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Empirical molecular dynamic study of SiC  (0001) surface reconstructions
and bonded interfaces
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Empirical molecular dynamics simulations based on the Tersoff potential are carried out for
SiC(000)) surfaces and bonded interfaces. It is demonstrated that such a classical interatomic
potential is able to correctly describe SiC-48001)3x3 and J3x \/3R30° surface reconstructions.

The surprising accuracy of the empirical simulations compared to results of density functional
methods as well as experiments is demonstrated not only by obtaining reasonable structural
parameters, but also by the correct prediction of such intricate effects like buckling in the topmost
carbon layer of the/3x /3 surface and polymerization in the silicon wetting layer of the33
reconstruction. Because of the established good applicability of the Tersoff potential the simulations
are used to predict the formation of SiC interfaces to be generated by wafer bonding and so far
experimentally unobserved. It is shown that the bond energy crucially depends on the local atomic
structure at the interface. The resulting bond energies range from 0.56 up to 3%dpanding on

the initially prepared reconstruction and alignment of the surfaces20@0 American Institute of
Physics[S0021-897@0)09001-§

I. INTRODUCTION of perfectly lattice matched materials with different elec-
tronic gaps is attractive for homoepitaxial devices exhibiting
SiC received increasing attention during the last decadgehavior of a heterojunction. So far, multilayered devices
due to its interesting physical properties for electronic appli-hased on SiC polytypism proved to be an extraordinary ex-
cations. The wide band gap, excellent thermal conductivityperimental challeng® due to difficulties in controlling the
and high temperature stability promise good applicability forpolytype evolution during growth. In a typical chemical va-
high power devices and high temperature sensors. Nowaday®r deposition or molecular beam epitaxy growth experiment
different materials and their properties are compared by seteps of multiple bilayer height on the growth surface serve
called figures of merit, which summarize and emphasize ceras a polytype seed. In contrast to the step morphology, the
tain physical properties in dependence on the desiredxposed surface itself does not deviate between polytypes,
application® The high application potential of SiC for high e.g., a 3C-SiCl11) and a 4H-SiC(000) crystal. Coales-
power devices is represented by Baliga's figure of nferit, cence on large islands apparently always leads to energeti-
Wh|Ch exceeds the Value for Si|iCOI’] by a factor of 106. H|ghca”y favored 3C-S|C, Wh||e the Step ﬂOW growth preserves
electron drift velocities and high breakdown fields are desirtne polytype of the SiC substrate. Stagteal” demonstrated
able for high frequency devices. The outstanding perforthat the different surface reactivity of reconstructions is re-
mance parameters of SiC in a variety of device structuregponsiple for the switch between the step flow growth and

have proven the maturity of SiC technqloﬁy. ~ island growth, hence allowing polytype conservation or the
The occurrence of more than 220 different polytypes is &yrowth of 3C-SiC, respectively.

very interesting crystallographic property and important for- e present article investigates a completely different

structures using SIC epitaxy. The most common forms argnn5ach for generating an electronically usable interface.
the hexagonak-SiC, which is the wurtzite structure, and |,stead of growing different polytypes on top of each other,
cubic -SiC, which denotes the zinc-blende poly-type, andiye interface generation by so called wafer bonding is simu-
their various stacking comb!nauorq_sH-SlC, 6H—_S|C. co) lated by means of empirical molecular dynamit4D). Go-

The band gap of the material varies for.the dlff_erent POlY-sele et al® successfully demonstrated experimental silicon
types and ranges from 2.'4 ev for the cubic 3C-SiC 10 3.3 eVwafer bonding in UHV. This technique yields contamination

for th_e hexagonal 4H-SIC which has the shortest_ grqwablt?ree interfaces, which should be beneficial for the electronic
stacking sequendgee, e.9., Refs. 4 and.Jhe combination characteristicS. The silicon bonding experiments were ac-

companied by empirical MD, which simulated the interface
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mechanical systems and optical devite3he effectiveness

of the technology for pseudoheteroepitaxy using different
SiC polytypes will be demonstrated by the presented MD
simulations. The results of the simulation can serve as a
guidance for experimentalists. The feasibility of SiC wafer
bonding and the effects of different reconstructions are
shown.

Il. COMPUTATIONAL PROCEDURE

We used the empirical Tersoff potentfat* for the MD
simulations. In several applications of the Tersoff and ex-
tended potentials to include Si—C and other interactions,
the ability of the empirical MD simulations are demonstrated
to investigate surface reconstructions and chemisorption of
hydrocarbons. After simulating differently reconstructed sur-
faces, i.e., the Si0001)-3x3 and\/3x /3 R30° reconstruc-
tions, we compared the structural parameters obtained by our
simulations to existing experimental and theoretical models.
The good agreement between simulations and experimental
results in the case of surfaces encouraged us to extend the
simulation to wafer bonded interfaces, specifically to the
case of bonding of 83 and+/3x /3 R30° reconstructed sur-
faces. In both cases we investigated two basic arrangements,
not yet successfully investigated experimentally. First we
deal with a situation, in which the adhesion is only due to
adatom—adatom bonds. In the second case the adhesion is
due to the formation of an interlinked interface structure. FIG. 1. (a) Top view of the <1 surface with T4, H3, and S5 adsorption

The molecular dynamics simulations were carried outsites-(b) Side view of they3x J3R30" surface.
using the NVT ensemble, i.e., constant number of atoms,
constant volume and constant temperature. Supercells of
2.13 nmx1.85 nmx4.0 nm (/3% /3 reconstructionsand _ _

1.6 nmx 1.85 nmx4.0 nm(3x3 reconstructionswere used. wards the surff'ice, the sqrroundmg C atoms are shlf_ted up-
Periodic boundary conditions were applied in the plane ofVards. The different shifts of the carbon atoms is the
the surfaces. The free surfaces were relaxed at 0 K until thBECessary prerequisite for a buckling relaxation of the under-
forces converged to less than 0.01 eV/A. The simulations fo2Ying carbon layer, see Fig(t). The theoretical model with
interacting surfaces were carried out for room temperature! 2datoms Jn T4 sites was confirmed experimentally by
until no bond rearrangement occurred anymore and then rexia'ke etal.” via 1-Vlow-energy electron diffraction

laxed at O K, see, e.g., Ref. 10. The temperature stability wag‘EED)' . ) . . .
tested by simulating an annealing up to 1200 K. At H3 sites the Si adatom is positioned in the center of

SiC hexagons, which results in symmetric displacements.
The S5 adsorption geometry allows a symmetric buckling,
too, but does not correspond to scanning tunneling micros-
A. Simulation of free surfaces copy (STM) observations, which clearly showed protrusions
) ) and are therefore not compatible with subsurface éftes.
1. Simulation of the  \3X J3R30° surface However, photoemission experimeAtsyhich had indicated
Reconstructions with a/3x 3R30° periodicity are a Si depleted top bilayer, may be interpreted as an indication
well known for a variety of adsorbed elements on differentfor the S5 structure. As this case is not yet clarified, we did
substrates, see, e.g., Refs. 18 and 19. Other possible struwst use the S5 energy for comparisons.
tural elements besides single adatoms are vacancies or more Our molecular dynamics simulations based on the semi-
complicated adclustef$in H3, T4, or S5 adsorption sites. empirical Tersoff potential support the silicon adatom T4
For the SiC000) surface, these sites are located in the hexageometry. The single Si T4 adsorbate is energetically fa-
gon, above or below, respectively, the first carbon layer. Theored with respect to the H3 adsorption geometry by an
sites are schematically shown in Fig(al Ab initio  amount of 0.38 eV per surface unit cell.
calculationd!~2% of the SiG/3x /3R30° surface have al- It is a reasonable approximation to relate this energy
ready indicated that silicon adatoms in T4 coordination araifference to the surface atoms because a relaxation deeper
the energetically favorable arrangement. Simple symmetrin the bulk was not observed and the bottom side atoms of
considerations support this result. The T4 coordination yieldshe slab were fixed to the initial position. Kger et al?!
a three-fold symmetry axis normal to the surface and cenealculated within density functional theofpFT) an energy
tered at the adatom. The underlaying C atom is shifted downdifference between H3 and T4 geometry of 0.6 eV per sur-

Ill. RESULTS
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TABLE |. Structure parameters of the@x J3R30° surface(distances

D,-D, in angstroms, angles and A in degrees, see Fig).1 Tetramer
Parameter Local density approximation  LEED This work : :

(LDA) calculatior Experiment’ Si ‘;;?Itgpg
D, 2.41-2.43 2.46 2.53 i :
D, 1.71-1.74 1.77 1.78 S‘ C b”ayer
D, 2.50-2.55 2.55
Dy 1.88 1.88
@ 70-71.38 67.7
Az 0.25-0.27 0.34 0.19

aSee Refs. 21 and 23.

bSee Ref. 35. FIG. 3. Side view of the 33 reconstruction.

face unit cell, a value which supports the results of our simugffort of dynamical LEED analysis guided by DFf the
lations (see also Refs. 26—28However, the analysis of the Kulakov model was further refined by modifying the struc-
band structure by newer photoemission experinf@stsows ~ fure of the first silicon wetting layer. Essentially, it was pro-
there are open questions to be clarified using enhanced simRosed that the adlayer does not exhibit vacancies. Without a
lations for the different models. The structural parameters oféarrangement this would imply that some silicon atoms like

the different models are shown in Table | and Fig. 1. atom 11 in Fig. 2 exhibit three dangling bonds, which is
highly unlikely. Instead, relaxation is believed to take place

and leading to the formation of five and seven membered Si
. rings. This polymerization-like rearrangement passivates the

| '{he S'I'COT E€Xcess on chet sdurfzc?ﬂ(gretvealed by AugeEurface, since the number of dangling bonds is reduced by
€lectron Spectroscopy motivate a O Propose a e corresponding formation sip? hybrids. The present em-
quel, consisting of tyvo prominent protruding adatoms perpirical MD simulation again supports the current surface
“T"t cell and a stacking fgult. The exaqt geometry of themodel. The structural parameters of simulations are com-
SiC(0001-3x3 reconstruction was thus f|rs'F believed to be pared to the current model in Table Il. The formation of the
c!{osi!y rilatﬁd to dte?le Ts;gndarg(ﬁl)g?7bd|mer(;§;_de(ljtor;1t- polymer-like ring structure strongly depends on the starting
E.aﬁ ‘N9 I."f:u Sr'lr'll\(;l ' K lsbmo el ha 'Ioble m%_'r']e ha erdconditions of our simulation. By manually moving the atoms

Igl quallty frusi Works e_tcamlie avalli Iek;\lv '|C32 sThowe in the expected position it was shown that in terms of the
only oneé protrusion per unit cell, see rulakev al. € Tersoff potential the polymerized surface is a minimum en-
modified model consists of an incomplete silicon wetting

I ith " tet i tectl Fi ergy configuration. However, a self-ordering towards such a
ayer with a silicon tetramer resting on, €.g., si éc gs. configuration from an ideal truncated bulk was not observed
2 and 3. This existence of 6 and 9 atomic rings on the

. . . ir& our simulations.
surface surrounding vacancies was proposed. In a combine

2. Simulation of the 3 X3 surface

B. Simulation of wafer bonded interfaces

After testing the Tersoff potential foa priori well-
known surfaces and proving its applicability even for slight
relaxation effects such as buckling and polymerization,
simulations of the structure of bonded SiC wafers were per-
formed. In this case, presently no experimental observations
are available.

Wafer bonded interfaces are simulated with the original
parameter set of the Tersoff potenti&?* The simulation of
interfaces should be even more appropriate for the used pa-

TABLE II. Structure parameter of theX3 surface(bl=bond length in
angstroms, babond angle in degrees, see Figs. 2 and 3.

Parameter LEED/LDA This work
bl 1-2,3,4 2.47 2.56
bl 2,3,4-6,7,5 2.35 2.42
bl 2,3,4-9,10,8 231 2.40
bl 5,6,7-11 2.39 2.46
ba 2,3,4-13,4,2 88.80 84.55
ba 6,7,5-2,3,4-9,10,8 97.60 93.80

FIG. 2. Top view of the X3 reconstructiorifilled circles denote Si adsor- ba 5,6,7-11-6,7,5 120.00 120.00

bate sites, clearly visible are five and seven membered atomic rings; bulk

lattice and bilayer faintly sketched aSee Ref. 33.
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S TABLE IIl. Packing density(in percent and bond energyin J/nt).
j Interfaces Packing density Bond energy
3% 3R30° adatomi adatom 13.96 1.64
Interlinked 3% \/3R30° 19.9 3.16

3X3 adatom| adatom 28.58 0.56
Interlinked 3x3 47.53 2.9

%
i

T bonded interface

& Catoms o ) o
and no disintegration was observed. This indicates that both

simulations lead to a local minimum in the potential energy
surface.

For the interlinked chainsaw structure, the formation of
lateral interactions in they plane could be observed. This

rameters, since they were initially obtained by fittin bulkinteraction induces the formation of atomic rows diagonally
' y Y y 9 to the initial reconstruction, i.e., if1120] or [2110] direction

properties, e.g., the bulk bond length and elastic moduli, 3 . - o .
L o . epending on the initial conditions. An equilibrium row
situation which is closer to an interface than a surface. |

: . r]ength could not be detected but the number of silicon atoms
contrast to the simulation of free surfaces, no atoms were

held fixed at their starting position, allowing intimate contact | o ¢, 'O "anges from dimers up to five atoms. In our
ing p ' 9 - ~“simulation, an alignment of adatoms and empty T4 sites was
of the two wafers facing each other. Two types of starting

surfaces prior to bonding were considered: one type conr-]Ot energetically favored.
P 9 j yp Comparison of the peak-to-peak and the chainsaw ar-

sisted of a surface reconstructed with>a3structure and the rangement shows that an interlinking yields a much higher
ther type with ay3x (3R30° 'perioc.iicity. A total of four acking density of silicon atoms of the interfalddere we
different arrangements were |nves_t|gated: free surfaces [ﬁsedpacking density-(number of silicon interface atonis
each type were aligned such that elther_the topmost adatona%Si_C biayer £ Z8i-C biayer 2 Asuperce) With Z being the number
were juxtaposing(peak-to-peak, or equivalently adatom o7 osandn the area per supercdll The number of sili-

adatom or the corresponding top atoms were arranged in 2on atoms per interface volume of course is not necessarily

chainsaw—_like structure. All the starting configurations WeT€ orrelated to the local atomic coordination, which determines
arranged in such a way that at least some atoms of the tw&e bond energy. However, in the case of comparing wafer
opposing surfaces had a distance just below the cutoff radiLE, '

. o . onded interfaces with/3x +3R30° initial reconstruction,
of the Tersoff potential for initiating the bonding process. packing density and bond energy seem to be correlated, see

Rotated a}rrangement§ were not mvestlgr';\t'ed since th‘Fable [ll. The bond energy was determined after a relaxation
necessary unit cell for periodic boundary conditions is much

o . . at elevated temperatures up to 600 °C. The more open struc-
larger for small misorientations. Since $D01X1 sur- ture and missing linkage for the peak-to-peak configuration

faces are commonly assigned to disordered surface structurggsily accounts for the reduction in bond energy during an-

caused by impurities, no effort was undertaken to model this .. L . .
. o nealing, attraction is only due to a single Si—Si bond across
rather undefined situation.

the interface per surface unit cell.

¢ Siatoms

FIG. 4. SiG/3x \3R30° surfaces: bonding in chainsaw arrangement.

1. y3X 3R30° arrangement 2. Simulation of wafer bonded interfaces with initial

. . ) _ 3X3reconstruction
The simulation showed that the relaxation of both initial

configurations of Figs. 4 and 5 leads to stable configurations, 1€ 3X3 peak-to-peak arrangement is quite similar to

The stability was also tested at temperatures up to 1000 °&€ V3x ‘/§R30° one. The initial configuration consists of
two opposing X3 reconstructions with the top silicon ada-

toms separated by 2.77 A indirection and no offset in the

, Xy plane. Again the adatoms, which are initially only three-
’1 "I fold coordinated and exhibit therefore a dangling bond state
g B S are solely responsible for the attraction of the two crystals.

; ‘ l\‘ Since the X3 reconstructed surface exhibits large corruga-
p S tions, the interface is comprised of large holsse Fig. &

4 ) with a low packing density of the interface. The missing
? bonded interface interaction between other components of the surface leads to

& \ 2%
1 T T i
\ f\ / )‘\ /“\ f a preservation of the structural parameters of the initial re-
kY ; ‘Y‘Y\’* construction.
; v & Catoms If the starting configuration is modified by slightly trans-
\Y kY&YL?;:z'&fﬁsY lating the surface unit cells of the crystals facing each other
D e aa S g g g

- ¢ Siatoms such that an ad-tetramer is opposite to the silicon wetting
layer instead of an ad-tetramer, a completely different behav-
FIG. 5. SiG/3% y3R30° surfaces: bonding in peak-to-peak arrangement. ior occurs. After narrowing the gap between the two crystals

Downloaded 10 Oct 2001 to 195.37.184.165. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



7108 J. Appl. Phys., Vol. 88, No. 12, 15 December 2000 Koitzsch et al.

this configuration may not be useful for electronic applica-

tions using SiC bonded interfaces, in which electric current
has to cross the interface and thus also the most likely highly
resistive amorphous interlayer.

The calculated bond energies of 1.64 and 3.16 Jhex
spectively, for the3x \/3R30° reconstructed surface prom-
ise more success in bonding experiments due to the higher
reactivity of this type of surface due to the higher density of
dangling bonds per area. In addition, there is a good chance

bonded interface that the experimental verification may be accomplished

: since, in contrast to the>&3 surface, the/3x \3R30° re-
&; construction is the less Si rich one so that the formation of
W o epitaxial Si clusters are more likely to be avoided during
LYLYL? surface preparation. Therefore, we predict that the formation
of contamination free SiC wafer-bonded interfaces can be

1

f r g ? I + @ Catoms achieved by preparing/3x \/3R30° reconstructed surfaces
S A~ A = o

, . in an ultrahigh vacuum environment.
% ( Siatoms

FIG. 6. SiC 33 surfaces: bonding in peak-to-peak arrangement.
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