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Molecular-dynamics simulation of Al/SiC interface structures
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Molecular-dynamics simulation employing Tersoff and Ito-Kohr-Das Sarma potentials has been performed
to study structural properties of Al/SiC interfaces. The atomic configuration and cohesive energy of various
Al/SiC interfaces formed between low-index planes of Al and SiC surfaces have been calculated. A positive
correlation between the existence of a specific orientation relationship~OR! and its cohesive energy has been
identified and used as a guide in search of more Al/SiC OR’s. Structural disorder is induced by the interfacial
bonding dominated by the Al-C interaction, but is limited to a narrow region near the interface, thus main-
taining definite OR’s between Al and SiC. It is shown that the cohesive energy decreases only slightly when
the OR’s deviate from the ideal arrangement within a small range, suggesting the stability of these nonideal
OR’s. The calculated results are in good agreement with experiment and provide an atomic-level description
for the low-index Al/SiC interfaces.@S0163-1829~99!10115-2#
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I. INTRODUCTION

The study of metal/semiconductor interfaces has rece
considerable attention1–8 because of their wide-range app
cations in electronic devices and composite materials.
Al/SiC interfaces provide a prototypical example that co
bines fundamental scientific interests and practical tech
logical applications.b-SiC is a good candidate for devic
application in high-temperature and high-radiation enviro
ments and Al is used both in forming contacts on S
devices3 and as a matrix material in SiC whisker-reinforc
composites.2 The b-SiC whisker-reinforced aluminum com
posites~Al/SiCw! can be used as structure materials in
automobile and aerospace industry and also in some
manding environments such as the first wall of a fusion
actor. The properties of Al/SiCw composites are stron
influenced by the structure of the reinforcing phase S
whisker and the Al matrix. Therefore, systematic experim
tal and theoretical studies of interfaces between SiC and
are of great technological interest. There is also fundame
scientific issues concerning atomic-level descriptions of s
interfaces that need to be addressed.

Many experimental studies2,9–20 on the Al/SiC inter-
face have been performed. Most of them observ
orientation relationship~OR! between Al and SiC in eithe
a-SiC particulates reinforced Al orb-SiC whisker-reinforced
Al composites. Van Den Burg and De Hosson9 studied SiC
particulates-reinforced aluminum compos
interface structure and found an orientation relationsh
@21̄1̄0]SiCi@110#Al , (0001)SiCi(111)Al . Arsenault10 and
Romero11 found a specific crystallographic orienta
tion in the Al/a-SiC interfaces, @112̄0#SiCi@110#Al ,
(0001)SiCi(1̄12)Al . On the SiC whisker-reinforced alum
num matrix composites, various experimental results h
shown that there is no reaction between Al and SiC, and
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long distance mutual diffusion at the Al/SiC interface,12 and
crystal OR’s exist between the Al matrix and the S
whisker.13,14 A detailed study21 shows that most of the OR’s
are not very strict but there is a small deviation from t
ideal OR.

On the theoretical side, attempts have been made to s
interfaces between SiC and metals. Using charge s
consistent extended Hu¨ckel theory, the adsorption of Au on
b-SiC~111! surface has been studied22 and the results tha
the Au-Si interaction is stronger than the Au-C interacti
agree qualitatively with experiment. The electronic structu
of Ti/b-SiC interface1 and Ti, Cu, Pd/a-SiC interfaces23 have
been studied using the atom superposition and electronic
localization molecular-orbital method. The results show t
all these metals bind strongly to the silicon carbide surfac
There has been also work reported on the study of Al/S
interfaces.24–28 Li, Arsenault, and Jena24 used a quantum-
chemical method to calculate the total ene
gies of Al~111! @110#ia-SiC~0001! @21̄1̄0# and Al~100!
@110#ib-SiC~21̄1̄) @111# interfaces. They conclude that th
bond strength between SiC and Al could be stronger than
bond between Al and Al and the adhesive energy betw
the biggest-side surfaceb-SiC~21̄1̄)/Al is larger than that
between the top-surfaceb-SiC~111!/Al. Rao and Jena25 cal-
culated the bond lengths and binding energies of Al-Al, A
Si, Al-C, and Si-C dimers by a self-consistent quantu
mechanical method. They found that the binding energy
Al-C is larger than that of Al-Si. The results can be used
understand the nature of the atomic bonding at the interfa
Lu, Zhang, and Xie26 used a cluster model to describe th
adsorption of Al on theb-SiC ~100! surfaces. They found
that the Al-SiC interaction is limited to a narrow region ne
the interface. The adsorption of Al on the Si-terminat
~100! surface hardly affects the Si-C bond, whereas the
sorption of Al on the C-terminated~100! surface weakens the
10 125 ©1999 The American Physical Society
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Si-C bond. The Al-C interaction is stronger than the Al-
interaction. Kohyama27 used anab initio pseudopotentia
method and the CG electronic-minimization techniques
Bylander, Kleinman, and Lee29 to study the SiC~110!-
Al ~110! interfaces. The main conclusion is that the Al-C i
teractions at the interfaces have features different from th
of Al-Si interactions and the electron-density distribution b
tween the Al and C atoms are similar to those of the S
bond. He concluded that the strong attractive C-Al inter
tions with covalent and ionic characters should play a fav
able role in the adhesion between SiC and Al surfaces.
Yan, and Ohuchi28 employed a tight-binding method to in
vestigate surface electronic structures of theb-SiC recon-
structed~001! surfaces and the Al/b-SiC ~001! interfaces.
Their results indicate that Al deposition on theb-SiC ~001!
surface may induce the substrate to return to the ideal u
constructed surface and that the Al-C interaction is stron
than the Al-Si interaction. Al deposition on C-terminate
surfaces may form a better bonded interface than that on
Si-terminated surfaces.

Most of recent studies mentioned above have focused
the electronic structure to reveal the binding mechanism
Al/SiC interfaces. Although electronic structure calculatio
can explain the charge transfer and the bond-strength c
acteristics, they do not directly address the issue of interf
structures. In particular, the experimentally observed OR’
Al/SiC interfaces13,14,21 and the deviation from the idea
OR’s in Al/SiCw composites21 are still to be understood
from an atomic-level description. To this end, it is necess
to carry out large-scale systematic investigation of
atomic configurations at the interface. Molecular-dynam
~MD! simulations employing empirical potentials are w
suited for such problems. It can provide a precise picture
the atomic arrangements at the interface that include a l
number of atoms per unit cell and the surface reconstruct
In this respect, first-principles calculations still have d
ficulties.24,27 In this paper, we report a systematic MD sim
lation of Al/SiC interfaces with an emphasis on the study
OR’s. Although semiempirical and semiquantitative, o
study represents the first attempt to provide a systematic
scription for Al/SiC interface structures. Calculations are c
ried out for various crystallographic orientations as well
for deviation from the ideal orientation relationships at t
interface. This work complements first-principle calcu
tions27 and semiempirical tight-binding studies26 by includ-
ing a much larger numbers of atoms in the simulation.

This paper is organized as follows. The description of
method is presented in Sec. II, where we give the struct
models of the Al/SiC interfaces and discuss the choice of
potential parameters used in the MD calculations. The res
are presented in Sec. III. Finally, a summary is given
Sec. IV.

II. METHODS

A. The potentials

In this paper, we have employed two widely used pot
tial formalisms proposed by Tersoff30 and by Ito, Khor, and
Das Sarma.31–33 Below, we briefly summarize these forma
isms and discuss their implementation in the present ca
lations.
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The Tersoff potential formalism is

Vi j 5 f c~r i j !@ f R~r i j !1bi j f A~r i j !#, ~1!

where f R and f A represent the repulsive and attractive ato
pair interactions, respectively.

f R~r i j !5Ai j e
2l i j r i j , f A~r i j !5Bi j e

2m i j r i j , ~2!

wherel i j andm i j are positive,Ai j andBi j , both positive, are
modified repulsive and attractive terms, andf c is an optional
cutoff function to define the interaction range. Thebi j func-
tion modulating the attractive interaction has an expli
bond-angle dependence and includes many-body inte
tions.

bi j 5x i j ~11b i
nij i j

ni !2
1

2ni ~3!

j i j 5 (
kÞ i , j

f c~r ik!g~u i jk ! ~4!

g~u i jk !511ci
2/di

22ci
2/@di

21~hi2cosu i jk !#, ~5!

wherex i j is a mixture parameter to strengthen or weaken
heteropolar bonds,hi is formally the cosine of the energet
cally optimal angle,di determines how sharp the dependen
on angle is,ci determines the strength of the angular effe
ni andb i are parameters to adjust the strength ofbi j .

The Tersoff potential has been successfully applied to
study of Si and SiC systems.34 We have employed the Ter
soff potential to study the low-index SiC surfaces in a rec
work35 and have found some interesting surface relaxat
and reconstruction patterns in good agreement with exp
ment and other calculations. We have adjusted the cu
parameter for the surface C atoms to extend the range o
interactions. This is because the interaction between
second-neighbor surface atoms must be considered to
count for some surface structural features such as the su
dimer row.36 More details on the parameters used for S
can be found in Ref. 35. The fully relaxed SiC surface co
figurations obtained in that work have been used to repre
the SiC surface as the starting point in the simulation
ported in the present work.

For the simulation involving Al, we have used the Ito
Khor-Das Sarma potential given by the formalism31–33

Vi j 5A exp@2b~r i j 2Ri !
g#H e2ur i j 2

B0

Zi
a

3e2lr i j F11 (
kÞ i , j

~cosh„u j ik2u i…21!G J , ~6!

whereu i is the equilibrium angle between nearest-neighb
bonds for a regular structure with coordination numberZi
5( j exp@2b(rij2Ri)

g#, u i jk is the angle between bondsi j
and ik, h is a parameter to fit the bond-bending force co
stant, and the summation is only over nearest-neighbor at
whose bondik is equal to the nearest bonds ofi j . Ri is the
minimum interatomic distance of these neighbors. The qu
tity exp@2b(rij2Rj)

g# is the counterpart of the Tersoff’s bar
bonding potential. The parametersb and g can be fitted to
give the correct effective coordination numbers.
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TABLE I. Potential parameters for Al-Si and Al-C.

A ~eV! B0 ~eV! u (Å 21) l (Å 21) b g a

Al-C 8165.3588 0.03953 3.9238 1.9619 33.5313 3.2707 0.4
Al-Si 4265.9784 0.04714 3.7478 1.8739 23.8234 3.4078 0.6
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The Al-Al parameters are taken from Ref. 33 and the C
and Si-Si parameters are from Ref. 31. As for the parame
of the Al-C and Al-Si interactions, we took the average
the corresponding single-element values for parame
B0 , l, b, g, a and optimized more sensitive parametersA
andu according to the bond length and the binding energ25

The parameterh is set to zero for the Al-C and Al-Si inter
actions as in the Al-Al case33 because there is no definit
bond angle between Al-C, Al-Si, and Al-Al. The potenti
parameters for Al-C and Al-Si used in our simulation a
listed in Table I.

B. The structural model

In this paper, we first studied the five interfaces repor
in a recent scanning tunnelling electron microscope~STEM!
experiment,13 followed by a systematic study of fifteen low
index Al/SiC interfaces formed between Al~100!, ~110!,
~111!, andb-SiC with relaxed~100!, ~110!, ~111! surfaces.
All these Al/SiC interfaces are assumed to have ideal or
tation relationships.

The MD simulation cells are constructed by choosing
contacting Al and SiC surfaces with a small misfit ratio a
an appropriate thickness to represent the semi-infinite Al
SiC bulk crystals. Here we describe the case
(100)SiCi(100)Al , @100#SiCi@100#Al as an example to illus
trate the procedure of constructing the MD cells. We selec
a square SiC surface area of 13313 SiC unit cells to match
a square Al surface area of 14314 Al unit cells, with a misfit
ratio of only 0.08%. In the direction normal to the interfac
we chose eight layers of Al plus eight layers of SiC. T
total number of atoms in the MD cell is about 10,000. T
distance between the contacting surfaces of Al and SiC
first set to the previously obtained25 Al-C bond length for
Al/SiC-C interfaces and the Al-Si bond length for Al/SiC-S
interfaces and the average of the Al-Si and Al-C bo
lengths between Al and the nonpolar SiC~110! surface. It is
then optimized by maximizing the cohesive energy of
system and used as the starting point of the MD simulat
The bottom two layers of SiC and the top three layers of
were fixed to simulate the two semi-infinite bulk, while oth
layers were set to relax freely. Periodic boundary conditio
were applied to the four boundary planes. All other MD ce
were constructed in the same way, although the exact dim
sions of the contacting surfaces vary for different OR’s.

Another subject of great interest is the observat
that many experimentally observed OR’s deviate fro
ideal arrangement.21 To address this issue, we study the s
bility of the OR’s of Al/SiC interfaces with regard to
changes in relative orientation. We focus on the case
(100)Al i(100)SiC, @100#Al i@100#SiC. The orientation is var-
ied by rotating bulk Al about two axes normal and parallel
the interface. These rotations can be expressed in term
two Euler anglesc and u. In this situation, the MD cell is
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similar to those described above for ideal OR’s, but w
some notable differences. After the rotation of Al bulk, w
cut an Al box with the contacting surface matching that
the SiC surface. Rigid boundary conditions37 are used, in
which the four lateral boundaries were replaced by he
walls.37–39 The atoms inside the wall are allowed to rela
freely, while the atoms on the walls remain rigid. Using th
model, we calculated the cohesive energy for a series
OR’s with different Euler angles. It should be pointed o
that the rigid boundary conditions may make the cohes
energy higher than that using the periodic boundary con
tions because it introduces artificial confinement. This sho
not be disturbing, however, since we are interested her
the comparison of relative cohesive energies correspon
to different rotation angles.

C. The simulation procedure

The simulation in this work has employed a consta
number-volume-temperature ensemble containing ab
10 000 atoms in various MD cells. The starting atomic co
figurations were composed of a fully relaxed SiC surfac35

and an Al surface with bulk-atomic configurations.
The forces during each time step were defined in term

the gradient of the potential energy with respect to the len
of the vector connecting each pair of atoms and the an
between pairs of the vectors. The positions and velocitie
every atom in the MD cell were calculated following ea
time step by integrating the Newtonian equations of mot
using the Verlet algorithm.40 The time step in the integration
is set to 0.3 fs. The potential energies and forces associ
with each atom in the MD cell, as well as the total potent
energy, the total kinetic energies, the cohesive energie
the Al/SiC interface, and the total maximum force valu
were calculated for each time step and atomic configurati
were allowed to relax. The calculations were carried out
ing MD and modified quasidynamic~QD! techniques.41 The
position and velocity of each atom were computed in a fu
dynamic mode until both the total potential energy and
total force of the ensemble reached minima at which po
the velocity of each atom was set to zero. The system
allowed to evolve further. The procedure was repeated u
stable atom positions with approximately zero net force w
obtained. The application of both conditions, minima in to
potential energy and system force, instead of the stand
QD procedure42 of using a maximum in the kinetic energ
for resetting velocities reduces the sensitivity of the calcu
tion to atomic configurations.43

The cohesive energy of the Al/SiC interface is defined

DE5~EAl1ESiC!2EAl/SiC , ~7!

whereEAl andESiC represent the cohesive energy of bulk
and SiC, respectively, andEAl/SiC represent cohesive energ
of the Al/SiC interface.
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III. RESULTS AND DISCUSSION

A. Simulation of five OR’s observed in the STEM experiment

We first carried out the MD simulation and calculated t
cohesive energy for the five OR’s reported in the STE
experiment.13 From the results shown in Table II, it is see
that the probability of observing a given OR increases w
its cohesive energy. This result is intuitive and provide
guide in search of more OR’s. However, caution should
exercised when making comparison with experimental
sults. Other factors may alter this simple picture. For
ample, the calculation of Liet al.24 indicated that the adhe
sive energy between the side-surfaceb-SiC~21̄1̄)/Al is larger
than that between the top-surfaceb-SiC~111!/Al, but in the
STEM observation13 the former OR was not observed. Th
issue was clarified by another experiment.19 It was generally
accepted that the SiC whiskers have a cubic structure wit
@111# axis as the growth direction and the cross section
hexagonal or trigonal surrounded by$211% side planes.44–46

But these whiskers have many growth faults and are
straight. The above contradiction is due to the fact that
side surface is not an exact$211% plane but composed of fin
$111% plane steps.19 With this cautionary note in mind, we
proceed to calculate the cohesive energy of other Al/SiC
terfaces and use it as a guide in search of stable OR’s u
the ideal situation.

B. Simulation of 15 low-index Al/SiC interfaces

Experimental results show that the most favorite surfa
of SiC whiskers are~100!, ~110!, ~111! surfaces12 and the
common interfaces of Al/SiC are between Al~100!, ~110!,
~111! surfaces and SiC~100!, ~110!, ~111! surfaces.13,21 We
have carried out MD simulations for 15 Al/SiC interfac
with the crystalline orientation relationships and the cohes
energies listed in Table III. An important observation is th
most of the interface structures in Table III have cohes
energies close to those shown in Table II. Based on
above analysis, it is expected that these OR’s should als
observable in experiment under ideal situations. In a m
recent experimental study,21 systematic search has yielded a
but one OR listed in Table III, along with some other OR
The only OR not observed is the Al~111!/SiC~110! interface
that has the lowest cohesive energy~0.144 eV! among the 15
OR’s studied in this paper. This result further supports
use of cohesive energy as a guide in search of more OR
the Al/SiC interface and other similar systems.

TABLE II. The orientation relationships observed at the Al/S
interface by the STEM experiment13 and the cohesive energy ca
culated by the present MD simulation.

Orientation relationship Number
Cohesive energy

~eV/atom!

(011̄)SiCi(001)Al ,@211#SiCi@100#Al
14 0.394

(111)SiCi(111)Al ,@011̄#SiCi@011̄#Al
12 0.353

(111)SiCi(100)Al ,@011̄#SiCi@011̄#Al
10 0.301

(011̄)SiCi(011̄)Al ,@100#SiCi@211#Al
5 0.271

(011̄)SiCi(011̄)Al ,@011#SiCi@211#Al
3 0.181
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An analysis of the calculated results reveals two gene
trends. The first is that the cohesive energy of Al/SiC-C
terface is larger than that of the same Al/SiC-Si interfa
This indicates that the Al-C interaction is stronger than
Al-Si interaction. This is in agreement with experiment
observations2 and other theoretical calculations.26 This can
be explained by the difference in the Al-Si and Al-C bon
lengths.24,26 The Al-Si bond length is much larger than th
sum of covalent radii of Al and Si, indicating that the inte
action between Al and Si does not have strong covalent c
acter and is relatively weak. On the other hand, the A
bond length is very close to the sum of their covalent ra
suggesting a strong covalent character. The second tren
that for~110! and~111! surfaces of SiC, interfaces with Al o
common indices have larger cohesive energies, while
same is not true for the SiC~100! surface. In fact, Al~111!/
SiC~100!~-C or -Si! have a larger cohesive energy than th
of the Al~100!/SiC~100!~-C or-Si!. For the unreconstructed
SiC ~110! and ~111! surfaces, it is expected that the be
match will be with Al surfaces of common index on the ba
of small-lattice misfit and high-bonded atom density a
strength. Meanwhile, the dimerization on the SiC~100! sur-
face, which certainly changes its bonding geometry and ch
acter, is considered the cause of the different situation at
interface of SiC~100! and Al. The present MD simulation is
not able to provide a microscopic description of the nature
the bonding at the SiC/Al interfaces, which is necessary fo
full understanding of the problem.

We also have analyzed the atomic configurations of all
Al/SiC interfaces. Figure 1 shows the atomic configurati
of the Al~001!/SiC~001!-C interface before and after the re
laxation. It is seen that the C atoms on the top layer of
SiC surface have strong movement from their free-surf
positions and the underlayer atoms have little change in
sition. This can be understood as the result of the bondin
the surface C atoms with the contacting Al atoms. In t

TABLE III. Cohesive energy of the fifteen Al/SiC interface
studied in this work.

b-SiC Al Orientation relationship

Cohesive
energy

~eV/atom!

~100!-C ~100! (001)SiCi(001)Al ,@100#SiCi@100#Al 0.297
~100!-C ~110! (100)SiCi(110)Al ,@001#SiCi@001#Al 0.236
~100!-C ~111! (100)SiCi(111)Al ,@010#SiCi@ 1̄10#Al

0.303

~100!-Si ~100! (001)SiCi(001)Al ,@100#SiCi@100#Al 0.199
~100!-Si ~110! (100)SiCi(110)Al ,@001#SiCi@001#Al 0.131
~100!-Si ~111! (100)SiCi(111)Al ,@010#SiCi@ 1̄10#Al

0.242

~110! ~100! (110)SiCi(100)Al ,@001#SiCi@001#Al 0.182
~110! ~110! (110)SiCi(110)Al ,@001̄#SiCi@001̄#Al

0.245

~110! ~111! (110)SiCi(111)Al ,@001̄#SiCi@ 1̄10#Al
0.144

~111!-C ~100! (111)SiCi(100)Al ,@ 1̄10#SiCi@010#Al
0.275

~111!-C ~110! (111)SiCi(110)Al ,@ 1̄10#SiCi@001̄#Al
0.205

~111!-C ~111! (111)SiCi(111)Al ,@ 1̄10#SiCi@ 1̄10#Al
0.316

~111!-Si ~100! (111)SiCi(100)Al ,@ 1̄10#SiCi@010#Al
0.249

~111!-Si ~110! (111)SiCi(110)Al ,@ 1̄10#SiCi@001̄#Al
0.195

~111!-Si ~111! (111)SiCi(111)Al ,@ 1̄10#SiCi@ 1̄10#Al
0.309
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process, the SiC~001! surface dimerization is at least pa
tially removed and the SiC~100!-~231! reconstruction pat-
tern is destroyed. Figure 2 shows the atomic configuration
the Al~001!/SiC~001!-Si interface. It is seen that the move
ment of the top-layer Si atoms is much smaller than tha
the C atoms shown in Fig. 1. This is consistent with t
above cohesive energy analysis that the Al-C interactio
stronger than the Al-Si interaction. Figures 3 and 4 show
atomic configurations of the interfaces of Al~100! with C-
and Si-terminated SiC~111!. It is seen again that the move
ment of C atoms is much stronger than that of Si atoms, e
when C atoms are below Si atoms~see Fig. 4!. Finally, Fig.
5 shows the atomic configuration of the interface betwe
Al ~100! and the nonpolar SiC~110! surface. The situation is
the same as in other cases shown above with a strong C-
movement and little Si-atom movement. In general,
movement of Al atoms is relatively small in all cases. It
also clear that the movement of interfacial atoms is sma
for the SiC~110! and SiC~111! surfaces, that show no surfac
reconstruction, than for the SiC~100! surface, that undergoe
a ~231! reconstruction through surface dimerization. In t
former case, the nonreconstructed surface atoms only a
the bond length within a small region to reach the sta
structure while the reconstructed surface atoms in the la
case have to move over a larger distance to form the st
Al-C or Al-Si bonds.

Some general structural features of the Al/SiC interfa
are observed. The interaction between Al and SiC is o

FIG. 1. Atomic configuration of the Al~001!/SiC~001!-C inter-
face ~a! before and~b! after relaxation.

FIG. 2. Atomic configuration of the Al~001!/SiC~001!-Si inter-
face ~a! before and~b! after relaxation.
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limited to a narrow region~two or three atomic layers! near
the interface. The interaction between Al and the seco
layer ~C-terminated! or third layer~Si-terminated! atoms on
the SiC side is quite weak. This is in good agreement w
the result of electronic structure calculations.26 It is also seen
that Al atoms do not penetrate into SiC. This supports
conclusion of experimental2,12 and other theoretical26 work.
The interface is divided into two crystal bulk parts with
definite orientation relationship separated by a narrow am
phous layer. This picture is in excellent agreement w
experiment.14,15 The situation here is similar to the grai
boundary structure47–49 and nanocrystalline silicon,50–52

which are composed of crystalline grain interiors with
amorphous intergranular phase. This kind of metastable
crostructure is typical for systems under severe constrain
the case of Al/SiC interfaces obtained using squeeze cas
method, atoms near the interface may be in a constra
state because of the high-applied pressure. Therefore,
system may not relax to the global minimum but a loc
minimum.13,14 In the present model, only five Al layers wer
allowed to relax freely while others froze. This is a goo
model for a constrained system. It is expected that the st
ture composed of two crystalline parts connected by
amorphous layer is a common feature of the two-phase
hesion under constrained conditions. The amorphous st
ture seems to act as a stress buffer to tolerate the high st

FIG. 3. Atomic configuration of the Al~100!/SiC~111!-C inter-
face ~a! before and~b! after relaxation.

FIG. 4. Atomic configuration of the Al~100!/SiC~111!-Si inter-
face ~a! before and~b! after relaxation.
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C. Deviation from ideal orientation relationships
at the Al/SiC interface

There is experimental evidence21 showing that many
OR’s at the Al/SiC interfaces do not satisfy ideal arrang
ment but have small deviations. Here we address t
issue by constructing a series of Al/SiC interfaces wi
different relative orientations. It is achieved by rotating th
Al bulk about the two axes normal and parallel to the inte
face. The rotation can be expressed in terms of the Eu
anglesc andu.

Figure 6 shows the calculated cohesive energy of t
Al ~100!/SiC~100!-C interface structure as a function o
the Euler angles. It is seen that when the deviation of t
angles from the ideal arrangement is not too large the co
sive energy decrease is very slow, suggesting a metasta
region for non-ideal OR’s at the Al/SiC interface. When th
deviation becomes large, the cohesive energy decrea
sharply as a function of the angles, indicating the structu
is unstable.

IV. SUMMARY

We have performed molecular-dynamics simulation wi
empirical interatomic potentials to study low-index Al/SiC
interface structures. It is found that there is a positive corr
lation between the stability of a specific orientation relatio
ship at the interface and its cohesive energy. It is al
found that the Al-C interaction is stronger than Al-Si inter
action in agreement with experimental observations a
other theoretical calculations. It is seen that the structu
change due to bonding between Al and SiC is limited to
narrow region near the interface, dividing the interfac
structure into two bulk crystal parts separated by an am
phous layer. This structure is similar to those found
large-angle grain boundaries and nanocrystalline silico
Based on the cohesive energy analysis, it is found that

FIG. 5. Atomic configuration of the Al~100!/SiC~110! interface
~a! before and~b! after relaxation.
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e

orientation relationship is relatively stable when deviat
from the ideal arrangement by a small rotation along
axis normal or parallel to the interface. It is predicted th
more low-index Al/SiC interface structures should be expe
mentally observable, and many of these structures are
pected to have orientation relationships different from
ideal arrangement.

The results presented in this paper provide a system
understanding of the low-index Al/SiC interfaces. It is e
pected to have an impact on future work on the nature
adhesion between Al and SiC and on other metal/cera
interfaces as well as various grain boundaries. It is noted
the present quantitative values and the details of atomic c
figurations may be subject to improvement by more accu
calculations. However, the physical picture and system
trends found in this paper are expected to remain valid.
though the empirical molecular-dynamics simulation tec
nique has its limitations in quantitative accuracy and mic
scopic mechanism, it does have the advantage of allow
the study of large supercells, thus better representing r
material systems and providing useful insight into the ma
rial property of complicated systems like composite int
faces. We hope that the present paper will stimulate furt
investigations of Al/SiC interfaces and other two-phase
hesion problems.

ACKNOWLEDGMENTS

Xuan Luo thanks Professor Yuming Wang in Jilin Un
versity for his helpful discussion. This investigation was su
ported by the National Natural Science Foundation of Ch
and the Pan Deng Project. Changfeng Chen was part
supported by the National Science Foundation under G
No. OSR-9353227 and the Department of Energy under
EPSCoR program.
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