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Theoretical investigations of a highly mismatched interface: Si€Si(001)
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Using first principles, classical potentials, and elasticity theory, we investigated the structure of a
semiconductor/semiconductor interface with a high lattice mismatch, $00/%i Among several tested pos-
sible configurations, a heterostructure with a misfit dislocation network pinned at the interface diigl
reconstructed dislocation cores with a carbon substoichiometry is found to be the most stable one. The impor-
tance of the slab approximation in first-principles calculations is discussed and estimated by combining clas-
sical potential techniques and elasticity theory. For the most stable configuration, an estimate of the interface
energy is given. Finally, the electronic structure is investigated and discussed in relation with the dislocation
array structure. Interface states, localized in the heterostructure gap and located on dislocation cores, are
identified.
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. INTRODUCTION be grown on S001), using different techniqués?® A recent
high-resolution electron microscoffHREM) study of this
The misfit strain present in lattice mismatched epitaxialsystem shows a locally abrupt interface, with the presence of
layers has been widely studied because of its omnipresen@eperiodic array of misfit dislocatiors® These ones seem to
in the heterostructures used in device technology. Two goalke located directly at the interface, which points at a vanish-
are usually pursued, either to avoid strain for preparing longing critical thickness for this heterostructure. It is difficult to
lived devices or to exploit the modified electronic propertiesgain additional information from these experiments. In par-
of strained layers for obtaining specific devices such asicular, the atomic structure and the chemical environment at
lasers-? The general picture of heteroepitaxy is well known. the interface, which deeply affect its physical properties, still
First, strained layers are grown on the substrate. Over a crittemain hardly accessible. Atomistic computations are a pos-
cal thickness, which depends on the elastic properties and thgble solution for complementing the experiments. In addi-
lattice mismatch between the two materials, plastic relaxtion, first-principles calculations would allow the determina-
ation of the strain with formation of misfit dislocations be- tion of the electronic properties of the heterostructure. In this
comes energetically favorable. In the case of small misrespect, the SiC/Si interface may be considered as a model
match, the critical thickness can be large, with a lowfor a high lattice mismatch interface between covalent mate-
dislocation density. For example, a critical thickness of aboutials, just as silicon is usually considered as the semiconduc-
10° A is measured for a lattice mismatch of 1% in,S&_,  tor prototype. Indeed, due to the peculiar lattice mismatch,
layers (=0.24) 2 and the average separation between misfialmost equal to 20%, the network dislocation pattern is ex-
edge dislocations is estimated to be about 39(ck [001] tremely dense and can be modeled within a cell small
layerg. Each dislocation is far from the others and from theenough to make aab initio computation affordable.
interface, and the system can be described by considering an As far as we know, few studies have been devoted to the
ideal coherent interface, with strained layers. Hoekstra an&iC/Si(001) system. Chiritaet all° have investigated the
Kohyama used this frame for investigating the strain relaxation and the thermal stability of the interface
B-SIC(00D/Al interface? In a scheme recently proposed, using the semiempirical classical potential from Tersbff.
Benedeket al. introduced an additional correction for the They have obtained a possible configuration of the atomic
effect of the misfit dislocationspy comparing coherent and structure, stable up to 1000 K. However, they assumed a
semicoherent interfaces. However, in the case of heteroepistoichiometric interface, which may be a metastable state.
axy for largely mismatched systems, the critical thickness iAnother study from Kitabatake with the same potential
very low and a dense network of misfit dislocations ischoice was exclusively focused on the first step of the for-
present in the grown layers. The interactions between dislomation of the interface, i.e., a precarbonization of tHOl)
cations and between the interface and the dislocations mustirface prior to growtf. A detailed investigation of the
then be explicitly taken into account. atomic structure and stoichiometry of the SiG@BI) inter-
Despite the large lattice mismatch 6f20%, B-SiC can  face with first-principles techniques is still lacking. The large
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computational cell required for the modeling, notwithstand-sults on the formation energies and properties of native de-
ing the advantageous lattice mismatch, may explain the atfects in SiC with a good accurady.Here, several system
sence of such calculations. sizes were considered, because of the low CPU time and
Recently, we have presented in a paper the most strikinghemory requirements for these calculations. The exploration
results of the firstab initio study of the SiC/§D01)  of the configurational space was typically done with 12/8 and
interface'? Here, we provide a thorough description of our 36/36 slabs to ensure that the interaction between the inter-
investigations, combining elasticity theory, classical potenface and the surfaces is negligible. To estimate this interac-
tials, and first-principles calculations. In particular, after ation, sizes as large as 50/50 have been considered.
complete explanation of the computational procedure, the First-principles calculations were perfornfavithin the
full set of tested atomic configurations is presented. We hav®FT, in the local-density approximatighDA).}” An energy
investigated the stoichiometry of the interface as well as itcutoff of 40(160) Ry was used for the plane-wave expansion
stability with few pseudomorphic SiC layers. The determina-of the wave functiongcharge density The reciprocal space
tion of the interface energy as well as the analysis of finiteintegration in the supercell Brillouin zone was done by con-
size effects in the slab approximation are also presented. Fsidering only thel” point. The core electrons were removed
nally, the computed electronic structure of the most stabléy using pseudopotentials, withand p nonlocality for Si

configuration is discussed. and s nonlocality for C*® We used a calculated Si lattice
parameter of 5.401 A, consistent with caip initio pseudo-
Il. COMPUTATIONAL PROCEDURE potential. Surface atoms at both sides were saturated with
hydrogens. The C-H and Si-H distances were optimized in-
A. Model dependently by fully relaxing surface saturated symmetric

Considering that the lattice parameters of Si and 3C-SiGlabs of 11 layers, 8 atoms each. 5/5 and 7/7 system sizes
are respectiveha(Si)=5.4309 A anda(SiC)=4.3596 A®  were used, which corresponds to large-scale calculations
the calculated misfifa(Si)—a(SiC)]/a(Si) at the interface  Wwith at most 369 atoms. At variance with classical simula-
is 19.73%. Within the hypothesis of a coherent interfacefions, periodic boundary conditions were also applied along
such a misfit is equivalent to a huge tensile stress in the Sithe[001] direction, a large vacuum spat@1 A for 5/5, 8.2
layers. A simple estimate shows that the elastic energy storeli for 7/7) being introduced to prevent spurious surface-
in the coherent film would be=1.6 J/n?/layer* However, surface interactions. All structures were considered con-
it is observed that the interface is semicoherent, the streseerged when forces acting on atoms were less tharf 20u.
being relaxed by the introduction of a network of undis-(0.005 eV/A) and energy varied by less than 1@V/atom.
sociated edge dislocations of Burgers vectds
=a(SiC)/2110, with dislocation lines lying along the C. Configuration energy

[110] and[110] directions!™® Due to the peculiar value of |n this work, we have always compared the energies of
the misfit, approximately equal tg, the semicoherence is systems with the sanié/M. The numbers of C and Si atoms
obtained when the spacing between misfit dislocation®is 5 i the SiC slab may however change for tNoM slabs with
The SiC/S[00)) interface is then modeled by matching a gifferent interface configurations. In addition, the surface of
P(5x5)-Si0001) slab (N layers with a p(4x4)-Si001)  the SiC slab may be either Si or C terminated. Hence, the
slab (M layers along the[001] direction (z axis), at the Si  energyEy,,, of the N/M slab model described above, ob-
lattice parameter, OptimiZEd for bulk calculations with thetained from either methodsy cannot be used direcﬂy for de-
chosen method. In the following, size conditions for a systemermining the most stable structure. Instead, a configuration
will be simply designed byN/M. Periodic boundary condi- energyE,,, given by the following expression, can be de-
tions are applied alonpl10] and[110] directions & andy  fined within the grand canonical frame:

axes in any case. Atoms belonging to the topmost SiC and sic =S .S s c

the bottommost Si layers were fixed in bulk positions. How- E,=Esiap—ES"—Eg—n>u>—n~u™. N
ever, in order to better relax the interface, the SiC topmosgsic
layer was allowed to move as a whole in all directions. Thi >
procedure was achieved at each step(ibycomputing the

is the surface energy of the SiC part of the slab, Si or C
Sterminated depending on the configuration at the interface

average of atomic forces in this layer afig) applying this and on the number of layers, Wherﬁg is the surface en-

gray of the Si partnS' and n® are the numbers of Si or C
force to all layer atoms. Once the structures were converge . g . Si c .
» . ‘toms in the SiC/Si slab. Finally ™' and u™~ are the chemi-
we also performed additional calculations to check the effec?aI otentials for each species. For the Si part of the gidb
of the surfaces on the interface by releasing the constraints P P o pa & '
on both surfaces. iS equal to the bulk silicon chem!cal potential. Thoug o

and 1€ cannot be exactly determined for the SiC part, it is

possible to determine a range of thermodynamically allowed
B. Methods values'® The following relations must be satisfied at the
Classical molecular-dynamics calculations were donesame time:

with the semiempirical Tersoff potentialsat the lattice pa-

rametera(Si)=5.43 A. This choice is currently the best MSiJFMC:MgiC, @
available for describing solid SiC. A recent study has re- si. ¢ sic
vealed that it reproduces density-functional-the@¥T) re- Mot o= AHi=pg (€)
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TABLE I. Optimized chemical potentials and lattice constants

for Si and 3C-SiC bulks, computed with the Tersoff potential and g8 s $999¢9 e o 0 0 o

e e . | B ] QO QO O O O

the ab initio method. Forab initio, the bulk calculationgcolumn g 2888 $856§6S 22882

« , . . o & o o o Q.0 0.0 0 o o o o

bulk’) and the value obtained from linear extrapolati&ef. 20 fo 2 o 3l o B o 5700 [ JG B M oY

- L . 0O 0 O O o 0 O © o 0 O O

(column “lin™) are indicated for comparison. d 0 0 o o 0 & o d & & o
Tersoff Ab initio P2 C1 c2

H o & o o o o 0O 0 0O O QO O O QO ©

Mo (eV) ag (A) o (bulk) (Ha) g (lin) (Ha) ag (A) $999¢9 g 828 s § 888 s

Qo O O O ¢ & & o o ® &6 o o o

Si  —4630 5432 —3.96611 —-3.96877  5.401 &S d H*5 ™S SR

SIC —12.374 4318 —9.64469  —9.65374  4.334 8 8 8 8 8 8 8 38 8 8 8 8

FIG. 1. First set of initial configurations. Whitglack circles
fepresent the SiC) atoms. The dashed line shows the location of

Here,,u{) are the chemical potentials of the monoelemental ="'
the interface.

bulk phases, and are easily calculatads; is the heat of

formation of silicon carbide: in this work, we used the ex- . . e
network is possible, as well as reconstructed misfit disloca-

perimental valueAH;=0.72 eV. These two relations reveal _. . ; S L
that the Si and C chemical-potential values are linked andOn cores including a substoichiometry or overstoichiometry
'~ in carbon and/or silicon atoms. In our work, we have taken

that the chemical potential of one species is always equal ar

lower than the chemical potential of the monoelemental bulkInto account such possibilities, and our search for t_he most
stable configuration has been broadened by considering a
phase. The allowed ranges are then

large set of initial geometries, by means of classical molecu-
Si Si_AH, uS 4 lar dynamics. First, only interfaces made with complete lay-

woelmg 40, @ ers were investigated. Figure 1 shows six different possible
c c_ c starting geometries. The first ones, S1 and S2, are stoichio-

e luo =AM, pgl. ®) metric configurations with the misfit dislocation array lo-

and (uS', uS— AH;) to C-poor(Si-rich) conditions. The val-  carbonlike, whereas it is siliconlike in SB2 is the initial

ues obtained in the present work f,mt are listed in Table I. conf|g'ur.at|c')n sele.cted In th? previous sttflyin P1 and P2, .

Here, for theab initio results, we indicate the respective the misfit dislocation array is located in the second and third

: SiC layers, respectively. These are obtained by removing one
values as obtained from standard converged bulk calcular two p(5x5) SIC layers, replaced bp(4x4) pseudo-

tions and as extrapolated from surface calculations with the

e . . hic layers. Finally, we also compared the previous
scheme originally proposed by Fiorentini and MethfedSel. morp ) . . ) .
This will be useful in determining the different contributions structures with configurations C1 and C2, with a higher car-

in Eq. (1) and the interface energy, as described below. It ié)on concentration at the |nter_fa(xearbon|zat|0|)1 .
worth noting that extreme caution must be adopted when The configuration energy differences are reported in Table
I

estimating,u'o, as small &£1%) errors in this quantity are I. Here, the calculated values are easily extracted from the

e classical dynamics, as the energy of each atom is a well-
then multiplied by the usually large number of atoms at the Lo . ; !
) ) ) defined quantity in the interaction potential model. The S2
interface, eventually producing nonphysical results. The use

: . . . . : configuration, investigated in a previous stdflis stable but
of the linearized values O/fL'O in this work yields different 9 9 P %

fi . | ith ousl is clearly not the lowest-energy solution. Instead, the most
configuration energy values with respect to our previouslygi, e siryctures are obtained for a stoichiometric system and
published result¥? without changing the original qualitative

a C layer at the interface, i.e., S1. For such structures, we

conclgsmns. . . . found two different atomic configurations, represented in
Using the configuration energies allows one to compare

interface strqctures in the slab approximation, with differ_ent TABLE II. Configuration energy differences, from classical dy-
surface terminations and number of atoms. In the followingnamics. and variation of C and Si atoms, for the first set of configu-

we discuss the stability of different configurations. rations and a 12/8 systefsee Fig. 1, with the geometry Sla taken
as the reference.

Ill. STABILITY AND GEOMETRY

Configuration AnS An® AE (eV/cell)

In a previous work on the SiC/@01) interface, Chirita C-rich C-poor
et al. proposed a possible geometry of the interfHtleased
on molecular-dynamics calculations. In the choice of theirSla 0 0 0.0 0.0
initial atomic configuration, they have made several hypoth-S1b 0 0 6.55 6.55
eses. They assumed that the dislocation network is pinnedl 0 -9 16.40 9.92
directly at the interface, that the fir€001) layer of the SIC P2 -9 -9 40.09 40.09
slab is siliconlike, and, finally, that the interface remains pers2 0 0 37.91 37.91
fectly stoichiometric. However, from HREM experiments, it c2 -25 16 63.74 93.26
is hard to extract such information. An interface with acy —925 25 63.88 99.88

pseudomorphic first layer followed by a misfit dislocation
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[110] [110] regation of carbon at the interface, tested with two configu-
: rations C1 and C2, is associated with very high configuration

energies. This is consistent with the general observation that
the deposition of carbon on the(801) surface does not lead
to stable carbon layers but rather to the formation of silicon
carbide by carbonization, the substrate supplying the Si
atoms®

Several information may be obtained from our results.
First, one or several complete pseudomorphic SiC layers are
not favorable structures, which tends to indicate that the mis-
fit dislocation network is located at the interface and no finite
critical thickness can be defined. Second, all the favored con-
figurations include a carbon layer at the interface. This can
be explained by the energy gained in the formation of SiC
bonds, and the smaller carbon atomic radius with respect to
silicon. Finally, we observed that the minimization of the
configuration energy is best realized by the reduction of
DB’s, especially those associated to carbon atoms. However,
this DB saturation occurs via the formation of bonds between
initially remote atoms, and the shortening of their separation
L L QG O generates energetically expensive strain in the atomic struc-
_ ture. This is particularly true for the shortest and the stron-

FIG. 2. [110] (left) and[110] (right) side views of three re- gest carbon-carbon or silicon-carbon bonds.
laxed SiC/Sj00)) interface configurations. Light grayblack For the lowest-energy configurations Sla and Sib, the
spheres show silicofcarbon atoms. The dashed thick lines mark carhon atoms, located in the first SiC layer and in the vicinity
the location of the extra atomic planes introduced by the misfit edggf the misfit dislocation cores, present the most stretched
dislocations. Note that the represented bonds are drawn solely qilongs. \We investigated the possibility of an energy lowering
the basis of z_i distance criterion and are not neces_sa.nly |nd|cat_|ve (Hy removing these atoms. We initially considered the S1b
a true chemical bond. Removal of the C atoms inside the ellipseg g ration. A significant energy reduction was obtained by
leads to the CSS configuration. removing successively C atoms alohtl0] (inside the el-
lipse, in Fig. 2. The additional removing of the C-dimer row

Fig. 2. It must be emphasized that the tjxd 0] and[110] along[110] (the other ellipsgleads to an even more stable
directions, perpendicular to the interface, are not equivalentonfiguration, represented in Fig. 3. The energy difference
due to the peculiar zinc-blende stacking. The first configuracompared to Sla is-6.04 eV/cell (15.40 eV/cell) in
tion, called Sla, has the lowest energy in the full range ofc-rich (C-poop conditions?! Starting from Sla, and remov-

chemical potentials. Alonf110], bonds are formed between ing the C row along 110] and the C-dimer row alonlngO]

the extra C atoms located at the misfit dislocation core and Sis described previously, the energy was also lowered, and we
atoms belonging to the second layer of th€d81) slab. Al gptained the same final structure. This configuration, which
these atoms are shifted toward the interface inducing largge called CSS for carbon substoichiometric, shows remark-
strains, especially in the softer silicon slab_. Some of the Siple features. Along thigl 10] direction, dangling bonds cre-
atoms appear to be overcoordinated. AlgadO0], the main  ated by the removal of C atoms are eliminated with the for-
feature is a soft dimerization of the C atoms of the first SiCmation of Si dimers 2.48—2.54 A long. Compared to Sla, the
layer, on both sides of the misfit dislocation line. The C-CSi atoms of the silicon slab, previously bonded to C atoms,
distance is shortened to 1.65—1.80 A, which allows a reducrecover bulklike positions, thus minimizing the strain. Along

tion of the number of dangling bond®B). This interface 1107, after the removal of the C-dimer row, the core of the
reconstruction is nearly similar to the model presented byyisfit dislocation is made of eight-atom rings, including
Long et al® The second configuration S1b has a higher conseyen Si atoms and a lone C atom. Almost all these atoms are
figuration energy, with 6.55 eV in excess. The main differ-fy|ly coordinated, at the expense of some bond stretching,
ence with Sla concerns thé&10] side. Here, no bonds are particularly on the Si atoms in the second layer of the SiC
formed between the C atoms in the first SiC layer and thgjap, and at the intersection of the two perpendicular dislo-
second layer of the silicon slab. Instead, the number of DB'gations. The Si-Si bonds range from 2.33 to 2.62 A. We
belonging to C atoms is reduced by a stronger carbon dimefpynd that CSS is the most stable configuration using the
ization along the[110] direction (clearly visible on the Tersoff potential. Indeed, tests performed on structures with
[110] view), where the C-C distance is reduced to 1.44—further C removal, or selected C/Si exchanges, brought no
1.47 A. From Table I, it seems that the occurrence ofadditional energy reduction.

pseudomorphic SiC layers before the introduction of misfit The Tersoff potential results were confirmed by tie
dislocations is not favored, although the P1 structure, withnitio method. Owing to the huge computational effort re-
one pseudomorphic layer, is the third best solution. The segyuired to deal with the interface, our investigations were re-
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TABLE Ill. Configuration energy differences for CSS compared
to Sla, within different conditions, and slab size. As indicated in the
text, numbers for the classical simulations are slightly different
from those reported in Ref. 12, because of improved convergence.
The ab initio values are obtained with the linear extrapolation
method(Ref. 20, and the consistently derived chemical potentials

were used.

AE, Tersoff Ab initio
(eVlcell) 12/8 36/36 5/5 717
C-rich —6.04 —6.03 —5.90 —5.69
C-poor —15.40 —15.39 —15.26 —15.05

atoms at the interface in the first SiC layer. From the second
set, it appears that misfit dislocation cores with only silicon
atoms are favored, the stretching of carbon bonds being en-
ergetically expensive. In CSS, the first SiC layer is carbon-
like, but there is only one C atom involved in the recon-
structed dislocation cores. It also presents the peculiar
characteristics that almost no atoms are subcoordinated or
overcoordinated, owing to the formation of a topological ring
along one direction and the formation of a silicon dimer
along the other. The CSS configuration is then the best can-
didate to represent the atomic structure of the SiOH)
interface.

A qualitative indication of the residual strain distribution

FIG. 3.[110] (top) and[110] (bottom) perspective side views at the interface can be obtained by in_spection _of the defor-
of the most stable CSS SiC(801) interface configuration. Light mation of the converged system coordinates, with respect to
gray (black spheres show silicofcarbon atoms. the ideal bulklike positions. In Fig. 4, we report the layer

puckering defined as the maximum deviation in the direction
stricted to three configurations, i.e., the low-energy stoichioperpendicular to the interface, as obtained franinitio cal-
metric Sla and Slb, and the most stable geometry CSSulations for a 7/7 system: the major deformations are local-
First, we found that only Sla and CSS were stable, Sllred in Si, which has smaller elastic constants than SiC. The
relaxing spontaneously to Sla. It is known that classical powarping decreases when moving aside the interface, in
tentials tend to stabilize a larger number of metastable strucagreement with experimental reséftsn the structural char-
tures compared to first-principles methd@$® No major  acterization of SiC films grown on a(®01) substrate, which
geometrical changes were found for both configurations reevidenced an internal roughness of individual SiC planes that
laxed with first principles, compared to the classical results.
A better description of the atomic structure of the recon- 20
structed dislocation cores was however obtained. Consider

1.8

ing CSS and th¢110] direction, the Si dimer lengths range

between 2.42 and 2.50 A. Alorid.10], the dislocation core 18 (77 5 1ayers Stoich
is made of Si bonds 2.36—2.52 A long. Thus tite initio 141 — i,
relaxation yields a more compact eight-atom ring. The en- _ . [ B 7 layers Stoich

ergy differences between Sla and CSS are reported in Tabl<
I, for both methods and different slab lengths. Despite the £ 10
small sizes imposed bgb initio simulations, it appears that £ ogl
the energy difference is already well converged for a 5/5 =
slab, with a 0.2 eV/cell variation between 5/5 and 7/7. The
ab initio calculation validates our primary results, i.e., the 04}
CSS configuration is the most stable one, for the whole al- I
lowed range of the chemical potentials. Moreover, even in O 3 a ey
C-rich conditions, the energy difference betweenthetwoge- %0 2 o o 4 3 2 10 1 2 3 4 5 6 7 8
ometries is much larger than the error associated with suct <z> (&)
computations.

The analysis of the CSS configuration topology gives FIG. 4. Layer warping for a 7/7 SiC/®01) interface. In ab-
some hints for understanding this result. The first set of calscissa, the mean value of the coordinate normal to the interface
culations has indeed shown that it is preferable to have @lane for a given atomic layer is indicated.

0.6 |

02

195302-5



PIZZAGALLI, CICERO, AND CATELLANI PHYSICAL REVIEW B 68, 195302 (2003

tance of the order of the dislocation spactig.our case, we
should then investigate a 14/11 slab, which is beyond the
capabilities of available supercomputers. Our largest calcula-
tions performed on a 7/7 slab indeed reveal that the strain
field is still not negligible at both ends of the slab: when
allowing for a global relaxation, the two surfaces became
slightly bent, due to residual strain, which may furthermore
be different for different core structures. The flat surface con-
straint adopted in our simulations is a valuable approxima-
tion to perform energy comparison: this constraint however
modifies the strain field of the dislocation arrays and a
surface-interface interaction is present in the system. This
interaction depends on the core structure at the interface, and
may affect the relative stability of the configurations.

In this part, we investigate the slab size effect by means of
classical potential calculations and elasticity theory. The con-
figuration energy, defined previously in EG), may be writ-

FIG. 5. Contour plot of the strain field at the 7/7 Sig®i) €N as the sum of four contributions:
interface projected along tf[i&TO] direction for both the CS8op)
and Slgbottom geometries, evaluated in terms of atomic displace- E,(h)=E,+E.+Eq(h)+Es(h). (6)
ments from ideal bulklike positions. To enhance comparison, the
displacement integrated over a supercell plane of fixed height from
the interface is indicated. Two lateral replicas are indicated for bottHere, h is the slab sizeE, is a constant adhesive energy
configurations, with the SiC part higher and Si lower; brighter re-between Si and SiC partg, is the core energy of the misfit
gions depict larger distortions: they occur slightly below the inter-dislocation networkE,, is an elastic energy due to the strain
face, at the Si first layer. field, andE is the interaction energy between surface and

interface, which is zero for a slab including a lar@inite)
diminishes away from the silicon substrate. Figure 5 reprenumber of layers. Only three terms depend on the slabhsize
sents a comparison of the residual strain field at the interfacg,, is determined by using isotropic elasticity theory and a
for both the CSS and Sla geometries, evaluated in terms @fodel of misfit dislocation arrays at the interface between a
atomic displacements from ideal bulklike positions. The su-+hin film of heighth and an infinite substraf@.The disloca-
perior efficiency of CSS in relieving the strain is clearly evi- tion core radiu€ is assumed to be equal to the Burgers vec-
denced by simple inspection. tor b, i.e., the in-plane SiC lattice parametSiC)/2110),

Regarding the critical thickness, it is interesting to com-in the present case. Provided thgy; is known for eachh,
pare the CSS and P1 configurations. Indeed, the SiC film ifg;; may be obtained from Eq6) by calculating the configu-
the CSS geometry is constituted by a substoichiometric Gation energyE, with increasing slab size, for a chosen dis-
layer, as if obtained from P1 by removing four C atoms in alocation network. Here, the surface-interface interaction en-
row. It is thus difficult to define precisely a finite critical ergy is determined separately for both the Si and SiC parts of
thickness for this interface, characterized by largely reconthe slab. We performed Tersoff potential calculations for
structed dislocation cores, although our results support thelabs 31 (increasing the Si partand n/31 (increasing the
experimental findings of a dislocation network pinned at theSiC par}, with n ranging from 5 to 31, and for both the Sla
interface® and CSS configurations.

The calculated interaction energies between surface and
IV. EEEECT OF SLAB SIZE interface,E;s, are shown in Fig. 6, for both configurations,
in both portions of the slab, together with the sum of these

The large lattice misfit betweefi-SiC and Si allows the terms. The SiC contribution appears larger than the Si one,
investigation of the(001) interface withab initio methods, for a given number of layers. Note that the interlayer spacing
the spacing between dislocations being aboufor SiC is about 20% lower than for Si, and more SiC layers
a(SiC)/2110=15.4 A. There are only fou(Si portion or  are needed to get an equivalent contribution from the SiC
five (SiC par} atoms pef110) edge. However, because the and Si parts of the slab. For example, a 10/8 slab will have
problem is two dimensional, a slab layer includeg3Bpar SiC and Si parts of nearly identical weights Bpy . A larger
or 25 (SiC par} atoms. Computationally, the number of lay- SiC contribution is then expected for a lower number of
ers one can use to model the interface is then severely linlayers. Here, the difference is important, in particular for
ited. Here, we managed to calculate at most a 7/7 interfac&;SS with an interaction energy almost three times larger for
i.e., =300 atoms. Such size is enough when considering &iC than for Si. This could be explained by the geometry of
coherent interface. Here, the presence of a periodic networ®SS. The dislocation core along one direction is recon-
of misfit edge dislocations at the interface induces a strairstructed with a ring of atoms, almost entirely located in the
field in both the SiC and Si portions of the slab. It is usually SiC part of the slab. The surface/interface interaction is then
assumed that the strain field penetrates each part by a distronger in the SiC part.
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Sla CSs TABLE IV. Surface energies for the systems used in the slab
. S L B L b calculations, computed with thab initio method. The pseudohy-
§ o SiC A drogen energy is included, as detailed in the text.
2 a §§C+Si
g 3 o 3 Eg(Ha/at-H,) C-rich C-poor
g | ¥ Si(00D)-(1x 1) ~1.12208
1] \ .
E ) 0 C:Siq00D-(1x1) —1.14212 —1.12890
s g \
= ghomiod 1 not be obtained directly. Instead, they were determined by
g s o & extrapolating from slabs with an increasing number of layers,
£ oy S following the scheme proposed by Fiorentini and
% b e Bl Methfessef° Si(001)-(1x 1) and C:Si@001)-(1x 1) hydro-
O™ T 5 7 9 1 5% 0 genated surfaces were investigated, since only the carbon
Slab size (n/n layers) terminated surface was relevant for the selected configura-

tions. In order to minimize computational errors, a large
FIG. 6. Interaction energy between surface and interface as pc(4x 4)] slab, with increasing thickness, from 7 up to 15
function of the slab size, for the Sleft) and CSSright) configu-  |ayers, was used: the extrapolated values for the chemical
rations. potentials are close to those obtained from bulk calculations
for Si and SiC(see Table)l To be consistent with the SiC/Si
8nterface slab calculation, each surface atom was saturated
by two symmetric hydrogens. As a consequence, the surface
Fenergies reported in Table IV include the energies of the

| . . - pseudohydrogens. We found a C-H distance of 1.09 A and a
ayers is less thgn 0.02 e\_//cell, fqr both solu'tlons. Assumlr!ggond angle HCHbf 100.6° for the C:SiQ001-(1x 1), and a
that the surface/interface interaction energy is mostly elastic, . . o
it is reasonable to consider that this quantity could be fairlys"H @stance of 1.47 A an'd a bond angle HSIHlOl.A for
estimated using classical potentials. Considering the total in® S{00)-(1x1). We point out that we have applied con-
teraction energy, in Fig. 6, for the Sla configuratios,, ~ Straints in order to keep a symmetric dihydridd08-(1
is 0.66 eV/cell(2.36 eV/cel) for a 7/7 (5/5) slab, while for x1) sgrface, although the mo_st stable conflgu_ratlon IS
CSS.E,. is 0.80 eV/cel(3.69 eVicel) for a 7/7(5/5) slab. In  canted:® We forced the symmetric geometry to quickly re-
all casesE;; is lower than the calculated configuration en- covera b_UIk"ke behawpr, as Feq“'red by the small siab SIZes
ergy differences, and our previous conclusions on the stabiﬁdgpted in the calculat.lor)s, since the correct canted configu-
ity of the CSS configuration remain valid. Moreover, since@tion extends deeply in inner 'ay"?‘rs- :
the slab size effect is stronger for CSS than for Sla, usin The mterface.energyr, is ohtained as the converging
larger slabs will further increase the stability of the cssvalue of the configuration energy for largiN slabs. In the
configuration. clas_5|cal case, it is easily estimated vylth large _slabs, _vv_here
the interaction between surface and interface is negligible,
and all the elastic energy can be considered fully pertinent to
the inner layers of the slab. In this case, we obtain

As far as we know, there is no measured value of the=22.7 eV/cell,(i.e., o,=1.6 J/nf).
SiC/Si001) interface energy. Experimentally, it is possible to  Usingab initio methods, we are limited to small slabs, 5/5
determine the bonding energy, which is related to the interand 7/7. In principle, the determination could be done in a
face energy, from wafer bonding experiments. However, similar way as for surface energies, using an extrapolating
large range of values may be obtained, depending on thiechnique’® However, here, the available slab sizes are too
kind of SiC polytypes or surface terminatiofisFrom the small for that purpose. In fact, both elastic and interface-
theoretical point of view, no value is available. Possible ex-surface energies considerably change between the 5/5 and
planation is either the large size of the system that has to bése 7/7 slabs. As a consequence, a linear regression would
dealt with first-principles methods or the difficulty to extract yield misleading values for the slope and intercept constants.
such energy from a slab calculation. A simplified frame forThe extrapolating scheme could be used for slabs large
obtaining the interface energy of mismatched interfaces hagnough to have constant elastic and surface-interface inter-
been proposed recenfiyThe method however does not take action energies, i.e., fo/N slabs withN greater than 14,
into account a possible reconstruction or understoichiometrfor example. Instead, we directly calculate the interface en-
of the core of the misfit dislocations, which is mandatory forergy for a 7/7 slab, using the chemical potentials obtained via
the SiC/S{001) system, as discussed above. linear extrapolation, as discussed above. We computed

In order to extract the interface energy of the CSS con=23.0 (22.6 eV/cell in C-rich (C-poop conditions. This
figuration, the energies of the surfaces on both sides of thquantity is not exactly the interface energy. Indeed, for a 7/7
slabs have to be known. However, width initio methods, slab, the surface-interface interaction is not negligible and
only the total energy is accessible, and surface energies catfe strain energy is still not fully converged. These contribu-

Our results confirm that the strain field penetrates by
distance of the order of the dislocation spacinand that

SiC contribution for 14 layers with the Si contribution for 11

V. INTERFACE ENERGY
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TABLE V. Valence-band widthVBW) and energy gapXAg,) Interface T T T

of the relaxed structures in eV.
VBW (eV) Agap (8V)
System SiC Si Total
Bulk SiC

Si bulk 12.08 .
SiC bulk 15.68 g A
5/5 frozen surface  14.67 1091 1531 0.50 3 Y
5/5 free surface 14.65 9.95 14.68 0.96 Bulk Si
717 frozen surface 15.06 11.25 15.57 0.40 Si
tions have been determined in the preceding section: for a  of b e o
717 slab in CSS geometry the excess surface-interface inter- Energy (eV)

action is 0.8 eV/cellsee Fig. 4, and the calculated residual

elastic energy between an infinite interface and a 7/7 slab is FIG. 7. Calculated DOS for the CSS configuration and a 7/7
0.2 eVi/cell. The corrected interface energy is thigr-22.4  Slab, projected on the Si and SiC layers at the interfeme pane),
(22.0 eV/cell [i.e., 1.58 (1.55) J/A] in C-rich (C-poo compared with the DOS for bulk SiC and @niddle and bottom
conditions. The agreement between classical andnitio panel$. The width of Si and S!C bands as well as the energies of
values is surprisingly good and maybe fortuitous, given thd'© and LU states are shown in the figure.

technical difficulties associated with the interface energy de-, . . . .
termination in theab initio case, or the use of the Tersoff obtained by alignment of the respective bulk valence bands

; : : . (see Table V and the peak above the valence-band tbp at
ES:%Tsal that does not include properly the electronic contri highlighted by the arrow in Fig.)7 The highest occupied
We wish to stress again at this point that th initio (HO) and lowest unoccupied_U) states are located at 0.7

values provided for the interface energy are mere estimateglnd 1.1 eV above Fhe \{alence-band toplat Thes_,e tWO.
as small variations in, e.g., the chemical potentials can in_states are also localized in the core of the edge dislocations,

duce large errors and even nonphysical negative interfac s a result of the large difference in charge transfer between

energies. Our choice in presenting these results has been é)c and S;'S' bcf)]nds. Ind[.:'lg' 8, .the cglarge.—den.sny plot of thz
keep consistency between the chemical potentials used state along the two dislocations directions is represented.

eliminate the surface and bulk contributions. For this reason,hE charge density is mainly localized on atoms of the

we always adopted the values fa as obtained in the linear [110] core dislocation, while no density is observed around
extrapolation schent®, for large supercells, that allowed a the other core in the perpendicular direction. The opposite

goodk; sampling. situation is found in other bonding states localized in the
system forbidden gap and, in particular, for the LU state
VI. ELECTRONIC PROPERTIES Fig. 9 whose charge density pertains to the dislocation core

laing along thg110] direction. Clearly, these states are true

We now move to the description of the electronic struc-interface states, resulting from the reconstructed dislocation
ture of the mismatched heterostructure. The interface corcores. It is worth noting that they would not be obtained
figuration determines the electronic properties of the systenfrom a coherent interface calculation, and that the determi-
the presence of defects such as misfit dislocations can induggtion of the electronic structure requires the atomic charac-
interface states in the band gap, which may severely modifyerization of the misfit dislocation network.
device performances. Indeed, our results indicate that a num- It has been recently pointed out that a peak is observed in
ber of interface derived states lie in the forbidden energy gap
for the most stable dislocation network, although the number m ‘A’ "@af @ 4
of DB’s is in this case minimized. “&ﬂg ; ,

For a 5/5 slab, the valence-band widhvéBW'’s) of Si- [
and SiC-derived bulk states compare fairly well for frozen )}
and free surfaces, although they underestimate the respectiv @/
bulk calculationgTable V). Increasing the slab thickness to v“{( N
717 leads to VBW variations of only=3%. We were able to & AT f',f
estimate an error due to the slab approximation-@.3 eV \\j,’
on LDA eigenvalues. A 7/7 slab is then large enough to get a “f 4
good description of both the Si and the SiC part, and the & M
perturbation induced on the electronic structure by the inter-
face configuration. In Fig. 7, the spatially projected density FIG. 8. Isosurfacémedium gray of the highest-occupied state
of states(DOS) at the interface is compared with the DOS projected alond 110] (left) and[110] (right). Black (light gray)
obtained in inner layers at the Si and SiC sides of the slalspheres indicate €Si) species. Surface atoms are saturated with
Several states lie in the band gap of the heterostructure, &ydrogenssmall white sphergs
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FIG. 9. Isosurfacémedium gray of the lowest unoccupied state
projected alond 110] (left) and[110] (right). Black (light gray)

spheres indicate CSi) species. Surface atoms are saturated with

hydrogengsmall white spheres

electron-energy-loss spectroscopy and x-ray photoelectr
spectroscopy around 0.8 é¥/Our results on the presence of
interface states in the heterostructure forbidden gap may gi
an explanation for this experimental evidence.

VIl. CONCLUSION

(0}

PHYSICAL REVIEW B68, 195302 (2003

our proposed configuration: our relaxed structures may be
used as input for simulating HREM experimental images and
complement the results.

We furthermore estimated the interface energy fram
initio calculations, for a noncoherent interface, in the case of
a multicomponent system, such as SiC: this quantity, which
is hardly accessible from experiment, has been here evalu-
ated for the SiC/$001) interface, although with a non-
negligible uncertainty. This is to the best of our knowledge
the first ab initio determination of interface energies at a
mismatched semiconductor heterostructure.

Several electronic interface states, calculated ahave
been identified. These states, located on the core of the misfit
dislocations, may influence the electronic and optical prop-
erties of the interface.

We point out that the approach we used in this study, i.e.,
the combination of elasticity theory, classical potential, and
b initio methods, may be easily adapted for other systems of
interest, in particular, for systems with large mismatch where

V& coherent interface model is not suited or for semiconduct-

ing systems where core reconstructions are expected.
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