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Nearly-free electronlike surface resonance of a β-Si3N4(0001)/Si(111)-8 × 8 interface
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We report the discovery of a nearly-free electronlike resonant state for a β-Si3N4(0001)-8 × 8 layer grown on
Si(111), as observed by angle-resolved photoemission and scanning tunneling spectroscopy. Comparison with
measurements performed on a Si(111)-7 × 7 surface helped us in the identification of the band. It is found that
this parabolic state is degenerate with surface projected bulk bands of the Si(111) substrate.
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I. INTRODUCTION

Heterointerfaces in electronic devices are usually not abrupt
and are a source of defects [1]. As an exception, it is known
that epitaxial β-Si3N4(0001) films can be obtained on silicon,
owing to a favorable lattice correspondence: the 2 × 2 cell of
the Si(111) surface almost perfectly matches the 1 × 1 cell
of β-Si3N4(0001) [2–4]. Ultrathin layers of epitaxial silicon
nitride can also be grown [5] showing, at the same time, the
ability to prevent the formation of silicides. Indeed, studies
reporting on the interaction of this nitride layer with Au, Co,
and Fe (among the most reactive elements with silicon) [6–10],
demonstrated this ability at temperatures up to 600 K [8,11].
This is of paramount importance as metal/Si(111) ideal
interfaces can now be produced without the drawbacks of
the formation of interface states due to silicides. Recently
epitaxial β-Si3N4(0001) films grown on Si(111) have been also
suggested to be ideal substrates to preserve the high mobility
properties of graphene [12] and silicene [13].

This system was studied theoretically as well as experi-
mentally since the first evidence of crystalline growth [14].
Most part of the theoretical studies focused on the atomic
structure and on the electronic structure of the nitride/silicon
interface [3,4,15], even very recently [16]. While several
attempts to describe the atomic structure of the reconstructed
surface exist in the literature [17–21], studies about its
electronic structure have been probably hampered by the high
computational demand. According to the currently accepted
model [17] the basic system consists of a rest layer of silicon
and nitrogen atoms in a very complex relaxed bulk-terminated
structure and an adlayer formed by nine nitrogen atoms per
surface unit cell. The diamond shaped unit cell is asymmetric:
only one-half of the cell shows three pairs of atoms in
between the nitrogen adatoms. However, problems regarding
the details of the reconstruction are not yet solved, e.g., the
existence of dangling bonds (DBs), the kinds of DBs, and
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the differences between simulations and scanning tunneling
microscopy (STM) measurements [18,19,22–25].

As for the surface electronic structure, the experimental
studies are limited to integrated band structures recorded at
photon energies larger than 100 eV [7,26–28] except for
the paper by Tokumitsu et al. [29] in which angle-resolved
photoemission (ARPES) measurements at 32.5 and 45 eV
photon energy, were reported: the authors identified the N 2p

and Si 3p and 3s bands at binding energies larger than 4.5 eV,
ascribing the unusual band structure to the umklapp process
occurring at the interface between silicon and nitride. In 2003,
Kim et al. [26] claimed that a feature appearing in the valence
band taken at 134 eV, 1.1 eV below the Fermi level, would
be related to the 8 × 8 reconstruction. However, this evidence
has not been confirmed so far [7,27,28]. Indeed, at present
a clear spectroscopic signature of the 8 × 8 reconstructed
β-Si3N4(0001) layer has not yet been reported.

In this respect, we report here the evidence for a resonance
along the �̄K̄ and �̄M̄ high symmetry directions of the surface
Brillouin zone (SBZ) of the 8 × 8-reconstructed surface.
Such an electronic state has been identified by ARPES and
scanning tunneling spectroscopy (STS). The ARPES results
are compared to the ones recorded on Si(111)-7 × 7 in order to
unravel its peculiar band structure. The experimental spectra
have been compared with density functional theory (DFT)
calculations, and the surface resonance is suggested to be
related to the 8 × 8 reconstruction.

II. EXPERIMENT

Si(111) samples were cut from p-type (B-doped) silicon
wafers with resistivity ρ � 0.005 � cm. The surface was
outgassed at 700 K for several hours using direct resistive
heating. The sample was cleaned by repeated flashes of several
seconds at 1520 K at a base pressure of ∼3 × 10−10 mbar,
leading to a sharp 7 × 7 low-energy electron diffraction
(LEED) pattern. The 7 × 7-reconstructed surface was held at
a temperature of approximately 1050 K and exposed to 102

langmuirs of NH3. This ensured the growth of two bilayers
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of silicon nitride [26]. No evidence of atomic segregation was
recorded, as verified by core level photoemission spectroscopy.

ARPES spectra were recorded at the VUV Photoemission
Beamline (Elettra, Italy). The spectra were acquired at room
temperature (RT) at photon energies ranging from 40 to 120 eV,
using a Scienta R-4000 electron analyzer. The total energy and
angular resolution were set to 15 meV (40 eV photon energy)
and 0.3◦, respectively. The Fermi levels were measured on
the metallic 7 × 7-reconstructed Si(111) surface [30]. This
was done systematically upon flashing the nitrided surface
at high temperature to restore the 7 × 7 reconstruction. Data
handling routines were run on the rough data to subtract the
background and to work out the second-derivative spectra, in
order to extract the relevant information.

The STM measurements were carried out in constant cur-
rent mode at RT using an Omicron LT scanning tunneling mi-
croscope housed in an ultrahigh vacuum (UHV) chamber (5 ×
10−11 mbar base pressure). Electrochemically etched tungsten
tips were used after a cleaning procedure by electron bombard-
ment. The reported bias voltage (VS) is relative to the sample.

Silicon nitride in the β phase has a hexagonal close-packed
(HCP) lattice structure. The in-plane and out-of-plane lattice
constants are a = b = 7.604 Å and c = 2.906 Å [31].
Silicon has a face-centered cubic (FCC) diamond structure
with a lattice parameter a = 5.43 Å. Hence, β-Si3N4(0001)
and Si(111) show a hexagonal SBZ, although the stacking
sequence of the atomic layers is different. In this regard, it
is noted that while the �̄M̄ and �̄M̄ ′ in a FCC lattice are
not equivalent (being surface projections of nonequivalent L

and X points of bulk reciprocal space), in a HCP lattice the
two symmetry directions are indeed equivalent. Therefore,
only spectra along the �̄K̄ and �̄M̄ high symmetry directions
are here considered. In the Fig. 1, the SBZs of Si(111) and
β-Si3N4(0001) are shown as orange and blue hexagons,

FIG. 1. (Color online) Reciprocal space of the β-Si3N4(0001)
and Si(111) (1 × 1) surface. SBZs are identified as blue solid and
orange dashed hexagons, respectively. The subscripts Si and β refer
to silicon and silicon nitride, respectively. Grey solid lines indicate
the high symmetry directions along which the ARPES measurements
have been performed.

respectively. For β-Si3N4(0001), the crystallographic
directions and the sizes of �̄K̄ and �̄M̄ are 〈101̄0〉 0.55 Å−1

and 〈112̄0〉 0.48 Å−1, respectively. Extension of the SBZ
beyond the first zone along the �̄K̄ direction allows us to probe
the K̄M̄ , whose size is 0.27 Å−1. As for the Si(111) substrate,
the size of the SBZ is almost twice the one of silicon nitride.

III. COMPUTATIONAL TECHNIQUE

The simulations were performed using a plane waves
density functional approach, as implemented in the QUANTUM

ESPRESSO suite of programs [32], with the Perdew-Burke-
Ernzerhof [33] gradient correction and van der Waals in-
teractions [34–38]. We used Vanderbilt ultrasoft pseudopo-
tentials [39], and 30 and 180 Ry kinetic energy cutoffs
for electronic wave functions and density, respectively. The
supercell is hexagonal, 2 × 2 with respect to the bulk truncated
Si(111), corresponding to a 1 × 1 supercell of β-Si3N4, and
with ≈18 Å vacuum space added along z to simulate the
surface. A 3 × 3 × 1 k-point Monkhorst-Pack mesh was used
for geometry optimizations, while a 6 × 6 × 1 mesh was used
for the potential to be diagonalized in the band dispersion
calculation. We saturated the lower Si (111) surface with H
atoms, accounting for 84 atoms for all the supercells. We
considered for our simulations only the 1 × 1 surface of
β-Si3N4 instead of the β-Si3N4 8 × 8 reconstruction in order
to keep computational demand as low as possible.

We optimized the bulk lattice parameter for both Si and
β-Si3N4. The Si lattice parameter found is equal to 3.87 Å,
in good agreement with experimental data (5.83/

√
2 = 3.84

Å). The calculated surface density is 7.71 × 1014 cm2. We
obtained for bulk β-Si3N4 a = 7.67 Å and c/a = 0.3819, and a
indirect energy gap of Eg = 4.24 eV, in line with experimental
and theoretical data [24,27,40–42]. From the present data, we
immediately note the tiny lattice mismatch (<1%) between
the β-Si3N4 lattice parameter and twice that of Si(111).

IV. RESULTS

A. Experiment

Figure 2 shows the band structure of the
β-Si3N4(0001)/Si(111)-8 × 8 interface measured at RT
along the �̄K̄M̄K̄ and �̄M̄�̄ lines. The measurement
was carried out at 40 eV photon energy, i.e., in surface
sensitive conditions. At the �̄ point, two bands labeled B
and S are noted. While the band B, pointing downward
(holelike), can be tentatively assigned to the bulk band of the
silicon substrate [43], the S band is unknown. This upward
(electronlike) band disperses along the �̄K̄ as well as the �̄M̄

direction with the same curvature, showing a minimum at �̄

at about 2.20 eV below the Fermi level.
In order to gain an insight into the assignment of the

bands, we performed the same measurements on the bare
7 × 7-reconstructed Si surface.1 The ARPES spectra taken
at 40 eV are shown in Fig. 3. No evidence of the S band is

1The nitrided surface was flashed up 1500 K in order to restore the
7 × 7 reconstruction. No nitrogen was present on the substrate and no
contamination from other elements was detected by photoemission.
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FIG. 2. (Color online) ARPES spectra recorded on the
β-Si3N4(0001)-8 × 8 surface, along (a) the �̄M̄ and (b) the �̄K̄ high
symmetry directions (see Fig. 1). Photon energy hν = 40 eV. Vertical
solid and dashed lines refer to the (1 × 1) SBZs of β-Si3N4(0001)
and Si(111), respectively. High symmetry directions are labeled for
the two SBZs. The B and S stand for the bulk and surface bands,
respectively. The dashed red line represents the best fit to the data
indicating the surface band S. The ARPES images show some
intensity above the Fermi level: this is clearly an artifact and must
not be considered.

recorded: this is why the band is attributed to the presence
of the nitride layer. At variance with the nitrided surface,
a clear Fermi level is detected at about half the distance
�̄M̄ ′, �̄K̄ , and �̄M̄ in panels (a), (b) and (c), respectively,
in correspondence with the 7 × 7 surface state S1, generally
attributed to adatoms [30].

One of the requirements for a genuine surface state to exist is
the independence of the dispersion curve (E vs k‖) on the pho-
ton energy. This is clearly demonstrated in Fig. 4, where several
spectra recorded along the K̄�̄K̄ direction at different photon
energies are shown. In the figure, although with different
intensity, the same curvature for the nitride S state was recorded
for all the spectra, as the one measured at 40 eV (Fig. 2). The
red dashed lines represent the best fit to the data, returning a

The surface reconstruction was verified by LEED. This allowed us
to compare directly the two surfaces, exploiting the same spatial
orientation and the same energy reference. The Fermi level was
measured on the 7 × 7 surface by using the well known metallicity
of the adatoms at RT (see for example Losio et al. [30]).
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FIG. 3. (Color online) ARPES spectra recorded on the Si(111)-
7 × 7 surface, along (a) the �̄M̄ ′, (b) the �̄K̄ , and (c) �̄M̄ high
symmetry directions (see Fig. 1). Photon energy hν = 40 eV. Vertical
dashed lines refer to the (1 × 1) SBZ of the Si(111). The labels S1,
S2, and S3 refer to the surface states of Si(111)-7 × 7.

parabola with m∗
m0

= 0.96, where m∗ and m0 are the effective
and free electron masses, respectively. We note the absence
of the nitride state for photon energies larger than 100 eV. At
variance with the band S, the bands pointing downwards show
a clear variation of the curvature as a function of the photon
energy: this is a further demonstration of their Si bulk origin.

The absence of the nitride S band in Fig. 4 for large photon
energies cannot be ascribed to the difference in the inelastic
mean free path for electrons of different kinetic energy, as
only a few Å of difference exist [44]. In contrast, the most
important effect is the cross section of the N 2p, electrons
which is reduced by 17 times in passing from 35 to 135 eV
photon energy [45], and of the Si 3s and Si 3p electrons,
losing about 4 times their intensity in the same photon energy
range. In this respect, a feature reported in the photoemission
valence band taken at 134 eV photon energy was previously
ascribed to the presence of a surface state [26]. However,
that intense peak at a binding energy of −1.1 eV was never
measured afterwards [7,27–29]. Our data also cannot support
that experimental evidence mainly on two grounds: on the one
hand, angular resolved photoemission is needed to highlight
the tiny feature (which is hidden if integrated in all the
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FIG. 4. (Color online) Photon energy dependence of the state
S (see text). The red dashed line represents the best fit to the
experimental data shown in Fig. 2(b). Above 100 eV, the band
disappears due to the decrease of the cross section of the N 2p states
(see text).

directions of the outgoing electrons); on the other hand, the
choice of the photon energy is crucial due to the variation of
the cross section.

In Fig. 5 constant-current STM images of the
β-Si3N4(0001) surface and the corresponding STS spectrum
are shown. In particular, Fig. 5(a) exhibits a reconstructed 8 ×
8 surface in which the bright protrusions do not fully occupy
all the available adsorption sites. Generally these features are
attributed to N adatoms (located at an average distance of
about 1 nm [17,23,24]). This enables us to clearly detect
the underlying β-Si3N4(0001) relaxed bulk structure [17].
This is better shown in panel (b), where we display a high
resolution image of the green highlighted area in panel (a),
collected immediately after the first one. Interestingly, we
noted that some bright protrusions suddenly disappeared while
the image was scanned,2 indicating a high surface mobility

2The tip scanned from left to right, moving from the bottom to the
upper part of the scanned area.

of nitrogen adatoms. Such a behavior is further proven by a
direct comparison of two consecutive images, as highlighted
by the green ovals showing the appearance (disappearance)
of two nitrogen adatoms, with a solid line (dashed line),
respectively. This is also confirmed by the STM images of
Ref. [17]. Figure 5(c) displays a STM image collected in
another region of the sample surface, in which a more complete
adlayer is present. In this case, we did not observe evidence for
nitrogen mobility, most probably because of the lower number
of vacancies through which the adatoms can diffuse. In the
most accepted model of the 8 × 8 reconstruction [17], in one
half of the unit cell three additional pairs of atoms between the
N adatoms are predicted. As seen in Fig. 5, there is no evidence
for that, even if the spatial resolution is higher than the one in
the literature [17]. Beside, in panel (d) the comparison between
the ARPES profile and STS spectrum is shown. The ARPES
line profile is extracted from the rough data corresponding
to Fig. 2(a) at the point �̄; apart from the well known peak
sitting at 4.2 eV below the Fermi energy (attributed to the N
2p states), it shows a shoulder ranging between −2 and −3 eV,
corresponding to the band S recorded in the ARPES images.
The STS spectrum was obtained from a 30 × 30 nm2 image
[in part shown in panel (c)], by averaging all the normalized
differential conductance curves ( dI

dV
)/( I

V
) recorded at each

point of a grid formed by 80 × 80 points, with an interpoint
distance of 0.1 nm. The agreement between tunneling and
photoemission spectroscopies is then demonstrated by the
peak centered at about −2.2 eV as well as a signal increase
above −3.8 eV, generally attributed to the N adatoms.

B. Theoretical model

In order to simulate the structure of the interface, we added
two unit cells of β-Si3N4 on top of the Si(111) supercell along
the (0001) direction, i.e., 28 atoms for a total nitride thickness
of ≈6 Å [26]. The atomic arrangement suggested in Ref. [16]
is shown in Fig. 6, where we note the N atom saturating the
DBs of silicon atoms within the Si(111) surface (see arrow).
The resulting electronic band dispersion is reported in Fig. 7, in
close agreement with that obtained by Flage-Larsen et al. [16].
The band splitting, however, is not replicated here. This is due
to the arrangement of the different layers in the simulations.
Indeed, Flage-Larsen et al. performed a bulk simulation with
two β-Si3N4/Si interfaces, while we used just one interface,
simulating a surface rather than a bulk. The other difference
is the presence of flat states in the conduction band between
K̄ and M̄ high symmetry points; such states originate from
unsaturated orbitals belonging to surface atoms, as they are
wiped off when the surface is saturated with H atoms [13].

It is interesting to note that the top of the valence band is
located at the M̄ point. Projecting such a state onto atomic
orbitals, it is found that it can be attributed to atoms belonging
to both sides of the interface. On the other hand, such states
at �̄ belong to the silicon atoms on the Si(111) side of the
system, in agreement with the proposed assignment to the
top of the bulk silicon valence band. Our calculations suggest
that the states lying between 0 and −1 eV binding energy
range can be attributed to interface states, while those below
−1 eV correspond to bulk silicon states, in accord with the
literature [16].
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FIG. 5. (Color online) (a) 15 × 15 nm2 STM image (VS = −4 V, IT = 2 nA) of a β-Si3N4/Si(111) sample. (b) High resolution 4 × 4 nm2

STM image (VS = −4 V, IT = 2 nA) collected immediately after the one in panel (a) on the sample area highlighted by a green square. Green
ovals highlight mobility of nitrogen adatoms (see text for discussion). (c) 10 × 30 nm2 STM image (VS = −4 V, IT = 2 nA) showing the
almost complete 8 × 8 reconstruction. The blue lozenge highlights the 8 × 8 unit cell. (d) Comparison between the STS spectrum and the
ARPES line profile at �, taken from the rough data corresponding to Fig. 2(a). The STS spectrum is obtained from the image in panel (c); see
text. The STS and ARPES profiles are not in scale.

V. DISCUSSION

The new band S measured in Fig. 2 is attributed to the
presence of the nitride layer. Its behavior as a function of the
photon energy clearly suggests a two-dimensional origin, as no
dependence on k⊥ was recorded. However, due to the thinness
of the nitride layer, this state can be ascribed to the surface
as well as to the interface atoms.3 Turning to the calculations,

3Of the two grown bilayers of silicon nitride, we consider that one is
involved in the surface reconstruction, while the other one participates

FIG. 6. (Color online) Ball and stick model of the
β-Si3N4(0001)/Si(111) interface. Orange and blue balls represent
nitrogen and silicon atoms, respectively. Nitrogen atoms are present
in the topmost layer of the silicon substrate (see arrow) saturating the
DBs at the interface and energetically stabilizing all of the structure
(see text).

we discover that the S band lies in the binding energy range
where the bulk bands of the simulated system are located.
Therefore, the S band cannot arise from the interface atoms.
Moreover, one of the criteria to ascribe a band to a surface
state is to grow an adsorbate and induce new bonds affecting
the nature of the surface. To that purpose, another experiment
(whose results will be published elsewhere) was performed by
exposing the 8 × 8 surface to molecular oxygen, confirming
the participation of the topmost atoms to the surface band. This
is why we are more ready to assign the S band to the surface
atoms.

Figure 7 shows the superposition of the experimental data
with the theoretical calculations. The light grey shaded area
corresponds to the surface projected bulk bands of the Si(111)
sample, adapted from Ref. [46]. In order to demonstrate that S
is an actual surface state, it has to be compared with the surface
projection of the bulk states. In this respect, due to the thinness
of the nitride layer, only the Si(111) bulk states are relevant.
With such an assumption, we see that the S band is degenerate
with the bulk states, so that the band actually corresponds to a
surface resonance.

The parabola describing the band shows a nearly free
electron behavior as the mass ratio is �1; this is interesting
because an arrangement of the atoms at a distance of about
1 nm (as in the case of the nitrogen adatoms in the 8 × 8
reconstruction) is more compatible with a flat surface band
where the superposition of the valence orbitals is negligible
(as a comparison, the bulk terminated nitride surface unit cell
is 7.61 Å). Indeed, this is what happens for the adatom DBs of
Si(111)-7 × 7, where the electrons are mostly localized on the
pz vertical orbitals (far apart, 7.68 Å [47]) and the associated
band shows no dispersion (state S1 of Fig. 3). At variance, in

in the interface with silicon; this is why the bulk of the silicon nitride
is not taken into consideration.
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FIG. 7. (Color online) Comparison between theoretical calcu-
lations and experimental spectra. The electronic band structure
corresponds to the interface model displayed in Fig. 6. The red
dashed line represents the best fit to the experimental data indicating
the surface resonance band S. The light grey shaded area shows the
surface projected bulk bands of the Si(111) sample. The binding
energy is arbitrarily aligned to the experimental Fermi level.

our case, the S band must be related to a well defined lattice
such as that of the bulk-relaxed structure [identified below
the bright protrusion of Fig. 5(a)], where the average distance
among the atoms is much less than 1 nm. Even the model
of Bermudez [21], which performed an energy relaxation of
the bulk terminated surface, cannot account for the S band.
According to the author, the occupied surface state (π -bonding
character) derived mainly from the three terminal N atoms (i.e.,
bonded to only two silicon atoms and hosting one DB) gives
rise to a holelike band, in contrast to our findings.

The presence of a feature at −4.2 eV binding energy,
measured in the photoemission [26,28] or STS [17,24,40]

spectra due to the N 2p states, cannot be related directly
to the surface reconstruction: this feature is predicted to
exist even in thick layers of crystalline [48] or amorphous
silicon nitride [49] and is not due exclusively to N atoms of
the reconstructed surface. In our opinion, the band S is the
actual signature of the surface reconstruction. However, at the
moment, a definitive statement on the subject is impossible:
a comprehensive understanding of the origin of the S band
cannot yet be gathered without a full atomic simulation of the
8 × 8 reconstruction which, though very resource demanding,
becomes now highly desirable.

In summary, beside the well known ability to passivate the
silicon and preserve the electronic and magnetic properties of
a metallic adsorbate, the nitride layer shows also a peculiar
surface electronic band structure. This can pave the way
to studies aiming at band tailoring for the exploitation of
graphene-based and spin-based electronic devices.

VI. CONCLUSIONS

We report the observation of a nearly-free electron sur-
face state for the β-Si3N4(0001)/Si(111)-8 × 8 system. The
comparison with ARPES spectra recorded on Si(111)-7 × 7
allowed us to disentangle the surface band structure of the ni-
tride layer. The ARPES and STS measurements complemented
by DFT calculations show that the surface band is a resonance,
being degenerate with the surface projected bulk bands of the
Si(111) substrate.
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