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Stacking Transformation from Hexagonal to Cubic SiC Induced by Surface Reconstruction:
A Seed for Heterostructure Growth
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Promoted by Si enrichment during the formation of the reconstruci&dx /3 )R30° phase on
hexagonal SiC(0001) a cubic stacking sequence develops at the surface. The reconstruction is ultimately
resolved to consist of Si adatoms T sites as found by quantitative LEED crystallography. Prior
to the (V3 X +/3)R30° phase evolution mesalike structures with various atomic periodicities are
observed by STM. Smoothening of this rough and Si enriched state provides the material for the
formation of the modified stacking sequence which could serve as seed for preparation of SiC polytype
heterostructures. [S0031-9007(99)08644-5]

PACS numbers: 68.35.Bs, 61.14.Hg, 61.16.Ch, 61.72.Nn

Technological application in high power and high tem-nature of the4H-SiC substrate used. We give evidence
perature devices has made silicon carbide an importarthat prolonged annealing in the presence of excess silicon
semiconductor material. One of its most puzzling physidis essential for the new stacking to develop. During the
cal properties is the occurrence of polytypes distinguisheébrmation of the stacking rearrangement we observe a
by the stacking of adjacent SiC bilayers. As their total entather rough surface with a variety of different periodic
ergies are very similar, i.e., different by only a few meV structures appearing in mesalike domains while the fully
per SiC pair [1], the controlled growth of single polytype ordered (v/3 X +/3)R30° surface displays large flat
material without grain boundaries is difficult. Also, het- terraces using scanning tunneling microscopy (STM).
erostructures of different polytypes prospectively usefulThis suggests that—induced by thg/3 X +/3)R30°
due to their different band gaps have not yet been suaeconstruction pattern—the material available during the
cessfully grown despite their ideal lattice matching. smoothening of the rough surface state is used for the

The stacking sequence of a given polytype can beontinuation of a cubic stacking sequence at the surface.
copied by attaching new material at step edges of a The experiments were carried out in an ultrahigh vac-
substrate cut slightly tilted with respect to the basal planeium (UHV) chamber allowing for routine sample intro-
(off axig, thus establishing a step flow growth mode [2]. duction and transfer between stages for LEED, STM, and
It has been shown for SiC(0001) that {&s X 3) surface silicon evaporation. The reconstruction geometry of the
reconstruction minimizes the number of dangling bond<+/3 X +/3)R30° superstructure and the stacking se-
[3] which enhances the necessary diffusion of incomingquence of the first few SiC bilayers were determined by
particles. Yet, for the formation of heterostructures theLEED structure analysis. Diffraction spot intensities,
layer stacking needs to be changed rather than copiedE) spectra, were recorded from a 4-grid LEED optics
from the substrate, and so a flat rather than steppedsing a video based data acquisition system [6]. Dy-
surface should be used. Then, however, island nucleatiamamical intensity calculations were carried out using, in
is observed leading to a large number of grain boundarieparticular, the tensor LEED algorithm [6,7]. The Pendry
which spoils the formation of a sharp heterostructureR factor R, [8] was used to guide an automated search
junction. Recent reports of a layer-by-layer growth of SiCalgorithm [9] in order to identify the best-fit structure
films by periodically generating different superstructuresjncluding the relative weights of domains exhibiting
namely, the(3 X 3), (+/3 X +/3)R30°, and a disordered different surface layer stacking as practiced successfully
(1 X 1) phase [4] suggest that the surface reconstructioearlier [10,11]. STM images were acquired to provide
might influence the stacking of newly attached bilayersadditional information about the topmost layer of the
Yet, the physics behind and, in particular, the atomicreconstruction phase and—even more important—to

geometry of the phases involved remain unclear. determine morphology changes and local periodicities
In the present paper we provide new and precise&uring the development of the/3 X +/3)R30° phase.
structural information about the/3 X +/3)R30° super- A 4H-SIiC film sample homoepitaxially grown by

structure and the underlying substrate by quantitativehemical vapor deposition (CVD) [12] was used. The
low-energy electron diffraction (LEED) structure analysis.sample was etcheelx situby annealing at 1550 under
With the unambiguous identification of Si adatoms inhydrogen gas flow using a CVD reactor. Inside the UHV
so-calledT, positions [5], we resolve an old controversy. chamber it immediately displayed &/3 X +/3)R30°
Even more important we demonstrate that during thehase which, however, corresponds to a silicon oxide
formation of the(v~/3 X +/3)R30° superstructure a cubic adlayer whose structure is discussed elsewhere [13].
stacking sequence can be induced despite the hexagondpon annealing around 100G the oxide layer desorbs
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and the(v/3 X +/3)R30° phase discussed in the presentas in the present work was timely, even explicitly de-
context develops. In addition to this simple method ofmanded [25]. It settles the issue in favor of theadatom
just heating theex situprepared sample [14], two other model.
recipes were used involving the deposition of excess Si In addition to solving the fundamental problem of the
during annealing. Depending on the sample temperaturg/3 X /3 )R30° reconstruction geometry we found a re-
and Si flux chosen, either the/3 X +/3)R30° phase arrangement of the substrate stacking sequence. This lat-
develops immediately [15] or starting from the silicon rich ter result may be a key issue for the growth of polytype
(3 X 3) phase [3] the(+/3 X +/3)R30° phase is formed heterostructures. Unexpectedly, the overall le$actor
by annealing [16,17]. of 0.11 for the structure prepared from tfle X 3) phase
Quantitative LEED analyses carried out for each prepaeould be achieved only by considering domains with a sur-
ration method result in optimized model structures thaface terminating bilayer stacking sequence incompatible
are characterized by the same reconstruction pattern: with the 4H bulk structure. ldeally the bulk stacking se-
Si adatom in thel, position as displayed in Fig. 1aR  quence o##H-SiC,[ABCB]..., allows only two types of
factors of R, = 0.11-0.13, which is extremely low and stacking terminations at the surface, eitABCBA . .. (52)
convincing for a structure of such complexity, were ob-or BCBAB... (S1), cf. Fig. 1b [26]. However, regardless
tained for the three cases (see Table | for details). Otheof the mixing ratio of the stacking domains the correspon-
feasible models, in particular, those discussed in the litdence between experimental and calculated intensities was
erature, e.g., adatom in;Hsite (threefold coordinated unsatisfying(R, = 0.26). Only the inclusion of ammddi-
hollow), Si trimer or tetramer clusters, and carbon richtional domain type with a third bilayer in the same orienta-
structures could be ruled out in view &f factors larger tion on top §3 stacking,CABCBA ...; cf. Fig. 1b) could
than 0.6. Even a carbon adatom in theposition, which  improve the fit with a drastic reduction of tiRefactor from
geometrically is identical to our favorite model and dif- 0.26 to 0.11. In the optimized structure a fraction of 65%
fers only by the scattering properties of the adatom, yield®f the surface consists of domains with this unusual stack-
a significantly worse fitR, = 0.19) together with an un- ing sequence, i.e., three identically oriented bilayers at the
physical C-Si bond length. The cleBffactor distinction topmost surface which is incompatible with th& bulk
from alternative models [18] and the excellent level ofstacking but the basic element &€- and 6H-SiC poly-
agreement make thg, silicon adatom model unambigu- types. The area of the surface covered with these domains
ous, so solving an old problem extensively discussed istrongly depends on the amount of silicon exposure dur-
the literature. This is of importance as the model hadng the preparation of the/3 X +/3)R30° phase. When
been favored by theoretical work using density functionalprepared directly by heating in a smaller Si flux, we find
theory (DFT) [19-21], yet was at variance with quan-only 35% of the surface covered I${3 terminated areas;
tum chemical [22] and other experimental [15,23] studieswhen prepared from aex situpretreated sample by heat-
Additionally, DFT predicted thg, reconstructed surface ing alone, a negligible amount of the surface displ&gs
to be metallic, while experimental work finds a surfacestacking [27]. The respective domain weights are listed in
gap [23,24]. Though this latter discrepancy could be reTable I.
solved by the assumption of large electronic correlation The main reconstruction parameters, i.e., adatom layer
effects [25] making the surface semiconducting, the situspacingdy,, silicon bond length’(,, and a surface buck-
ation remained uncertain with respect to the real surfacéng b, below the adatom (cf. Fig. 1a) compare very well
structure. So, a crystallographic structure determinatiofior the differently prepared surfaces (variations are below
our approximate error margin [18], i.e£0.05 A). This
means that the adatom geometry is dominated by the lo-
S2 53 cal bonding rearrangement in the reconstruction and not
affected by different stacking of deeper bilayers. The val-

A
ues are also in good agreement with DF T results [19,21] as

B .

. shown in Table Il. Other substrate geometry parameters

B

2 TABLE I. Weights of domains with different surface termi-

nating stacking sequences and Pendryfactors derived for
FIG. 1. T, model for the (v/3 X +/3)R30° phase on the optimized geometries of the three differently prepared
SiC(0001) displayed in a side view projection along [h&20]  (v/3 X +/3)R30° structures.

direction. (a) Si adatom fourfold coordinated to three Si

and one C atom of the topmost substrate bilayer. Geometry . Pendry Surface stacking
parameters as given in Table Il are indicated. (b) Different _Preparation method R factor  $2 S1 S3
stacking terminations denotefil, $2, or S3 according to  Annealingex situsample 0.13 75%  15%  10%
the number of identically oriented bilayers at the surface inpjrect prep. in Si-flux 0.13 50% 15%  35%

accordance to previous papers [10,11,17]. Note thatSthe ; % 0.11 20% 15% 65%
termination is breaking théH bulk stacking sequence. Annealing(3 X 3) phase - > 0 0
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TABLE Il. Structural parameters as defined in Fig. 1a de-investigated oi3C and2H polytypes [20]. In agreement

termined for the (/3 X +/3)R30° superstructure by LEED with our results the reconstruction geometry was found to
{osus are averaged over values obtained for the difirent dazC, 2y independent of the substrate stacking, The en-
mains of the bestfit structure. ergy differences between the two polytypes were found to

be rather small, so that the surface energy alone should not

From LEED From DFT induce the modified stacking. Rutter and Heine [28] found
Parameters (this work) Ref. [19] Ref. [21] 4 preference for a BGotation of the top bilayer, i.e., a hex-
dor (R) 177 175 171 agonal termination on &C-SiC surface again with only
by (R) 0.34 0.22 0.25 little energy decrease, yet without including superstruc-
Lo (A) 246 2.42 241 tures in their calculations due to computational limitations.

In earlier work by Heineet al.[29], also for unrecon-
structed surfaces, a new layer was predicted to be attached

varied down to the sixth atomic layer were found toin cubic stacking during growth, yet without considering
be practically bulklike except for a slight contraction by the entropy term in the energy calculations.
0.05 A of the topmost SiC bilayer and some buckling be- Pretty safely, we can rule out that th#3 stacking
low the adatom in the second layer (0.12 A). develops from a bilayer rotation ofil domains, because

The nature of the stacking rearrangement which is probefore and after desorbing the oxide layer only 15%
moted when thé/3 X /3)R30° structure is prepared by of the surface displays1 stacking (see Ref. [13] and
annealing the Sirict8 X 3) phase was further illuminated Table I). It is rather the 75%—85% &2 domains that
by investigating the transition state between (he< 3)  appear to transform intc§3 domains which suggests
and the final phase. During annealing the starting struca new, identically oriented bilayer to be attached on
ture at 1000C the surface passes through several intermetop of the old domains. As apparent from the STM
diate phases as displayed in the LEED patterns of Fig. Aamages, the preparation under Si rich conditions causes
A mixture of (3 X 3) and (2 X 2) structures (Fig. 2a) is the surface to roughen intermediately. The disappearance
followed by a streaky phase (Fig. 2b) until eventually theof the mesas with the excess Si finally desorbing must be
(+/3 X +/3)R30° phase develops in practically perfect or- accompanied by a considerable material transport which
der (Fig. 2c). This transition is accompanied by a dramati@nables the new bilayer to form. That it continues the
reordering of the surface as evident from STM. As demonerientation of the layers already present and thus forms
strated in Fig. 3a, large mesalike structures develop which cubic stacking inconsistent with tHéf bulk structure
display patches of different periodicity on top. The mesais obviously caused by the excess silicon in view of
shown in the figure contains different locally order areaghe S$3 termination being found only when the surface
of (44/7 X 44/7)R19.1° and (4 X 4) periodicity as indi- is Si enriched during the preparation. This is supported
cated in the enlargements. This rough morphology is noin addition by the fact that the area of3 stacking
present in the initia[3 X 3) phase [17] and again disap- is reduced again when the surface is further heated in
pears when thé/3 X +/3)R30° phase is fully ordered as reduced Si flux [the method that immediately results in
shown in Fig. 3b. the (v/3 X +/3)R30° structure]. So, even if the cubic

The reproducible stacking rearrangement can be en-
visaged as seed fa3C or 6H polytype stacking and
might provide a chance for a controlled preparation of het-Eiy=
erostructures. Our findings might also improve the fun-|
damental understanding of polytypism. Surface energie:
and geometries of the/3 X +/3)R30° phase have been W

FIG. 3. (a) STM image of a ca. 600 A wide mesa in the

phase transformation region corresponding to the streaky
LEED pattern (Fig. 2b). Selected patches with particular local
FIG. 2. LEED patterns (normal incidence) monitoring anneal-periodicity are enlarged on the left side. The periodicity

ing of the (3 X 3) phase at 1000C. (a) Mixed phase of is indicated by the circles. U;, = 142V, I = 0.4 nA)

(3 X'3) and (2 X 2) periodicity after 10 min. (b) Incomplete (b) Flat, large terrace of the well orderdd/3 X /3 )R30°

(+v/3 X +/3)R30° phase with streaks between the integer orderstructure corresponding to the LEED pattern in Fig. 2c. Note
spots after 20 min. (c) Ordered/3 X +/3)R30° phase after that the inset showing atomic resolution is taken from a smaller
30 min. scan. Ui, = —08V, I =0.2nA)
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