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Energetics of AlN thin films and the implications for epitaxial growth on SiC
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We present anab initio study of the energetics of thin films of AlN on the Si-terminated SiC~0001! surface.
We demonstrate the existence of a vacancy-stabilized NAl wetting layer that can be obtained in both theA3
3A3 and 232 reconstructions through an N-rich deposition of Al and N. We show that the latter reconstruc-
tion is compatible with a nonabrupt neutral interface which promotes the formation of thick overlayers. Our
study of the competition between two-dimensional and three-dimensional growth reveals that only large is-
lands (r c>60 Å! are stable with respect to the initial two-dimensional phase.@S0163-1829~96!50548-5#
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AlN is a wide-band-gap semiconductor that has attrac
interest, along with other III-V nitride materials, for its po
sible applications in optoelectronics and high-temperat
electronics. One factor inhibiting the development of nitrid
based solid-state devices is the lack of a suitable substrat
epitaxial growth. The most commonly available substrate
nitride growth is sapphire. However, its large lattice m
match with AlN gives rise to threading defects, which a
expected to reduce the electrical and optical efficiency of
epitaxial materials. A promising alternative to sapphire
silicon carbide, which has a 1% lattice mismatch with A
and a 3% mismatch with GaN. Due to the good lattice ma
high-quality nitride films have been obtained using AlN as
buffer layer for nitride growth on SiC both with molecula
beam epitaxy1–4 ~MBE! and metal-organic chemical vapo
deposition5 ~MOCVD! techniques. Sitaret al.3 have shown
that AlN has a layer-by-layer growth mode on SiC up to
film thickness of;15 Å. A two-dimensional growth mode i
desired since it is expected to reduce the density of exten
defects in the films.

The goal of the present study is to understand the gro
mode of an AlN epitaxial film on SiC by analyzing the e
ergetics of possible film structures. We are particularly int
ested in the existence of thin films which are stable w
respect to AlN cluster formation, i.e., wetting layers. W
have calculated the formation energies for a number of p
sible structures which could be formed in the initial stages
growth. We have considered N- and Al-terminated films
AlN with 131, A33A3, and 232 periodicities. In addition
to ideally terminated AlN bilayer films we have consider
films having Al or N vacancies in the outermost layer, a
structures having Al adatoms decorating the surfaces of s
bilayers. Studies of the AlN~0001! surface have indicated6

that the formation energies of N adatom structures are q
high, and so we have not considered them in the pre
study. We have also performed calculations for nonabr
interfaces at which the local charge dipole that prevents
formation of thick films7 can be neutralized.

Our results indicate that, independently of the surfa
structure, films with the~0001! orientation are favored ener
getically over films with the~0001̄! orientation.8 We find that
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aA33A3 Al-terminated AlN film with 1
3 monolayer~ML ! of

Al vacancies, and a 232 Al-terminated AlN film with 1
4 ML

of Al vacancies and14 ML substitution of Si by Al at the
interface, are both stable with respect to aluminum nitr
cluster formation on the substrate. We present results wh
indicate that the~232!-reconstructed structure is more co
ducive to layer-by-layer growth.

The interface systems have been modeled usingA33A3
and 232 supercells containing five bilayers of SiC and o
or two bilayers of AlN. The vacuum region in each cell h
a thickness of;10 Å. C or Si dangling bonds at the bottom
of the slabs are saturated by H atoms, and all atomic p
tions are relaxed. Total-energy and force calculations
performed in the scheme of the density-functional the
within the local-density approximation.9 A dynamical ap-
proach towards the ground state is used, as in the C
Parrinello scheme.10 The code is highly optimized for sur
face calculations11 and uses optimized starting conditions12

The electron-ion interaction is described by pseudopoten
generated in the Martins and Troullier scheme.13 The kinetic-
energy cutoff in the plane-wave expansion of the electro
wave functions is 40 Ry. Monkhorst-Pack grids14 are used
for reciprocal space integration. We have used a grid of sk
points in the irreducible two-dimensional~2D! Brillouin
zone~BZ! of theA33A3 lattice, and two or fourk points in
the irreducible 2D BZ of the 232 lattice.

SiC polytypes differ among each other only in the stac
ing sequence,15 while the local bonding configuration is te
rahedral in each case. In our calculations we have emplo
the 3C polytype. However, we expect the results obtained
be valid for all other polytypes as well.

A detailed account of the structures we have studied
given elsewhere.6 Here we focus on the selected configur
tions that should play a role in the growth process. In Fig
we illustrate some of theA33A3 adatom and vacancy struc
tures. The~232!-reconstructed interfaces are similar, but i
clude a 1

4 ML substitution of Si atoms by Al atoms in th
outermost substrate layer, and have1

4 ML rather than1
3 ML

of Al vacancies and adatoms on the surface.
A clear 232 diffraction pattern has been observed for

30-nm-thick AlN film grown on Si-terminated SiC~0001! by
R17 351 © 1996 The American Physical Society
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MBE.1 However, a thin overlayer at an abrupt interface na
rally saturates all the dangling bonds in aA33A3 periodic-
ity. Structural modifications and changes in the surface
construction can occur as the film becomes thicker in or
to realize a charge-compensated interface.

Since different geometries examined involve differe
numbers of atoms, it is necessary to calculate their rela
formation energies as a function of the chemical potential
the atomic species. For structures containing the same n
ber of Si and C atoms, the relative surface energy depend
the Al and N chemical potentials through the relation

DE5DEtot2DnAlmAl2DnNmN . ~1!

Under conditions in which a bulklike AlN phase is prese
e.g., because of island formation, it is possible to assu
equilibration between the film and the bulk phase. In t
case the relationmN1mAl5 mAlN(bulk) holds and the relative
energy may be written as

DE5DE02~DnAl2DnN!~mAl2mAl ~bulk!!, ~2!

whereDE0 is the relative surface energy in Al-rich cond
tions determined from the total-energy calculations. T
relative surface energy has been calculated for the set
A33A3 and 232 structures as a function ofmAl for the case
in which the films are equilibrated with large islands, and
results are shown in Fig. 2. For each set of structures, we
that formAl>mAl(bulk)21.4 eV the most stable configuratio

FIG. 1. Configurations studied in theA33A3 reconstruction.
~a! Al-terminated SiC~0001! surface@top view in ~c!#; ~b! Al ada-
tom on the 1 bilayer NAl film deposited on SiC~0001!; ~d! Al va-
cancy in the 1 bilayer NAl film deposited on SiC~0001! @top view in
~f!#; ~e! Al vacancy in the 2 bilayers NAl film deposited o
SiC~0001!. Si ~C! atoms are marked by large~small! dots, Al ~N!
atoms by large~small! circles. The structures are labeled in th
panels according to their composition. The corresponding struct
studied in the 232 reconstruction with partial substitution of Si b
Al will be labeled CSi3/4Al1/4-Al1/4, CSi3/4Al1/4-NAl-Al 1/4,
CSi3/4Al1/4-NAl3/4, and CSi3/4Al1/4-NAl-NAl 3/4, respectively, for
~a!, ~b!, ~d!, and~e!.
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consists of an Al-adatom-terminated SiC surface. For sma
values ofmAl , corresponding to N-rich conditions, NAl bi
layers with 1

3 ML or
1
4 ML of Al vacancies are stable. Thes

results indicate that stable 2D structures containing both
and Al may be obtained in N-rich conditions in the initi
stages of growth. On the other hand, if growth takes plac
Al-rich conditions, N and Al atoms will accumulate in is
lands, with the excess Al terminating the SiC surface in
form of adatoms.

Continued growth on the vacancy-stabilized NAl bilay
structures would lead to an~0001!-oriented film. The results
of Capazet al.16 for the preferred polarity of a 131 film of
GaN on SiC is consistent with our calculations. The pres
result for the preferred polarity does not require the assu
tion of equilibrium between the 2D film and bulk AlN, an
refers to a situation in which Al and N deposition begins
a clean or Al-covered Si-terminated SiC~0001! surface. Dif-
ferent procedures in substrate preparation could, in princi
affect the polarity of the overlayer. While we have examin
only thin films ~<2 bilayers!, we think it likely that the po-
larity would be frozen in after the first few bilayers.

es

FIG. 2. ~a! Relative stability of theA33A3 phases as a function
of the Al chemical potential in equilibrium with bulk AlN.~b! Rela-
tive stability of the 232 phases as a function of the Al chemic
potential in equilibrium with bulk AlN. The physically allowed val
ues ofmAl range betweenmAl(bulk)2DH and mAl(bulk), with DH
53.28 eV being the heat of formation of bulk AlN.
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Given the existence of a stable 2D film, we may as
whether it is more favorable to add another NAl bilayer t
this film or incorporate the additional material in an AlN
island. The energy cost of adding an NAl bilayer to theA3
3A3 and 232 Al-vacancy structures is, respectively, 0.2
eV/~131! and 0.075 eV/~131!. The endothermicity of this
reaction suggests that the evolution towards thicker film
would be accompanied by island formationunder equilib-
rium conditions. However, in reaching this conclusion we
have assumed that the islands are sufficiently large that i
possible to neglect their surface energy in estimating th
formation energy. The surface energy of the islands can
fect the energetic competition between 2D films and 3D i
lands. For an island containingn AlN, pairs a rough approxi-
mation for the formation energy is

EI5nmAlN ~bulk!1gA, ~3!

whereg is the surface energy of the island andA is its total
surface area. IfDE is the energy cost of adding a NAl pair to
a film andV is the volume per pair, then only hemispherica
islands with radiusr>r c52Vg/DE are stable with respect
to the film. ForDE50.075 eV, corresponding to growth on
the 232 vacancy stabilized NAl bilayer, we obtainr c;60 Å.
This corresponds to islands containingnc;53104 pairs.17

Layer-by-layer growth will occur under conditions in which
surface diffusion is too slow to enable the formation of is
lands larger than this size.

In Fig. 3 we report the energy costDE for deposition on
different structures and the minimum sizer c of the stable
islands. The figure shows that structures containing Al v
cancies have the lowestDE’s, and consequently should ex-
hibit the best wetting behavior. It also shows that 232 Al
vacancy structures, with Si-Al mixing at the interface, ar
more conducive to layer-by-layer growth than the corre
spondingA33A3 structures. Continued growth on a film
exhibiting an abrupt interface, such as in theA33A3 recon-
struction, would lead to accumulation of charge at the inte
face. It is therefore preferable to create the 232 vacancy-

FIG. 3. Left axis: energy cost (DE) for various structural tran-
sitions involving the deposition of an NAl bilayer. Right axis: mini-
mum radius (r c! of bulk islands required to activate a 3D growth
mode.
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stabilized bilayer~VSB!, since the 75% Si and 25% A
mixture eliminates the interface charge for arbitrarily thi
overlayers.

It seems natural to form such a 232 VSB by an N-rich
deposition of AlN on a substrate in the 232 adatom
1substitution reconstruction~CSi3/4Al1/4-Al1/4, denoted
232-s!. The question therefore arises: Is the 232-s model a
stable Al-induced reconstruction of SiC? To address t
question we have considered four possible Al-termina
structures for the SiC~0001! surface ~131 CSi-CAl, 131
CSi-Al, A33A3 CSi-Al1/3, and the 232-s model! and have
calculated their relative energies as a function of the Si
Al chemical potentials.18 The results are presented in Fig.
which shows that the 232-s model is stable under Al-rich
conditions, while theA33A3 CSi-Al1/3 structure is stable
under Si-rich conditions if the Al chemical potential is hig
enough to destabilize theA33A3 Si adatom reconstruction
of SiC. Both the 131 substitutional model~CSi-CAl! and the
131 adlayer model~CSi-Al! are found to be unstable. Th
232-s model is predicted by our calculations as a possi
structure that can be obtained through the deposition of
on SiC, and the stability of such a substrate reconstruc
supports the possibility of forming the 232 VSB, on which
2D growth can proceed. The 232 VSB is also favorable on
an energetical basis, since it minimizes the energy cost
deposition of additional bilayers of AlN.

In conclusion, by calculating the energies of possible c
figurations of AlN on Si-terminated SiC~0001! we have dem-
onstrated the stability of a two-dimensional film with respe
to island formation. This film consists of an Al-terminate
AlN bilayer with 1

4 ML of Al vacancies in the surface layer
In this structure mixing between Si and Al in the interfac
layer enables charge neutrality to be achieved for arbitra
thick overlayers.

This work has been supported by ONR Contract N
N00014-95-C-0169.

FIG. 4. Energetical comparison among plausible structures
tained by Al deposition on the SiC~0001! surface as a function of Al
and Si chemical potentials. The physical range for the Si chem
potential is fixed by assuming equilibrium with SiC. FormAl>21.3
eV the Al adatom structures become stable with respect to the
adatom-terminated SiC~0001! surface.
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