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Large-area synthesis of a semiconducting silver monolayer via intercalation of epitaxial graphene
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Two-dimensional monolayers consisting of a single element have attracted considerable interest due to their
intriguing properties, which can be fundamentally different from the bulk counterparts. However, their large-

scale synthesis often remains challenging owing to the nonlayered nature of the respective bulk crystal structures.
In this Rapid Communication we show that the noble metal silver can be confined into the monolayer limit via
intercalation between silicon carbide and epitaxial buffer layer graphene. Using angle-resolved photoelectron
spectroscopy we reveal the formation of a silver-related valence band whose dispersion can be described by a
simple, triangular-lattice tight-binding model. Interestingly, the synthesized silver monolayer is semiconducting
as opposed to the prototype sp bulk metal. The intercalation process further yields an n-type doped quasi-free-
standing graphene monolayer, thereby realizing a two-dimensional metal/semiconductor heterostructure. Our
results demonstrate the potential of epitaxial graphene on silicon carbide as a functional platform for the wafer-
scale synthesis of monoelemental monolayers with unique attributes.
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I. INTRODUCTION

Two-dimensional (2D) materials are a current focus of
condensed matter physics [1,2] due to their unique properties
which are absent in the bulk homologs and make them promis-
ing candidates for, e.g., next-generation (opto)electronics and
catalysis [3-5]. Unfortunately, the large-scale epitaxy of mo-
noelemental monolayers (MLs) typically requires delicate
procedures owing to the nonlayered bulk crystal structures [6].
Only few such materials beyond graphene have so far been
realized [7—12]. Despite their application potential the noble
metals have proven particularly intractable as they tend to
form 2D nanostructures of limited lateral extent [13—15].

In Refs. [7—12] the appropriate choice of substrate was cru-
cial for the successful ML growth. For graphene, silicon car-
bide (SiC) stands out as an epitaxy template since it facilitates
large-area sublimation growth of high quality [16—18]. The
properties of the as-grown graphene can further be tuned via
intercalation of foreign atomic species at the graphene/SiC
interface—cf., e.g., Refs. [19-26].

While the majority of intercalation studies focus on
graphene, the intercalants’ electronic (and atomic) structure
has largely been overlooked. Only recently tin [27,28] and
gold [29] were shown to form a triangular lattice ML when
intercalated at the graphene/SiC interface, yielding dispersive
electronic bands. The SiC substrate defines the epitaxial order
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of the intercalated MLs, yet only graphene guarantees their
stability via vertical confinement. The intercalant is further
protected from the environment such that ex situ applications
appear more likely. Epitaxial graphene on SiC might therefore
be an ideal platform for the scalable synthesis of various
monoelemental MLs with distinct electronic structures. To
highlight this general potential the spectrum of available mate-
rials should be extended. The noble metal silver (Ag) appears
promising, adopting a layered geometry upon plasma-assisted
intercalation [30]. Yet, experimental evidence of concomitant
band structure formation is still lacking.

In this Rapid Communication we intercalate Ag at the
interface of SiC and its (6«/§ x 6+/3 )R30° carbon buffer layer
via conventional solid state evaporation. The encapsulated
atoms form a triangular lattice and an associated valence
band develops, peaking well below the Fermi level as probed
by angle-resolved photoelectron spectroscopy (ARPES). We
thus demonstrate an unambiguous metal-to-semiconductor
transition when confining Ag from bulk into the ML limit.
A 2D tight-binding model largely reproduces the dispersion
while hybridization with SiC bands near T and core level
spectroscopy indicate a finite electronic interaction with the
substrate. The intercalation process further transforms the car-
bon buffer layer into n-doped quasi-free-standing graphene,
creating a well-defined 2D metal /semiconductor heterostruc-
ture.

II. EXPERIMENT

Preparation of the 6H-SiC(0001) substrate and growth
of the (6+/3 x 6+4/3)R30° carbon buffer layer [zerolayer
graphene (ZLG)] are described elsewhere [18,25,31]. About
6 nm of silver is evaporated in situ from a commercial
Knudsen cell onto ZLG at room temperature, followed by
stepwise annealing up to 650°C for at least 30 min [32].
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FIG. 1. Electronic structure of Ag-intercalated ZLG probed by ARPES. (a) Dispersion along 'MKI in the first Ag BZ. The dashed blue
curve represents a next-nearest-neighbor TB model fitted to the Ag-induced valence band away from I'. Energy distribution curves (EDCs) at
KAg and MAg are overlayed (dashed orange). (b) Dispersion along Mg K, "M Kg: (logarithmic color scale). (c)—(e) Isoenergy cuts through
the Ag valence band and respective TB contours at three different binding energies. (f) Alignment of the hexagonal BZs of Ag and graphene
and orientation of the ARPES cuts (a), (b), and (g). (g) 7 bands of QFMLG (dashed red, E, ~ 0.8 eV) perpendicular to [Kg,. The faint Dirac
cone (dashed gray, Ej ~ 0.4 eV) corresponds to overgrown areas covered by MLG. The blue star in (b) and (f) highlights backfolding of the
silver band via the graphene reciprocal lattice vectors. Photon energies: (a), (c)—(e) 21.22 eV and (b), (g) 40.81 eV.

The huge diffusion mobility of silver on graphene [33,34]
leads to immediate clusterization upon room-temperature de-
position, yet Ag intercalation sets in at ~500 °C. The on-top
silver clusters start to reevaporate around 600°C whereas
deintercalation becomes relevant from ~650°C. By hitting
this upper temperature threshold we achieve a satisfactory
intercalation scenario while undesired clusters are largely sup-
pressed. ARPES was performed using monochromatized He I
(He II) photons with an energy of hv = 21.22 eV (40.81 eV)
incident in the detection plane of a 2D hemispherical electron
spectrometer (Specs Phoibos 150). The maximum energy
resolution was 60 meV. X-ray photoelectron spectroscopy
(XPS) used nonmonochromatized Mg Ko radiation (hv =
1253.6 eV). All measurements were performed in ultrahigh
vacuum at room temperature and at a pressure <5 x 107!°
mbar.

III. RESULTS AND DISCUSSION

Figure 1(a) displays the low-energy electronic structure
of Ag-intercalated ZLG along a closed wedge inside the
hexagonal Brillouin zone (BZ) while Fig. 1(b) presents the
TKg: and TMg, directions at a different photon energy.
Besides the dominant 7 bands of quasi-free-standing (QF)
monolayer graphene (MLG) near K, one additional band
can clearly be discerned. It disperses through a maximum
0.59 £ 0.03 eV below the Fermi level Er and a saddle point at
a binding energy of £ = 1.60 &£ 0.03 eV until merging with
the SiC bulk bands around normal emission. Such a feature is
absent in pristine ZLG [35], MLG [36], as well as QFMLG
decoupled via hydrogen intercalation [19] and must there-
fore be related to the intercalated silver. Yet, with a valence

band maximum (VBM) well below Ef, it demonstrates semi-
conducting behavior as opposed to bulk silver—a prototype
sp metal.

The presence of one single Ag-associated band whose dis-
persion is essentially independent of photon energy [Figs. 1(a)
and 1(b)] suggests the large-area ML epitaxy of silver. The
positions of the VBM and the saddle point in momentum
space indicate a hexagonal Ag BZ that is rotated by 30° with
respect to graphene and coincides with the SiC surface BZ
[Fig. 1(f)]. Therefore, the electronic structure is consistent
with a (1 x 1) epitaxial relationship of silver relative to SiC,
i.e., the formation of a triangular lattice ML as with other
intercalants [27-29]. The faint intensity marked by the blue
star in Fig. 1(b) is due to umklapp scattering of the Ag valence
band into the vicinity of T" via the reciprocal lattice vectors of
graphene—a direct consequence of the long-range order of the
combined system.

The isoenergy cuts of Figs. 1(c)-1(e) highlight the topol-
ogy of the induced band which transforms from a single
electron pocket centered at I’ through the saddle point at
MAg into two hole pockets peaking into the VBM at KAg.
A similar but metallic surface band exists for silicene grown
on Ag(111) where it derives from Ag sp electrons hybridiz-
ing with Si orbitals [37—-40]. Vice versa, our silver ML re-
sides on a hexagonal, Si-terminated surface, therefore sug-
gesting the same microscopic origin of the induced band.
Relative to the nearest-neighbor interatomic distance of bulk
Ag, the triangular lattice ML on SiC is strained by ~6%.
While preserving the orbital overlap in terms of band structure
formation, together with the influence of the substrate, this
leads to obvious deviations from the nearly free sp character
of bulk silver [41].
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The Ag valence band dispersion E(k,, k,) can largely
be described by a 2D next-nearest neighbor, s-orbital tight-
binding (TB) model on the triangular lattice defined by the
SiC(0001) surface (lattice constant a = 3.07 A [42]),

E(ky, ky) = Eo — yihi(ky, ky) — y2ha(ky, ky), (H
with
hi(ky, ky) = 2 cos(kca) + 4 cos(kca/2) cos(\/gkya/Z),
hy(ky, ky) = 2 cos(v/3kya) 4 4 cos(v/3kya/2) cos(3kea/2).

A fit of Eq. (1) to the spectral maxima of Fig. 1(a) for |k —
T| > 0.8 A~! yields a band bottom Ey = 5.1 eV as well as
nearest- and next-nearest-neighbor hopping amplitudes y; =
0.50 eV and y, = —0.06 eV, respectively. The blue curves
represent the fitted TB dispersion throughout Figs. 1(a)-1(e).
Away from T the agreement with the experimental data is
excellent for both photon energies, confirming the epitaxial
alignment of the intercalated silver atoms with respect to SiC
and their true ML character. Around normal emission the
model naturally differs as it does not involve the SiC bulk
bands and their hybridization with the Ag states. The latter
becomes evident from the disproportionate spectral weight
loss of the silver band near T for hv = 40.81 eV [Fig. 1(b)].
The influence of the SiC substrate is even more extensive in
shaping the Ag dispersion up to the BZ border, e.g., warping
the isoenergy contour at the saddle-point energy [Fig. 1(d)].
This can be explained by electron hopping not being restricted
to within the silver ML but also occurring via the substrate. In
an effective intralayer TB description such interlayer interac-
tions can lead to negative hopping terms [43]—just as is the
case for y, as per Eq. (1).

We note that no (1 x 1)-Ag superstructure on hexagonal
SiC has yet been reported [44], while 2D growth does not even
occur for cubic SiC [45]. The large-area stability of the trian-
gular lattice ML thus relies on the vertical confinement via the
ZLG which transforms into QFMLG upon intercalation [19].
Figure 1(g) displays the resulting Dirac cone centered at K¢,
with a Dirac point binding energy of Ey = 0.78 £ 0.03 eV.
This corresponds to a moderate n-type carrier density of
~4.5 x 10% cm2, ie., a charge transfer of +0.01 electrons
per graphene C atom. Apart from doping, the QFMLG dis-
persion remains essentially unperturbed by the presence of
silver, rendering the combined system a weakly interacting
2D metal /semiconductor van der Waals heterostructure.

The dashed red lines in Fig. 1(g) represent linear extrapola-
tions of the upper (lower) 7 band for £ < 0.5eV (=1.2 eV).
The bands do not cross at the same energy as known from
other (intercalated) graphene systems where plasmaron quasi-
particle formation was proposed [36,46,47]. Resulting from
electron-plasmon coupling, the Dirac cone is intertwined with
a plasmaron replica and the Dirac point region elongates with
increasing coupling strength as detailed in, e.g., Ref. [47].
Since the Ag ML is semiconducting, only partial screening of
the electron-plasmon interaction can be expected, consistent
with the pronounced elongation >0.2 eV in Fig. 1(g).

The dashed gray lines in Fig. 1(g) highlight a second,
faint cone with a branch crossing at Ej = 0.39 +-0.03 eV.
It stems from regions where ZLG was already covered by
an additional graphene layer (i.e., MLG) due to overgrowth

at step edges [18]. The doping of these minority regions is
consistent with pristine MLG/SiC [36,48], suggesting that
they remain nonintercalated.

First-principles calculations of Ag-intercalated ZLG have
been performed assuming (+/3 x +/3)R30°-SiC that accom-
modates (2 x 2) strained graphene unit cells [49]. In con-
trast to our findings, they reveal an Ag-related valence band
crossing Ep. Yet, the doping level of the graphene layer
matches the present experiment quite well. Such differences
in relative band alignment are plausible since the intercalated
atoms seem to interact predominantly with SiC rather than
QFMLG. Hence, it is the nature of the Ag/SiC interface that
governs the associated dispersion rather than the QFMLG/Ag
interface. Our data show no sign of hybridization between
the graphene and silver bands, whereas anticrossing gaps of
at most 0.1 eV open in Ref. [49]. While our experimental
setup cannot resolve such narrow features unambiguously,
they might also be artifacts caused by the hypothetical choice
of unit cell.

Au-intercalated ZLG hosts a similar valence band whose
maximum and saddle point are identified only 0.05 and 0.4 eV
below Eg, respectively [29]. Yet, the Dirac point energy Ey is
almost identical to the present case, owing to the quite similar
valence electron configurations of gold and silver. Neverthe-
less, the precise adsorption geometry of the intercalant and
the strain within the triangular ML might well differ between
the two systems. This can explain the quantitatively different
dispersions, where only in the case of silver the VBM is far
away from Eg.

Figure 2(a) displays the Ag 3d XPS spectra for ~6 nm of
silver deposited on pristine ZLG without annealing (top) and
after intercalation (bottom). The red curves represent fits of a
single doublet (m; = 5/2 and 3/2) with a spin-orbit splitting
fixed at 6.0 eV and an area ratio of 3 : 2. Upon intercala-
tion the 3d doublet shifts by 0.56 £ 0.10 eV towards higher
binding energy due to a different bonding situation resulting
from the triangular Ag lattice and its interaction with the Si
dangling bonds of the substrate. Similar chemical shifts rel-
ative to bulk silver occur in (\/§ X \/g)-Ag/Si(l 11) [50,51],
qualitatively supporting this interpretation. After intercalation
still only a single silver species can be discerned, albeit with
slightly increased peak widths. This is another argument for
an epitaxial Ag ML, where all atoms are supposed to share
the same chemical environment. The shoulder L in the top
spectrum of Fig. 2(a) is a characteristic energy loss feature of
the 3ds/, peak in metallic silver [52]. It is therefore absent in
the 3d spectrum of intercalated Ag, underpinning its semicon-
ducting character.

The C 1s spectrum of ZLG is displayed in the top part
of Fig. 2(b). The fit considers a SiC bulk component B and
two peaks S1, S2 representing the 6+/3 buffer layer with
its partial covalent bonding to SiC [35,48]. In accordance
with ARPES, an additional component O accounts for the
overgrown sample areas covered by MLG [53]. From the area
ratio of S1, S2 and O we estimate a MLG coverage pmrg
of about 10%. Upon intercalation (bottom) the bulk peak B
shifts by 0.63 = 0.10 eV to lower binding energies and S1, S2
are replaced by a single metallic QFMLG component. This
is characteristic of a successful decoupling of the buffer layer
via saturation of the Si dangling bonds by the intercalant and

201407-3



PHILIPP ROSENZWEIG AND ULRICH STARKE

PHYSICAL REVIEW B 101, 201407(R) (2020)

= Data
— Fits

(a) Ag 3d

Ag on top (x 0.18) (sat)

Intensity (arb. units)

Ag-intercal.

378 376 374 372 370 368 366 288

L L N R N R R R REREE R memmmwmﬁm

SiC (1,0)

pristine

Ag-intercal.

286 284 282 280 104 102 100 98
Binding energy (eV)

FIG. 2. Fitted XPS spectra of (a) Ag 3d, (b) C 1s, and (c) Si 2p for pristine (top) and Ag-intercalated graphene (bottom). The top spectrum
in (a) corresponds to 6 nm of silver deposited on ZLG. The individual fit components are explained in the text. The tiny peak around 366 eV
in (a) is a Mg Ko satellite of Ag 3d3/, [52]. The insets in (b) schematically depict the atomic structure of the system. The respective LEED

patterns at 67.5 eV are shown in the right inset.

the concomitant formation of quasi-free-standing monolayer
graphene [atomic structure schemes in Fig. 2(b) insets]. While
the change in band bending at the SiC surface [54] governs the
peak shift of B, the same qualitative behavior applies to ZLG
intercalation in general [19,25,48,55]. The binding energy of
QFMLG exceeds that of peak O (overgrown MLG) by 0.36 &
0.10 eV, matching the energy difference of the Dirac points
[Eo — Ef = 0.39 eV, Fig. 1(g)]. Component X + O accounts
for nonintercalated areas left behind at the sample surface.
It represents the sum of peak O and the scaled residual line
shape before intercalation. Scaling of the order of py g yields
a good fit, consistent with the idea that ~90% of the sample
intercalates while the overgrown regions remain pristine.

The pristine Si 2p spectrum [top part of Fig. 2(c)] is
fitted by two doublets (m; = 3/2 and 1/2, spin-orbit splitting
0.62 eV, area ratio 2 : 1), one each for bulk (B) and interfacial
Si (I). The binding energy of Iis 0.42 & 0.10 eV higher caused
by covalent bonding to ZLG [48]. After intercalation (bottom)
peak B has shifted by 0.61 & 0.10 eV towards lower binding
energies, in agreement with the characteristic evolution of the
C 1s spectrum in terms of surface band bending. Component
I shifts by 0.90 £0.10 eV in the same direction, pointing
towards a covalent interaction between the interfacial Si and
the intercalated silver atoms just as ARPES and the Ag 3d
core levels. The decrease in binding energy of I relative to B
upon the decoupling of ZL.G seems plausible considering the
higher electronegativity of C vs Ag [56]. Component X again
represents the downscaled pristine line shape and its fitted
residual share of 0.12 turns out consistent with the large-area
intercalation scenario.

The latter is also reflected in the evolution of the low-
energy electron diffraction (LEED) pattern (right inset of
Fig. 2). For pristine ZLG the first-order beams of graphene
and SiC are accompanied by multiple superstructure spots, all
of which are associated with the (6+/3 x 6+/3)R30° buffer
layer reconstruction [48]. Upon intercalation the latter is
largely lifted such that the SiC and 6+/3 spots are strongly

suppressed while intense graphene (1,0) spots emerge,
oversaturating the grayscale [19,25,48,55]. The noninterca-
lated areas (*10%) definitely add to the faint residual 63
pattern. However, also intercalated regions contribute as the
full periodicity of the system is retained and multiple scat-
tering at the graphene and SiC planes produces the same su-
perstructure [57]. Just as expected from the (1 x 1) alignment
of Ag relative to SiC, additional diffraction spots of different
periodicity cannot be discerned.

Based on the data of Figs. 1 and 2 we finally discuss
the sample homogeneity. Large areas (=90%, see above) are
intercalated, hosting the Dirac cone of QFMLG [Fig. 1(g)].
If the observed valence band [Figs. 1(a)-1(e)] were not in-
duced by intercalated silver below QFMLG, it could only be
explained by an Ag monolayer adsorbed on top. This scenario
can readily be excluded as it neither promotes the orbital
overlap necessary for the apparent hybridization with the SiC
bands nor does it facilitate a (1 x 1) alignment relative to
SiC. A distinct Ag 3d component would further appear due to
the different chemical environment compared to intercalated
silver. We thus conclude that the QFMLG and Ag bands
originate from the same ~90% of the sample surface and
represent a true metal/semiconductor heterostructure.

IV. CONCLUSION

In summary, we have demonstrated the band structure
formation of an epitaxial triangular lattice monolayer of sil-
ver realized via intercalation at the interface of SiC and its
(6+/3 x 64/3)R30° carbon buffer layer. A simple 2D tight-
binding model quantitatively reproduces the Ag valence band
dispersion close to the Brillouin zone border with a saddle
point at MAg and the valence band maximum at KAg. The
latter resides 0.59 eV below the Fermi level, rendering the
2D silver monolayer semiconducting as opposed to the bulk
metal. We observe strong hybridization with SiC bands near
T, reflecting the substantial interaction of the intercalant with
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its substrate as corroborated by core level spectroscopy. The
intercalated Ag monolayer is readily combined into a 2D
heterostructure with n-doped quasi-free-standing graphene.
Our study helps to establish epitaxial graphene on SiC as a
convenient platform for the scalable synthesis of monoele-
mental monolayers which hold great promise for a wide range
of next-generation applications.
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