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Self-interstitial trapping by carbon complexes in crystalline silicon
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By combining model-potential molecular-dynamics simulations andab initio calculations we investigate the
microscopic mechanism of silicon trapping by carbon substitutional defects (CS). We find that, upon silicon
trapping, carbon is converted into an interstitial mobile complex (CI) by an efficient exothermic reaction.
Interstitial carbonCI may further interact either with anotherCS , forming the well-knownCICS dicarbon
complex, or with extra silicon and carbon interstitials. In particular, we identify and characterize two structures,
namely,CII andCICI . They are found energetically stable so that they could play a crucial role in the process
of carbon aggregation. According to our calculationsCICI may be formed by the interaction of oneI with a
CICS , proving that the latter is not a deactivated trap for interstitials. Our results further suggest thatCII and
CICI are seeds for further carbon aggregation.

DOI: 10.1103/PhysRevB.66.195214 PACS number~s!: 71.22.1i, 61.43.Dq, 61.43.Bn
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I. INTRODUCTION

Ion implantation is the standard procedure adopted in
con bulk processing to place selected dopant populations
profiles into a bulk sample. Due to the release of kine
energy of the implanted ions to the lattice, a large amoun
native point defects is typically created under the ion bo
bardment. Such defects, in turn, interact with implanted d
ant atoms originating a very complex hierarchy of pheno
ena that affect the overall microstructure evolution of t
silicon sample.

Within the above scenario, the case of boron implantat
in crystalline silicon is either paradigmatic and technolo
relevant. On the one side, the full understanding of
temperature-induced evolution of boron doping profiles
quires a quantitative modeling of the atomic-scale inter
tions among dopant atoms and lattice defects. On the o
side, it is experimentally well known that boron experienc
anomalous transient enhanced diffusion~TED! upon thermal
annealing in the presence of an excess concentration of
con self-interstitials. Accordingly, an undesirable broaden
of boron concentration profiles is observed.

Several methods have been proposed so far to control
reduce boron TED, among which is the incorporation of s
stitutional carbon in silicon.1 Due to carbon’s high efficiency
in trapping silicon self-interstitials, the reduction of boro
TED in C-rich silicon samples has been experimenta
proven. This important result, however, did not represent
ultimate solution to the problem. As a matter of fact, bor
TED is only reduced, but not completely suppressed. F
thermore, a decrease in the electrical activation of boro
observed in C-rich implanted samples. Accordingly, the
existence of C and B in the same lattice region turns ou
be detrimental for the overall electrical properties of t
sample.

Recently, Napolitaniet al.2 have proposed a procedu
aimed at a complete suppression of boron TED by silic
self-interstitial trapping in a spatially separated C-rich lay
The key idea is to interpose a C-rich silicon layer betwe
the region damaged by the ion beam and the implante
0163-1829/2002/66~19!/195214~6!/$20.00 66 1952
i-
nd
c
f
-
-
-

n

e
-
-
er
s

ili-
g

nd
-

y
n

r-
is
-
o

n
r.
n
B

profile. The flux of silicon self-interstitials from the damag
is in fact filtered and eventually damped by the C-rich lay
thus leaving the B profile nearly unaffected. In this config
ration no detrimental effects on B electrical activation we
observed.

The current understanding of C-induced quenching of
ron TED is based on the occurrence of two different mec
nisms: ~i! carbon diffusion and~ii ! silicon self-interstitial
trapping. As for the basic kick-out mechanism providing
diffusion3,4 it is known that a mobile silicon self-interstitia
~I! is captured by an immobile substitutional carbon (CS)
defect. This reaction gives rise to the formation of a n
complex consisting of one Si atom and one C atom sha
the same lattice site. Such a complex is usually referred t
interstitial carbon (CI) and is highly mobile. TheCI complex
was experimentally identified by Watkins and Brower,5 and
its migration path was theoretically modeled by Capazet al.6

The I trapping is then described as a pairing reaction
which a mobileCI binds to anotherCS forming an immobile
complex labeledCICS .7–11 Overall, the effect of carbon on
silicon self-interstitial trapping is described by the combin
set of elementary reactions

CS1I→CI ,

CS1CI→CICS . ~1!

The concept ofCICS carbon pairing, as well as the e
ementary reactions leading to its formation, has been ex
sively used in the literature in mesoscopic modeling based
rate equations12,13 and kinetic Monte Carlo calculations14,15

to explain the presence of immobile carbon.16 Nevertheless,
it is still unclear whether the picture summarized by the
actions appearing in Eq.~1! is a complete and faithful de
scription of all the possible interactions amongCS , CI , and
I defects. In particular, we need to understand whether all
relevant trapping mechanisms have been indeed conside
as well as investigate the possible formation of C-Si co
plexes other thanCICS . Both features would be of grea
relevance for developing a more fundamental understand
©2002 The American Physical Society14-1
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of the microstructural evolution of a C-rich silicon laye
where an excess concentration of self-interstitials is pres

In this work we investigate, by a combined approach
model-potential molecular-dynamics~MD! andab initio cal-
culations, the formation of carbon complexes resulting fr
the interaction of up to two interstitial silicon atoms with
background of carbon substitutional defects in a silicon cr
talline environment. We find that~i! silicon and carbon inter-
stitials are highly reactive defect species with a tendenc
aggregate by exothermic reactions;~ii ! CICS is just one
among many other defects formed by the interaction ofCI
with its environment;~iii ! the carbon complexes considere
in this work always tend to grow by capturing interstiti
carbon and silicon atoms.

The paper is organized as follows. We first discuss
relevant details of the theoretical framework used in t
work ~Sec. II!. The carbon complex features and their form
tion mechanisms are discussed in Sec. III. Finally, we dra
comprehensive picture about the possible implications
present findings on the thermodynamics of the system, m
ing use of the experimental evidence in the literature~Sec.
IV !.

II. COMPUTATIONAL METHOD

The investigation of carbon-silicon interactions and fo
mation of C-Si complexes is a difficult and compute
demanding task that can hardly be studied within the sa
framework. Therefore we developed a methodology base
a combination of model-potential MD simulations andab
initio calculations. Two basic questions must be addres
when investigating any possible binary reaction between
fects:~i! Do the two defects attract each other?~ii ! Which is
the most stable structure of the complex they form?

In order to answer the first question we evaluate the c
ture ~interaction! basin associated to the reaction. We plac
one defect at the center of the simulation cell. Then we
signed to each lattice site~on the bond chain starting from
the defect! a label, counting the number of steps along t
chain joining the defect and the selected site. To limit o
investigation to a reasonable number of configurations
restricted ourselves to the bond chains oriented along

^110& and ^1̄10& directions. The capture basin was then d
termined by computing the binding energy of the given d
fect system at different values of the corresponding reac
coordinate. This procedure~see, for instance, Fig. 1! in fact
defines the proper reaction direction and reaction coordin
for the selected binary defect-defect coupling. Binding e
ergy is set to zero when the two defects form a noninter
ing pair. The binding energy has been evaluated both by
ab initio and a model-potential calculation: the latter is us
ful since it allows for the determination of the basin shape
to distances larger than those accessible by a first-princi
approach.

Molecular-dynamics calculations were carried out on
cubic supercell containing 512 atoms. As for the interatom
potential we used the Tersoff multicomponent potential giv
in Ref. 17. The equations of motion were integrated by
velocity-Verlet algorithm and, due to the light mass of c
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bon atoms, we used a time step as small as 0.5 fs. We
formed structure relaxations based on a standard damped
namics optimization scheme and simulated annealing.
simulated annealing runs were performed in theNVT en-
semble implemented on the velocity rescaling thermosta

As for first-principles calculations, they have been work
out within the local-density-functional-theory pseudopote
tial framework as implemented in theVASP code.18 Ultrasoft
pseudopotentials19 provided withVASP were used both for S
and C. Defects are simulated in periodic boundary conditi
via the repeated supercell approach. We used cubic su
cells containing 216 atoms of linear dimension 16.17 Å.
plane-wave basis set with a kinetic-energy cutoff of 160
was used. Our convergence tests showed that the error b
the relative energies of the defects here studied is;0.1 eV.
We restricted the Brillouin-zone sampling to theG point
only.

III. STRUCTURE, ENERGETICS, AND FORMATION
MECHANISM OF SILICON-CARBON COMPLEXES

In this section we focus on the nucleation of neutral c
bon defects inc-Si originating fromCS and I interactions.
These defects evolve through a set of binary reactions.
limit our analysis to the simplest reactions relevant for t
discussion on carbon aggregation inc-Si reported in the fol-
lowing section.

FIG. 1. Top panel: a substitutional carbonCS atom and a silicon
interstitial I interacting along thê110& reaction direction. Black: C;
gray: Si. Bottom panel: attraction basin betweenI andCS .
4-2
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A. CI formation and structure

The carbon interstitial defect originates as the outprod
of the interaction between a silicon interstitial atom and
substitutional carbon by a ‘‘kick-out’’ capture mechanism.
Fig. 1 ~top panel! we represent theI and CS pair along the
^110& direction. According to a well-established picture20

we select the lowest-energy configuration for a neutral in
stitial Si to be thê 110& dumbbell configuration. The reac
tion coordinate forI -CS pairing is defined by the peculia
migration path of the dumbbell: it converts to a tetrahed
interstitial defect at the next position along the^110& direc-
tion and then it moves back to a dumbbell configuration
the second-nearest-neighbor lattice site with respect to
starting position.20 The attraction basin for the above reacti
is reported in Fig. 1~bottom panel! where it is apparent tha
model-potential MD simulations qualitatively reproduce t
ab initio results. In particular, both calculations prove t
occurrence of a precapture mechanism~a local minimum in
the curve of the energy! when I andCS are at a distance o
three bond lengths. The absolute minimum in energy
reached when the dumbbell and the carbon bind toge
forming an interstitial carbon split. It is interesting to notic
that the attraction basin extends over several bond lengt

The Tersoff potential correctly reproduces the geome
of the CI interstitial but overestimates its binding energy.
this configuration C and Si atoms are displaced along
^001& direction sharing a lattice site. This split is the mo
stable configuration forCI in silicon and it is consistent with
previous findings.5,8

B. Formation of the CI CS complex

TheCI defect is a mobile species that can easily diffuse
the typical annealing temperature. After diffusion it may
captured by a substitutional carbon atom forming a dicar
complex. This structure has been identified experimenta7

and it is calledCICS . According to Capazet al.9 there exist
two almost energetically degenerate configurations for
CICS complex ~labeled A and B in Fig. 1 of Ref. 9!. We
compared the energies of the two configurations using a fi
principles approach: we find the A variant to be favored o
configuration B by 0.4 eV. Recently a third dicarbon co
plex was estimated,21 where two carbon atoms are displac
along the^001& direction. However, our first-principles ca
culations predicted a formation energy for such a configu
tion 0.2-eV higher than the A variant of theCICS defect.
Therefore in this work we consider this one to be the act
configuration for such a complex.

At variance with the previous case, the interaction ene
depends both on the relative distance and on the defect
entation. In Fig. 2~top panel! we show the two bond chain
driving theCS defect towards theCI complex and the calcu
lated attraction basin forCICS pairing ~middle and bottom
panels!. The middle panel of Fig. 2 shows the binding en
gies computed for theCS approaching theCI along the upper
chain. We see that both model-potential and first-princip
calculations predict the existence of a small energy bar
for the recombination of the carbon pair. However they p
vide a remarkable different binding energy at a closeCICS
19521
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distance. This case represents a configuration where two
bons are first neighbors along the^111& direction, similar to
that found by Liuet al.21 According to presentab initio re-
sults the corresponding defect complex is energetically un
vored.

Figure 2~bottom panel! shows the binding energies of th
CS-CI pair whenCS is approachingCI along the lower bond
chain. In this case the recombination is nearly barrierless
the attraction basin does not extend very far away from
CI defect. Both calculations predict energetically unfavor
~positive binding energy! intermediate configurations, pro
viding a binding energy for theCICS complex as large as 0.8
eV.

C. Formation of the CI CI complex

We further extend our investigation to consider the ca
ture of an extra silicon self-interstitial atom byCICS . The
corresponding reaction coordinates and the binding ener
are shown in Fig. 3. Let us consider the motion ofI along the
upper bond chain displayed in Fig. 3~middle panel!. The
interaction is strongly attractive with the presence of a p
capture process similarly to theCS-I pairing case. In Fig. 3
~bottom panel! we show instead the energetics comput
along the lower bond chain. The key feature is the attitude
theCICS to captureI mobile defects, forming a pretty stabl
complex that should be considered a precursor for a n

FIG. 2. Top panel: an interstitial carbon atomCI and a substi-
tutional carbon atomCS interacting along thê110& reaction direc-

tion ~upper chain! or along the^1̄10& reaction direction~lower
chain!. Black: C; gray: Si. Bottom panels: Attraction basins b

tween CI and CS defects alonĝ 110& ~middle panel! and ^1̄10&
~bottom panel! directions.
4-3
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evolution step. Since the binding energy is as large as 1.5
present calculations clearly indicate that within a supers
rated environment of self-interstitial silicon atoms,CICS rep-
resents just an intermediate step of a process leading to
formation of larger complexes.

So far we have not discussed the structure of the de
formed by theCICS-I interaction. Since the attraction bas
is characterized by a precapture minimum, it is reasonabl
suppose that many different and nearly isoenergetic confi
rations could be indeed formed as a result of the cap
process. To verify the existence of those metastable confi
rations we performed a thorough simulated annealing se
for local minima. After the annealing, most of the estimat
input structures~where anI defect was placed close to
CICS complex! came out to be tightly bound, with bindin
energy ranging from 1.5 to 2.1 eV. The corresponding m
phologies are quite similar and closely resemble the sa
structure: a pair of Si-C dimers where a carbon atom of
first dimer is bonded to the silicon of the second one. He
after, we refer to such a defect—represented in Fig. 4~b!—as
the CICI complex.

An independent way to obtain such a complex consist
directly simulating its formation at finite temperature. M
simulations confirmed thatCICS captures the silicon intersti
tial forming a thermodynamically stable complex. This res
makes us confident about the reliability of the picture dra

FIG. 3. Top panel: theCICS complex and a silicon interstitialI
interacting along thê 110& reaction direction~upper chain! and

^1̄10& reaction direction~lower chain!. Black: C; gray: Si. Bottom
panels: Attraction basins between aCICS complex and a silicon

interstitial I along ^110& ~middle panel! and ^1̄10& ~bottom panel!
directions.
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in this section. We note thatCICI could result from the in-
teraction of two mobileCI defects. We did not investigat
this reaction here: on one hand theCI defect concentration in
typical experimental conditions is pretty low to make t
event of CI pairing quite unlikely; on the other side, th
attraction basin of theCI pair depends on the orientation o
theCI defects and requires the exploration of a wide para
eter space. We leave this for further work and consider
process as an alternative way to form theCICI complex.

D. Formation of the CI I defect

The last process we studied is the capture of a s
interstitial silicon by a carbon interstitial, as shown in Fig.
~top panel!. The corresponding binding-energy plots are
ported in Fig. 5~middle and bottom panels!.

We consider again two possibilities:I moves towardsCI
along the upper or lower bond chain shown in Fig. 5~top
panel!. Both paths have a first minimum corresponding to
precapture followed by small barrier before the final conv
sion into the stable complex. The structure of the comp
after the capture process is shown in Fig. 4~d!. On the left
side we show the ideal silicon lattice around the defect wh
on the right side the defect is placed in the crystalline str
ture. We see that this defect consists of a Si-C split entir
contained in the interstitial cage of the silicon lattice. Each
the two defect atoms is threefold coordinated. The silic
lattice is nearly unaffected by the presence of this def
whose binding energy is a large 2.0 eV. This makes t
complex a very stable one.

IV. DISCUSSION

In Fig. 6 we summarize all of the relevant carbon-silic
interactions involving up to two silicon self-interstitial de
fects; the zero of energy is defined for a crystalline syst
containing a reservoir of threeCS and two I noninteracting
defects. Energy values correspond toab initio results. The
main message reported there is that the trapping of Si in
stitials by C substitutional defects is in fact a multistep re
tion, leading to the formation of a large variety of complexe

FIG. 4. Lowest-energy configuration of theCICI ~b! andCII ~d!
defects, compared to the ideal silicon lattices~a! and ~c!, respec-
tively. Black: C; gray: Si.
4-4
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SELF-INTERSTITIAL TRAPPING BY CARBON . . . PHYSICAL REVIEW B66, 195214 ~2002!
The very first reaction~1! corresponds to theCS1I→CI
capture; it turns out to be exothermic with a release of ene
as large as 1.2 eV. Once theCI defect is formed, it can hardly
transform back into aCS one since very few vacancies a
typically available within an environment characterized by

FIG. 5. Top panel: a carbon interstitial splitCI and a silicon
interstitial I interacting along thê110& reaction direction~upper

chain! or along the^1̄10& reaction direction~lower chain!. Black:
C; gray: Si. Bottom panels: Attraction basins between aCI split and

a I dumbbell alonĝ 110& ~middle panel! and^1̄10& ~bottom panel!
directions.

FIG. 6. Summary of all the mechanisms involving three carb
atomsCS and two silicon self-interstitialsI. The arrows define the
possible reactions.
19521
y

supersaturation of Si interstitials.CI is therefore the starting
configuration for further evolution.

We indentified at least three possible pathways, herea
labeled (18) –(3) ~see Fig. 6!: what really underlines the
microstructural evolution is the actual relative abundance
different defect~either I or CS) species. For instance, th
CS1CS1I 1CI system could evolve towards theCII 1CS
1CS configuration@reaction ~2!# rather than intoCS1CI
1CI @reaction (18)] or CICS1I 1CS @reaction~3!# provided
that an extremely high concentration of Si interstitials
found.

When the system follows the reaction~2! a very stable
CII defect is indeed formed; its unlikely that it transforms
upon additional capture of aCS defect—into aCICI complex
since bothCII andCS are immobile. On the other hand,CII
could trap moreI ’s or CI ’s, thus forming largerCII n or
(CI)nI complexes. This conclusion supports the experim
tal evidence according to which carbon implantation is ve
effective in reducing boron TED:22 implanted carbon
atoms—upon formation of CII , CII n , or (CI)nI
complexes—may immobilize one or more Si interstitials a
therefore effectively decrease their number. This in tu
eventually reduces boron TED as clearly observed
experiments.22,23

A different scenario occurs when a comparatively high
concentration ofCS defects is observed. In this case,CICS
complexes are easily formed, as shown in Fig. 6 by reac
~3!. Such a complex is, however, metastable~corresponding
to a modest 0.8-eV energy release! and the reverse reactio
can indeed occur at a typical annealing temperature~about
1000 K! where the configuration is dissociated. Before d
sociation, however,CICS can further trap anotherI defect
following the reaction~4!. This leads to the formation of the
rather stableCICI structure previously discussed. A possib
alternative pathway towards the formation ofCICI is
sketched by reactions (18)1(5) which are estimated on th
basis of the computed defect energetics~see previous sec
tion!. Alternatively, CICS could trap anotherCI , as shown
by reactions (19)1(6), forming a newCICICS complex. Its
binding energy is, however, very low~about 0.2 eV!.

On the basis of the above discussion, we can provid
rationale for the observed behavior of carbon diffusion a
precipitation in Si12xCx layers.12,16 Let us consider a
C-doped silicon sample where an external source of Si in
stitials is available and let us suppose that the relative oc
rence of I ’s is much lower than theCS’s. The interaction
amongCI ’s/I ’s andCS’s is accordingly rather infrequent s
that most of theCICS complexes dissociate without furthe
interacting with other defects. In this condition,CICS com-
plexes do not firmly immobilize the C interstitials; rath
they simply reduce the diffusivity of carbon by a sequence
‘‘stop-and-go’’ events at the substitutional carbon center14

This mechanism does not allow for the clustering of carb
Accordingly, we suggest that C clustering is indeed poss
only at higherI content. We further remark that the coale
cence phenomenon requires at least the pairing of theCICS
with a second interstitial defect (I or CI) before it could
dissociate.

Overall the above picture nicely agrees with the expe

n

4-5
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mental findings of Mirabellaet al. They studied a layer o
silicon with a high concentration of substitutional carbo
corresponding tox;1024. They found that in the presenc
of Si interstitials flux the carbon defects are efficiently im
mobilized by means of trapping events. This process p
ceeds until the formation of Si-C complexes. Conversely
the same thermal conditions but with no Si interstitials flu
carbon atoms do not precipitate and diffuse away from
Si12xCx layer.

In conclusion, we suggest the existence of three poss
regimes for carbon diffusion and aggregation defined by
actual Si interstitials content:~i! at low I content,CI defects
diffusion is mediated by capture-release processes;~ii ! at
high I content, theCICS defect further interacts with silicon
and carbon interstitials, giving rise to the coalescence p
cess for carbon atoms;~iii ! at very highI content,CI is likely
to interact directly withI ’s forming a remarkably stableCII
defect.

V. CONCLUSIONS

We have investigated the processes originating from
interaction of self-interstitial silicon atoms in C-doped cry
talline silicon, using a combination of model-potenti
molecular-dynamics and first-principles calculations. W
have found that besides the well-knownCICS carbon com-
plex, other defects can form after the capture of up to twI
by substitutional carbons. The simulations performed us
model-potential MD, validated by first-principles calcul
tions, show a variety of possibleI andCI capture reactions
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All of the reactions investigated here are found to be e
thermic: The corresponding capture events are there
likely at the typical experimental annealing temperatures

We finally discussed the influence of these defects on
diffusion and precipitation of carbon atoms in the presen
of silicon self-interstitials. We characterized the formati
process of the well-knownCICS defect which turned out to
be just one among many other possible reactions leadin
carbon immobilization. As the concentration of se
interstitials rises over the thermal equilibrium concentratio
other Si-C trapping mechanisms begin to be effective;
particular, we have identified those leading to the format
of CICI andCII complexes. We believe that the inclusion
these additional reaction processes would be of great he
a more fundamental and predictive understanding
C-related silicon bulk processing.
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