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Role of Si clusters in the phase transformation and formation of (6 X 6)-ring structures

on 6H-SiC(0001) as a function of temperature: An STM and XPS study
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We report the formation of the 6H-SiC(0001)/(6 X 6) ring structure using scanning tunneling microscopy
(STM) and x-ray photoemission spectroscopy. This reconstruction is obtained from the evolution of surface
structures with progressive annealing; starting from a (3 X3) phase at 850 °C—Si rich (6 X 6) clusters at
1000 °C— (6 X 6) rlngs at 1100 °C. We show that this ring structure can be described by a (6 X 6) unit cell
rather than a (6\3 X 643) R30° reconstruction. STM evidence reveals the presence of type “A” clusters (size
~8 A) and type “B” clusters (size ~14.3 A) on the surface during this structural transformation. The density
of these clusters decreases with progressive annealing, eventually leaving behind only the type “C” Si adatoms
(size ~3 A), which forms the ring structure at 1100 °C. This ring structure albeit less Si rich compared to the
(6 X6) cluster and the initial (3 X 3) surface is not graphitic. We propose a ball and stick model taking into
consideration the role of Si as tetraclusters to describe the structural transformation and formation of the ring
structure from the initial (3 X 3) reconstructed surface. We found that each structural phase observed can be

accounted for by moving or removing at least M X4 Si atoms (where M =number of tetraclusters).
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I. INTRODUCTION

SiC is widely recognized as a substrate material for elec-
tronic device applications in areas where common silicon
technology finds limitations. Unique properties such as a
wide band gap, high thermal conductivity, high saturated
electron drift velocity, and high breakdown field strength
have generated microelectronic applications in high-
temperature as well as chemically hostile environments es-
pecially in high-voltage, high-frequency, and high-power
applications.! In particular, the current push for continuing
device miniaturization has led to great interest in nanostruc-
ture formation on SiC surfaces. While SiC exists in various
polytypes depending on the bulk atomic arrangement,”> much
of the recent work has been focused on the 6H-SiC(0001)
which exhlblts several surface reconstructions ranging from
(3%3), (V3Xx13), (5X5), (2{3%2113), (6%6), and (613
><6\£§)R30° as shown by low-energy electron diffraction
(LEED), reflection (high-energy electron diffraction, and
scanning tunneling microscopy (STM) studies.* %12 While
the formation of these Si-rich reconstructions depends on the
substrate temperature and the Si content on the surface, a
graphitized surface occurs when the surface is heated beyond
1200 °C.6

The starting (3 X 3) reconstruction is easily the most stud-
ied structure and is currently most accurately described by
the model proposed by Starke et al.”~' However, there is
still much controversy surrounding the high-temperature sur-
face phases of SiC(0001) when it is heated beyond 1000 °C,
in particular, the (613 X 6y3)R30°. Earlier diffraction studies
have reported the existence of the (6\3 X 6V 3)R30° surface
structure upon heating to ~1200 °C,'"1? which led some to
propose that the structure could be due to an incommensurate
graphite overlayer.!>'* However, an x-ray photoemission
spectroscopy (XPS) study of this surface by Johansson et
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al.’s suggested that the (613X 6y3)R30° reconstruction
could be attributed to carbon in a Si-deficient environment
and did not amount to surface graphitization. The graphitic
surface only appeared after heating to temperatures greater
than 1200 °C. It is important to note that despite exhaustive
studies on this structure, there has been no real space STM
evidence of the (6\3 X 6\r3)R30° reconstruction to date. This
was corroborated by Owman et al., which studied the SiC
surface heated at this temperature reg}me with STM.'¢ They
observed the coexistence of (y3 X y3)R30°, (5X5), and (6
X 6) trimerlike reconstruct10n and did not detect any struc-
ture which exhibited (6\3 X 6y 3)R30° periodicity. By com-
paring a Fourier analysis of the STM data with the LEED
data, Owman et al. suggested that the (6\3 X 6\3)R30° pat-
tern could _be due to scattering from a surface with a mixture
of (V3 X \3)R30°, (5% 5), and (6 X 6) trimerlike reconstruc-
tions. More recently, a high-temperature surface structure ex-
hibiting a ringlike appearance was observed with STM when
the substrate was heated to 1100 °C.'"'8 These ringlike
structures were assigned as real STM images of the (6\3
X6 3)R30° reconstruction,!” which was in contrast to the
observations by Owman et al. The reported measured ring
separation of 2.5 nm, however, did not support a (63
X 6\5§)R30° unit cell. Hence, despite the extensive study be-
ing done on the high temperature surface structures of 6H-
SiC(0001), the elucidation of these structures is still elusive.

In our previous work, we have used STM to show that the
initial (3 X 3) surface reconstruction undergoes disordering
with the formation of type “A” (size ~8 A) and “B” (size
~14.3 A) clusters when the surface was heated from
850 to 950 °C. This was superceded by the self-assembly of
type B clusters into an ordered (6 X 6) arrangement with no
type A clusters detected at 1000 °C.'®!? In an effort to re-
solve the surface structures observed at higher temperatures,
we investigated the surface structural evolution further by
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heating this (6 X 6) cluster surface beyond 1000 °C. We will
show the following in this work. (i) Disordering of the (6
X 6) cluster surface occurs with diminishing type B clusters
density and the reemergence of type A clusters on the sur-
face. The surface is eventually dominated by type C Si ada-
toms (size ~3.0 A) which decorate the ring structure at
1100 °C. This structural evolution appears to occur with the
loss of Si from the surface. (ii) By analyzing the unit cell
dimensions, crystallographic azimuths and autocorrelation of
the real space, we will show that this ring structure has a
(6 X6) and not (6\E>< 673)R30° unit cell. (iii) By incorpo-
rating the existence of Si as tetraclusters, we propose a ball
and stick model to describe the structural transformation and
the formation of the ring structure from the initial (3 X 3)
reconstructed surface. We will show that each structural
phase observed can be accounted by moving or removing at
least M X 4 Si atoms (where M =number of clusters).

II. EXPERIMENTAL

The experiments were carried in sifu out in a UHV system
with an OMICRON VT STM and a VG XPS, with an ambi-
ent pressure of 1.0 X 107! mbar. The samples were cut from
N-doped n-type 6H-SiC(0001) single crystal wafers with
dopant concentration of ~10'® cm™ supplied by CREE Re-
search. The details of our sample preparation have been dis-
cussed previously.'® Briefly, these samples were first chemi-
cally etched ex situ in 1:10 parts of 49% HF acid to
deionized water before outgassing for 8 h at ~300 °C in the
UHV chamber. Si was then deposited on the sample at room
temperature followed by annealing at 850 °C. The sample
was progressively annealed to 1200 °C in steps of 50 °C for
10 min before quenching down to room temperature. XPS
and STM measurements were made immediately after each
annealing step. The XPS spectra were recorded in constant
pass energy mode of the analyzer using an Al K« x-ray
source. The best fit curves were achieved after a Shirley-type
background subtraction based on the same Lorentzian broad-
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FIG. 1. A series of 40 nmX40 nm STM im-
ages of the surface morphology after annealing to
temperatures of (a) 850 °C, (b) 900 °C, (c)
950 °C, (d) 1000 °C, (e) 1050 °C, and (f)
1100 °C. Corresponding inset images show high
resolution 1.6 nm X 1.6 nm STM pictures of (a)
(3X3) reconstruction, (b) formation of type A
from (3X3) and line profile of type A (average
size ~8.0 A, height ~1.5 A), (c) coexistence of
type A and B clusters, (d) self assembly of type B
clusters into (6 X 6) superstructure, () absence of
type B leaving only type A coexisting with rings,
and (f) (6 X 6)-ringlike structures dominating sur-
face structure.

ened by a Gaussian, in maintaining component peak shape
and full widths at half maximum (FWHMSs) using the stan-
dard manufacturer’s software. All the STM images were
taken using constant current mode, with tunneling currents of
0.05-1.00 nA and biases of up to +4.0 V applied to the
sample. The dimension and periodicity analysis were per-
formed with the use of the WsXM software (Nanotec Elec-
tronica S.L. Sizes). The dimensions of the clusters and ring
structures were derived as an average of the cross-sectional
diameter and depth, respectively. These values were mea-
sured with the line profile software in the [1010], [1210], and
[2110] crystallographic directions, as described in our previ-
ous paper.'8

III. RESULTS AND DISCUSSION

A. Global phase transformation: (3X3)— (62X 6) clusters
—ring structure

Figures 1(a)-1(f) show the STM images (40 nm
X 40 nm) of the surface after annealing the 6H-SiC(0001)
substrate to temperatures of 850, 900, 950, 1000, 1050, and
1100 °C, respectively. The inset images are higher resolution
images of the corresponding surface obtained at a scan size
of 16 nm X 16 nm.

By annealing the substrate to a temperature of 850 °C, we
obtain the initial (3 X3) surface structure [Fig. 1(a)]. At
higher temperatures, a (6 X6) cluster superstructure is ob-
tained at 1000 °C [Fig. 1(d)], while formation of ringlike
structures over wide terraces occurs at 1100 °C [Fig. 1(f)].
In the temperature regime going from (3 X 3) [Fig. 1(a)] to
the (6 X 6) clusters phase [i.e., Fig. 1(c)], occurrence of two
types of clusters with an average size of ~8.0+0.5 A and
~14.3%0.5 A, as well as an average height of ~1.5£0.5 A
and ~2.3+0.5 A are also observed on the surface. We have
previously labeled these clusters as type A and type B clus-
ters, respectively.18 A more interesting observation, however,
is the appearance of similar cluster features in shape and size
respective to the type A and B clusters when the surface
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FIG. 2. A schematic (i) plan view and (ii) side view of the (3
X 3) reconstruction formed at 850 °C proposed by Starke et al.
(Refs. 7-10).

transforms from the (6X6) cluster phase at 1000 °C to a
disordered phase at 1050 °C [Fig. 1(e)] and later in the for-
mation of ring structures with a depression at the center at
1100 °C [Fig. 1(f)].

It is evident from Fig. 1 that as the annealing temperature
increases, the STM images reveal a significant atomic rear-
rangement of the initial (3 X 3) surface structure. According
to Starke’s model,”!? this (3 X 3) reconstruction is a struc-
ture consisting of Si atoms existing as tetrahedral clusters

arranged along the [1120] and [2110] azimuths. These Si
tetraclusters are described as having one Si adatom sitting
above a Si trimer structure in the second layer, which are in
turn arranged above a full Si adlayer existing on top of the
Si-terminated SiC bulk. This configuration of Si atoms
makes up the first four layers of substrate and accounts for
the (3 X 3) reconstruction being described as a Si-rich struc-
ture. As this structure will form the basis for our discussion
in the later section, it is reproduced as shown in Fig. 2 as a
ball and stick model and in both plane and side views.

By comparing the density of atoms on the surface of the
(3 X 3) reconstruction prepared at 850 °C with the final ring
structure obtained at 1100 °C, as shown in Fig. 1, the surface
has clearly changed from a compact and high density Si-rich
structure to a surface that is decorated with depressions/
vacancies. This morphological changes clearly indicate a loss
of material and it occurs probably through desorption of Si
when the substrate is progressively heated to 1100 from
850 °C. Apart from STM data, evidence for the loss material
as Si can also be inferred from the XPS measurements (Figs.
3 and 4) corresponding to the surfaces shown in Fig. 1.

Figure 3(a) shows the best fit XPS spectra for the Si 2p
signal after chemical etching and outgassing in UHV (as re-
ceived), after Si deposition at room temperature and after
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FIG. 3. (a) The peak fitted Si 2p signal (i.e., elemental Si com-
ponent at 99.3 eV and the Si-C component at 103.0 eV) due to
surface after chemical etch, after Si deposition at room temperature
and after annealing the substrate to different temperatures. (b) Rela-
tive atomic concentration percent of Si-Si and Si-C as a function of
annealing temperature. Note that the XPS peak area intensity for the
(3% 3) structure (850 °C) and (6 X 6) ring structure (1100 °C) is
726 and 236 counts, respectively.

annealing to temperatures ranging from 800 to 1200 °C. In
the Si 2p core level spectrum, we can distinguish two con-
tributions at binding energy of 99.3 and 102.0 eV. The com-
ponent at 102.0 eV is detected from the surface after chemi-
cal etching and is attributed to the Si-C bonding in the SiC
bulk. The component at 99.3 eV only appears upon Si depo-
sition at room temperature and is due to Si-Si bonding de-
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FIG. 4. (a) The peak fitted C Is signal (283.6 eV) at various
annealing temperatures. The C 1s peak binding energy is observed
to shift to 285.0 eV at 1200 °C. (b) The intensities of C-Si and Si-C
as well as the Si-C:C-Si atomic concentration ratio, as a function of
annealing temperature.

rived from the presence of elemental Si now present at the
surface.'®

In order to extract information about the surface Si sto-
ichiometry corresponding to the various surface reconstruc-
tions arising from progressive annealing, we compare the
relative atomic concentration of Si-C (at. %g;.c) and Si-Si
(at. %g;.si) as shown in Fig. 3(b), obtained from the follow-
ing expressions:
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Isisi
(ASF)g; 5, X TF
at. %Si-Si = X 100 % N
isi N Lsic
(ASF)g; 5, X TF * (ASF)g; 5, X TF
Isic
(ASF)Si 2p X TF
at. %Si—C = X 100 % N

Lsisi N Lsic
(ASF)g; 2p X TF  (ASF)g; 2p X TF

where I is the peak intensity (total area under curve fitted
peak), ASF is the atomic sensitivity factor for Si 2p, and TF
is the spectrometer transmission function.

From Fig. 3(b), the at. %g;._; and at. %g; ¢ associated with
the (3 X 3) at 850 °C is shown to be 52.4 and 47.6%, respec-
tively. Further annealing to higher temperatures shows that
at. %g;.s; follows a decreasing trend with respect to an in-
creasing at. %g; . In particular, the ring structure formed at
1100 °C is found to have at. %g;.g; of 17.0% and at. %g;. of
83%. The presence of elemental Si (at. %g; i~ 17.0%) indi-
cates that the ring structure is still slightly Si rich.

Figure 4(a) shows the curve fitted C 1s spectra as the
surface was annealed from 950 to 1200 °C. Figure 4(b)
shows the peak area intensities due to C in a SiC environ-
ment (/_g;) and Si in a SiC environment (/_g;) derived from
both Figs. 3(a) and 4(a). The corresponding atomic concen-
tration for C-Si (at. %c_g;) and Si-C (at. %g;_c) are also pre-
sented in Fig. 4(b) and were obtained from the following
expressions:

Iesi
(ASF)¢;s X TF
Icsi . Isic
(ASF)cis X TF * (ASF)g; 5, X TF

at. %C—Si = X 100 % N

Isic
(ASF)s; 2, X TF

at. %Si—C = X 100 % N
Icsi Lsic

(ASF)cy, X TF ~ (ASF)g; 5, X TF

while both the intensities of C-Si and Si-C increase with
temperature, however, the ratio of C-Si atomic concentration
to Si-C atomic concentration (i.e., C-Si:Si-C) remains con-
stant at approximately 1.0 with a deviation of <3% at each
annealing temperature. Since the bulk stoichiometry is
clearly maintained, the increase in both the intensities can be
attributed to an increased exposure of the SiC bulk.

These observations suggest a loss of elemental Si from
the surface. Since the initial (3 X 3) surface is composed of
four layers of covalently bonded Si atoms, the progressive
reduction in the elemental Si at higher temperatures could be
attributed to the loss of Si from the surface. This could occur
through the breaking of Si-Si bonds within these layers and
release of Si from the surface as a consequence. The increase
in the loss of these Si atoms with increasing temperature
would inevitably lead to a greater exposure of the underlying
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Si-C layers, which would account for the greater Si-C bond-
ing presence at the surface of the SiC substrate. A more
intense Si 2p peak or C-1ls peak associated with the Si-C
bonding would thus be observed with progressive annealing.

Additional analysis of the Si-C related C 1s peak detected
at a binding energy of 283.6 eV shows that there is no shift
in the binding energy of the C 1s peak even after annealing
the surface to 1100 °C. In fact, the XPS data [Fig. 3(b)] still
reveals the presence of a weak elemental Si signal at
99.3 eV. The ring structure observed at 1100 °C is therefore
still slightly Si rich. In fact this Si peak at 99.3 eV only
disappears upon heating to 1200 °C. When this happens, a
shift in the C ls peak from 283.6 to 285.0 eV also occurs.
These observations would suggest a formation of a carbon
rich surface and the C 1s binding energy detected at
285.0 eV is also indicative of the formation of C-C
bonds."SAlthough not this is not the main focus of the
present work, STM studies performed by others at this par-
ticularly high temperature reveals the formation of a gra-
phitic surface on the SiC substrate instead.!3-1

The current XPS study therefore shows that the ring struc-
tures observed at 1100 °C are neither a carbon rich nor a
graphitic surface. The formation of the ring structures at
1100 °C still exists in the Si-rich regime albeit much less
than the initial (3 X 3) and also (6 X 6) cluster phase. More
significantly, the phase transformation leading to the ring
structures from (3 X 3) appears to proceed with Si-Si bond
breaking resulting in Si loss from the surface. The formation
of various surface reconstructions arising from Si evapora-
tion has also been reported for other SiC substrate surfaces
such as the cubic SiC(001) surface.?! Unlike this previous
work, we have also noted the trend of Si clusters formation
coexisting with depressions [see Figs. 1(b), 1(c), and 1(e)] on
the surface accompanying the structural transition.

With the aid of high-resolution STM, we will study this
surface evolution in greater detail. In particular, we will fo-
cus on the role of Si clusters leading to the formation of the
ring structures from the (6 X 6) cluster phase beginning with
the initial (3 X 3) surface prepared at 850 °C.

B. Si clusters and phase transformation: (3X3)—(6X6)
clusters— (6 X 6) ring structures

1. (3X3)—(6X6) clusters

The surface evolution from a (3X3) surface to a
(6 X 6)-cluster surface has been described in detail in Ref.
18. Thus only key points of this structural transformation and
the corresponding mechanism will be discussed. This is nec-
essary in order to formulate an understanding of this phase
transformation involving Si clusters in the later sections.

The inset of Fig. 1(a) is a high-resolution scan showing a
well ordered surface after annealing at 850 °C, consisting of
bright protrusions aligned along the [1120] and [2110] crys-
tallographic azimuths. The separation between each adjacent
bright protrusion measured along both azimuths is ~9.0 A.
This periodic arrangement is three times the SiC(0001)-(1
X 1) unit cell (lattice parameter=3.08 A), giving rise to a
reconstruction with a (3 X 3) unit cell.

PHYSICAL REVIEW B 73, 045330 (2006)

As shown in Fig. 2, these Si tetraclusters are arranged
above a full Si adlayer in the third layer of the structure,
which are in turn held by the fourth Si layer terminating the
bulk SiC. Also shown in Fig. 2 is the separation of each Si
layer in the [0001] azimuth. Hence, the (3 X 3) reconstruc-
tion as shown in Fig. 1(a) (inset) would consist of one tetra-
cluster per unit cell. All the Si atoms are fourfold coordinated
except for the top Si adatom in the tetracluster, which has a
single dangling bond. The bright protrusions observed in
empty state imaging on the (3 X 3) surface is therefore attrib-
uted to electrons tunneling into the empty states associated
with the single dangling bond on each of the top Si adatom.
The plane view of the Starke model illustrated in Fig. 2(a)
shows the structure drawn with the Si-adlayer atoms occu-
pying bulk SiC positions and the Si atoms within the tetra-
cluster having a Si-Si bond length of ~2.3 A.!2 In this struc-
tural configuration, the Si tetracluster would have a diameter
of 8.0+0.5 A and a height of 1.5+0.2 A. Hence the spatial
area occupied by a tetracluster from the model in plane view
is akin to the size of the electron cloud attributed to one
tetracluster observed by STM as shown in Fig. 1(b) (inset
line profile) (i.e., average size ~8.0+0.5 A, height
~1.5+0.5 A).

The high-resolution inset image of the surface after an-
nealing at 900 °C is shown in Fig. 1(b). A disordered phase
is now observed to coexist with the ordered (3 X 3) recon-
struction These disordered domains consist of round clusters
and neighboring vacancies, which show up as bright and
dark features, respectively. They are real physical features
and are not electronic effects, as STM biasing does not re-
veal any changes to the feature sizes observed. STM line
profile analysis of both types of features show that they each
possess an average size and height (depth) of ~8.0+0.5 A
(9.0+0.5 A) and 1.5+£0.5 A (2.0£0.5 A) for clusters (for va-
cancies), respectively. These bright features have been previ-
ously identified as type A clusters'® and appear similar in
shape and size to a (3 X 3) tetracluster. Hence the formation
of type A clusters and vacancies of similar size imply a con-
sequence of tetraclusters being released from the (3 X 3) sur-
face, which is schematically illustrated in Fig. 5(a).

At 950 °C [Fig. 1(c)], the (3X3) reconstruction is no
longer observed. Instead, the surface structure is now domi-
nated by more disordered type A clusters and larger round-
like type B clusters which are measured to be ~14.3+0.5 A
(size) and 2.3+0.5 A (height). Further annealing to 1000 °C
as shown in Fig. 1(d), shows no trace of type A clusters but
the existence of only type B clusters which appear to be
organized into an ordered hexagonal (6X6) periodic ar-

rangement in the [1120] and [2110] azimuths.

The STM evidence suggests that type A clusters occur
through the release of individual tetraclusters from (3 X 3)
reconstruction, hence the formation of type B clusters could
proceed via agglomeration of a few type A clusters. Figure
5(b) illustrates schematically the agglomeration of type A
clusters to form the new type B feature. The ordering of the
type B clusters resulting in (6X6) periodicity along the

[1120] and [2110] azimuths is shown in schematically in
Fig. 5(c). Superimposed onto Fig. 5(b) is a dotted circle rep-
resenting the actual measured diameter of a B cluster
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FIG. 5. (Color online) (a) The ejection of a tetracluster (size ~8.0 A height ~1.5 A) from the (3 X 3) reconstructed surface at 900 °C
leading to the formation of a shallow defect. (b) Shows the agglomeration of eight tetraclusters at 950 °C to form a type B cluster of size
~14.3 A and height ~2.3 A. (c) The ordering of type B clusters at 1000 °C to form the (6 X 6) cluster phase on the 6H-SiC(0001) surface.

(14.3+0.5 A) from STM. By preserving the integrity of a
tetracluster unit (i.e., a size of ~80 A and a height of
~1.5 A) and using it as a basic building block, we were able
to describe and account for type B clusters having a diameter
of 14.3 A and a height of 2.3 A.'8 This would require an
agglomeration of eight tetraclusters on the surface (seven
tetraclusters in plane with the eighth on top'®) which fits
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within the measured diameter, as shown in Fig. 5(b).

The phase transformation observed in this regime, i.e.,
(3X3)—(6X6) cluster phase therefore establishes the exis-
tence and identity of type A cluster. More significantly, it can
also be used as a basic building block to account for the
formation of larger type B clusters and the subsequent self
assembly observed.!®
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2. (6X6) clusters— (6 X 6) ring structure

Figure 1(e) indicates that heating the (6 X 6) cluster sur-
face to 1050 °C leads to disordering of the type B clusters
and coexistence of other clusterlike features. However, upon
annealing to higher temperatures at 1100 °C, the resulting
surface topography [Fig. 1(f)] is surprisingly dominated by
long-range ordering of ring structures instead. It is also in-
teresting to note that the clusterlike features were no longer
observed. This structural transformation is therefore studied
in more detail by analyzing high-resolution STM snap shots
of the surface as it is progressively heated to 1030, 1050, and
1100 °C, respectively.

Figure 6(a) (i) shows a 20 nm X 20 nm STM image of the
surface annealed to 1030 °C. The surface is now disordered
and the inset image (4 nm X 4 nm) shows the coexistence of
two types of clusters with average sizes of ~8.0+0.5 A and
14.3+0.5 A, respectively. The cluster shape and dimensions
measured from the line profile analysis in Fig. 6(a) (ii) are
clearly identical to the type A and B clusters observed pre-
viously and are hence identified accordingly. In addition,
these type A and B features appear to exist above a third
underlying feature on the surface. This new feature is round
in appearance and possesses an average size of ~3.0+0.5 A.
As they are observed for the first time during the experiment,
we shall identify them as type C feature. At this temperature,
the number of type A clusters and the C feature appears more
than type B clusters. This is in contrast with the previous
surface at 1000 °C, where type B clusters dominated [Fig.
1(d)].

When the surface is further annealed to 1050 °C, as
shown in Fig. 6(b) (i) (20 nmX20 nm), the STM image
shows that the occurrence of the type B clusters have dimin-
ished significantly. At this stage, only type A cluster appears
remains and it appears to coexist with the ring structures
which are detected for the first time. While the ring struc-
tures do not fully extend over the entire surface, it is inter-
esting to note that the type A clusters are observed to sit
preferentially on the corner sites of the ring structures which

are aligned along the [1120] and [2110] crystallographic azi-
muths. These type A clusters, consistent with earlier obser-
vation at 1030 °C, are again found to exist above the under-
lying type C feature on the surface. The high-resolution STM
also shows that the rings are made up of a network of type C
features and have a depression in the center as indicated in
the inset picture.

The vertical line profile analysis indicated by P in Fig.
6(b) (ii) shows that the average height difference between a
type A cluster and the neighboring ring depression is
~5.0+0.5 A, while the vertical separation between type C
feature and depth of the depression is ~2.0+0.5 A as indi-
cated by Q. The separation between type C features to the
top of the type A cluster is thus ~3 A. With the aid of
Starke’s (3 X 3) tetracluster model and structural dimensions,
we can in fact account for the STM profile observed. The
cross-sectional view of the ordered (6 X 6) cluster model is
shown in Fig. 6(d) (i). Staggered removal of tetracluster units
from the type B clusters as shown in Fig. 6(d) (ii) will result
in a surface decorated by some type A clusters, type B clus-
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ters and in areas where tetraclusters are missing, underlying
silicon adlayer will be exposed. This Si adlayer is the third
layer of the original Starke structure and hence if we mea-
sured from the top of the type A cluster to the Si adlayer, a
separation of 3 A will be obtained (see Fig. 2).

By removing more Si atoms from the Si adlayer as well as
tetraclusters from the remaining type B clusters from the
structure as shown previously in Fig. 6(d) (ii), would gener-
ate a structure consisting of remnant type A clusters and un-
derlying fourth and final Si layer atoms The resultant struc-
ture as shown in Fig. 6(d) (iii) would hence give rise to a
depression of depth ~5.3 A when compared against the peak
of a neighboring type A cluster.

The STM line profile measurements therefore coincide
with the values expected from the Starke model. The impli-
cation is that the type C features are associated with the
Si-adlayer atom. Therefore, the disappearance of type B and
the coexistence of type A, type C and holes on the surface
would imply that apart from missing type A clusters, Si is
also lost from the Si adlayer and most likely occurs from the
region, where type A clusters are missing. At this stage, only
Si atoms within the first three layers (tetracluster and ad-
layer) are removed in order to account for formation of type
C feature and for the depth of the holes observed.

Figure 6(c) (i) shows the surface after it heated to
1100 °C. The density of type A clusters on the surface has
reduced significantly and with the loss of these clusters, a
network of ring structures now dominates the surface. The
inset images show very clearly that the walls of each ring
consisting of an individual C feature which we have attrib-
uted to be the Si originating from the third layer of the sub-
strate. These type C feature appears to be linked together to
form the wall of the ring structure which has a depression at
the center. A closer study of the ring structure at 1100 °C
reveals that the type C feature are arranged into either small
trimerlike structures (termed D)) or larger triangular features
(termed D,) which appear to alternate hexagonally to form
the ring structure The high-resolution STM image [Fig. 1(c)]
shows that D; consists of ~3 type C feature while the line
profile analysis reveals that the mean separation between
each type C feature is ~3.1x0.5 A. The D, feature is ob-
served to consist of ~10 type C feature which are uniformly
arranged in an equilateral triangle-like structure with each
side measuring to be ~9.0+0.5 A. As the (1 X 1) unit cell of
the bulk possesses a unit cell length of ~3.08 A.? this unique
formation of type C feature within both D; and D, indicates
that the arrangement of type C feature follows the underlying
registry of the bulk lattice site of the 6H-SiC(0001) substrate.
We can therefore attribute this type C feature as an individual
Si adatom.

STM vertical line profile as shown in Fig. 6(c) (ii), mea-
suring from peak of D; and D, features to the holes of the
ring shows that the average depth of a ring structure to be
~3.5+0.5 A. Having identified that type C features on the
surface are individual Si adatoms and that they were origi-
nally the third layer of the substrate, it is interesting to note
that this measured depth is also comparable to the vertical
separation measured from the third layer to the fifth layer of
the Starke model for the (3 X 3) structure (see Fig. 2). At this
stage, in the region where holes have developed, there is the
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FIG. 6. (Color online) (a)—(c) (i) A 20 nm X 20 nm STM image of the surface at 1030, 1050, and 1100 °C, respectively, with corre-
sponding 4 nm X 4 nm inset images. (a)—(c) (ii) Shows the line profile analysis of: a (ii) type A (size ~8.0+0.5 A height ~3.0+0.5 A), type
B (size ~14.3£0.5 A), and type C (size ~3.0+0.5 A) features. (b) (ii) Respective depth profiles (P) ~5.0+0.5 A and (Q) ~2.0+0.5 A. (c)
(ii) ring sizes (x) and (y) ~15.5+0.5 A, ring depth ~3.5+0.5 A, D, size ~3.120.5 A, D,~9.0+0.5 A. (d) The schematic vertical profile
of (i) (6 X 6) cluster phase at 1000 °C, (ii) formation of type A, B, and C features at 1030 °C, (iii) formation of type A clusters and shallow
holes at 1050 °C, (iv) formation of type D features, and (v) formation of deep holes at 1100 °C.

absence of Si tetraclusters, a missing Si adlayer (third layer)
and the underlying Si-terminated SiC bulk layer (fourth
layer). The removal of these features from Fig. 6(d) (iv) will
give rise to Fig. 6(d) (v). The depth of the depression mea-
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sured with respect to the Si adatoms (third layer) will be
~3.8 A which is again comparable to the measured line pro-
file as shown in Fig. 6(c) (ii). Underlying C atoms will be
exposed for the first time.
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These STM observations shown in Fig. 6 therefore clearly
indicate a loss of Si material from the substrate. The initial
loss of Si from the surface destroys the (6 X 6) cluster peri-
odicity and to the effect that it renders insufficient Si atoms
on the surface to form the larger type B clusters. Instead, Si
atoms exist primarily as type A clusters and also the emer-
gence of type C Si adatoms. With further loss of Si from the
surface, even the type A clusters are not seen and the surface
is eventually dominated by type C Si adatoms which deco-
rate the wall of the ring structure. The process first occurs
with disappearance of type B clusters and then followed by
type A clusters. The removal of tetraclusters would expose
the Si adlayer and any missing Si adlayer atoms would ex-
pose the Si-terminated SiC bulk layer. Eventually the fifth
layer which is a carbon layer will be exposed if more Si is
lost. The progressive loss of Si and formation of holes on the
surface is consistent with the trend of decreasing Si content
demonstrated by the XPS data in Figs. 3 and 4. More impor-
tantly, the dominance of type C features and holes also meant
that the loss of Si from the Si adlayer to form the holes most
likely occurs from the region where type A clusters was
originally missing. The details of this evolution will be dis-
cussed further in Sec. III C.

At present, it is interesting to note that these ring struc-
tures appears to have some periodic arrangement on the sur-
face. The lateral line profile analysis of the ring structures
indicate a uniform average separation of ~18.5+0.5 A be-
tween the center of neighboring rings as shown by (ii) and
(iii), in both [1120] and [2110] directions as well as an av-
erage diameter of ~15.5+0.5 A [indicated by (iv)]. Based
on a (1 1) bulk unit cell length of ~3.08 A.® this nearest-
neighbor separation value would translate into a surface or-
dering with a periodicity 6 times that of the bulk. This ob-
servation differentiates the ring structure from the (6\6
X 6\3)R30°. We will attempt to establish the periodic iden-
tity of the ring structure by comparing the unit cell dimen-
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FIG. 7. (Color online) Real
STM images (50 nm X 50 nm) of
(a) (3% 3) reconstruction, (b) (6
X 6) clusters, and (c) (6 X 6) rings
with respective unit cells illus-
trated. (c) (i) A dotted schematic
representing a  (6y3 X 613)R30°
unit is superimposed on a (6 X 6)
unit cell. (a)-(c) (ii) The corre-
sponding self-correlated images
with  respective  unit  cells
highlighted.

sions of the (3 X 3) reconstruction, the (6 X 6) clusters and
ring structures in real STM images with corresponding auto-
correlated images.

Figure 7(a) (i) shows a 50 AX 50 A STM real image of
the (3X3) reconstruction obtained after annealing at
850 °C. The parallelogram illustrated on the image depicts a
basic (3 3) unit cell indicating the two main crystallo-
graphic azimuths to be [1210] and [1120]. The average unit
cell dimension in both directions is measured to be ~9.3 A.
Meanwhile, Fig. 7(a) (ii) is a corresponding autocorrelated
image which shows similar (3 X 3) periodicity in the same

[1210] and [1120] directions while the basic unit cell also
displays identical dimensions of ~9.3 A.

Figure 7(b) (i) is the STM real image (50 A x50 A) of
the (6 X 6) ordered cluster arrangement. The parallelogram
unit cell indicated on the image shows that the average clus-
ter separations measure to be about ~18.5 A giving rise to a
(6 X 6) periodicity in the [1210] and [1120] azimuths. Figure
7(b) (ii) shown below is the extracted autocorrelated image,
which shows that the unit cell derived does not defer from
the real image in size or direction.

In Fig. 7(c) (i), the real STM image (50 A X 50 A) of the
surface shows the ring structures obtained at 1100 °C. Our
STM line profile study shows that neighboring rings possess
a uniform separation of ~18.5+0.5 A, which translates into
six times the periodicity for the observed surface structure
with respect to the SiC(0001)-(1 X 1) unit cell. It is also im-
portant to note that the ring structures are also aligned in the
[1210] and [1120] crystallographic azimuths with respect to
the crystal bulk. We construct the resultant (6 X 6) unit cell in
Fig. 7(c) (i) as indicated by the parallelogram in white bold
lines with arrows indicating the [1210] and [1120] azimuths
and each unit cell corner occupying the center of adjacent
rings. A second (6 X6) unit cell is constructed with each
corner sitting on neighboring bright features to show that the
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entire ring structure adheres to the (6 X 6) periodicity.
The autocorrelated image in Fig. 7(c) (ii) indicates a unit

cell following the [1210] and [1120] directions with identi-
cal dimensions of ~18.5 A dominating the real STM image.
The existence of a (6\3 X 64 3)R30° structure would produce
a pattern with unit cell dimensions of ~32 A with an angular

difference of 30° from the [1210] and [1120] azimuths.
However, this structure is absent from the self-correlated im-
age, hence we can rule out the existence of a (613
X 6\3)R30° structure from the real space STM images.

In_order to resolve the possible existence of a (6\3
><6\3)R30° structure as seen in LEED experlments we
superimpose a (643 X 643)R30° white dotted unit cell on the
second (6 X 6) unit cell. It is also clear from the comparison
that the basic ring structure does not subscribe to the (6\6
X 6y3)R30° unit cell, while the (6 X 6) unit cell provides a
good description for the ordering shown i in the real image. To
account for the existence of the (6 3%6y 3)R30° reconstruc-
tion, the structure would have to coincide with the bright
features outlined in dotted triangles in Fig. 7(c) (i). However,
it would be necessary to selectively remove the bright fea-
tures marked by the bold triangles, to allow the remaining
features to ex1st as domlnant scattering centers in order to
obtain the (6 3%6y 3)R30° unit cell.

The autocorrelation analysis therefore also lends support
to the XPS and STM study. The ring structure obtained at
1100 °C therefore follows a (6X6) periodic arrangement
and it does not possess a (63 X 6y3)R30° unit cell. In fact,
XPS data shows that this super structure is still Si rich, albeit
less Si rich compared to the (6 X6) cluster and the initial
(3 X 3) surface. It is also not the (6 X 6) trimer structure as
seen by Owman et al.'® Corelating the surface morphology
observed by STM with the XPS data would imply that the
mechanism responsible for the surface restructuring occurs
in the presence of clusters, depressions and holes, and loss of
Si from the surface. Specifically, the STM data obtained
from the transformation of (3X3) to (6X6) clusters have
shown that Si adatoms prefer to exist as type A clusters when
“popping” out from the (3 X 3) phase during annealing. The
evidence of type A clusters reemerging during the surface
evolution from the (6 X 6) clusters to the (6 X 6) ring struc-
tures appear to suggest that this process may again be facili-
tated by type A Si tetraclusters. The implication is the in-
volvement of these Si tetraclusters in facilitating the phase
transformation, Si-material loss, and the subsequent atomic
restructuring of the surface to form the ring structure.

Motivated by the above observations, we will attempt to
propose a mechanism, taking into consideration the role of Si
atoms in the form of M X Si tetraclusters (where M is the
number of clusters) as a building block, to describe the struc-
tural transformation observed. As we have already shown
that 8 X Si tetraclusters are involved in the formation of the
(6 X 6)-cluster phase,'® we will only describe how the forma-
tion of the ring structure and the occurrence of type A, B, C,
D,, and D, features develop as we heat the SiC(0001)-(6
X 6) surface from 1000 to 1100 °C in the next section. We
will show that by selectively moving M X 4 units from the
structural models at each respective annealing temperature,
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we will be able to account for the basic morphological fea-
tures observed in this regime and hence deduce the minimum
number of Si atoms required to reproduce the basic structural
framework of a ring feature and its (6 X 6) periodicity on the
SiC surface.

C. Structural model for cluster mediated formation
of (6X6) rings

In order to form the final (6 X 6) ring structure, we will
need to remove at least a total of M =19 Si tetraclusters (76
Si atoms) per unit cell from the initial (6 X 6) cluster struc-
ture. The process by which this occurs is shown schemati-
cally in Figs. 8—10. The ball and stick models presented are
closely based on the STM data in terms of physical dimen-
sions measured and the structural evolution observed as the
surface is annealed from 1000 to 1100 °C.

When the surface is annealed to 1030 °C, disordering of
the (6 X 6) cluster phase takes place while the formation type
A, B, and C features are observed [Fig. 6(a) (i)]. In order to
account for this observation, we remove M =7 tetraclusters
per unit cell in a staggered manner from the original (6
X 6) cluster arrangement [Fig. 8(a)]. In doing so, we obtain
the schematic diagram in Fig. 8(b) which depicts a surface
morphology consisting of residual type B clusters and a ma-
jority of type A clusters and C features which we have iden-
tified as the Si adlayer atoms (i.e., third layer Si adlayer of
the Starke model). In fact, the reduction in area coverage of
the type B clusters also exposes the underlying type C fea-
tures which is synonymous with the STM observation in Fig.
6(a) (i). The complete removal of the M =7 tetraclusters from
each unit cell would result in a unit cell consisting of M=1
tetracluster and the Si adlayer (type C feature) as shown in
either Figs. 8(c) or 8(d). We note that this structure has not
been observed experimentally. Instead, the STM data ob-
tained at 1050 °C shows formation of a shallow ring struc-
ture with a hole in the center coexisting with type A clusters
and type C feature. The size of the hole is ~15.5+0.5 A and
depth is ~5.0+0.5 A [Fig. 6(c) (i)]. In order to account for
this ring size, we will need to remove from Fig. 8(c) or Fig.
8(d) another 20 Si atoms or M =5 tetracluters.

However, we can generate this shallow ring structure by
removing the Si atoms from either two hexagonal regions
between the type A clusters, as shown in Fig. 8(c) and 8(d)
respectively. Hence, at this stage we will introduce two pos-
sible routes by which loss of Si atoms from the surface oc-
curs. We will show that the two pathways will in fact lead to
the formation of an identical (6 X 6) ring structure and also
involves the same number of tetraclusters.

1. Loss of Si via pathway 1

The loss of Si atoms via the first route would require
removing 20 Si atoms which are highlighted as shown in Fig.
8(c). This would generate a shallow ringlike structure with a
diameter of ~15.5 A and a depth of ~5.3 A. The removal of
these 20 Si atoms will also expose the underlying Si atoms
(i.e., fourth layer Si atoms of the Starke model) and they will
also be bordered by the remaining Si atoms of the original
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FIG. 8. (Color online) A plane view of the
ball and stick model illustrating the surface struc-
tural evolution as a function of temperature. (a)
(i) The (6 X 6) cluster phase consisting of type B
clusters at 1000 °C. (ii) The staggered removal of

M =17 tetraclusters per unit cell from the surface

in (i), leading to the formation of a surface con-
sisting of type A, B, and C features, correspond-
ing to STM images at 1030 °C. (iii), (iv) The
surface after the complete removal of M=7 clus-
ters. Two regions from which 20 Si atoms are
removed to generate the shallow ring structure as
highlighted, respectively, in (iii) and (iv).

third layer. In doing so, preferential sitting of the type A indicated by the dotted hexagon as shown in Fig. 9(a). The
clusters at the corner sites of each ring structure will also be  resulting structure is consistent with the surface topography
observed. This ring structure with a shallow depression is as imaged by the STM shown previously in Fig. 6(b) (i).

<
4~ ~

T I T P PRI T
S A a is et s N
| SSSS G ESaR JeSeceTa AT
r Ia¥e? « 0 %%
95884505 94058 e ce >
IS8, 20e828 343N age

- S ,
202624202024 52% 9e2
[ SE98, 1000002405, 42000806
PP }.}"‘}.}’" *}»?",.} D ),J" /}J"\ﬂ
s2e2e24 2658 2420224 2424 2
1 00nttea 8202005302030

(@)

P I T IS T I IS IR I I
S aseaatstatesaniaanty
steeitaiing
A ttaseaagitata] 8}@;
233292 sedeteTng e

eSele s P P; ;; FIG. 9. (a)-(d) describe the progressive re-

98424 2 . :

Igletete moval of M X4 clusters per unit cell to obtain the

o8 Py?}’,{‘*;%ﬁ final (6 X 6) ring structure through pathway 1. (a)

& 8;;,.;}:;;: The surface after removal of 20 atoms (M=5)

- 3438 7"‘;: * i}; highlighted previously in Fig. 8(c). These atoms

’&f 2L % F;)*;r» were removed from the third and fourth layer of

)»;}?};};i: ; the U. Starke structure to generate the resultant

};;;F}‘ >);; shallow ring structure with ring size ~15.5 A at

als2el 1050 °C. (b) The remaining type A clusters

(b)

which exist at the corner sites as shown in (a) is

P T T TR P PRI

PRI Ty

ede2e%a 303434 e 80343034

e )‘;)‘;.;;J’* (}J‘}J’*}HP‘}‘
>

removed (M=1) to account for their absence in
the STM images. The remaining third layer atoms
form the resulting boundary of the ring structure.
(c) Four atoms (M =1) within this layer as high-
lighted in (b) were removed to account for the
measured triangular D;~3.1 A and D,~9.3 A
sizes. (d) 20 Si atoms (M=5) are removed from
the fourth layer as indicated in (c) to account for
the final ring structure and the whole process
therefore involves M =19 clusters in total.

; 29I g

8333338000800 400811

) 63ege00 6Te 390000 %

0g03e063e 8

‘ p’»' s %

P oL ,—}}f

; 3.\5 : f_}p_i})ﬂ

% oL ;,@;;E

&3 ensitasaqasenss
esssetadetadecesendedallbY
13555500 3 s % S s il
© (d)

045330-11



W. J. ONG AND E. S. TOK

PHYSICAL REVIEW B 73, 045330 (2006)

FIG. 10. (a)—(e) describe the progressive re-

moval of M X 4 clusters per unit cell to obtain the

final (6 X 6) ring structure through pathway 2. (a)
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Proceeding further, we will need to account for the preva-
lent existence of type C Si atoms which form the D; and D,
triangular features. These features are in turn arranged into
ordered networks which generate the resultant (6 X 6) ring
structure as observed at 1100 °C. In order to describe these
structural characteristics, we will need to remove another 28
Si atoms (M =7) from the unit cell. The following Si atoms
are removed, (1) Four Si atoms (M=1) i.e., type A cluster
which existed at the corner sites as shown in Fig. 9(a) is
removed. This would give rise to the surface structure shown
in Fig. 9(b), which is consistent with the absence of the type
A clusters in the STM data at this stage, (2) In order to
account for the observation of D; and D, features, we selec-
tively remove four Si atoms per unit cell from Si atoms from
the third and fourth layer (M=1) as indicated in Fig. 9(b). In
doing so, the remaining third layer Si adatoms would form
the boundary of the ring structure shown in Fig. 9(c). By

following registry of the SiC (1 X 1) structure, the arrange-
ment of remaining Si adlayer adatoms would form equilat-
eral triangular structures of two sizes with side lengths mea-
suring ~3.08 and ~9.3 A, respectively, as outlined by dotted
triangles in Fig. 9(c). These dimensions match closely with
the measured lengths of the D, (size ~3.1+0.5 A) and D,
(size ~9.0+0.5 A) triangular features in the STM scans. By
arranging these two features in an alternating hexagonal
structure, would result in a hexagonal ring structure with an
average uniform diameter of ~15.5 A that follows the (6
X 6) periodicity, (3) Finally, to account for the vertical pro-
file analysis earlier in Fig. 6(c) (iii), we will need to remove
another 20 Si atoms (M =5) from the exposed fourth layer of
Si atoms as indicated in Fig. 9(c). This would give a ring
structure as shown in Fig. 9(d) with a depth of ~3.5+0.5 A
measured against the peak of D; and D, features. A total of
19 tetraclusters is thus involved.

045330-12



ROLE OF Si CLUSTERS IN THE PHASE...

2. Loss of Si via pathway 2

In the second route, we selectively remove 20 Si atoms
(M=5) from the third layer which are highlighted in the unit
cell as shown in Fig. 10(a) [these atoms are equivalent to
those highlighted in Fig. 8(d)]. By releasing these atoms
highlighted in Fig. 10(a), from each unit cell, we will again
obtain a shallow ring structure of size ~15.5 A and depth
~5.3 A while exposing the fourth layer Si atoms. The result-
ing ring structure shown in Fig. 10(b) will consist of the
remaining Si adlayer atoms from the original third layer as
well as type A clusters which sits at the corner of the ring
corresponds closely to the STM image of the surface ob-
served at 1050 °C.

Similar to earlier discussion, we will need to account for
the absence of type A clusters, the prevalent existence of type
C Si atoms which forms D; and D, triangular features and
the resultant (6X6) ring structure which is observed at
1100 °C. To describe these features, we again need to re-
move another 28 Si atoms (M=7) from this unit cell. The
absence of type A clusters at 1100 °C, means we need to
remove one type A cluster (M=1) from each unit cell as
shown in Fig. 10(b), to generate the resultant surface shown
in Fig. 10(c). However, the presence of the D, (size
~3.1+0.5 A) and D, (size ~9.0+0.5 A) features observed
by STM further dictates the removal of four Si atoms (M
=1( from the third and fourth layer from each unit cell as
highlighted in Fig. 10(c). Consequently, the surface structure
shown in Fig. 10(d) will now consist of smaller triangular
features (size ~3.08 A) and larger triangular features (size
~9.3 A) consisting of coplanarly bonded Si atoms, which
correspond to the observed D; and D, features respectively.
As the STM line profile analysis have demonstrated a ring
depth of ~3.5+0.5 A stemming from the loss of Si from the
fourth layer, hence we will need to remove the remaining 20
atoms or M =5 tetraclusters from the exposed fourth layer Si
atoms as indicated in Fig. 10(d). This would generate a ring
structure of respective depth ~3.8 A and size ~15.5 A with
triangular D; and D, features [Fig. 10(e)] which accounts for
the STM image analysis. The final ring structure obtained
here is the same as the one obtained through pathway 1 and
again involves a total of 19 tetraclusters.

Given the present experimental results, we are not able to
resolve the dominating pathway. Nevertheless, it is clear that
irrespective of the route in which Si may be loss, the same
number of Si atoms equivalent to M =19 tetraclusters were
removed from the initial (6 X 6) cluster phase to obtain the
final ring structure shown in Fig. 9(d) or Fig. 10(e). In addi-
tion, the resulting ring structure which is formed also in-
volves the removal of Si atoms from the original fourth layer
Si atoms of the Starke’s model. Hence underlying top layer
of C atoms of the SiC bulk would also be exposed for the
first time at this stage. This would result in greater Si-C
bonding as detected by XPS, which indicates a more intense
Si-C signal as compared to the Si-Si at this temperature. In
principle, formation of C-C bonds within the hole may result
since it will reduce the number of carbon dangling bonds. We
were not able to image these carbon atoms within the holes.
However, it is interestingly to note at this stage, the C s
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peak is still dominated by the Si-C chemical environment.
The shift in binding energy to 285 eV only occurs later at
1200 °C where a graphitic surface has been reported'>!* to
dominate the SiC surface. This would imply further loss of
Si atoms from the fourth layer leading to the eventual forma-
tion of a carbon rich surface.

We have shown that by selectively moving M X 4 units
from the structural models at each respective annealing tem-
perature, we are able to account for the basic morphological
features observed and also deduce the minimum number of
Si atoms required to reproduce the basic structural frame-
work of a ring feature and its (6 X 6) periodicity on the SiC
surface. By defining a unit volume as a (6 X 6) unit cell area
consisting of the top four layers where Si-Si bonding domi-
nates, the (3 X 3) structure would consist of 88 Si atoms per
unit volume. It is clear from the structural evolution illus-
trated by the two pathways in Figs. 9 and 10, a removal of at
least M =15 clusters or 60 atoms per unit volume from the
initial (3 X 3) reconstruction is therefore necessary to obtain
a (6 X 6) ring structure which describe the STM data.

In order to ascertain if this proposed ball and stick model
agrees with stoichiometric information from XPS, we com-
pare the loss of 60 Si atoms derived from the model with that
deduced from comparing the XPS intensity obtained for el-
emental Si at 850 °C [(/3x3)), where ordered (3 X 3) recon-
struction is observed] and that at 1100 °C [(I5xe) rings)-
where ordered (6 X 6) ring structure is observed].

The peak area intensity for the elemental Si 2p XPS peak
is related to the atomic concentration of Si atoms per unit
volume (Ng;) by the following expression:

ISiZNSi X ASF X TF,

where Ig; is the peak area of Si 2p for Si-Si, ASF is the
atomic sensitivity factor, and TF is the transmission function.
Since ASF and TF are constants for the same element, we are
able to compare the XPS intensity (I) with atomic concen-
tration of atoms per unit volume (N) for both (3X3) and
(6 X 6) rings in the following expression:

I3x3) Nixs)

I(6><6) rings N(6><6) rings ‘

In the current experiment, /(3x3) has a value of 726 counts.
This is associated with the (3 X 3) structure consisting of 88
Si atoms per unit volume as previously defined (N33
=88). With the value of the XPS peak area intensity for the
(6 X 6) ring structure (/(5x¢) rings) €qual to 236 counts, we can
therefore estimate the value of N(gxg) rings from the above
expression to be 28. This value is equivalent to the number
of Si atoms found within the model describing the (6 X 6)
ring structure. Consequently, the difference in the number
concentration of Si per unit volume between the two phases
is 60. Hence, quantitative analysis of the XPS data not only
shows a clear loss of Si with annealing resulting in increased
exposure of the SiC bulk, but also agrees with the proposed
model of Si loss via selective removal of M tetraclusters.
The progressive loss of Si in terms of M X 4 Si atom units
will also be consistent with two other key experimental ob-
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servations of tetraclusters during the phase transformation of
the 6H-SiC(0001)-(3 X 3) surface to (6X6) ring structure,
(1) The observation of type A clusters being released from
the (3 X 3) reconstruction. This suggest a natural tendency
for Si adatoms to come together to form a Siy cluster, (2) The
agglomeration Si, clusters to form the new (6X6) cluster
phase,!” the formation of same sized type A clusters after the
disappearance of type B clusters due to heating and the even-
tual formation of the ring structure also suggest that this
unique cluster is an important vehicle for Si mass transport
in facilitating the surface structural transformation. These ex-
perimental observations point towards the existence of type
A cluster as a unique stable structure for Si atoms on the
SiC(0001) surface. This is surprising given that the Si atoms
within the cluster are likely to possess nonideal tetrahedral
bonding unlike that of Si atoms in the bulk. Recently, Grass
et al.” reported the existence of Si magic clusters consisting
of four Si atoms on HOPG. The Si, clusters, however, were
deposited from a cluster source, and together with theoretical
calculations showed that these clusters are stable against coa-
lescence at room temperature. It will thus be of an interest to
study these magic clusters from a theoretical approach and
hence derive a minimum energy structure to rationalize their
existence on the SiC(0001) surface.

IV. CONCLUSION

In this work, we study the formation of (6 X 6) rings using
STM and XPS as a function of temperature. While the XPS
shows that the ring surface is still Si rich and not yet graphi-
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tized, the analysis of the STM data with line profile measure-
ment and autocorrelation in studying the periodicity and
alignment shows that the rings are arranged in a (6 X 6) pe-
riodicity with an absence of the (6\6><6\f§) R30° recon-
struction. High-resolution STM images show the formation
of type A clusters from type B leading to the ring structure
formation made up of type C Si adatoms when the surface is
heated beyond 1000 °C. The presence of type A clusters par-
ticipating in the phase transformation suggests that the magic
number of four Si atoms is a stable structure and is also
important in mediating the surface structural transformation.
Using XPS and STM data which show loss of Si with pro-
gressive annealing, we propose a model to illustrate this sur-
face evolution through the selective removal of M X4 Si
atoms (where M is the number of clusters) at various anneal-
ing temperatures. With this proposed mechanism, we remove
M =19 pre unit cell to obtain model of a ring structure con-
sisting of locally organized type C Si adatoms arranged into
hexagonal D; and D, formations, which are in good agree-
ment with the experimental data. It should be noted that this
is the minimum number of atoms needed to account for the
formation of rings. More material can clearly be removed
and this will account for irregularity of ring walls.
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