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We present thab initio results for the energetics of several SiC surfaces having different underlying bulk
polytypes, to investigate the role of surface effects in the mechanisms of stacking inversion in SiC. We
considered the Si adatog8x /3 reconstruction for the cubic SiC11) and the hexagonal S{G00J) surfaces,
taking into account the different subsurface bulk terminations compatible withHhanél 8H polytypes, and
allowing for two opposite stacking orientations of the topmost surface layer. Our investigation reveals that the
energy differences among SiC polytypes are enhanced at the surface with respect to the bulk, and two-
dimensional effects favor the formation of cubic SiC. We discuss the relevant role played by the surface
energetics in the homoepitaxial growth of SiC.
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[. INTRODUCTION geometry. The energy required for the surface stacking in-
version is evaluated through a comparative analysis of the
Silicon carbide(SiC) is a unigue compound semiconduc- optimized structures. According to a layer-by-layer deposi-
tor, with appealing properties for high power electronics andion model, the grown material should exhibit a stable
biological sensors. The material appears in a number of tegrowth front at each deposited layer, identified by a low-
rahedral polytypes’ whose existence rises fascinating fun- energy surface. Therefore, among a set of metastable surface
damental problems and opens the way to many feasible tecleonfigurations, that with the lowest formation energy will
nological applications. The energy surface which determine the structure of the film. Our results reveal that the
determines the relative stability of these bulk phases has sepresence of the surface significantly affects the polytype sta-
eral almost degenerate local minima: the largest difference djility: whereas the & lattice is not the lowest-energy bulk
only few meV occurs between the wurtzite latticel 2AB  phase, we have found a clear preference of the surface for a
stacking sequengeand the zinc blende latticeG3 (ABC  regular continuation of the underlying stacking orientation,
stacking sequengeSee Fig. 1 for a schematic representationindependently of the substrate polytype. This mechanism,
of the main silicon carbide polytypes. The existence of thiswhich requires that a two-dimension@D) deposition pro-
variety of metastable bulk phases in a restricted energy ranggess is achieved, favors the formation of cubic crystals.
may be responsible for the wide stacking fault networks reMoreover, the energy difference between the two possible
vealed in SiC crystals: in fact, due to the small energy dif-opposite stacking orientations of the outermost surface bi-
ference between the polytypes, it is very easy to form differdayer at the Si@001) surface is larger by one order of mag-
ent regimes during a single deposition process to fabricatsitude than the energy differences characteristic of the bulk
the material. However, if the polytype energetics is modifiedpolytypes. Therefore, thermodynamic effects based on phase
at the surface layers, one may argue that a surface-controllediability are sufficient for the selection of a given polytype.
growth procedure may affect the stacking sequence of th&he geometrical details of the surface reconstruction, as well
grown material, favoring one polytype among all the othersas the surface bandstructure, are not influenced by the sur-
when performing homoepitaxy of SiC. Indeed, it was re-face stacking, in agreement with the observation that the tet-
cently proposed that the surface reconstruction in hexagonaihedral polytypes differ only to third-nearest neighbors.
SiC might influence the stacking of newly attached bilayers.
Quantitative low energy electron diffractiqghEED) experi- Il. METHOD
ments indicate that the cubic phase of SiC is grown by mo- ’
lecular beam epitaxyMBE) on top of a Si-terminated/3 We performed first-principle calculations in the scheme of
x \/3-SiC(000)) surface, despite the hexagonal topology ofthe density functional theorDFT)® for 3C-, 6H-, 4H-, and
the 4H underlying substraté. 2H-SIiC bulk polytypes, as well as forG3SiC(111) and
With the aim of investigating how the presence of a sur-pH-SiC(0001) surfaces p=4,6) with a Si adatomy/3
face may affect the polytype stability, we performed first- X \/3 reconstructiofi.
principle total energy calculations for tli@001) surface of a By performing test calculations on the structure and sta-
set of possible SiC polytypes, each terminating with either aility of the SiC bulk polytypes, we evaluated the accuracy
3C-like or a 2H-like stacking sequence of the two outermostof different exchange-correlatiofxc) functionals: we con-
SiC bilayers(a bilayer consists of a Si-C bonded pair, with sidered the local density approximatidrDA), and two dif-
the bond not oriented along th@001] axis: see Fig. 1 for the ferent gradient-correcte@GA) functionals, i.e., the BLYP
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parametrizatiohand the PW91 parametrizati8rror the sur-  structures. For the surface structures, it is estimated to be less
face calculations, we used the PW91 functional, motivatedhan (10 me\W/(SiC paip, including the uncertainty for as-
by its good performance in describing the bulk properties. signing a given polytype to the outermost surface bilayer,
The ionic species were described by norm-conservingvhich indeed has an undefined stacking sequence.
pseudopotentials, which were generated employing the
same xc functional adopted in the self-consistent total energyu BULK CALCULATIONS: SELECTION OF THE MOST
calculations. The electronic wave functions were expanded ACCURATE XC EUNCTIONAL
in a plane-wave basis, with a kinetic energy cutoff of 50 Ry.
The completeness of the basis for an accurate description of Despite the manyb initio investigations that have been
both bulk energeti¢§ and surface reconstructiohswas carried out on the energetics of several metastable bulk
checked, increasing the cutoff up to 70 Ry in bulk calcula-phases of SiC, we are aware of no systematic analysis of the
tions. In order to have equivalektpoint sampling of the effect of the different possible xc functionals. Therefore, as a
Brillouin zone(BZ) for the different lattices that we took into preliminary step to select the best technical ingredients for
account in our comparative study of the energetics, all thetudying the surfaces, we evaluated the performance of the
bulk polytypes were simulated in the same hexagonal supet-DA, BLYP, and PW91 xc functionals for the calculation of
cell, having aC5, symmetry and containing 12 SiC bilayers. the structural parameters and of the polytype energetics in
We tested the accuracy of the total energy bulk calculationdulk SiC. We have consideredC3, 6H-, 4H-, and H-SiC,
with respect to the number d&f points of the Monkhorst- thus covering a wide range of hexagonali®o for 3C, 33%
Pack (MP) grid,*> and we found that the results convergedfor 6H, 50% for 44, 100% for H).
with a 4x 4 X1 grid, corresponding to a set of dopoints in In Table I, our results are listed in comparison with avail-
the irreducible wedge of the BZ. able LDA and experimental dat&:**~*®The characteristic
The surface calculations were performed in the repeatedeometrical parameters of tipdd structures are the hexago-
supercell approach, using the equilibrium lattice parametersal lattice constand, the lattice constant perpendicular to
calculated for the respective substrate bulk phases. We usdlie basal plane, and the lengtyj) of the Si()-C(j) bonds
supercells containing seven SiC bilayers, and a vacuum rgsarallel to thec axis[j=1, ... p/2] (see Fig. L The results
gion of thickness 10 A was included to avoid interactionsof our calculations are in good agreement with the existing
between periodic replicas. Previous calculatfosfiowed experimental and theoretical data as far as the trends of the
that for the Si@Q0001) reconstructed surface that we are lattice constants with the percentage of hexagonality is con-
simulating, the atomic displacements vanish beyond the secerned: for increasing hexagonaliydecreases and the ratio
ond bilayer inwards from the topmost plane: therefore, thec/pa increases. The bandgap is also an increasing function
seven bilayers of our supercell ensure isolation between thef the hexagonality percentage. We find that these trends are
two inequivalent surfaces across the slab. For the surface Biddependent of the exchange-correlation functional. Of the
sums, we included thk points of a 4<4xX1 MP grid. two GGA functionals, the BLYP parametrization overcor-
Both bulk and surface simulations were carried out allow-rects the LDA approximation, leading to an overestimate of
ing all the atoms in the supercell to relax. Convergence in théhe experimental lattice parameters and to an underestimate
geometry optimization was considered achieved when thef the bulk modulus. Most important, BLYP fails in the de-
forces were smaller than 0.05 eV/A. The resulting uncerscription of the relative stability of the polytypes: the zinc
tainty in the atomic positions is 0.002 A. The uncertainty inblende structure appears to be more stable thanithphtise
the total energy difference {4 meV)/(SiC paip for the bulk  in BLYP calculations, in disagreement with the general
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TABLE |. Calculated ground state properties for th€-3and pH-SiC (p=6,4,2) bulk polytypes. The
values calculated in this work with the LDA, PW91, and BLYP xc functionals, are compared with other
DFT-LDA data from the existing literature, and with experimental data. In the last column, the energy per SiC
pair is relative to the ¥ polytype.

Method a (A) c/pa u(j) (A) [j=1,...p/2] B (Mban Egap (€V)  AEgic (MeV)
3C LDA  3.039 0.81652 2.31 1.35 +3.2
p=3 PW91 3.047 0.8168 2.23 1.64 +1.0

BLYP  3.113 0.8165 1.20 1.78 -15

Exp. 3.083 0.81652 2.24% 237

LDA P 3.063 0.81652 2224 1.27° +3.8%
6H PWOl 3.044 0.8187 1.873, 1.870, 1.866 2.24 2.23 0
p=6 Exp. 3.08% 0.81787 2236 302

LDAP 3.062 0.8172 1.865, 1.860, 1.860 2.18% 1.965 +0.8"
4H LDA  3.035 0.8196 1.867, 1.864 2.30 2.23 0
p=4 PW91 3.043 0.8198 1.874, 1.870 2.23 2.43 0

BLYP  3.108 0.8193 1.915, 1.908 1.99 2.57 0

Exp. 3.08%7 0.81847 2236 327

LDA P 3.06% 0.8179 1.866, 1.86% 2174 2.18% 0
2H LDA  3.033 0.8217 1.871 2.30 2.29 +6.5
p=2 PW91 3.041 0.8219 1.875 2.22 2.54 +7.9

BLYP  3.105 0.8223 1.917 1.98 2.83 +7.7

Exp. 3.0768 0.8205% 2236 33%

LDAP 3.057 0.8201 1.866* 2164  2.10° +5.64
3deal ratio cpa=/2/3.

PDFT-LDA calculated values from the existing literature.

consensu$*!® Instead, the PW91 parametrization repro-also atT# 0.1?* Nevertheless, the systematic appearance of
duces the same LDA energetic sorting of the polytypes, anthe 3C polytype is detected in epitaxially grown films. Fur-
provides an accurate description of the lattice propertieshermore, a stacking transformation froril 46iC to 3C-SiC
with an average improvement over LDA of 0.3% for the was recently detected during the growth of &@0J) films

lattice constang, and of 20% for the bandgap.

These tests allow us to draw the following conclusidis:

on a Si-terminated M-SiC(0001) substrate, resulting in the

formation of a\/3x /3-reconstructed surfade.

the use of both BLYP and PW91 xc functionals improves the Motivated by these results, we focused our attention on

agreement of the calculated bandgap with the experiment
data, for all the polytypes taken into account diid the

PWO1 parametrization maintains the same LDA trends foris presently wide agreement about the high stability of this

ar‘(seconstruction, obtained with 1/3 monolay@®L) of excess
6.22.23Therefore, it is likely to play

an important role in the determination of the stable surface
growth front in an ordered 2D depositifrat the 3x 3
SiC(000)) reconstruction, each Si adatom is coordinated to

the BLYP parametrization fails. The above consideratio
suggest to select the PW91 functional for the best description
of bulk SiC (the same was found for other wide-bandgap
semiconductord). Although the effect of gradient correc-

tions is notable only for the electronic properties, and negli-
gible for the structural properties of the bulk crystals, it may
become more important in surface systems, where inhoma-
geneities appear due to the lateral reconstruction. For thi
reason, we chose the PW91 functional for the surface calct?

lations.

IV. SURFACE CALCULATIONS: GROWTH ISSUES

In  agreement

with

other

electronic

NSSi adatoms aff4 sites®

?Ille comparative study of th¢3x /3 reconstructed surface
in 3C-SiC(111), 4H-SiC(0001), and BI-SiC(0001). There

three surface Si atoms, and is located above a tetrahedral site
of the underlying lattice, occupiedyta C atom in the sub-
gurface layet (see Fig. 2 We simulated the real systems
sing supercells with a 2R3x /3 periodicity. Our calcula-

tions simulate a hydrogen-free environment, at the surface of
interest, which is close to the experimental conditibii$ie

saturated by hydrogen atoms.

structure

dangling bonds of the C atoms at the (OpGsurface were

The models of the different optimized surfaces are shown

calculations-*° our results for SiC bulk show that the cubic in Fig. 3. Below the horizontal dashed line, there are six bulk
phase has a higher energy than tlé&@nd 6H phases at 0 K. bilayers of the &-, 4H-, and &H-SiC polytypes. #-SiC
Theoretical investigations based on the calculation of thédnas anABCB stacking sequence and can be terminated at the
relative free energy show that the cubic phase is unstablsurface in two nonequivalent ways: either-BCBAB
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already motivated in Sec. Ill. If we conceive the growth of
SiC as a layer-by-layer process, with each uniform 2D new
bilayer deposited on the surface having the freedom to orient
itself into the energetically favorable stacking with respect to
the preceding bilayer, and then being buried in that arrange-
ment by the following bilayers, we may take into account the
growth of nonequilibrium phases. According to this model,
the key quantity to be evaluated is the energy required to
form the surface: the new bilayer will be piled up with the
orientation that requires the lowest formation energy. The
relative surface formation energy of structures having differ-
ent bulk phases can be evaluated by subtracting the bulk
contribution to the total energy of the system: in this way,
FIG. 2. Side view of the/3X 3 SiC(000)) surface reconstruc- ON€ obtains a quantity that does not depend on the substrate
tion. The Si adatom in each unit reconstructed cell saturates thand therefore is suitable to describe the surface energetics.
dangling bonds of three Si atoms of the outermost surface layeThe relative formation energhEy,,, of a given J3x 3
The structural parameters reported in Table Il are identified. surface, with respect to an arbitrary reference structure, may
be calculated as

or ---ABCBA labeled 4, and 4,, respectively. The

characteristic unit of B SiC is stacked, instead, as an AEfom=AE— NsicA n&,
ABCACBsequence, which can be interrupted in three non- ) )

equivalent ways, among which the- CACBA (labeled 6H  WNereEy: is the total energy of the slab obtained by tte

L in Fig. 3 is the only one nonequivalent to any of thel ¢ |n|t.|o ;tructural 0ptlm|zatt‘>8|r|2’l-\15ic is the num.ber of Si-C
and 4H, options. Above the dashed line in Fig. 3, the outer-Pairs in the supercelldugic' is the energy difference per
most surface bilayer can be piled up either preserg;g  Si-C pair between the substrate bulk phases. _
perscriptz in the label or inverting (superscriptw in the In Table_ll, the rel_at|ve formation energies of the different
labels the orientation of the immediately underlying bilayer, Structures included in our study are reported. The reference
thus reproducing one step of theC3or 2H stacking se- Structureis the M5 configuration. Our results suggest differ-
quence, respectively. We have eight different systen@? 3 ent considerations. Firgt, frqm a comparison of the energies
and %, 4HZ, and HY, 4H%, and HY, 6H%, and HY.  Of the two possible orientations and w of the outermost

Each surface is characterized by the reconstrudtidiich is ~ Surface bilayer, for each of theth, 4H,, 6H3, and
the same for all of thejn by the relative stacking orientation structures, we can state that the formation energy is lower for

of the two outermost bilayersi(or z), and by the subsurface theZlike surfaces, for which the topmost bilayer is attached
stacking sequence (34H,,4H,,6H.). to the underlying bilayer preserving the stacking orientation.

The total energy calculations were performed using thel Nis outcome is independent of the substrate polytype. Sec-

PWO1 parametrization of GGA, the choice of which was®nd. the energy difference betwee-ke and aw-like sur-
face stacking is about 30—40 meV per 2B 1 cell contain-

ing one Si-C paif28 meV for 3, 38 meV for H,, 41 meV

an’ aWi aH3 gu BH3 eHS 3¢’ 3¢ for 4H,, and 29 meV for 615). Such energy differences are
‘*g;‘ o 7 i, /0 6-o-® one order of magnitude larger than those between the cubic
L & b ‘\T . and hexagonal bulk polytypeg$ew units of meV per Si-C
A ‘\?B B & pair). Thus, our results show that on the basis of the energet-
L ;c o B ics, the polytype selectivity is enhanced in the vicinity of a
surface. Energy differences of tens of meV per Si-C pair are
- B A A significant at the growth temperatures, and lead to an energy
B A c a¢ cost for the inversion stacking of a full surface layer of sev-
& eral eV. This picture may suggest that the polytype selection,
during epitaxial growth, is driven by the surface: a growth
" " AGH mechanism based on copying the stacking of the surface bi-
1 2 3

layer at each deposition step is favored with respect to a

FIG. 3. Side view projection of the eight surface structures thaStacking inversion. This trend favors the growth of the 3
we have studied for 8-SiC(111) andpH-SiC(0001), withp=4  POlytytpe, and it may justify the abundance of this ph”aS_tE-
andp=6. The horizontal direction iBllEO], the vertical direction Th'rd’ the surface formation energy is aﬁe_Cted by the relative
is [0001] (equivalent to th¢111] for the cubic crystals Below the ~ Oriéntation not only of the two topmost bilayers, but also of
dashed line, six bilayers gfH-SiC included in the supercell are deeper layers: analyzing the formation energies of the
shown. The inequivalent ways to truncate the stacking sequence &tH-SiC(0001) surfaces listed in Table Il, one may see that
4H and 6H SiC are indicated asH; and 4H,, 6H,. Thewandz  the lower is the formation energy, the higher is the number of
opposite stacking orientations of the outermost bilayer are shown iRilayers identically oriented in the proximity of the surface.
each of the four panels. Indeed, sorting the-like surfaces by increasing formation
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TABLE II. Surface formation energy, relative to the structuig?4 calculated according to the equation
explained in the text. The surfaces are labeled according to Fig. 3. The total energies were calculated with the
PW91 xc functional. The values are normalized to the area of thé& tell, to enhance comparison to the
values in the last column of Table I.

Surface T2 3CY  4H?  4HY  4HZ  4HY  6H  6HY

AEom [MeV/(1x1)] 1 29 15 56 0 38 3 32

energy, we see that the energy can be lowered by piling ugH-to-6H transition, but for a #-to-3C transition. Addi-
more than two uniformly oriented bilayers. In fact, thel%, tionally, our results suggest that the transition to the cubic
6H%, and 3C? structureshaving, respectively, 3, 4, and in- phase is also likely in homoepitaxy orH6SIC(0001).

definite 3C-like layers on top have the lowest energy, de- ~ We wish to point out that our findings about the high

generate within the precision of these calculationsstability of the cubic stacking at the surface are in disagree-
(~10 meV). Instead, the M? structure (having only 2 ~ment with the conclusions of Rutter and Hefleyho sus-

3C-like bilayers on topis energetically unfavorable. tained that an inversion stacking that would lead to the for-

Another interesting observation that we wish to underlingmation of the " structure is favored at theG SiC(111)
is that, whereas for the structure€ @and 4H, the energeti- surface. This difference is due to both the different surface

cally favored surface stacking orientation@3and 442, structure in the two investigatiorithey did.not consider re-
respectively coincide with the natural continuations of the constructed surfacgsand to the use of different relaxation

bulk stacking sequences, in the case of tié,4and &H, methods. _

structures the favorabtechoice breaks down the character- N Fig. 2, the optimized geometry of thé3 3 recon-
istic bulk unit period. This evidence suggests that the energgtruction is reported. We found that the structural parameters,
gain for the deposition of cubic SiC is bigger than the energyeXPlicitly labeled in the figure, are independent of the sub-
cost connected with the formation of a stacking fault defecgtrate polytypeh is the vertical spacing between the Si ada-

(an irregularity in an otherwise perfect stacking sequgate oM and the outermost 80001 plane,| is the Si-Si adatom-
the surfaces of theH and 64 polytypes. surface bond lengthb is the inward displacement with

Finally, we point out that our results are in very good r€SPect to the ideal Iattige of the C atom lying below the Si
agreement with the experimental findings of Starke andgdatom. The geometry induced by the presence of the ada-
co-workers* who detected the presence of a modified stack{OM is dominated by the local bonding rearrangement in the
ing sequence on aHSiC film sample, by means of LEED reconstruction, but the underlying stacklng sequence is irrel-
and scanning tunneling microscopy. In addition e ;4and evant. The parameters of the reconstruction are also_ indepen-
4H,, domains, typical of the ¥ polytype, they found a third dgnt of thez or W outermost s_tacklng _relgtlon, con5|s_tently
kind of domain, consisting of three identically oriented bi- With the observation that an irregularity in the stacking se-
layers at the surface. This stacking sequence, whose abufiu€nce does not destroy the tetrahgdral coordination. O.ur
dance depended on the growth conditions and sample prepgalculateq structural parameters are in gooq agreement.wnh
ration, is incompatible with the M substrate and resembles 1€ €xperimental data(see Table Iil for a direct compari-
the 3C polytype unit cell. Such a domain revealed during s_or). In the relaxation process involved with the reconstruc-
MBE growth is what we have calledHE . One can imagine t]on, the substrate atoms do not move and preserve the bulk-
two different mechanisms of formation of this new surface“ke geometry: only the topmost Si layer and the subsurface

stacking: it could develop from the rotation of the topmostC layer undergo structural changes.

bilayer of 4H, or it could be originated when a new identi- For all the surfaces that we selected, we _calc_ulated the
cally oriented bilayer is attached on top of thi Asubstrate. Pandstructure along thdI" andI'K symmetry directions of

Our results are in agreement with the latter interpretationthe BZ of the 2Dy3x 3 unit cell. No effect of the stacking
which was suggested on the basis of the observitiamt the ~ Sequence inside the supercell can be observed in the gap
appearance of theHE termination is accompanied by a de-

crease in the extension of théH4 domain. Because three ~ TABLE IIl. Structural parameters of the/3x /3-SiC(0001)
identically oriented bilayers are typical not only of the purely surface reconstruction, defined in Fig. 2. The results are averaged
cubic phase, but also of theH6polytype, for completeness over the values obtained for the eight studied surfé€es 3), the

we also took into account the formation 0H68|C(0001) largest deviation being 0.02 A. The DFT-PW91 values obtained in
surfaces. From the results in Table II, we conclude that théhis work are compared to experimental LEED data.

natural stacking sequence oH6SIC, i.e., HY, is less fa-

vorable than the continuation of the cubic sequendd)6 DF.T'ngl LEED(Ret. 4
Thus, we can definitely state that during a layer-by-layer (this work

deposition surface effects favor the formation of cubic SiCh (A) 1.74 1.77
mediated by the presence of th@x /3 reconstructed sur- p (A) 0.26 0.34
face. The domains with three equally oriented layers obt (&) 2.42 2.46

served by Starke and co-workers are not the template for a
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region. Instead, the main feature is the appearance of a pagrence of the surface for preserving the underlying stacking
tially occupied surface band due to the adatom danglingrientation. This behavior favors the layer-by-layer growth
bond, as obtained from previowb initio computationg®  of cubic SiC, independently of the substrate polytype, sup-
We find that its energetic location in the middle of the bulk porting recent experimental findings of a stacking transfor-
bandgap and its dispersion are independent of the micranation during homoepitaxy of SiC on theH4SiC(0001)
scopic details of the atomic arrangement for the differenssurface. The calculated energy cost for a stacking inversion
surfaces considered in our work. Despite this partially occuat the surface is of about 30—40 meV per atom, an amount
pied band is obtained as a consequence of the mean-fietdat is one order of magnitude larger than the energy differ-
treatment of correlation effects in DFT-LDA and DFT-GGA, ence between bulk polytypes, and is sufficient to stabilize the
and is known to undergo a Mott-Hubbard splittitff, the  zlike structures with respect to the-like ones. The geom-
present comparative analysis of its dispersion and of its poetry and the electronic structure of the surface are not af-
sition relative to the top of the bulk valence band is a reliablefected by the surface stacking: the reconstruction parameters
outcome of the DFT calculations. Furthermore, the Mott-and the surface bandstructure remain essentially the same
Hubbard splitting®2” does not push the main surface bandchanging from a-like to aw-like termination.
into the bulk continuum: therefore, even under the correct We analyzed the accuracy of the gradient corrections to
treatment of correlations, it remains responsible for the surdescribe bulk SiC in various metastable phases. We found
face electronic properties. On the basis of the above considhat the PW91 functional provides an accurate description of
erations, we conclude that the adatom-localized surface bartle geometric and electronic properties of bulk SiC and of
does not interfere with stacking transformations and thereSiC(0001) surfaces. Our results indicate that the PW91 GGA
fore does not hinder the formation of the surface stackingorrections improve the description of SiC with respect to
faults that is necessary for the hexagonal-to-cubic phase trathe LDA. Their use does not appear to be mandatory for a
sition reliable description of the bulk, but ensures a higher degree
of confidence for the study of surfac&s’®
V. CONCLUSIONS
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