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Integrating graphene into device architectures requires interfa-
cing graphene with dielectric materials1–3. However, the dewet-
ting and thermal instability of dielectric layers on top of
graphene makes fabricating continuous graphene/dielectric
interfaces challenging4–9. Here, we show that yttria (Y2O3)—a
high-k dielectric—can form a complete monolayer on plati-
num-supported graphene. The monolayer interacts weakly
with graphene, but is stable to high temperatures. Scanning
tunnelling microscopy reveals that the yttria layer exhibits
a two-dimensional hexagonal lattice rotated by 3088888 relative
to the hexagonal graphene lattice. X-ray photoemission
spectroscopy measurements indicate a shift of the Fermi level
in graphene on yttria deposition, which suggests that
dielectric layers could be used for charge doping of metal-
supported graphene.

Previous fundamental studies have focused on stacking exfoliated
graphene on dielectric substrates10–13. The exfoliation of other two-
dimensional van der Waals materials14 has the potential to allow
different materials to be arbitrarily stacked with the graphene. The
interaction between graphene and these other two-dimensional
materials is weak and therefore only minimally affects the electronic
properties of the graphene. However, although mechanical stacking
of exfoliated molecular layers results in unique materials for basic
research and device demonstration15, the lack of scalability makes
this approach unlikely to be of use in device fabrication.

The growth of artificial heterostructures using molecular beam
epitaxy (MBE) or chemical vapour deposition (CVD) would
provide the necessary scalability. However, growing high-quality
dielectric materials directly on graphene is problematic. In particu-
lar, graphene has a low surface energy, so most materials do not wet
graphene, which leads to three-dimensional growth. To address
this issue, graphene has been chemically modified4 (for example,
by fluorine5, ozone6, and organic7 or inorganic8,9 nucleation
layers) before the growth of metal-oxide dielectric materials.
However, yttria (Y2O3) has recently demonstrated favourable
wetting behaviour on graphene and carbon nanotubes, and could
therefore be a promising dielectric material for the creation of
graphene devices16,17.

Here, we characterize the initial growth (monolayer regime) of
yttria on graphene. As a substrate we chose graphene supported
on a Pt(111) single-crystal surface. It is well known that graphene
interacts weakly with a platinum surface18,19, so platinum-supported
graphene behaves (except for a small p-type doping effect due to the
large workfunction of platinum20) like free-standing graphene21.
Graphene on platinum therefore has very similar properties to gra-
phene supported on copper, iridium or other late transition
metals18. Furthermore, synthesis over metal films is one of the
most promising approaches for large-scale graphene synthesis22,23,
so the direct growth of dielectric layers on metal-supported gra-
phene may be incorporated into large-scale graphene/dielectric het-
erostructure synthesis. However, in contrast to when using copper,

monolayer graphene can be synthesized easily in ultrahigh
vacuum (UHV) on platinum, making platinum a preferred material
for fundamental surface science investigations of graphene.

Here, monolayer graphene has been grown in UHV by exposure
of a clean Pt(111) single crystal to 1 × 1027 torr ethene, with the
sample at 700 8C. This leads to the formation of several rotational
domains of monolayer graphene, as demonstrated by low-energy
electron diffraction (LEED) and scanning tunnelling microscopy
(STM) (Supplementary Fig. S1). Because of the lattice mismatch
between graphene and platinum, and depending on the rotational
alignment between graphene and the Pt(111) substrate, different
moiré superstructures are observed19,24,25.

Yttria was grown on top of the graphene/Pt(111) substrate at
room temperature by reactive vapour deposition of yttrium in a
1 × 1027 torr O2 atmosphere. Even with deposition at room temp-
erature, for the monolayer regime the yttria covers the surface uni-
formly in a two-dimensional layer (Supplementary Fig. S2).
However, ordered structures only appear after annealing to above
550 8C. In the following, the ordered yttria-covered samples
obtained after annealing up to 700 8C were characterized in situ
by LEED, STM, X-ray photoemission spectroscopy (XPS) and
Auger electron spectroscopy (AES).

In LEED we only observe the diffraction pattern of the
graphene/Pt(111) system (Supplementary Fig. S1). Owing to the
many different rotational domains of graphene, the diffraction
from the graphene appears as an (interrupted) circle with a radius
corresponding to the inverse graphene lattice constant. Even with
a complete monolayer of yttria on graphene we only observe the gra-
phene rings, indicating that the graphene remains intact and the
yttria diffraction is too weak to be detected in our experimental
setup. In contrast, the growth of monolayer amounts of yttria in
the absence of graphene, that is, on pure Pt(111), results in a
well-defined coincidence structure relative to the Pt(111) substrate
with a large unit cell of (5

p
3 × 2

p
3) R308, with a clearly defined

LEED diffraction pattern and well-ordered monolayer structures
in STM (Supplementary Fig. S3). This difference between yttria
growth on graphene/Pt(111) and on pure Pt(111) illustrates that
the yttria film remains on top of the graphene and does not directly
interact with the Pt(111) surface.

Further verification of the growth of an yttria/graphene/Pt(111)
sandwich structure was drawn from AES measurements, which
indicate identical attenuation of the carbon and platinum AES
signal by the yttria film (Supplementary Fig. S4), a clear indication
of a layered structure with the oxide growing on top of the
graphene/Pt(111) substrate. Importantly, the AES carbon peak
shape, shown in Fig. 1a,b, retains the characteristic line shape for
sp2 carbon26 throughout the experiments up to annealing tempera-
tures of 750 8C, when carbon dissolves into the platinum bulk. This
is confirmation that the graphene sheet is undisturbed throughout
our experiments, thus demonstrating the high thermal stability of
the yttria/graphene/Pt(111) sandwich structure.
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In the XPS measurements, Y 3d and O 1s peaks (Supplementary
Fig. S5) are observed at 158.8 eV and 530.7 eV, respectively, consist-
ent with an yttria film27. In Fig. 1c, the C 1s XPS data are presented.
A rigid shift by �0.6 eV to higher binding energy after yttria depo-
sition on graphene/Pt(111) is observed for C 1s, but its line shape
does not change. The peak shift to higher binding energy and also
the stability of the peak shape cannot be explained by a change in
the chemical state of carbon; in particular, carbide or C–O bond for-
mation can be excluded. Accordingly, the XPS observation is con-
sistent with the conclusions from LEED and AES that the
graphene stays intact. Furthermore, the lack of a second C 1s com-
ponent indicates the absence of any carbon–yttria bond formation.
Consequently, the �0.6 eV shift to higher binding energy is
explained by a shift in the Fermi level in graphene from p-type on
pure platinum19,20 to n-type for an yttria-covered surface (see
Supplementary section, ‘Graphene charge doping and its determi-
nation by C 1s core level photoemission spectroscopy’). The shift
in the Fermi level of graphene indicates that dielectric layers on
metal-supported graphene can strongly affect the charge transfer
from the metal to graphene, so such sandwich structures represent
a potential approach for tuning the charge doping of graphene.

Figure 2 presents STM images of yttria deposited on graphene
and annealed to 600 8C. The STM studies show that isolated two-
dimensional yttria islands initially form, and eventually cover the

entire surface with a two-dimensional yttria film. Further yttria
deposition results in the formation of three-dimensional yttria clus-
ters. The two-dimensional film may therefore be described as a
wetting layer of yttria on graphene. The most characteristic
feature in STM is the long-range, (pseudo) hexagonal superstructure
with a small corrugation in STM of 0.33+0.1 Å. The appearance of
this superstructure varies only slightly across the surface, in clear
contrast to the graphene/Pt(111) surface, which exhibits different
periodic moiré patterns depending on the rotation angle of the
graphene relative to the Pt(111) substrate24,25. The fact that the
graphene/Pt(111) moiré structures are no longer observed
indicates that the superstructure in the yttria film is not related to
the Pt(111)-induced moiré pattern in graphene. Instead, it suggests
that it is a consequence of lattice mismatch between graphene and
the yttria film.

Inspection of the STM images in Fig. 2 reveals that although the
periodicity of the superstructure does not change, several rotational
domains are present in the same image. Such a rotation of the lateral
superstructure without changes in its periodicity can only be
explained for a simultaneous rotation of the graphene and yttria
layers. In other words, the yttria layer adopts a fixed rotational
relationship relative to the graphene, and the superstructure
rotates with every rotational domain of graphene on Pt(111).
Occasionally (Fig. 2d), defects in the superstructure are observed
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Figure 1 | AES and XPS of yttria growth on graphene/Pt(111). a,b, Auger survey spectra for graphene/Pt(111) (a) and yttria monolayer on graphene/Pt(111)

(b). Inset (a): comparison of normalized CKVV lines before and after yttria growth, indicating identical line shapes characteristic of sp2 carbon. c, C 1s XPS

spectra before and after yttria growth. The same fitting parameters are used for the C 1s peak while allowing only the peak position to vary. This indicates

that the line shape remains unchanged but the peak position shifts by �0.6 eV to higher binding energy on yttria growth. This indicates a shift of the Fermi

level of graphene from �0.3 eV below to �0.3 eV above the Dirac point. Inset (c): additional comparison of the peak shape before and after yttria

deposition, showing the C 1s peaks after background subtraction, normalization and shift compensation. The overlap of the two peaks further indicates that

graphene remains intact after yttria growth. d, Auger O/C peak ratios as a function of yttria coverage (ML, monolayer) for three different metal substrates:

Pt(111), Ni(111) and Ir(111). The very similar evolution of the O/C ratio for the three substrates indicates that the yttria growth behaviour is independent of the

metal substrate. Furthermore, the O/C ratio follows that of a two-dimensional yttria growth model (shown as the dotted line; see Supplementary Information

for a description of the model).
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that are analogous to dislocation cores in small-angle tilt bound-
aries, thus indicating a mechanism for introducing rotation in a
continuous yttria film. The fact that the yttria film maintains
rotational registry with the graphene indicates a preferential
alignment between this pair of two-dimensional layers. On the

other hand, there is no strong interaction that would force a
pseudomorphic growth of the yttria layer.

Figure 3 presents high-resolution STM images that reveal
atomic-scale details of the yttria monolayer. These indicate a hexa-
gonal lattice for the yttria film with a lattice constant that is about

0.3 nm

0.225 nm
Y3+ Y3+

O2−

Graphene

30°

a b

c

Figure 3 | High-resolution STM studies of yttria monolayer structure. a, The hexagonal yttria lattice is visible and superimposed on the long-range

superstructure. The atomic honeycomb lattice of the yttria film is rotated by 308 relative to the pseudo-hexagonal superstructure. Image dimensions,

22× 23 nm. STM imaging conditions: Vbias¼ 8 mV, It¼ 2.0 nA. b, The rotation is more clearly seen in the Fourier transform of the STM image. Such a

rotation will occur if the yttria atomic lattice is rotated by 308 relative to the graphene honeycomb, which has unit cell dimensions about half those of

the yttria. This scenario and the resulting pseudo-hexagonal superstructure is indicated at the bottom of a. c, Possible model for the yttria unit-cell structure

with a Y2O3 composition and hexagonal symmetry, with the primitive unit cell indicated.

a d

b c

16°
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Figure 2 | STM images of yttria overlayer on graphene/Pt(111). A superstructure with a (pseudo) hexagonal order is formed. a, The entire surface is

covered with a single-periodicity structure (dimensions of image, 165 nm × 40 nm). However, different rotational domains are observed. b,c, Enlarged images

(18 nm × 18 nm) of the regions indicated in a. The two lattices are rotated by 168 relative to each other. d, Occasional twist-domain boundaries with

dislocation-like cores are observed for a 58 rotation between domains. Image dimensions in d, 50 nm × 50 nm. STM imaging conditions: Vbias¼ 1.0 V,

It¼ 1.0 nA (a–c); Vbias¼0.5 V, It¼ 1 nA (d).
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twice that of graphene, that is, 4.9+0.4 Å. Interestingly, the hexago-
nal unit cell of the yttria film is rotated by 308 with respect to the
pseudo-hexagonal superstructure. This rotation is more clearly
visible in the Fourier transform of the STM image (Fig. 3b). Such
a rotation between the hexagonal yttria unit cell and the superstruc-
ture is explained if the two honeycomb atomic lattices of graphene
and yttria are rotated by 308 relative to each other. This is illustrated
at the bottom of Fig. 3a for two hexagonal lattices with unit-cell
vectors differing by a factor of two. Such a rotation does not give
a perfectly periodic superstructure; that is, no perfect hexagonal
superstructure unit cell can be picked out, in agreement with our
STM observations.

The formation of oxide wetting layers with structures very differ-
ent from those of bulk oxides is regularly observed for oxides on
metal substrates (see Supplementary Fig. S3 for yttria/Pt(111)).
Wetting of graphene by an oxide, on the other hand, was unex-
pected. The fact that the two-dimensional yttria film forms a
moiré-like superstructure on graphene allows us to reach two con-
clusions about its structural properties: (i) it is a contiguous film,
rather than an array of individual yttrium oxide molecules, and
(ii) the in-plane bonds of the two-dimensional yttria layer are stron-
ger than interactions with the graphene substrate, so no pseudo-
morphic layer is formed. This therefore suggests that there exists a
two-dimensional form of yttria that can be stabilized on the
graphene/Pt(111) substrate. Other two-dimensional phases of
bulk materials have been demonstrated or proposed previously,
for example for GaN (refs 28,29), ZnO (ref. 30) or TiO2 (ref. 31).
Weak interaction between graphene and the oxide, plus the presence
of the metal to balance possible dipoles in the ionic yttria film, may
assist in the formation of such a novel two-dimensional yttria phase.
A possible structural model for an yttria monolayer may be inspired
by the previously observed structure of the isovalent V2O3 wetting
layers on Pd(111) (ref. 32). By combining such a structural model
with the lattice constant measured in our STM studies for the
yttria layer and taking the typical Y–O bond length of 2.25 Å
(ref. 33), a reasonable out-of-plane bond angle between yttrium
and oxygen of �458 is obtained. This structural model is displayed
in Fig. 3c.

The key advance reported in this study is the formation of a two-
dimensional yttria wetting layer on graphene. Graphene synthesis
on metal supports, particularly copper, is one of the most promising
methods for graphene wafer fabrication22,23. The growth of yttria on
other metal-supported graphene substrates is expected to be very
similar, because the chemical interaction is dominated by nearest-
neighbour interactions, that is, graphene–yttria. To test this we
have grown yttria films on graphene supported on Ni(111) and
Ir(111) substrates and measured the evolution of the O/C AES
ratios as a function of deposition time, as shown in Fig. 1d. In
both cases, the evolution was identical (within experimental uncer-
tainty) to that of yttria/graphene/Pt(111), indicating the same
monolayer growth. Furthermore, detailed analysis of the evolution
of the O/C peak ratios shows that this is also in excellent agreement
with a simple two-dimensional growth model (see Supplementary
section, ‘Procedure for estimating O/C ratios in Auger measure-
ments for a 2D oxide layer growth on graphene’). Consequently,
yttria functionalization of graphene may be incorporated into the
formation of large-scale graphene wafers on various metal supports.
Such yttria monolayers may act as an atomic buffer or nucleation
layers between graphene and other materials in subsequent
processing steps.

Methods
All samples were prepared and characterized in UHV. Three different UHV
chambers were used. The first chamber was equipped with an Omicron VT-STM
and rear-view LEED optics. The second chamber housed a double-pass cylindrical
mirror analyser with built-in electron gun for AES and front-view LEED optics.
The third chamber was used for XPS measurements and was equipped with a

five-channel hemispherical electron energy analyser (PSP Vacuum Technology) and
a dual-anode X-ray source. All chambers were also equipped with sample
preparation equipment, including sample heating, argon-ion sputter gun, precision-
leak valves for oxygen and C2H4 dosing, and a mini electron-beam evaporation
source (tectra GmbH) for yttrium vapour deposition. The Pt(111) sample was
cleaned by repeated ion-sputtering annealing cycles. To clean the sample, it was
annealed to 800 88888C, followed by annealing in 1 × 1027 torr O2 at 700 88888C for 10 min
to burn off carbon. Graphene was grown on the clean Pt(111) sample by exposure to
1 × 1027 torr C2H4 at 700 88888C for 10 min. This procedure resulted in a full
monolayer coverage of the Pt(111) sample with graphene. Several graphene domains
with different rotational angles were observed, as reported previously. The
graphene/Pt(111) surface was then used as a substrate for yttria growth. Yttrium was
evaporated by electron-beam bombardment from a �6-mm-diameter yttrium
ingot supported on a molybdenum rod inside a water-cooled copper shroud. The
yttrium was deposited with the sample at room temperature in a 1 × 1027 torr O2
atmosphere. Subsequently, the sample was annealed in vacuum to the desired target
temperature. The graphene was found (by AES and XPS) to remain stable to
annealing temperatures up to 750 88888C; at this temperature the carbon signal
decreases, possibly because of disintegration of the graphene, and carbon diffusion
into the bulk. The XPS spectrometer was calibrated relative to the C 1s binding
energy for graphene on Pt(111), which has previously been reported to be 283.9 eV.
All measured peak shifts are absolute shifts of the C 1s peak.
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