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The geometries, formation energies, and diffusion barriers of carbon point defects in gilipea(tz have
been calculated using a charge-self-consistent density-functional based nonorthogonal tight-binding method. It
is found that bonded interstitial carbon configurations have significantly lower formation en@ngigee order
of 5 eV) than substitutionals. The activation energy of atomic C diffusion via trapping and detrapping in
interstitial positions is about 2.7 eV. Extraction of a CO molecule requires an activation en8cfyeV but
the CO molecule can diffuse with an activation energy.4 eV. Retrapping in oxygen vacancies is
hindered—unlike for @—by a barrier of about 2 eV.
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[. INTRODUCTION experiment and theory predict a relatively fast O diffusion in
high-quality SiQ. Therefore, the formation of the fast dif-
Defects in SiQ have received much attention over the fusing carbonaceous species from bonded carbon atoms has
last decades because of the outstanding importance of this be discussed as the crucial step in hindering the oxidation
material as an insulating layer in microelectronic devicesyia slower, eventually incomplete, removal of carbon.
Research has been focused mainly on the properties of the There are additional experiments which indicate that car-
native defects as well as of the dopants used in Si deVicgon nanoclusters may also form inside a§|§yer_ The use
technology. Comparatively little is known, however, aboutof organosilane$TEOS in Si device technology causes the
other impurities, e.g. carbon, in SO o formation of a carbon-rich phase in Si®The fast diffusion
With the advent of SiC-based devices, for which Si®  of carbonaceous species is confirmed in this experiment,
also the native oxide, the behavior of carbon inside ;SiO too® Infrared (IR) spectra obtained from a similar
became a major issue. SiC/Sinterface-state concentra- experiment show the presence of-€0 double bonds in the
tions are orders of magnitude above those of Slégl@m_j SiO, layer. The IR peak intensity of this defect gradually
carrier traps inside the oxide Ia)}egenera'lly degrade device increases with decreasing quality of the Si@yer. That also
performance. Furthermore, there are signs of interface fegoints to the trapping of C in an imperfect Si@etwork. No
tures unknown for Si, related to incomplete removal of car-carbon aggregation in the oxide was found in Ref. 2 where
bon. Spectroscopic studfesuggest the presence of C nano-the SiQ, layer had a very low dangling bond density to begin
clusters at the SiC/Si{nterface, giving rise to defect states ith.
resembling defects in amorphous hydrogenated carbon, while diffusion of oxygen in SiQ itself has been thor-
a-C:H. In recent experimerttst has been shown that excess oughly examined experimenta?lﬁ'rlo as well as
oxygen is needed to extract carbon atoms of such layers, anHeoretically?"***Awe are not aware of such detailed experi-
the resulting C-O species diffuses fast in high-quality SiO mental or theoretical studies on the diffusion of carbon in
There are also experimental indicatidnsat during oxi-  Si0,. In this work therefore we focus on the basic carbon-
dation of SiC the outdiffusion of carbonaceous species is elated defects and their diffusion mechanisms in,S\ve
fast process. The oxidation rate has been thought to be linfirst explore possible defect configurations of atomic carbon
ited by the indiffusion of oxygef.Experimental estimates in an otherwise perfect Sidlattice and then calculate barri-

for the activation energy of oxygen diffusion in vitreous ers for diffusion paths, which may lead to removal of the
silica range from 4.7 e\Ref. 4 for an atomic lattice diffu-  carbon impurity from the lattice.

sion mechanism to 1.17 efRef. 5 for the molecular diffu-

sion. Theoretical works in ideal crystalline SiQead to

lower barrier heights than observed in_ exper_iment due to the Il. COMPUTATIONAL APPROACH

lack of the traps represented by the Si dangling bonds of real

vitreous silica. Hamarfrcalculated the diffusion barrier for a For the atomistic simulation of carbon defects in Site
particular SiQ lattice defect involving interstitial atomic used the self-consistent-charge density-functional-based
oxygen, the peroxyl defect, to be 1.3 eV, whereas Chetight-binding(SCC-DFTB method:*'*The predecessbttof
likowsky et al.” just recently proposed a saddle point for the SCC-DFTB approach has already been successfully ap-
molecular oxygen diffusion with a barrier height of 0.7 eV. plied to SiQ, systems-® For the calculations presented herein
Since the strength of a single Si-O bond is about 4.7 eV, thave have constructed new basis sets for the calculation of the
experimentally observed barrier for atomic O diffusion is TB matrix elements and the repulsive pair potential. These
probably related to dangling bond traps. Apart from that bothhave also been tested and provide reasonable results for de-
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TABLE |. Total energies of molecules and solids used in the
calculation of defect formation energies.

C atom in graphite —47.21 eV
Si atom in Si bulk —35.29 eV
O, molecule —178.14 eV
CO molecule —137.58 eV
CO, molecule —229.12 eV

FIG. 1. Carbon on oxygen site,oC Only the vicinity of the

) ) ] defect is shown. Oxygen, dark; silicon, light; carbon, white.
fects in SiC (Refs. 17 and 1Band for oxygen on SiC =186 A, d,=1.86 A, d;=1.63 A, d;=1.63 A, a;=117°,

surfaces? @;=137°, a5=103°, a,=109°.
We use crystallinex-quartz (SiQ) as a model substance
because its topology and short-range offiare similar to
amorphous Si@ The optimized geometryexperimental
value$! in parenthesgsof the hexagonal unit cell is
=249 A (2.46 A andc=5.43 A (5.41 A) with a Si-O
bond length of 1.62 A(1.60 A) and a SiOSi-angle of

energy in a CO or C@molecule obtained by subtracting the
appropriate @ total energy from the energy of the carbon-
aceous species. All defect formation energies rise by 3.77 eV
if the energy of the carbon atom in G& used instead of the
energy in graphite. The total energies of the molecules and

143.5° (144.6%). FOT calculating the formation energy Ofthe atoms in the elemental solids used in this calculation are
defects, supercells with 243 atoms were used. This size Was,mmarized in Table I.

sufficient to guarantee convergence of the formation energies To find the saddle point configurations the algorithm of
with respect to variations of the number of atoms and the cely, \konenet al26 which is based on a reaction coordinate

volume; the change in formation energy induced by increasé1 roach. and thearT algorithm of Barkema and
ing the number of atoms from 162 to 243 is less than O'O%Apopusseaé7 were used. g

eV. Smaller supercells with 108 and 162 atoms were then 1, \ajigate our investigations we have calculated forma-

used for the calculation of diffusion barriers to economize ony, energies for some oxygen lattice defects in Sj@evi-
computer time. Thé'-point approximation for the electronic o, g, studied by Pacchioni and lerafiorhe results are sum-
band structure energy was found to be sufficiently accurat§ o i>oq in Table Il. Pacchioni and lergfocarried out

for all sizes. The gap size in our calculations is 9.6 eV whiCh o 06 Fock calculations with second-order IMoPlesset

is in reasonable agreement with the reported E"Xpe”mem%‘ertubation for a correlation correction on small clusters in-
value of 8.9 eV” while ab Initio data for the band gap are volving hydrogen atoms with fixed positions to saturate dan-
about 5.59 eMRefs. 23-25in recent works. Although out  jin 0 1honds. Despite the very different methods and system

method is DFT based, the tight-binding formalism may COM-gj, s the results are in reasonable agreement. The lower for-

pensate the well-known underestimation of semiconductop,aiinn energies in the 243-atom DFTB supercell calculation

band gaps by DFT. We note, however, that this is not a Sys;ye mainly due to the higher relaxational freedom.

tematic correction and do not generally claim good predic- The diffusion of oxygen inx-quartz through neighboring

t|or|1:s of th_e band gap. lculated with h eroxyl configurations has been calculated by HarPars
ormation energies were calculated with respect to t g a small 27-atom supercellwith three inequivalent

ideal S.'Q cr_ystalz graphitic carbon, molecular oxygen, a”dE pointg in a first-principles DFT generalized gradient ap-
crystalline silicon:

proximation (GGA) calculation. The formation energies
(with respect to the @moleculé®) of the peroxyl defect and
of the saddle point configuration along the diffusion path

__ with defect ideal
Eformatior— ESiO2 crystal— ESiO2 crystal— E carbon atom

oxygen molecul silicon crystal
+ onygen atom & Esilicon atom -

The last two terms are only added if the concentration of the
two species, silicon and oxygen, changes in the supercell
containing the defect with respect to the ideal S&foichi-

ometry, i.e., for substitutional defects. The energy of the car-
bon atom is either the energy of one atom in graphite or the

TABLE II. Formation energies of some oxygen lattice point
defects in SiQ.

SCC-DFTB Pacchioni and leraho

Peroxyl defect 12 eV 1.7 eV

Oxygen vacancy 6.1 eV 6.1 eV

Frenkel defect 7.0 eV 7.6 eV FIG. 2. Carbon on silicon site, £. Only the vicinity of the
= defect is shown. Oxygen, dark; silicon, light; carbon, white.
References 28 and 30. =142 A,d,=1.65 A, a;=132°, a,=137°.
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TABLE lll. Formation energies of carbon defects in $i®ith
respect to @, graphite, and silicon bulk.

Co 10.0 eV
Cs 11.9 eV
COp 56 eV
Carboxyl 4.8 eV
C 7.7 eV
CO+Vo 59 eV
were found to be 1.6 eV and 2.9 eV, respectiv@df Table FIG. 4. Carbon and oxygen on oxygen site, £OOnly the

; icinity of the defect is shown. Oxygen, dark; silicon, light; carbon
I). Using the same supercell and x2x3 MP (Ref. 29  Vicinity of € ygen, gars, sficon, igh,
set ofk vectors in a SCC-DFTB calculation, we obtain 1.4 V_Vthzodl_i'izsf“ d2_—111~03? A.ds=189 A,d=164 A, a
eV and 3.2 eV, respectively. The difference in the energy of ~<° @ %2~ =<2 437225
the saddle point configuration is typical between the two i ) , ) ,
methods. The 162-atom unit cék=0 approximatioh gave 'I_'he formation energy of 7.7 eV is the highest of the intersti-
1.2 eV and 3.0 eV, respectively. The bond lengths of thdia! carbon defects. _ o
saddle point configuration here are still within 3% of the The chemically bonded form of the carbon interstitial has
values given by Hamann. two metastable configurations. The first configurat{split
interstitial), denoted CQ (see Fig. 4, is similar in geometry
to the peroxyl defect. The carbon and the oxygen atoms
Ill. GEOMETRIES AND FORMATION ENERGIES OF share a regular oxygen lattice site. The C-O bond length of
CARBON DEFECTS 1.30 A compared to 1.17 A in the GGnolecule indicates a
Amid the various possible carbon defects we first consid-lS ejrrllglti sb:rr:adi,n t{;}i rsaln(gel E: ové)n ?rg(rjn Sgli-((i (61282) g} dbg?g
ered the two substitutionals, carbon on an oxygen sigs, C respectively. The other configuration is the carboxyl defect,

af?d."’.‘ asilicon site, &. The geometries of the energetically as depicted in Fig. 5. Here the carbon atom is on the oxygen
minimized structures are shown in Figs. 1 and 2, respec:

. . ; ! site, bonded to the two silicon neighbors, while the oxygen
tively. While the C-Si bond lengths for4; 1.86 A, are in the : 3
range known from SIGL.89 A in 4H-SiQ in the case of atom is bonded to the carbon atom. The C-O bond length of

. i 1.23 A, compared to 1.17 A in CQindicates a double bond
full relaxation to the usual C-O bond lengths which could beWhereas the Si-C-Si angle of 130° is typical for close to

expected for a single bond is prevented by the surroundingpz lik o : , .
. A ; . -like hybridization of the carbon atom. This configuration
lattice, resulting in a bond with a C-O distance of 1.42 A, could be the initial configuration for the removal of carbon if

The formation energies of these two defects are the highe%tt . . . g
: . . omic oxygen attacks a Si-C-Si bond at the SiChSiter-
of all studied defectssee Table 1ll, making them unlikely to face prov)i/ged oxygen is available, e.g., from atésrjnic diffu-

occur in experimentally detectable concentrations in,SiO sion which involves the peroxyl defect.

B 0 o ™ The carboy and th Codelecs, shoun i Figs. s nd
0 ' 9 y 4, have the lowest formation energies, 4.8 eV and 5.6 eV,

unbonded interstitial carbon atom; ,Cis shown in Fig. 3. - : - '
: X . espectively(Table IIl). Especially in the carboxyl configu-
The distance to the nearest-neighbor oxygen atom is 1.83 ation the coordination and the chemical bonding of the at-

the distance to the nearest-neighbor silicon atom is 2.42 AOms are ideal. Experimentally detectable concentrations of

these defects could be present in gi@yers, especially at
the SiC/SiQ interface.

FIG. 5. Carboxyl defect. Only the vicinity of the defect is
FIG. 3. Interstitial carbon atom,;C Only the vicinity of the  shown. Oxygen, dark; silicon, light; carbon, whit,=1.87 A,
defect is shown. Oxygen, dark; silicon, light; carbon, whitge.  d,=1.23 A, d;=1.88 A, d,=1.62 A, «;=110°, a,=114°,
=1.83 A,d,=1.95 A,d;=242 A. a3=115°, a,=130°.
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1 Si2

FIG. 6. CO molecule adjacent to oxygen vacancy,; €@, .
Only the vicinity of the defect is shown. Oxygen, dark; silicon,
light; carbon, white. C-O distance 1.1 A, Si-Si distance 2.33 A,

Si;-C=3.39 A, Si-C=2.7 A.

79eV

N » <{~ \ sgev

agev )/ SR

co. +V
i*'o

carboxyl
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FIG. 9. Saddle point configuration between the carboxyldefect
and CQ+Vy. Only the vicinity of the defect is shown. Oxygen,
dark; silicon, light; carbon, whited;=1.99 A, d,=2.17 A, d;
=1.21 A,d,=1.64 A, @;=90°, a,=96°.

The last defect we calculated is a CO molecule adjacent to
an oxygen vacancy, G® V. This configuration could also
be involved in the removal of built-in carbon from the $iO
lattice. The geometry is shown in Fig. 6. The Si-Si distance
of 2.33 A is close to that in the oxygen vacancy in pure
a-quartz, which is 2.32 A in our calculations and 2.43 A
according to Pacchioni and leraffo

The G and CQ+ Vg configurations, which have interme-
diate formation energies, could be expected to occur as tran-
sient positions in the diffusion paths for, in the case pf &
atomic or, in the case of G® Vg, a molecular diffusion
mechanism.

IV. BARRIER HEIGHTS FOR CARBON DEFECTS

The energetics of the defects indicate that any outdiffu-
sion of carbon will start either from the Gr the carboxyl

FIG. 7. Schematics of the activation step of the molecular dif-configuration which have the lowest formation energies.

fusion starting from the carboxyl configuration, Fig. 5, and endingggsed on the geometries two possible mechanisms have to
in the CQ+ V¢ configuration, Fig. 6. The saddle point geometry is he considered.

depicted in Fig. 9. The formation energies of the local minima are

In the first, molecular, mechanism a CO molecule is

given along with the energy of the saddle point in the same Scalepulled out from either the carboxyl configuration or the £O

Oxygen, dark; silicon, light; carbon, white.

configuration, leaving an oxygen vacancy and thus giving the
configuration C@+Vg. For a schematic overview see Figs.
7 and 8, respectively. The saddle point configuration for the
path carboxyl>CO +Vq is shown in Fig. 9; the barrier
height is 3.1 eV for this directiofsee Table IV. The reverse
process, the trapping of a CO molecule by an oxygen va-

8.6eV cancy, has a barrier of 2.0 eV. This saddle point has one
! “ imaginary mode in the vibrational spectrum.
,' \ The other possible starting position in this first mecha-
\
[
56eV ,’ \__59eV TABLE IV. Diffusion barriers for carbon defects calculated as
O differences between the total energies of the minima and the saddle
M point configurations.
% €O, +V, Patha—b a—b a—b
FIG. 8. Schematics of the activation step of the molecular dif- Carboxyl—=CQO+Vo, Fig. 7 3.1leVv 2.0ev

fusion starting from the C@ configuration, Fig. 4, and ending in
the CQ+ Vg configuration, Fig. 6. The saddle point geometry could
not be stabilized. The formation energies of the local minima are
given along with the energy of the saddlepoint in the same scale.

COy—CO+Vy, Fig. 8 3.0eVv 2.7eV
CO,—C;, Fig. 10 2.7eV 0.6 eV
COp—COQy, Fig. 12 2.0eV 2.0eV
Carboxyl-CQg, Fig. 14 1.6 eV 0.8 eV

Oxygen, dark; silicon, light; carbon, white.
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8.3eV 8.3eV 7.6eV

— 7.7eV T ol o
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FIG. 10. Schematics of the atomic diffusion mechanism starting
from the CQ, configuration, Fig. 4. The carbon atom is then in the ~ FIG. 12. Schematics of the interchange step of the atomic dif-
C; configuration, Fig. 3, before entering another &@nfiguration.  fusion starting and ending in the @Qonfiguration, Fig. 4. The
The saddle point geometry is depicted in Fig. 11. The formationsaddle point geometry is depicted in Fig. 13. The formation ener-
energies of the local minima are given along with the energy of thegies of the local minima are given along with the energy of the
saddle point in the same scale. Oxygen, dark; silicon, light; carbonsaddle point in the same scale. Oxygen, dark; silicon light; carbon,
white. white.

nism is the C@ configuration. The saddle point between thesaddle point configuration in Fig. 13 without the carbon oc-
COg configuration and the G@ V configuration could not  cupying other local minima. The second path involves the
be stabilized because an electronic level crossing leads tocarboxyl configuration as an intermediate local minimum;
sharp decrease of total energy in the geometrical vicinity okee Fig. 14 for an overview and Fig. 15 for the saddle point.
the saddle point. However, the maximum of the total energyThe maximum barrier heights of these two interchange paths
on this path is 3.0 eV above the energy of thed3onfigu-  are within 2.0 eV and 1.6 eV, respectively, in the same mag-
ration. nitude. The highest barrier in the whole atomic diffusion
Once a CO molecule has been formed, the diffusion barmechanism is, therefore, 2.7 é\pper limit), to be required
riers appear to be very low. Our calculation indicates a veryfor the activation of C@—C;.
shallow potential energy hypersurface with a barrier The free interstitial position Cbecomes unstable in the
<0.4 eV for the movement of the CO molecule away frompresence of an adjacent oxygen vacancy; i.e., the carbon
the vacancy in the-channel direction. combines with the vacancy. Thus the diffusion of atomic
The second atomic mechanism involves theqGfdd G carbon is likely to be disrupted if oxygen vacancies remain
configurations as local minima along the path; see Fig. 10 fodue to a lack of oxygen near the SiC/Siterface.
an overview. The carbon atom starts from a£€nfigura- As mentioned above the interaction between an oxygen
tion next to oxygen atom 1. It then enters through a barrier o/acancy and an interstitial CO molecule is weak. This is
2.7 eV, the intermediate ;@&onfiguration. The barrier from indicated by the low barrier 0£0.4 eV for the dissociation
the G configuration to the next C®configuration is only of CO+ Vg into Vg and a seperate free CO molecule and a
0.6 eV; the carbon atom is then next to oxygen atom 2. Théigh barrier of 2.0 eV for the trapping process G
geometry of the saddle point is shown in Fig. (he barrier —CQOy as mentioned earlier. The behavior of an oxygen
height for the step C@—C; was estimated by moving all molecule, initially in a configuration similar to a G®Vg
atoms from their initial to their final position on straight lines configuration, is very different from that. There is no meta-
without any relaxation. By this we can only estimate an ab-stable state for the Omolecule in the CQFV)-like con-
solute upper limit. However, because of the defect formatiorfiguration. Instead, the oxygen molecule is trapped in the
energies, the lower limit for the barrier in the direction vacancy, forming a peroxyl defect. These two observations—
CO,—C;, is at least 2.1 eV. We will use 2.7 eV in this the weak interaction of the CO molecule with the vacancy
papen opposed to the strong interaction between the vacancy and
To proceed further on this path the carbon atom has tehe O, molecule—could explain the experimental finding of
interchange position with oxygen atom 2; see Fig. 10. There
are two possible paths. The first path is depicted in Fig. 12
and proceeds directly from GQo CQ, configuration via the

FIG. 13. Saddle point configuration between two £€onfigu-
FIG. 11. Saddle point configuration between thed&Dd the ¢ rations, Fig. 4, of carbon. Only the vicinity of the defect is shown.
configuration. Only the vicinity of the defect is shown. Oxygen, Oxygen, dark; silicon, light; carbon, whited;=1.74 A, d,
dark; silicon, light; carbon, whited;=1.62 A, d,=2.12 A, d; =172 A, d;=1.38 A,d,=1.60 A, a;=134°, ,=106°, a5
=163 A,d,;=1.89 A, a;=47°, a,=72°. =119°, a,=107°.
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6.4 eV 6.4 eV

5.6 eV - r— e 5.6 eV
j;adj\éc * ¢ m
2
COO COO

carboxyl

FIG. 14. Schematics of the path between the carboxyl configu-
ration, Fig. 5, and the CQconfiguration, Fig. 6. The saddle point
geometry is depicted in Fig. 15. The formation energies of the local FIG. 15. Saddle point configuration between the carboxyl defect
minima are given along with the energy of the saddle point in theand CQ,. Only the vicinity of the defect is shown. Oxygen, dark;
same scale. Oxygen, dark; silicon, light; carbon, white. silicon, light; carbon, white.d;=1.88 A, d,=1.98 A, d,

=180 A, d;=1.33 A, a;=104°, a,=106°, a3=43°, a,
a fast outdiffusion of carbonaceous species, once they have78°.
formed, and a slower indiffusion of oxygen in connection
with the oxidation of SiC. tial can be extracted from the Gonfiguration and recap-
tured at the next oxygen site. The highest barrier in this
diffusion process is 2.7 eV. These results show that carbon
atoms can be removed from a continous network of,SiO

We have calculated the formation energies and diffusiorwith an activation energy between 2.7 and 3.1 eV. On the
barriers of carbon-related point defects in §iQw-quarta.  other hand, CO can diffuse with a very 1d@.4 eV) barrier
We have found two interstitial configurations, the carboxylin silica.
defect(which has the lowest formation energy of all defects Our findings regarding the CO extraction and diffusion
investigatedd and a split interstitial with oxygen (C§)  are in good qualitative agreement with the results of experi-
which have significantly lower formation energies than eitherments Krafcsiket al 23! which indicate that carbon diffusion
substitutionals. The interstitials also represent a likely defectioes not start through high-quality Si@p to temperatures
configuration at SiC/Si@interfaces or in TEOS-grown SO in excess of 900 °CZ but then it proceeds very fast. They
layers on Si, leading to degradation of device performance imlso show that at the temperature used for the oxidation of
both cases. There are two possible mechanisms for the r&C (=1200°C), the removal of carbon from the interface
moval and outdiffusion of carbon from these interstitial po-should not be limited by the diffusion of C through the oxide.
sitions. A CO molecule can be extracted from these defects
with an actlvatllon energy ok 3.1 e\_/. The CO m_olecu_le ACKNOWLEDGMENTS
then diffuses without a strong coupling to the lattice with a
barrier of<0.4 eV. Recapture by an oxygen vacancy is pre- The authors wish to acknowledge support through DFG
vented by a barrier of 2 eV, unlike in the case gfWhichis  Grant No. Fr889/12 and the Hungarian-German bilateral
easily trapped again. Alternatively, an unbondedrersti-  Project MTA-DFG, No. 112.
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