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Abstract. Epitaxial bilayer silicon oxide is a transferable two-dimensional
material predicted to be a wide band gap semiconductor, with potential
applications for deep UV optoelectronics, or as a building block of van der
Waals heterostructures. The prerequisite to any sort of such applications is
the knowledge of the electronic band structure, which we unveil using angle-
resolved photoemission spectroscopy and rationalise with the help of density
functional theory calculations. We discover dispersing bands related to electronic
delocalisation within the top and bottom planes of the material, with two linear
crossings reminiscent of those predicted in bilayer AA-stacked graphene, and semi-
flat bands stemming from the chemical bridges between the two planes. This band
structure is robust against exposure to air, and can be controled by exposure to
oxygen. We provide an experimental lower-estimate of the band gap size of 5 eV
and predict a full gap of 7.36 eV using density functional theory calculations.

2D silicon oxide film, bilayer, band gap, photoemission spectroscopy,

density functional theory calculations
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Introduction

Silicon oxide can be prepared in the form of a
crystalline two-dimensional (2D) allotrope with no
dangling bonds, and whose structure has been resolved
starting from 2010 [Il 2]. Observed from the top,
the atomic arrangement appears as a honeycomb
lattice, while a side-view reveals that it consists of two
symmetric layers of corner-sharing SiO,4 tetrahedrons.
It was therefore called a bilayer (BL).

The (0001) surface of ruthenium is a substrate of
choice for the epitaxial growth of this material. With
optimized growth conditions, it is possible to obtain a
highly crystalline BL silicon oxide film decoupled from
its surface, i.e. without strong covalent substrate-oxide
bonds [3, []. Silicon oxide’s unit cell is twice larger
than the surface unit cell of Ru(0001), and it coexists
with a more or less dense layer of O atoms directly
attached to the substrate [5]. The weak interaction
between BL silicon oxide and Ru(0001) recently opened
the route to the transfer of the former via a mechanical
exfoliation [6]. The square-centimeter thus-transferred
silicon oxide showed excellent chemical and thermal
stability, suggesting its use in a variety of applications.

Bilayer silicon oxide is expected to be a wide
band gap semiconductor [7]. Its intrinsic electronic
and excitonic properties are yet to be investigated
experimentally. What the actual size of the band
gap is, which is difficult to predict a priori, or
whether this band gap is direct or indirect, are key
questions. The answers will determine the potential
for optoelectronic applications, and allow to position
this potential with respect to another wide band gap
2D material, hexagonal boron nitride [8]. Beyond
potential interesting optoelectronic properties of the
individual layers, BL silicon oxide may also be a
valuable building-block of functional artificial van der
Waals heterostructures, as a dielectric layer separating
smaller band gap [9] or conductive [I0] 2D materials,
or alternatively, stacked with a second BL silicon oxide
layer, with a twist angle producing strong electron
correlation effects such as those predicted in twisted
BL boron nitride [11].

In the present article, we unveil the electronic
band structure of epitaxial crystalline BL silicon oxide
grown on Ru(0001) using angle-resolved photoemission
spectroscopy (ARPES) and discuss the origin of the
bands in light of density functional theory (DFT)
calculations. We find dispersing bands stemming from
the hybridization between electronic orbitals of Si and
O atoms in the top and bottom planes of the 2D
material. Some of these bands exhibit two linear
crossings, that are reminiscent of those expected in a
peculiarly-stacked graphene BL. We also identify semi-
flat bands that originate from the Si-O-Si bridges
between the top and bottom planes. This band
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structure is robust, and resists exposure to air. After
having identified the specific electronic bands of the
substrate, that do not hybridize with those of silicon
oxide, we identify the valence band maximum (VBM)
of the BL. The energy of this band extremum is
found to vary from -4 to -5 eV below the Fermi level
(Er), depending on the amount of O atoms directly
bound to the Ru substrate, below the BL silicon
oxide. We conclude that the electronic band gap of
the material is at least 5 eV, confirming the potential of
the material for deep UV optoelectronics applications
and consistent with our DFT calculations which are
predicting a band gap of 7.36 eV.

Materials and methods

FExperiment

Experiments were carried out in a ultra-high vacuum
setup (P < 1 x 107'%mbar). It is equipped with
low-energy electron diffraction (LEED), a monochro-
matized X-rays source (Al K, resolution better than
300 meV), monochromatized helium source (MBS L-1),
and a high energy, momentum and spin resolution pho-
toemission analyser (DA30-L from VG-SCIENTA).
ARPES measurements were carried out at room tem-
perature with energy and angular resolutions better
than 20 meV and 0.1°, respectively. The energy reso-
lution has been determined by the fit of the Fermi edge
of a polycrystalline copper sample at low temperature.
Details about the experimental geometry are given in
figure S1 of the supplementary information (SI). A
clean Ru(0001) surface was obtained by repeated cy-
cles of Ar" sputtering and annealing up to 1400K
followed by molecular oxygen exposure and flash an-
nealing resulting in a sharp (1 x 1) LEED pattern
(not shown here). The absence of contamination was
checked by X-ray photoemission spectroscopy (XPS)
and ARPES. After cleaning, the Ru 3ds/, core level
exhibits a surface-related contribution at a binding en-
ergy (BE) of 279.8 eV (figure S8(c)). A crystalline BL
silicon oxide was grown on an oxygen-covered Ru(0001)
surface forming a so-called 30—(2x2) reconstruction
[12]. The latter was obtained by exposing Ru(0001) to
1 x 1079 mbar O, at 625K for 10min. Then silicon
was evaporated, for twice as long as for the monolayer
(ML) case, using electron bombardment of a high pu-
rity Si rod (better than 99.9999 %) under an oxygen
pressure of 3 x 1077 mbar at room temperature. The
control of the amount of Si is the key to obtain the
BL [f| as ascertained with XPS, infrared and tunnel-

t With a sufficient amount of Si indeed, Si-O-Si bridges
can be formed instead of the Ru-O-Si bridges in the ML.
While the latter bonds are seemingly less stable, surface
energy minimisation effects might however prevail (the oxide-
covered Ru(0001) surface being less energetic than the O-
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(a,b) Schematic structure of the 2D BL silicon oxide (top and side views, respectively) on Ru(0001). 2D BL silicon

oxide and Ru unit cells are indicated as green and yellow rhombuses, respectively. (¢) Schematic structure (side view) of the 2D ML
silicon oxide on Ru(0001). (d) High-resolution XPS spectra of the O 1s core level for the 30—(2x2)/Ru(0001) (green), ML silicon
oxide (blue) and BL silicon oxide (red) using a photon energy of 1486.6 eV.

ing spectroscopies [I B, 13 14] [15]. The final step
was performed under 3 x 10~%mbar O; at a tempera-

ture ranging from 1100 K to 1300 K for 15 min followed
by a slow temperature ramp, promoting crystallization
(rather than the formation of the amorphous BL) at a
rate of 10K - min~! down to 300 K. Temperatures were
measured using a pyrometer.

Computational details

We used first—principles DFT [I6, [I7] calculations and
the Projected Augmented Wave (PAW) method [18]
as implemented in the Vienna ab-initio Simulation
Package (VASP) [19]. The kinetic energy cut-
off for the plane-wave expansion was 490 eV. For
exchange correlation potential, we used the local
spin density approximation (L(S)DA) [20] and the
hybrid HSE06 [2I]. We also performed calculations
including van der Waals corrections through the

covered Ru(0001) surface, presumably) for smaller amount of
Si deposited on the surface, promoting the formation of the ML.

D2 method (PBE+D2) introduced by Grimme [22].
The Ru(0001) surface was modelled by taking three
atomic layers, cleaved from a face-centered cubic
lattice where the crystal lattice parameter was
firstly optimized. The deepest ruthenium layer
was kept fixed during the relaxation of the rest
of the structure. Atomic positions were optimized
through the conjugate gradient algorithm until the
Hellmann-Feynman forces reached the threshold of
0.1x107% eV/A (see supplementary .xyz file). A
vacuum space of at least 12 A was employed along
the z-direction to avoid undesired interactions between
periodic layers. The Brillouin zone (BZ) was sampled
with a 20 x 20 x 1 k-point mesh in the self-consistent
energy calculations.

Structure and growth procedure

The BL is composed of two superimposed layers of
cornersharing SiO4 tetrahedra forming a honeycomb-
like structure (figure [[fa,b)) [1, I3, 14]. The lattice
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constant is 5.42 A, which is twice that of the Ru
substrate, leading to a (2x2) commensurate unit cell
(figure [[fa)). Contrary to the ML silicon oxide,
which is connected to Ru by covalent Si-O—Ru bonds
(figure [I{c)), the interaction between the BL and its
substrate is dominated by weak van der Waals forces.
One evidence is the absence of Si-O-Ru perpendicular
vibration modes [I, 13, 23]. Another experimental
proof is the absence of Si-O—Ru contributions in XPS
[, 5]

Measuring the electronic band structure with
ARPES wusually requires crystalline samples with
well-defined crystallographic orientation. The key
parameters to achieve this with BL silicon oxide
are the temperature and the partial pressure during
the annealing step. Heating up to 1300 K under
3 x 107%mbar Oy produces a sharp (2 x 2) LEED
pattern, indicative of a good structural quality whereas
a lower annealing temperature produces a diffuse ring
representative of amorphous domains (figure S3).

The BL can be grown either on an oxygen-free
underlying substrate or on an oxygen-reconstructed
Ru surface (from a so-called O—(2x2) to a so-called
O—(1x1)). These interfacial O atoms seem to play
an important role concerning the crystallinity of the
BL. Crystallinity seems optimum when the initial
coverage of Ru(0001) with O is high [3], which is what
we targeted by using a large O, dose to produce a
30—(2x2) superstructure.

Signatures of the formation of the bilayer
silicon oxide

To get a better understanding of the formation of
the BL on Ru(0001), we follow the evolution of
the O 1s core level spectra with XPS from the
30—(2x2)/Ru(0001) superstructure to the ML sili-
con oxide and finally to the BL silicon oxide (see
figure[1fd)). The 30-(2x2)/Ru(0001) (green) spec-
trum exhibits only one contribution which corresponds
to equivalent O atoms on Ru hollow sites (O-Ru).
In the ML case (blue), we resolve only three peaks.
Nevertheless, as demonstrated in our previous work,
the spectrum can be deconvoluted into four contribu-
tions corresponding to Si-O-Si (531.1 V), Si-O-Ru
(530.1 eV, left shoulder in the central peak, and
529.1 eV) and O-Ru bonds (529.9 €V, second contri-
bution in the central peak) [24], in agreement with a
simulated XPS spectrum [I4]. These different contri-
butions take their origin from the existence of different
kinds of bonds in the ML structure, as visible in the
ball model in figure [Ifc).

After growth of BL silicon oxide (red curve in
figure[1[d)), the O 1s core level exhibits essentially two
components, one at 529.9 eV BE corresponding to O
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bound on the hollow sites of Ru(0001) (O-Ru), and
another one, the prominent one, at a BE of 531.5 eV.
This component is reminiscent of the one occurring
at 531.1 eV in the ML on Ru(0001), where it was
ascribed to O atoms bound to two Si atoms, on the top
oxide layer, as discussed above. Oxygen atoms with
such a chemical environment are also present in BL
silicon oxide (figure[I[b)) and they are naturally those
corresponding to the 531.5 eV component. Another
kind of O atom, also surrounded by two Si atoms, is
found in the median plane of BL silicon oxide. The
BE of the corresponding O 1s core level is predicted to
differ by only 0.13 eV from the one corresponding to
O atoms in the top and bottom planes of silicon oxide
[5]. We hence expect that the Si-O-Si peak centered
at 531.5 eV actually consists of two components,
which we cannot resolved due to the limited energy
resolution of our experiment and the residual disorder
in the system. Finally, the remarkable point is the
absence of Si-O—Ru bonds, contrary to the ML case,
confirming the disconnection of the BL silicon oxide
from Ru(0001), in good agreement with the literature
[1, 14] and with what is expected from a van der Waals
interface.

Observation of dispersive electronic states in
bilayer silicon oxide

We now discuss the evolution of the band structure
mapped by ARPES, recorded along the M; — I'y —
M; direction of the BZ (see figure S2), for the
30—(2x2)/Ru(0001), the ML and the BL silicon
oxides (figure [2[a-c)). The corresponding integrated
density of states (IDOS) data are extracted from
the momentum-resolved ARPES maps and shown in
figure [2(d).

The dispersions and IDOS of the filled electronic
bands, measured after the growth of the BL silicon
oxide, have only few features in common with the data
measured for the 30-(2x2)/Ru(0001) and ML silicon
oxide. First, a contribution centered close to -2 eV
(label A) is found in all three systems. It is assigned to
bonds between the substrate and individual O atoms,
and its intensity is the weakest in the case of BL
silicon oxide. This contribution seems very weak in
the ARPES data (figure [2f(c)), and is better resolved
in the IDOS spectrum (red curve in figure [2[d)).
This intensity reduction is a consequence of outgoing
photoelectrons absorption within the material above
the interfacial O atoms, which is the thickest in the
case of BL silicon oxide. Second, ML and BL silicon
oxide both exhibit a broad peak centered close to -6 eV
(label B), whose line-shape is much different from the
case of 30—(2x2)/Ru(0001). This peak was already
observed in ultraviolet photoemission spectroscopy of
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ARPES spectra using Hell radiation (hv = 40.8 eV) along the M; — I'y — M; high-symmetry direction for (a) 30—

(2x2)/Ru(0001), (b) ML silicon oxide and (c) crystalline BL silicon oxide. In the low part of panel (a), the (2x2) surface BZ is
represented. (d) Corresponding integrated density of states (IDOS) extracted from ARPES data. The red dashed box highlights the
depletion of spectral weight observed in the BL case, related to the absence of Si-O—Ru contributions as observed for the ML [24].

BL silicon oxide on Ru(0001) [5], and of silicon and
germanium oxides without a metal substrate [25] 26],
and it is related to O 2p non-bonding states in Si—-O—Si
bridges.

Beyond relative differences in the intensities of
some of the bands, striking qualitative differences are
observed between the band structure of the ML and BL
silicon oxide. Noteworthy, a dip of intensity is observed
around -9 eV for the BL, where the signature of
Si-O-Ru bonds is expected (and observed) in the case
of the ML [24]. This further confirms the decoupling
between the BL and the substrate. In addition, a
contribution is observed at -7.5 eV, and two intense
bands are centered at -10.5 eV and -12.5 eV for the
BL, while two weak bands are centered at -9.5 eV and
-13 eV for the ML.

The differences between the BL and the ML band
structures are even more obvious in the extended
BZ, as depicted in figure a). To support the
determination of the periodicity and dispersion of the
bands inferred from the ARPES maps, and alleviate
the locally difficult analysis of the latter data where
signals are too weak due to photoemission matrix
elements effects, energy distribution curves (EDCs)
were also extracted at the M and I' points of the first
and second BZs (figure [3|(c,d)).

Four groups of more-or-less dispersing bands
are specifically observed in the BL, in the ranges
[-4.9,-5.2] eV (band 1), [-6.2,-7.8] eV (bands 2 and B’),
[-9.8,-11.2] eV (group of bands 3), and [-12.1,-14.5] eV

(group of bands 4). The band centered around -2 eV
(band A), which stems from the individual O atoms on
Ru(0001) and not from the silicon oxide, and the non-
dispersive bands centered around -6 eV and -7.8 eV
(bands B and B’), ascribed to non-bonding O states,
will not be discussed further.

Band 1 is mainly visible in the second BZ, and
spans from -4.9 eV (T' point) to -5.2 eV (M point).
Band 2 is only visible in the first BZ, spanning from
-6.2 eV (T point) to -7.8 eV (M point).

The group of bands 3 consists of three dispersive
bands, denoted 3, 311, and 3ry;.  These bands are
degenerate at the I' point, yielding a strong peak at
-10.2 eV in the corresponding EDC (figure[3]c)). Band
31 is mainly visible in the second BZ and spans from
-9.8 eV (M point) to -10.2 eV (T point). The semi-
flat band 311 has spectral weight throughout the first
and second BZs, and contributes to the peak located
at -10.5 eV in the EDC at the M points (figure [3[d)).
Band 3y has spectral weight in the first BZ only, and
strongly disperses, spanning from -10.2 eV (T point) to
-11.2 eV (M point).

The group of bands 4 also consists of three
dispersive bands, denoted 4p, 411, and 4y;;. Band 4
spans from -12.1 eV (T point) to -12.5 eV (M point),
and has stronger spectral weight in the first BZ. Band
411 has globally low spectral weight and spans from
-12.5 eV (M point) to -13.5 eV (I" point). Band 4y1
has spectral weight mostly in the second BZ, and spans
from -12.5 eV (M point) to -14.5 eV (I" point). Across
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Figure 3. (a) ARPES cut in the electronic band structure along the My — I's — M7 — 't — M; — I's — M2 high-symmetry

direction, measured using Hell radiation (hv = 40.8 €V). Red and blue curves represent the main DFT calculated bands from (b),
shifted by -1.7 eV. Thick and thin curves have strong and weak experimental spectral weight, respectively. (b) Electronic band
structure calculated with DFT for crystalline BL silicon oxide. Black, red, orange and blue colors correspond respectively to Ru, O
in the BL sheet, O connected to Ru, and Si character of the bands. EDCs taken at (c) the I' points and (d) the M points of the

BZ, corresponding to colored vertical dashed lines in the right part of panel (a).

In the text, we associate the maximum of each

contribution of these EDCs, at the different high symmetry points of the BZ (I" and M), to the location of the different electronic

bands of the BL.

the degeneracy point (M point), the spectral weight
seems partially transferred from band 4; to band 4yy.
This is likely the signature of a small band gap, not
resolved experimentally due to spectral broadening:
the spectral weight is mainly located on the folded
bands, i.e. on band 47 in the first BZ and band 4y in
the second BZ.

Origin of the dispersive bands

Figure b) displays the band structure calculated for
the BL silicon oxide with DFT along the M —T' — M
high-symmetry direction, using the structural model
depicted in figure a,b). The bands are displayed
with different colours, according to their Ru, O, and Si
character. From the Fermi level Er down to -7.5 eV,
numerous bands from the substrate are observed,
together with a few bands involving individual O atoms
(O-Ru) and others involving O atoms within the BL
silicon oxide (Si-O-Si). Below -8 eV, the electronic
bands exclusively stem from O and Si atoms inside the
BL silicon oxide (Si-O-8Si).

There is a strong resemblance between the calcu-
lated electronic band structure and the ARPES data:
in the former, dispersive bands in the [-3.0,-4.0] eV,
[-5.0,-5.5] eV, [-8.0,-9.5] eV, and [-10.3,-13.0] eV ranges
are reminiscent of the groups of bands 1-4 in the lat-
ter. The calculated semi-flat bands in the [-4.5,-6.5] eV
range, corresponding to non-bonding states, seem

to correspond to the experimental signal in the
[-5.0,-7.5] eV range. Altogether, the calculated band
structure is globally shifted to higher energies, by
about 1.7 eV. Besides, the calculation sometimes pre-
dict two-to-three close-by bands where the experimen-
tal data would point to a single band (1, 3r, 3i1), pre-
sumably due to the finite experimental energy resolu-
tion. Note that due to the extreme surface sensitivity
of ARPES, bands from the buried Ru and individual
O atoms have minor contribution in the experiments.

Summarizing partial density of states (PDOS)
calculations presented in figure S4, we now discuss the
orbital character of the group of bands 1-4. Band
1 is dominated by contributions from s+px+p, and
p. orbitals of O atoms involved in Si—-O-Si bonds,
both those in the outer planes of the BL and those
in its median plane. In this sense the band has both
in-plane and out-of-plane characters, unlike band 2,
which is dominated by in-plane s+px+p, O and Si
orbitals (Si~O-Si bonds) in the two outer planes of the
structure.

Similarly, bands 3; and 3y;; are dominated by
(mostly) in-plane O and Si orbitals, within the Si-O-Si
bonds in the two outer planes of the structure. Band
311, on the contrary, involves out-of-plane p, orbitals
of O atoms, and is thus related to the out-of-plane
Si—O-Si bridges connecting the two outer planes of the
structure.

Finally, bands 411 and 4q7 originate from orbitals
involved in the in-plane Si—-O—Si bonds of the two outer



G Kremer et al.

(a) LDA supported (b) LDA free (c) HSEO06 free
00, 10 == —
ORu 8 T
@Si 6
4E -
—
> 2
2 o
oy -2 —
27
os.:) -4
M -6
-8
-10 =
-12 /
MYr—wK T1r Mx TITI MK T
Figure 4. Calculated band structure of BL silicon oxide (a) on Ru(0001), using the LDA framework, and in the absence of the

substrate (free-standing) with (b) LDA and (c¢) HSE06 functionals. Right panels correspond to the partial charge densities of the
(top) CBM and VBM orbitals at the I'-point with an isosurface value of 0.012 ¢/A3 (bottom) and linear dispersive bands around
the crossing K-point at -7.3 eV (CP1) and -8.41 eV (CP2) within an energy range of #0.07 eV and isosurface value of 0.001 e/A3.
The inset in panel (b) corresponds to the 3D band structure calculation in the vicinity of the CP2 point, as detailed in figure S5.
Orange, red and blue dots correspond to the projection on the oxygen atom on top of Ru (Ogy), oxygen from the BL (Opr,) and
silicon (Si) atoms in the BL silicon oxide, respectively. Zero energy corresponds to (a) the Fermi level and (b),(c) the VBM.

planes, and band 4; from orbitals in the out-of-plane
Si—O-Si bridges between these two planes.

Interestingly, the most weakly dispersing bands,
311 and 47, which are in fact semi-flat at least in
extended wavevector ranges, are both related to the
out-of-plane Si-O-Si bridges, ¢.e. in a direction
corresponding to strong confinement conditions (z)
characteristic of a 2D material. More significant
dispersions are systematically observed for those bands
(1, 2, 317 3111, 411, 4111) corresponding to in—plane
delocalized electronic states, hosted by the extended
network of mostly in-plane Si—-O—-Si bonds of the two
outer planes of the 2D material.

Empty states and band gap of bilayer silicon
oxide

The ARPES data reveal that the as-grown BL silicon
oxide has a VBM at the edge of band 1, ie. at
the T' point, -4 eV below Er (electronic states found
around -2 eV stem from individual O atoms on
Ru(0001), not from the BL silicon oxide itself). In the
DFT calculations, the VBM is up-shifted to -3.25 eV
(figure [i[a)).

Our ARPES measurements give no information on

empty electronic states, hence at this stage we can only
assume that the conduction band minimum (CBM) is
above (or at) Er. This yields a lower estimate band
gap value of 4 eV, an estimate that we will later revise.

The DFT calculations, performed using the LDA
functional, predict a CBM at the I' point, +2.47 eV
above Ep (figure [f{a)). In this framework BL silicon
oxide is hence predicted to be a direct, 5.72 eV band
gap semiconductor. In passing, we note that the cut
chosen to compute the electronic band structure for
figure a) crosses the K point, where several linearly-
dispersing bands cross, in the valence (-10 eV, -11 V)
and conduction (+5.5 eV) bands. The linearity
of these bands along all the directions of the BZ is
demonstrated in figure S5 and in the inset of figure[4|(b)
where we performed 3D band structure calculations in
the vicinity of the K point. Similar linear dispersions
and crossing have been observed in the ML silicon oxide
[24] and, before that, in a variety of materials [27] 28]
29, (301 B1]. We note that just like in graphene where
similar linear dispersions were extensively studied, the
lattice of BL silicon oxide is a honeycomb one. This
suggests a possible massless Dirac fermion behaviour
for electrons in specific electronic bands of this material
as well (in contrast to graphene, well below the Fermi
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level, though), with a sub-lattice symmetry controlling
the formation of the Dirac cones. Noteworthy is the
presence of the two linear crossings in BL silicon oxide,
shifted in energy one with respect to the other. This is
reminiscent of what has been predicted in BL graphene
with a particular kind of atomic stacking [32] unlike
the naturally occurring Bernal one. In this particular
stacking, all C atoms in one layers sit directly on top
of a C atom in the layer below. This kind of atomic
stacking is precisely the one found between the top
and bottom planes in BL silicon oxide, which stresses
the BL character, from the electronic point of view,
of the material. Additionnal arguments related to the
topology of the system have to be brought forth to
support the claim that these features are true Dirac
cones.

Free-standing BL silicon oxide shows a remark-
ably similar electronic band structure (figure [d{b)).
Obviously, in the absence of the numerous Ru states,
this band structure is simpler, but features the same
Si—O-Si bands as in supported (on Ru(0001)) BL sili-
con oxide. These bands are shifted to higher energies,
almost rigidly, and the band gap is very similar, i.e.
direct and equal to 5.48 eV. The negligible influence
of the Ru substrate on the band structure confirms
its weak interactions with the BL silicon oxide. The
weak interaction is further corroborated by the similar
band structure obtained by taking into account van der
Waals interactions, as detailed in figure S6 and S7.

The structure of free-standing BL silicon oxide
is simple enough to perform more advanced DFT
calculations, using the HSEO6 exchange correlation
hybrid functional. For the kind of system of interest
here, electronic band structures calculated with this
functional better reproduce experimental data than
with the LDA one, as shown in the case of bulk a-
quartz [33], for which a 8.3 eV band gap was derived
(versus 5.8 eV with a semi-local functional), close
to the experimental value of ~ 9eV. In the case of
BL silicon oxide, the HSE06 estimate of the band
gap is of 7.36 eV (figure c)), in agreement with
previous hybrid calculations (7.2 eV) [7], a significantly
larger estimate than within the LDA framework.
Nevertheless, it is worth to mention that the LDA well
describes the occupied part of the band structure. The
most important modification is the description of the
unoccupied states which are rigidly shifted to positive
energy in the case of the HSE functional.

Using DFT calculations, we can also analyse the
nature of the electronic states in real space. At
the VBM and CBM, which are located at the T'
point, essentially pure O states are found (figure a—c)
and figure S4). There, the dispersion is vanishing,
and consistently the partial charge density appears
localized on O atoms in the top and bottom planes of
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the BL (figure [4(c)). On the contrary, at the K point
the dispersion is significant and the bands have mixed
Si and O character (figure [d[a-c) and figure S4). The
corresponding electronic states are more delocalised.
In particular, the electronic density associated to the
CP1 point is confined to the top and bottom planes
of the structure, where it seems in-plane delocalised

(figure [4(c)).

Tuning of the electronic properties by external
parameters

In the following, we address the electronic structure
modifications of the BL silicon oxide induced upon
exposure to air and as a function of the amount
of individual O atoms directly bound to Ru(0001).
In both cases, we discuss the electronic structure
evolution by means of ARPES (figure [fa-e)) and XPS
(figure [B[f)).

We first prepared a crystalline BL silicon oxide,
showing a characteristic O 1s core level and a well
defined band structure together with pronounced
O-Ru states at -2 eV below Ep (figure [5f(a,e,f)). The
BL VBM is located -4 eV below Ep. The position
of the VBM is estimated as the intersection between
the linearly extrapolated spectral leading edge and
the baseline [34] (as an example, see the red curve in
figure [pl(e)).

Then, we exposed the sample to air and
introduced it back in ultra-high vacuum after four
hours. The intensity of the O 1s core level is globally
reduced due to surface contamination but the line
shape of Si—O-Si and O-Ru contributions is not
modified, indicating an intact chemical composition
and binding configuration (figure [5ff)). The most
striking effect is the shift at high BE of the Si—-O-Si
component and the unchanged position of the O—Ru
peak that we will discuss at the end of this section. The
BL band structure is still resolved even though bands
are slightly broadened (figure (b,e)). Furthermore,
the VBM is also shifted to high BE in comparison to
the as-prepared BL, to -4.4 eV. Overall, the electronic
properties of the BL silicon oxide are globally preserved
upon exposure to air.

Subsequently, the BL has been first annealed
to 1000 K without Os and then to 1300K under
3 x 107%mbar Oy. After the first annealing, the
Si—-O-Si peak in the O 1s core level shifts to high
BE in comparison to the as-prepared BL (+1.2 eV),
while the O—Ru contribution is marginally shifted. The
intensity of the former is constant but the intensity
of the latter is drastically reduced. After the high-
temperature annealing with Oz, the O 1s core level
recovers its initial shape, i.e. the Si—-O-Si peak shifts
back to 531.5 eV BE and the O-Ru peak recovers a
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Figure 5. ARPES cuts in the electronic band structure using Hell radiation (hv = 40.8 eV) along the M7 — I'1 — M; direction

for the BL silicon oxide (a) as prepared on Ru(0001), (b) after exposure to air, (¢) annealed at 1000 K without Oz and (d) annealed
at 1300 K with O2. The VBM is highlighted by a horizontal pink dashed line. Corresponding (e) IDOS extracted from the ARPES
data and (f) high-resolution XPS spectra of the O 1s core level recorded with a photon energy of 1486.6 eV.

lot of intensity. During the process, both intensity
and full width at half maximum of the Si-O-Si
contribution are unchanged, demonstrating an intact
chemical composition for the BL sheet. The main
difference between the two samples, annealed with or
without O2, comes from the chemisorbed oxygen on
the Ru surface.

These features, and in particular these energy
core level shifts, have already been observed by
Wiodarczyk et al. [5] and their origin has been
explained by Wang et al. [35]. By annealing with
(without) oxygen it is possible to increase (decrease)
the amount of O atoms at the metal-oxide interface.
When this amount is low, the distance of the silicon
oxide from the metal surface is relatively small and
the influence of the electrons transferred from the
insulating sheet to the Ru surface dominates: a positive
interface dipole is formed. The effect is the diminution
of the work function and by consequence the shift to

high BE of the related Si-O-Si contribution in the O 1s
core level. The positions of the Si—-O-Si and O-Ru
contributions are separated by 2.75 eV. Extrapolating
the data from Wang et al. [35], we conclude that after
annealing at 1000 K without Oz, about 0.5 individual
O atom directly binds to Ru(0001) per BL silicon oxide
unit cell (as defined in figure [I[a), i.e. half the size of
the rectangular one defined by Wang et al. [35]).
When the density of O atoms on the Ru surface
increases, the height of the BL silicon oxide increases,
and as a consequence, the number of transferred
electrons from the BL to the surface decreases [35].
This promotes charge transfer from the Ru substrate
to chemisorbed O, gives rise to a negative surface dipole
and to an associated increase of the work function,
leading to a core level shift to low BE this time. In our
case, after annealing with oxygen, the Si-O-Si peak is
located at 531.5 eV, i.e. 1.60 eV appart from the O—
Ru contribution. Based on the analysis introduced by
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Wang et al. [35], we deduce that about 3 individual
O atoms now bind to Ru(0001) per BL silicon oxide
unit cell. The two effects mentioned above (interface
and surface charge transfers) are competing, and their
balance depends on the number of chemisorbed oxygen
atoms at the surface.

The energy shift of the Si-O-Si and intensity
variation of the O-Ru core levels overall witness
a reversible tuning of the electronic properties of
the BL induced by a varying oxygen concentration
at the metal-oxide interface. Additional arguments
to support this scenario are given by the analysis
of the Ru 3ds/p core level. The Ru 3ds/; core
level is very sensitive to the surface oxidation [24]
30]. Data measured on the BL silicon oxide,
the 30—(2x2)/Ru(0001) and the pristine Ru(0001)
surfaces are presented in figure S8. The larger (fewer)
the number of chemisorbed O atoms, the more (less)
intense is the O—Ru contribution at 281 eV BE, and
the less (more) intense are the Ru bulk and surface
ones at 280 eV and 279.8 eV BE respectively. In
figure S8(a), it is obvious that the O—Ru contribution
is enhanced when the BL is annealed with oxygen
(orange curve) while it is reduced in favor to bulk
and surface contributions when the sample is annealed
without oxygen (red curve). Note that the O-Ru
and Ru surface contributions in figure S8(c) are better
resolved in comparison to figure S8(b), due to both
the better energy resolution (70 meV with synchrotron
radiation in comparison to 300 meV with a laboratory
X-rays source) and the higher surface sensitivity at
hry = 350 eV.

We can now rationalise the ARPES observations.
Figure c,d) shows the spectra after annealing without
and with oxygen respectively. As we have just
seen, these two measurements correspond to the band
structures in the presence of more or less O atoms
on the Ru(0001) surface. Strikingly, in both cases,
we recover the characteristic bands of the highly
crystalline BL discussed above, in particular the group
of bands 1-4. We observe two main differences. First,
the VBM after annealing without and with oxygen are
located at -5 eV and -4 eV below Eg respectively. This
is also visible in the IDOS where all the spectroscopic
signatures of the BL are shifted to high BE in the latter
case. This difference has exactly the same origin as
the core level shift observed in XPS for the Si-O-Si
contribution in the O 1s core level. Additionally, the
spectral weight of the O-Ru band at -2 eV below Ep
is much more intense in the case of the annealing
with a partial pressure of oxygen. Its energy is not
modified such as the O—Ru contribution in XPS. VBM
shift and spectral weight variation of the O—Ru band
hence appear, as we expect, directly proportionnal to
the number of chemisorbed oxygen atoms on the Ru
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surface. Since the electronic band structure of the BL
silicon oxide is not modified by the annealing without
oxygen, but only rigidly shifted by 1 eV down to high
BE, we can now estimate to 5 eV the lower bound of
its band gap.

Finally, we briefly come back to the air exposure of
the BL. According to the O 1s core level in figure [[f),
and taking into account the surface contamination,
one can say that the O-Ru contribution (and by
consequence the number of oxygen at the interface)
is not altered. Nevertheless, we observe that the VBM
and the Si-O-Si contribution in XPS are shifted to
high BE in comparison to the fully oxidised case. It is
likely due to the intercalation of contaminants at the
interface during the atmosphere exposure, which could
modify the surface dipole and then the associated work
function.

Summary and concluding remarks

We exploit the crystalline quality of epitaxial BL silicon
oxide, grown on Ru(0001), to experimentally unveil
its electronic band structure below Eg. The material
exhibits a series of well-defined dispersing and semi-
flat electronic bands. Using first principle calculations
we are able to determine the character of most of
these bands and to highlight the existence of a set of
two linear dispersing states at the K point consistent
with the BL nature of the material. Some of the
bands, which are strongly dispersing, involve in-plane
hybridization between O and Si orbitals in the top and
bottom layers of the structure. The semi-flat bands
essentially originate from the Si—O-Si bridges between
these bottom and top layers. We directly confirm the
predicted high-band gap semiconductor character of
the material. The VBM is indeed located between -4
and -5 eV below Ep depending on the amount of O
atoms that can be chemisorbed onto the substrate (and
underneath silicon oxide). This provides a lower bound
estimate of the band gap (5 eV) in the material, which,
according to our DFT calculations, is predicted to be
direct and to amount 7.36 eV using the HSE exchange
correlation functional which is known to well describe
quasi-2D materials [37].

Our work opens a route to the study of the largely
unexplored electronic and optical properties of BL sili-
con oxide. Understanding whether the strong screening
of Coulombic interactions due to the presence of the
substrate can renormalise the electronic band struc-
ture and the band gap, compared to the free-standing
material, seems for instance an important question to
address. Such effects have been discussed in the con-
text of graphene nanoribbons [38] and transition metal
dichalcogenides [39, [40], and we propose controlled in-
tercalation as a strategy to tune the dielectric envi-
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ronment of silicon oxide. A next step could focus on
the exploration of the excitonic properties of the mate-
rial, which we anticipate could be relevant for deep
UV applications. To this respect, our DFT analy-
sis of the character of the electronic bands involved
at the CBM and VBM (T" point), and at other spe-
cific locations in reciprocal space, is a starting point
for advanced optical studies, which could be based on
photon spectroscopies (absorption, reflectance, photo-
luminescence) and ab initio GW and Bethe-Salpeter
equation calculations for instance. Such studies might
unveil that BL silicon oxide hosts (especially when ex-
foliated from its substrate) a variety of excitonic com-
plexes which, due to the minimal screening of Coulom-
bic interactions in 2D, are expected to exhibit large
BE. Whether BL silicon oxide can become a competi-
tive alternative to hexagonal boron nitride for optoelec-
tronics in this range is a totally open question at this
stage. A second potential direction of research could
relate to the implementation of BL silicon oxide into
2D van der Waals heterostructures. Tunnel junctions,
with the BL silicon oxide as a tunnel barrier placed
between two (semi)metallic or semiconducting 2D ma-
terials, may perform differently than hexagonal boron
nitride, due to its larger thickness and the distinct na-
ture of the electronic orbitals involved in the tunnel-
ing process — there again, our DFT calculations might
provide a valuable starting point for understanding the
observed behaviours. The interactions between 2D ma-
terials in heterostructures being material-specific, we
finally expect specific cross-talking effects between BL
silicon oxide and other 2D materials, and to this re-
spect too, knowledge about the nature of the surface
electronic orbitals, derived from the DFT calculations,
should be insightful.
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Electron analyser

Figure S1: Experimental geometry of the photoemission experiment. Red and blue planes
correspond respectively to the incidence plane of photons and to the detection plane of the
analyser using vertical slit.
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Figure S2: Representation of the extended Brillouin zones (BZ) of the (1x1) of Ru(0001)
(black) and (2x2) of BL silicon oxide (red). The high symmetry points are given. Blue and
green lines correspond to scan directions in figure S3, figure 2 and figure 3, respectively.
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Figure S3: LEED patterns (top) and ARPES spectra (bottom) using Hell radiation
(hv = 40.8 €V) along the M; — I'y — M; direction for the BL silicon oxide as a function
of the final annealing temperature (a) 1100 K, (b) 1150 K, (c) 1200 K, (d) 1250 K and (e)
1300 K. (f) Corresponding integrated density of states extracted from ARPES data.
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and O atoms are represented in grey, blue and red respectively.
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Figure S5: Three-dimensional band structure showing the linear dispersions around the
CP1 and CP2 points (as defined in figure 4(c)) as calculated with the LDA functional for
the free-standing BL silicon oxide. Brillouin zone points (1/3, 1/3) and (0, 1/2) correspond
to the symmetric K and M ones respectively.
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Figure S6: Left: Schematic side view of the 2D BL silicon oxide on Ru(0001). BL silicon
oxide width (hp), its height (h) with respect to the top Ruthenium layer and the height of
the oxygen atom bonded to the Ru surface (hg) are indicated. Right: hy, ho and h values
calculated with the LDA, PBE and PBE+D2 functionals. Distances are given in A.

For the study of the BL silicon oxide supported on the Ru(0001) surface, we used, in
spite of the LDA funcional, the generalized gradient approximation (GGA) with the PBE
parametrization' on which we included the van der Waals (vdW) correction through the D2
method of Grimme.? Figure S6 shows a comparison of the BL silicon oxide width (hz) as
well as the height of the oxygen atom bonded to the surface (hp) and the BL height (h)
calculated as the distance between the average position of the atoms on the top ruthenium
layer and that of the oxygen atoms at the BL bottom. PBE and PBE+D2 slightly changes
both the isolated BL silicon oxide and oxidized ruthenium surface subsystems with respect to
the LDA values. However, the BL-Ru surface distance, characterized by h, strongly depends
on the functional. Its largest value is obtained with the PBE functional while the smallest
one is produced by including the vdW correction on it. LDA gives a value close to the one
produced by PBE+D2 indicating that the geometrical structure is well described by the
LDA functional.
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Figure S7: Electronic band dispersion of BL silicon oxide on Ru(0001) calculated with the
(a) LDA, (b) PBE and (c) PBE+D2 functionals. Orange, red and blue dots correspond to
the projection on the oxygen atom on top of Ru (Og,), oxygen (O) and silicon (Si) atoms
on the BL silicon oxide respectively.

Figure S7 shows a comparison of the electronic band dispersion of the BL silicon oxide
supported on the Ru(0001) surface obtained with the LDA, PBE and PBE+D2 functionals.
Besides a rigid upward shift of the PBE band structure with respect to that of LDA, the
electronic band dispersion obtained with these both functionals looks similar. By including
the vdW correction on the PBE functional, the BL silicon oxide states (blue and red dots)

remain unafected in spite of a rigid downward shift with respect to the Ru and Ru-O states.
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Figure S8: High resolution XPS spectra of the Ru 3ds/, core level taken at hv — 1486.6 eV
with a resolution of 300 meV for (a) BL silicon oxide annealed at 1000 K without O, (red)
and 1300 K with Oy (orange); (b) Clean Ru(0001) surface (black) and 30—(2x2)/Ru(0001)
(purple). (c) Same as (b) with hr = 350 eV. Spectra from this last panel have been measured
at the Cassiopee beamline of the synchrotron Soleil with a resolution of 70 meV.
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