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Methodology

The FHI-aims code employs numeric atom-centered
basis sets; basic descriptions of their mathematical form
and properties are published in [1]. The chosen basis set
and numerical real space grids are of high quality as de-
fined by the tight settings including for Si a tier 14+dg
and for C a tier 2 basis set [1]. All surface structures are
calculated using a slab of six SiC bilayers. The bottom
silicon atoms are hydrogen terminated. The top three
SiC bilayers and all adatoms or planes above are fully
relaxed (residual energy gradients: 8- 1072 eV/A or be-
low). For accurate integrations in reciprocal space, we
chose the (3x3) reconstructions a 4 x 4 x 1 k-mesh, for
the (2x2)c a 6 x 6 x 1 k-mesh and for the (6\/3 x 6v/3)
interfaces the I'-point.

In a previous work, we included in the supplemental
material (SM) details about the numerical convergence
with respect to the grid density in real- and recipro-
cal space and number of basis functions, and we showed
the effect of zero-point corrections on the reference bulk
phases for different functionals [2].

In this work, we used the Heyd-Scuseria-Ernzerhof hy-
brid functional (HSE06)[3] for calculating the electronic
structure and validating surface energies. In HSE06 the
amount of exact exchange is set to a = 0.25 and the
range-separation parameter w = 0.2A~1. As can be seen
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FIG. 1: The Kohn-Sham band-gap (blue circles) and valence
band width along I" to X (red circles) of 8C-SiC as a function
of a. The HSE06 value o = 0.25 is marked by a vertical line.
The experimental valence band width is shown as horizontal
line at 3.6 eV[4] and the exp. band gap at 2.42 eV[5]. The
lattice paramter listed in Tab. I for HSE06+vdW were used.

in Fig. 1, for fixed (w) the band gap and valence band
width depend practically linearly on the exchange pa-
rameter . We tested the HSE06 with respect to the
band gap and band width, the latter being a measure
for the cohesive properties of a crystal[6]. The default
HSEO06 value of a = 0.25 captures both the band gap
and the band width well and we therefore adopt it for
our calculations.

Bulk structure and enthalpy of formation of 3C-SiC,
diamond, graphite and silicon

For all calculations included in this work we used fully
relaxed (locally optimized) atomic structures. We here
list the optimised lattice parameters ag [A] and the re-
sulting enthalpy of formation AH; [eV] for 3C-SiC and
the cohesive energies of the reference structures diamond,
graphite and silicon and 3C-SiC. The lattice parameter
without zero-point vibrational corrections (ZPC) and the
cohesive energies are listed in Tab. I, the influence of
ZPC is given in the SM of Ref. [2]. The enthalpy of for-

PBE+vdW|HSE06+vdW

Graphite ao, co [A] 2.46, 6.66 |2.44, 6.64

Econ [eV/atom]|-8.00 -7.78
Diamond ao [A] 3.55 3.53

Econ [€V/atom]|-7.93 -7.76
Silicon  ao [A] 5.45 5.43

Econ [€V/atom]|-4.87 -4.82
3C-SiC  ao [A] 4.36 4.34

Econ [eV/atom]|-6.76 -6.59

AH; [eV] -0.56 -0.59

TABLE I: Lattice parameter ap and co and cohesive ener-
gies Fcon for graphite, diamond and silicon in diamond struc-
ture and 8C-SiC as obtained in this work. The experimental
lattice parameter of 3C-SiC is 4.36 A [7]. The enthalpy of
formation AH; of 3C-SiC is given.

mation AHy is calculated for bulk silicon and carbon in
the diamond structure as the reference phases. AHj is
—0.56 eV for PBE+vdW and —0.59 eV for HSE06+vdW.
AH ¢ shows good agreement with the previously obtained
values calculated within the random phase approxima-
tion (RPA) AH; = —0.66 eV [8] and using HSE03[9]
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FIG. 2: Comparison of the surface energies for three different
chemical compositions of the tetrahedrally shaped cluster as

adatoms forming the 3C-SiC(111)-(3x3) reconstruction. The
surface energies are given relative to the bulk-truncated (1x1)
phase, as a function of the C chemical potential within the
allowed ranges (given by diamond Si, diamond C or graphite
C, respectively), using the graphite limit as zero reference. In
addition, the known (2x2)¢ reconstruction and the (3x3) Si
twist model are shown.

—0.66 €V including zero-point corrections or an experi-
mental value of —0.77 eV [10].

The atomic structure of 8C-SiC(111)-(3x3)
reconstructions

Figure 4 shows the atomic structure of various alterna-
tive surface phases of the SiC C-face that have been pro-
posed in the literature[11-14]. First the Si twist model,
which has been adapted from the Si face [15], is shown in
Fig. 4 a and discussed in the main paper. As can be seen
in Fig. 4 b, the (2x2)¢ reconstruction as known from
quantitative LEED measurements [16] is a Si adatom
structure with one adatom per (2x2) unit cell. The next
structure is a model originally proposed as a Si rich struc-
ture for the 6H-SiC(0001)-(3x3) reconstruction by Ku-
lakov, Henn, and Bullemer [17], labeled ¢. In this model
dangling bond saturation is optimal with only one out
of nine dangling bonds per (3x3) cell remaining. Li and
Tsong proposed a Si or C rich tetrahedrally shaped clus-
ter as adatoms.[14] We tested different chemical combi-
nations (Fig. 4 d (i) -(iii)). The surface energies of the
originally proposed Si (i) or C (i) rich and a plain Si (77)
cluster are given Fig. 2. In the main text, we included
the most stable cluster formed by 4 Si atoms, labeled d.

On the basis of scanning tunneling microscope (STM)
measurements Hoster, Kulakov, and Bullemer suggested
a geometric configuration for the (3x3) reconstruction,
however, the chemical composition was not specified.[11]

We added a modification of the model, shown in Fig. 4 e
for which we choose all adatoms to be Si. This is the most
stable chemical composition that we tested of the Hoster
et al. models. Hiebel et al. suggested a model consisting
of a SiC-bilayer with a stacking fault of one half of the
cell and two adatoms, a Si adatom and on the faulted side
a C adatom, shown in Fig. 4 f[12] The next structure,
labeled g, is a carbon rich model suggested by Deretzis
and La Magna. [13] It is a modification of model e with
a change of the chemical composition to 6 C adatoms
forming a dimer ring and 4 Si adatoms. Figure 4 h shows
an additional variation of model e. This structure consist
of a fractional bilayer with 7 Si adatoms bonded to the
substrate and 3 C adatoms.

The density of states of the Si twist model

We here compare the spin-polarized and non spin po-
larized density of states (DOS) of the Si twist model.
The results are similar to literature results reported for
the (v/3 x v/3) Si-adatom reconstruction on the Si face
of SiC [18]. Here, the unpolarized surface is by necessity
metallic and the spin-polarization allows the surface to
open a gap. This gap may well be due to a strong corre-
lation effect, as discussed for the Si side by Rohlfing et.
al [18] and references therein.
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FIG. 3: The density of states (DOS) without spin polariza-
tion in the (upper panel) and spin polarized (lower panel).
The unpolarized DOS is by necessity metallic, while the spin-
polarized DOS clearly shows a band gap between the spin up
and spin down states rendering the surface semiconducting.
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FIG. 4: All structural models for the (3x3) reconstructions of the C-SiC(111) included in the surface energy diagram are
shown in a side and top view. In the top view the unit cell is marked in red. The first structure (a) - the Si twist model - has
been adapted from the Si face [15] and is discussed in detail in the main paper. (b) shows the (2x2)¢ reconstruction as known
from quantitative LEED measurements (b)[16]. A model adapted from the Si face is shown in (c¢)[17]. Previously proposed
structure models for the (3x3) reconstructions: (d) Ref. [14], (e) Ref. [11] - as a plain Si adatom structure, (f) Ref. [12], (g)
Ref. [13] and (h) Ref. [11]]. The right panel show three different chemical composition of the (3x3) reconstructions suggested
by Li and Tsong ((3x3) Li-Tsong (i) - (%)), their energetics are shown in Fig. 2.



FIG. 5: Simulated constant current STM images are shown
for the occupied and empty state of the Si twist model. The
simulation were performed using the HSE06+vdW exchange
correlation functional. The three points of interest (A, B,
C) are marked by arrows and labeld according to Hiebel et
al.[12]. Marked in red is the 3C-SiC-(3%3) unit cell.

Simulated STM images of the Si twist model

Most of the previously proposed structure models for
the 3C-SiC(111)-(3x3) were motivated by STM mea-
surements [11-13]. We here include simulated constant
current STM images of the Si twist model Fig. 5.

The constant current STM images were obtained fol-
lowing the Tersoff-Hamann approach. [19, 20] In this
approach, constant current images are approximated by
an isosurface of the local density of states (I-DOS) in-
tegrated between the Fermi energy (ep) of the system
and the tip bias (V). We integrated the 1-DOS on a
real space grid with a resolution of 0.035 A. The 1-DOS
was calculated using the Heyd-Scuseria-Ernzerhof hybrid
functional (HSE06) at the PBE+vdW geometry.

In experiment, constant current STM images for the
occupied and empty states show three pronounced sig-
nals. We chose the labeling with A, B and C according to
Hiebel et al.[12] (see Fig.5), where point C is at the posi-
tion of the top Si adatom. Feature B and C can be found

in both the occupied and the empty states experimental
images in agreement with our simulated images. How-
ever, in experiment feature A measured with a negative
voltage differs from A measured with a positive voltage.
This change in intensity is not observed in our simulated
images. This could either be because of the crude approx-
imation in the simulation of STM images or the model
we propose is not the actually observed reconstruction.
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