that whenever the in-

In order to understand the behavior of C atoms under thgected self-interstitials arrive at the substitutional carbon, car-
interstitial flow generated by the Si implantation, we studiedbon loses its original substitutional position and no longer
in detail the sample with the medium carbon dose (3.4ontributes to the measured strain.

x 10" C/cn?). In Fig. 5 the high-resolution x-ray diffraction  In order to investigate the behavior of the carbon atoms
data relative to the as-growhower spectrumand to the 1  that have interacted with the self-interstitials and lost their
X 10*Si/cn? implanted and annealed sampilgpper spec- substitutional sites, we performed SIMS analyses on the me-
trum) are plotted(M) together with their best simulations dium carbon dose sample after implantation and/or anneal-
(—). For HRXRD dynamical theory simulations the relevanting. The results are reported in Fig. 6, where the as-grown C
parameters used are the substitutional C concentration armiofile is the continuous line—), while the circles refer to a
the thicknesses of the Si,C, film and of the Si cap layer. rapid thermal annealing at 800 °C for 10 min performed on
For the as-grown sampléower spectrumthe HRXRD data  the as-grown samplgD) or on the 1x 10 Si/cn? implanted

are satisfactorily simulated by assuming all the incorporatedample(®). As it clearly appears, both the thermal process
carbon(SIMS profile to be substitutional. The same result and the implantation and annealing process do not induce
was obtained for all the samples grown with different Cappreciable carbon diffusion: both C profiles after the an-
doses. Moreover, HRXRD analysésot shown revealed nealing processes, the op&n) and the closed circle@®),

that, in all of the samples, no loss of substitutional carbomearly overlap the as-grown sample. On the other hand, for
occurred after the pure thermal annealing at 800 °C. So, athese samples we just saw, by HRXRD analybig. 5), that

the carbon atoms incorporated during the MBE growth arghe thermal process does not move the carbon from its sub-
substitutional, even after a pure thermal treatment in equilibstitutional position. However, the implantation and annealing
rium conditions. process leads to a total loss of C-induced strain. Therefore,

B. Self-interstitial—carbon interaction
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10" pr——— A plantation and annealing process on the carbon safrple
- v 2 . ] As we just observed, during the first process the JC,
[ S120keV X 10" om” +800°C layer behaves as a good trap for self-interstitials, while it
sl R [g]ig.4x1o em i seems to be almost ineffective for the trapping of the second
5 107 4; 2& k];\,+800 ¢ 3 interstitial flow, producing a B TEQ+) similar to that ob-
g i . CF3axio®om®  # served_in the reference sample after a single implantation and
b= & A annealing procesg)).
% 10" F 2 Summarizing, substitutional carbon atoms interacting
2 & : ) ] with Si self-interstitials are able to trap them, are removed
8 @‘? 4 % ] from their substitutional sites, are forbidden to diffuse and, in
- 10°k FN %J{ i this condition, if subjected to a further Si implantation, they
L g‘? N T - A are unable to trap implanted self-interstitials.
050 055 060 065 070 075
Depth [um]

) . . . IV. MODELING AND DISCUSSION
FIG. 7. SIMS profiles of the B spike. The line—) is the as-

grown sample. The effect on the B spike of a 20-keV 1 A. Injected interstitial diffusion in MBE silicon
X 10**cm~? Si implantation and subsequent annealing at 800 °C for

10 min is plotted for the reference sampl@®) and for the 3.4 " C and Si self-interstitial ible for the t .
X 101 C/c? sample(A). A double implantation plus annealing “WE€N & and ol seii-interstitials, responsible for the trapping

process in the C-rich sample leads to the B profile plotted b)ﬁf.f?Ct descril?ed above,'we need to qu.anti'fy the.fl!,lx Qf inter-
crosseq+). stitials reaching the C-rich layer. To this aim, thajection
by implant and annealing and theliffusion in our material

the self-interstitials interact with the substitutional carbon at-must be first described. In the this section, a model describ-
oms in such a manner that they remove C from the Substitu-.ng the interstitial migration in a test Sample without C will
tional sites, but, once removed, the C atoms are not able t8e presented; then, in the following section, the model will
significantly diffuse out of the $i,C, layer. be properly extended to the case of a sample containing a
In order to test the thermal stability of the carbon atomsSi; —,C, layer.
blocked into the Si_,C, layer in the sample implanted with It is well established that thiediffusion in MBE material
1x10*Si/cn? and annealed, we further processed thes mediated by the interaction with intrinsic traps that are
sample in a furnace at 850 °Crfd h in N, atmosphere. The present in the material and reduce the effective diffusivity of
SIMS profile is shown in Fig. 6 by closed squat@. Most  the interstitial$> This phenomenology is satisfactorily de-
of the C atoms remain in the Si,C, layer, indicating a great scribed in the case of a constant injection of interstitials
stability of this precipitated/clustered carbon, in contrast withthrough surface oxidation by the rate equations described in
the diffusion that would cause the disappearance of the origiRef. 4.
nal C box in the case of equilibrium condition. In fact, in Flg In order to test and quantify the presence of traps in our
6 the open squarg§]) refer to the C profile of an as-grown material, a test structure with five equally spa¢2@0-nm B
sample annealed at 850 “Grfé h without any implantation.  gpikes was grown, implanted, and annealed under the same
In this case C has fully disappeared by diffusing into the.qngitions as for the other samples previously considered.

SamP'.e- Moreover, HRXRD measurements show that t"&ych an exercise is a useful and commonly used procedure
precipitated C remains nonsubstitutional even after this thert-

[ treatment: Thi ) Cof i pility in the ¢ (© Evaluate the intrinsic trap concentration in the matértal.
mal treatment. ThiS SUGQEss a Sort T IrEversibiiity in ke “ In Fig. 8@ the SIMS profiles of the B spikes are reported for
precipitation(the C does not return as substitutional once it

. . . . the as-grown sample—) and for the implanted and annealed
has interacted with an interstital sample(®@). In the first B spike, at 200 nm, the characteristic
Up to now we showed the ability of aSi,C, layer to act b ’ PIKE, '

as a membrane filtering the interstitial migration through theDeak shape reveals the presence of immobile B atoms: This

bulk and the loss of substitutional carbon caused by the inf€SUlts form the B clustering due to the proximity of the

teraction between the self-interstitials and the substitutiondfPlanted reglor_}? This immobile B fraction does not con-
carbon. After this trapping reaction the carbon remains in thdfPute to the spike broadening and was subtracted from the
original layer region(Fig. 6). In order to investigate the re- profile before caI(_:uIatmgv, S|m|IarIy to that reporte_d in Ref.
sidual trapping capability, if any, of those carbon atoms thaf2. The broadeningV of the B spikes as a function of the
have already interacted with self-interstitials and are nolepth is reported in Fig.(B) as open circle$O). As can be
longer substitutional, we performed a further Si implantationseen, the broadening significantly decreases by increasing
followed by further annealing at 800°C on the medium-the depth, indicating that thiediffusion is strongly limited
carbon-dose (3410 C/cn?) sample previously implanted by traps.

and annealed. Figure 7 shows the SIMS profiles of the B The data can be numerically reproduced by solving the
spike in an as-grown sample-), after the first implantation following equations, involving the time and spatial evolution
and annealing on the reference sample) and on the for the interstitials and the intrinsic traps concentratians,
medium-carbon-dose sampld), and after the double im- andc; respectively:

In order to gain further insights into the interaction be-
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In addition, the source of Si self-interstitials should be
modeled; in fact, in our case, an interstitial injection by ion
implantation was used instead of thermal oxidation as in Ref.
4. We assume that the Si implant plus annealing introduces
an interstitial flux¢, for a given timeT, at the Si projected
range depth, [third term in the right-hand side of E(Ra),
and & symbol represents the Dirac functijoiMoreover, the
Si-interstitial interaction with the surface is regulated by an
evaporation rate factdd, /A as proposed in Ref. 39, whexe
is defined as a surface recombination lendturth term of
Eqg. (2a)].

The basic idea of Eq42) is that the Si-interstitial atoms
both diffuse and react with traps inside the Si matrix. The
interaction term (4ra;D,c,c;) causes a reduction of both the
interstitial and trap population. As a result, the interstitials
are forced to consume the traps before penetrating inside the
sample.

We found that Eqs(2) admit an analytical approximated
solution that is very useful in order to understand the depen-
dence of the numerical results on the large number of param-
eters described above. The basic approximations underlying
the analytical solution are the followingi) the time evolu-
tion of the active trap density is described by an edge func-
tion N;#(x—R(t)), 6 being the Heaviside functiol, is the
trap density before thé-injection processx is the depth

FIG. 8. B spikes(a) SIMS profile of the B spikes as-growr-)
and after 20-keV % 10**cm™2 Si implantation and subsequent an-
nealing at 800 °C for 5 min®). (b) Broadening of the B spikes
after implantation and annealif@). The continuous lind—) re-
fers to an analytical fit of the data, while the dotted line) is a

below the surface, anBg(t) is the depth at which the active
trap density edge is located at the timeThis abrupt trap

distribution corresponds to the assumption that the mean free
path of the interstitials inside the trap zone is negligible.

numerical calculatiorisee text

ac,(x,t)

However, we will show that this assumption does not affect
the calculation of the B broadeningy. (i) The | concentra-

tion profile evolves through quasistationary states. At each
given time, thel concentration profile has a triangular shape

pm =V(D,Vc))—(4maDicici—G) + da(x—ry)

peaked at thd-injection depthr, and with the boundary
conditions regulated by the evaporation rate at the surface
(2a) and equal to zero at the(t) depth.(iii) The evolution with
time of R(t) is obtained by equating the quantity of deacti-
vated trapsN; dR, with the number of interstitials needed to
ac(xt) deactivate themg;,/n; dt, where¢,, is the flux towards the
S — _(4maD,c,c—G)/n,. (2p)  active traps that can be calculated on the basis of twn-
ot centration profile at timé& From the analytical solution af,
and by Eq.(1), we can calculat®/(x), the final broadening
Equations(2) are the equations proposed in Ref. 4 by Cow-of a hypothetical B spike located at a depththat is, a
ern in order to describe tHediffusion when traps are present quantity proportional to the interstitial concentrationxah-
in the material, with the exception of the third and fourth tegrated over the tim&. It is expressed by
terms in the right-hand side of E¢Ra), which are introduced

D
- (e 800,

to describe the interstitial injection and surface recombina- W= a(x—B)?, 3)
tion, respectively.
These equations contain many parameters that must be s&fere
in order to obtain a satisfactory fit of the data. The param- eq
eters are the capture radiag of the I-trap interaction, the o= nt_Nt Dicy (4a)
density of traps at zero time(x,0)=N,, the number of Si 2 Dgt’
interstitials captured by each tram,, and the probabilityG
of I-trap backward reactioif. Physical constants have to be 21, 12
used, such as thediffusivity D, and thel equilibrium con- B=(rpt2N)|| 1+ NN (ro+2)) —1i+rp, (4b
tNet'p

centrationc}d. Finally, it is worth noting that in order to
relate the model resulfsc,(x,t)] to the experimental data and Iozfggb(t)dt is the number of injected interstitials at
(the boron spike broadening) Eqg. (1) must be used, pass- the end of TED. This solution is valid in the rangg<x

ing through the boron equilibrium diffusivit g". <, whereg is the maximum depth at which the interstitials
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penetrate aftet, injection. As can be noted this analytical T " 10
solution provides a strong simplification of the problem and l,=0 140®
allows us to point out the exact information that can be ob- 1107
tained by our multié experiment. 310

First of all, W only depends on the total amount of in-
jected interstitials] 5, and not on the time evolution of the

T T I 19
I, =0.02 x 10" ionsfcm® 1 1°

interstitial release process. In other words, in order to de- 110"
scribe the B&-doping broadening at the end of the TED 10"
process, it is not necessary to know the details of the com- 110°

plex phenomena of interstitial release from the implanted
zone. Furthermore, the two parameterand 8 can be fitted
through the experimental data. Once the value of the
(D,c;)/Dg? coefficient is fixed,a gives information about
the productn;N;, which is the interstitial concentration that
can be absorbed by, trap density or, in other words, the
effective number of sites that can trap interstitials; on the
other hand,B can give information about the evaporation
length\ after having set the, andl, values.

In Fig. 8b) the analytical fit to the data of our test struc-
ture is shown(—). A comparison with a numerical calcula-
tion of the full set of equations is also reporteet), attesting
the good degree of approximation of the analytical solution.
As previously pointed out, the numerical solution implies the

I, = 0.33 x 10™ ions/cm? 1 10
110

[URRNN TN IR DR NP

i, 19
l,=0.66 x 10" ions/cm” 1 10
110

[_wo] Aysuap says Buiddes |

€

l,=1x%10"ionslem® 10"
1 " 1 2 1 1 1 1 1 1

assumption of many more physical quantities than the ana- 0 100 200 300 400 500 600 700 800

lytical solution; the results of both methods strictly agree for Depth [nm]

any reasonable choice of the physical quantities providing

the same values af and B8 in Egs. (4). Both the analytical FIG. 9. Results of numerical simulations. As a function of the

and numerical fit to the experimental data of Figb)8give  depthx, the interstitial supersaturation integrated over Ithijec-
n:N;=(5.5+2.0)x 10°cm 2 and A =10+ 10nm. The error tion time (S) (---, left-hand scaleand the trapping site density
bars are obtained by taking into account the range of théncNc+nN;, —, right-hand scale are plotted for different
(D,cf9/D§ coefficient given in the literatute*°~42and as- .amounts.of inj:ected ir?terstiti.ali;@. The first pangl shoyvs the start-
signing a 30% error to the ion projected rarrg,e(~30 nm ing t_rapplng site densityyN, is c_)btalned by the f|3t of Fig.®), N¢

as calculated by simulation of theim code, “Transport of IS given by the SIMS analysis for the %40 Clen? sample,
lon in Matter.”* The injected interstitials,,, are assumed WNile Nc is set equal to 0.4. The following panels show the evolu-
to be equal to the implant fluence, as given by the plus_Ongon of theils mlg.ratlon.z.ind the trap filling by increasing the total
modell? The obtained results indicate that the number oft 03¢ Of injected interstitials.

traps in our material is relatively low if compared to other

proposed experimenfs® indicating the good quality of the important factsii) in our regime, the C in the layer mainly
growth. The\ value is very close to zero, indicating that the undergoes clustering rather than out-diffusiétig. 6), sug-
surface acts as a very efficient interstitial sink. gesting that C can be considered, in a first approximation, as

Summarizing, the model developed is able to simulate the nondiffusive trapf{ii) after the clustering process C is not
diffusion of injected interstitials into our MBE-grown mate- able to capture further interstitials and the clusters result to
rial, taking into account and evaluating both the intrinsicbe very stable. This fact suggests that the backward reaction
traps for interstitials and the surface recombination effect. (interstitial release by clustecan be neglected.

As C can be considered as a nondiffusive trap, the trap
density emerges as the sum of a background of intrinsic traps
(just characterized in the preceding paragjaplus the C

At this point, the obtainedN; and\ values are the key concentration in the $i,C, layer (N¢). Furthermore, Egs.
numbers in order to determine the number of interstitialg2) have to be upgraded with the addition of a new equation
employed to deactivate the traps during the migration intdor the carbon traps similar to that for the intrinsic trgps).
the bulk, and the number dfs lost through the surface, (2b)]. The main difference with the previous case is that now
respectively. These inputs will be fundamental in the follow-the C-trap concentrationN;) is known by the SIMS and
ing to compute the number dfs that effectively interact HRXRD measurements, and information abagt(i.e., the
with the substitutional C in the §i,C, layers. The equa- number of interstitials captured by each C ajaran be ob-
tions regulating the trap-limited diffusion of interstitials can tained by fitting the experimental data.
also be used to model the interaction between C lard Figure 9 reports the results of a numerical simulation ob-
fact, the model can be applied to our samples with a C-richained considerigg a C box profile similar to the sample with
layer after some preliminary considerations. The experimen3.4x 10*3C/cn? (C concentration of 1.810*°C/cn? in a
tal results described in the preceding section point out twaegion 25 nm thick, placed 200 nm below the surfaéer

B. Self-interstitial—carbon interaction
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these simulationsic was assumed to be 0.4, which will be 5x10% T
later demonstrated to be a reasonable value for this sample L o [C]=0
The model is able to predict tHeconcentration as a function 4dgih W [C]=6.9x 10" cm? '
of depth for various implantation doses. In this gr&pi- -, 5 - |
left-hand scalgis the interstitial supersaturatidne., | con- 4 [C]=34x10"cm n = 07+03

i

E

centration normalized to the equilibrium grietegrated over ? 3x10° 1 7
the l-injection time. As soon as traps are deactivated by cap-
turing the incoming interstitials, the density of active trap- 3 2| ]

: . o> . 8 2x10 )
ping sites(ncN¢+n;N,, intrinsic plus carbon,—, right-hand = -
scale decreases, as can be seen from the same plot. Thy n=04+02
active trap front is not abrupt in the numerical calculations 1x10° | . T
because it depends on the interstitial penetration length - / )
1/y4maN;, which does not enter into the analytical calcu- oL AT A S S S
lations. In Fig. 9, for the simulations, the capture radis 00 02 04 06 08 10 12
has been assumed to &g=0.5 nm. The value of the capture Injected Interstitials [10' ions/cm?]

radius only influences the shape of the deactivation front, but _ : . _
it does not affect the calculated supersaturation. The diﬁerqu FIG. 10. Broadening of a 660-nm-deep B spike vs injected in-

anels correspond to increasing amounts of iniected interstt rstitial dose. The symbols refer to experimental data for the refer-
p P 9 J ence sample without ©O) and for the C-rich sampled for 6.9

tials, 5. The first panel witH ;=0 illustrates the initial con- x102C/cn?, A for 3.4x10"3C/en?). The continuous ling—)
centration of azcltlve trapping S't?s' -Fo-r a low In.terstltlal. doserepresents the model results for the reference sample. The dotted
(19=0.02<10" 'OnS/Cn?)’ only intrinsic traps in the first jines(...) are the model fit in the case of C-rich samplgsand|,

200 nm are deactivated and tBéncreases only in the Sicap quantify the excess in interstitial injection needed to obtain in the
layer. Increasing, we note that the interstitials begin t0 C-rich samples the same broadening as in the reference sample.
interact with C and, due to the high C dose, a large amount

of injected interstitials is used to deactivate C; in the mean- . .
time, the supersaturation continues to increase in the Si cdpis sample, in the case of the lowest implant dose (2

layer. Untill , is less than 0.38 10“ions/cn?, no interstitial X 10*2atoms/cr), there is a limited loss of substitutional
is able to go beyond the C-rich layer, and the interstitialcarbon (about one-third of the total )C while after the 5
concentration remains at the equilibrium value for depthsx 10"ions/cnf implantation and annealing, the substitu-
greater than 200 nm. When the injected interstitial dose igional carbon is below the detection limit, i.e., the loss of
increased to 0.6810™ions/cnt, the C traps are fully deac- substitutionality is almost complete. This means that for the
tivated, and the interstitial migration overcomes the JC, lowest implantation fluence, interstitials just start to interact
layer and determines an increaseSat depth higher than with the Si _,C, layer, being trapped and displacing C out of
200 nm. Finally, forl,=1x10"ions/cnf the | migration  substitutional sites, but the migration is blocked into the
occurs at depth greater than 800 nm and no active traps ag; ,C, membrane. In the second case, most of C traps are
contained within this thickness. The panels in Fig. 9 repredeactivated and the interstitial front is at the back interface of
sent in a pictorial view the situation in terms lofupersatu- the Si_,C, membrane, but the interstitial flow does not yet
ration and active traps at the end of the injection of differ- arrive to the B spikg¢see Fig. 8)].

ent interstitial amounts. With increasing amount of injected On the basis of these results, for a fixed trap dengty
interstitials (), the interstitial front penetrates further and ther intrinsic or intrinsic plus € it is possible to calculate,
further into the sample. The depth at which interstitials carthe broadening that a hypothetical 8doped layer is pre-
arrive depends on the number of traps present. Once previodlicted to experience at the fixed depth as a function of in-
traps are filled by interstitials, they are deactivatbdth in-  jected interstitiald 5. In particular, we are interested in the
trinsic and C-related trapsnd the interstitial front can pen- broadening at the depth of 660 nm, where the B spike is
etrate deeper into the sample. This explains the physicgositioned in our experiment. In Fig. 10 this quantity is plot-

present in the experiment reported in the Sec. lll. In fact, theed as a function of the injected interstitials. The lines refer to
boron broadenindV is related to the interstitial supersatura- different trap distributiongi.e., different C content while
tion by Eq.(2). the symbols refer to experimental values. In particular, for

The first result of the model is also in very good agree-the reference sample without C, the continuous (ire rep-
ment with our experimental data. In fact, for the 3.4resents the model result and the open cir¢les are theW
x 10*3C/cn? sample(Fig. 4), after ion implantation and an- values at different implant doses. A perfect agreement be-
nealing, no broadening of the B spike was observed, exceptveen the model and the data is obtained. It is worth noting
for the 1x 10**ions/cnt implant dose. For smaller implant that, for the implant dose of:210*3ions/cnt, no broadening
doses, the interstitial front migration is expected to beof the boron marker is predicted because the injected inter-
blocked into the Si.,C, layer, being just involved in the stitials are not enough to deactivate all of the intrinsic traps
deactivation of the C traps, while a dose of 1 shallower than the boron marker and hence do not reach the
X 10%*ions/cnt is high enough to overcome the C-rich re- marker itself. This fact is in perfect agreement with the re-
gion and to cause interstitial supersaturation at depths greateults reported in Fig. 4 for the 210"ions/cnt implant
than 800 nm. Moreover, HRXRD analyses revealed that fordose.
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The closed symbols in Fig. 10 represent Wevalues for 06 —— T T T
the lowest- and medium-C-dose samples at 1 _ . l,= 1% 10" ions/om”
X 10'*ions/cn? implant dose. These data can be fitted by the"s 05 [C] =4 x10™ cm? .
model assuming the C-trap profileN§) as given by the 3" = 0.5 % 10" ionsfer?
SIMS profile and using¢ as a fitting parameter. In thisway, 2 04F ° O .
the model produces W curve translated towards higher in- ‘g [C1=3.4 %107 em
jected interstitial dose6 ). The amount of the translations & 03} . »
(I, andl,) quantifies the excess injection needed to deacti- (5’ lo= 1107 fonsfem |
vate the C barrier. During this stage of the injection the in- § o2} [Cl=3.4x10"cm™ |
terstitial front is stopped by the Si,C, layer. Of course, g i ]
part of the injected interstitials is lost through the surface due § 0.1} 1, = 0.2 x 10" ions/om’ -
to the low value of\, the surface recombination length. So, = I [C] = 3.4 10" om?
the number of’s actually interacting with the $i,C, layer ookl .4
is yl, (or yl,), wherey=0.2+0.1 is the inward fraction of 0.0 0.1 0.2 0.3 0.4 0.5 0.6
the | flux. Therefore, the number of interstitials needed to Predicted C, loss [10" cm?

fully deactivate the Si ,C, layers is (4.8 2.4)X 10 and
(12.5+6.3)x 10*I/cn? for the low and medium C dose,  FIG. 11. HRXRD measured loss of substitutional carbon vs the
respectively. These data lead to valuesngF=0.7-0.3 for  simulated one, assuming our model with=0.5. The continuous
the samples with 6:210C/cn? andne=0.4+0.2 for the line (—) is a straight line with slope 1. A linear finot shown of
samples with 3.4 103 C/cn?. the data points by means of a straight line through the origin of the
The model developed for the injected interstitial diffusion axes yields a slope of 0:90.1.
limited by intrinsic traps is able to simulatediffusion even
in the case of carbon traps. In fact, using a numerical simuevidence of C precipitation could be explained in terms of
lation we showed the path of the interstitial migration frontthe highl flux, which moves both the reactions above toward
from the | source to the bulk of the sample through athe right-hand side.
Si—,Cy layer. Moreover, in this manner it was possible to A further, independent evaluation of; is obtained by
evaluate the number of interstitials that actually interact withcomparing the amount of deactivated C atoms as predicted
C atoms. by the model to the number of C atoms removed from sub-
stitutional sites(giving no contribution to the strajnas ex-
C. Atomistic interpretation perimentally measured by HRXRD. In Fig. 11 the results of
) ) . four samples are reported, in terms of substitutional C loss,
_According to the above results, it appears that each intefyeasured by HRXRD, versus deactivated C traps, predicted
stitial is able 'go dgactwate apoqt two .subst.|tut|onal C atomsby the model withnc=0.5. HRXRD analyses revealed a
(nc=0.5). This gives the stoichiometric ratio betwdeand o qyction of strain and therefore a reduction of the substitu-
C, to produce nonsubstitutional, clustered carberti@ough  tional C concentration with respect to the as-grown samples.
the following reaction: This is due to the fact that the interstitial front has interacted
with C and has deactivated at least a part of the initial sub-
I +2C—2C,, stitutional C. As can be noted in Fig. 11 the measured loss of
where according to our experimental resiitse Fig. 7, the subs_titutional C ar_1d t_he predicted deactivate_d C traps can be
immobile clustered carbon Ois no longer active as an in- considered equal inside the error bétee continuous line is
terstitial trap. mc?eed. a straight I|n_e with sIope).lS_lnce the mod_el calcu-
The reaction above allows a microscopical interpretatiof@tion is performed in the hypothesis ng=0.5, this result
described by the following well-known two-step trapping gives a further and independent confirmation of this “sto-

and clustering reaction€:2030.31 ichiometric” ratio during the reactions between Si self-
interstitials and substitutional C in the case of interstitials
| +C—GC;, injected by ion implantation.
Cs+Ci—(CC) V. CONCLUSIONS

where in the first “kick-out” reaction a substitutional carbon ~ The mechanism of self-interstitials trapping by substitu-
(C,) traps a self-interstitial (), producing a highly mobile tional carbon in silicon was studied. In particular, the ability
interstitial carbon (€. Following the second reaction, the of a Si_,C, layer, interposed between the near-surface self-
mobile G does not undergo an out-diffusidrf* but, inter-  interstitial source and a deep B spike, to filter the interstitial
acting with a substitutional G stops its motion and forms an flow towards the bulk and, consequently, to strongly reduce
immobile couple QC; .>"***5According to the interpretation the boron-enhanced diffusion, has been shown. This trapping
above, the C traps are deactivated in the immobile couplability is related to the total C dose in the,; SjC, mem-
C.C;. In this manner, one self-interstitial is trapped and isbrane. Moreover, once having trapped the self-interstitials,
able to deactivate two C traps, by means of the trapping anthe substitutional carbon atoms lose their substitutional sites
clustering reactions. The absence of C out-diffusion and théut cannot diffuse away. In fact, no C out-diffusion was ob-
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served, and C atoms that have interacted with selfreaches the deep B spike. By a comparison with the experi-
interstitials precipitate into the C-rich region, showing a highmental data, the amount ¢% that actually interact with C
thermal stability. Furthermore, these immobile C atoms ar@toms was estimated, and an atomistic interpretation of the
unable both to interact with other interstitials and to releaseC-I reaction was given. In fact, by fitting experimental data
the trapped interstitials. So, C emerges as an efficient sink fowrith the model, it was found that one Si interstitial is able to
Si interstitials only if they are on substitutional sites; more-deactivate two C traps. The interaction between Si intersti-
over, after the trapping reaction this condition is lost, and thdials and C is supposed to proceed sequentially by means of
C atoms are no longer able to interact with new self-I trapping and C clustering reactions.

interstitials. In order to characterize the interactions between
the C traps and the Si interstitials, a model describing the
implanted interstitial migration was developed, taking into
account the surface recombination, the presence of intrinsic The authors wish to thank L. Colombo and F. Bernardini
traps within the material, and the presence of C traps. ThNFM—Cagliari University for very useful discussions, A.
model is able to predict the broadenin§ @ B spike that Marino (CNR-IMETEM) and R. Storti(University of Pa-
experiences an interstitial supersaturation due to ion implandovg for expert technical assistance, and S. Pannitteri, C.
tation. The interstitial front coming from the implanted re- Bongiorno, and C. SpinelldCNR-IMETEM) for TEM
gion is seen to penetrate deeper and deeper through trap dmalyses. This work has been partially supported by MURST
activation, and eventually for high interstitial values it through the project COFIN 2000.
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