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ig Interfacing graphene with ultrathin oxide films is a crucial step towards its integration in novel

16 electronic devices. However, obtaining two-dimensional oxide films on top of graphene is a
18 formidable task, as the extremely low surface free energy of the graphitic substrate favors the

20 formation of oxide clusters. Here, we demonstrate that the oxidation of a Cr carbide film intercalated
g% between graphene and a Ni(111) substrate triggers the de-intercalation of Cr atoms, which form a
gi continuous and atomically flat Cr oxide wetting layer on top of graphene.

gg Microscopic and spectroscopic analyses demonstrate that the process affects marginally the structural
% integrity and electronic properties of graphene with respect to the pristine graphene/Ni(111) case.
gg These findings show a new method to obtain high-quality graphene/Cr oxide interfaces. In

31 perspective, these well-defined junctions could be used to finely control the electrical conductivity of
33 graphene through an insulating oxide gate.
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Introduction

The isolation of a graphene (Gr) monolayer has boosted intense experimental and theoretical
research in the field of two-dimensional (2D) materials.>3 Nowadays, stacks of different 2D
materials promise the discovery of novel functional behaviors and related applications.*>®
Heterostructures in which graphene is coupled with ultrathin oxide films are particularly appealing,
since the dielectric character of oxides can be used to modulate the electrical conductivity of
graphene. In addition, magnetoelectric or ferromagnetic oxide gates could allow for the manipulation
of the spin degree of freedom,’® thus paving the way towards the development of graphene-based
spin field effect transistors.%1°

So far, only few examples of atomically flat and continuous graphene/oxide interfaces have
been reported.!'? The main limiting factor for the growth of these systems is the low surface free
energy of graphene (about 0.115 J/m?)!3, which favors the nucleation of three-dimensional clusters.
Oxide-terminated graphene/oxide heterostructures have been produced either by reactive deposition
of metals in oxygen atmosphere!*'® or oxidation of metallic materials pre-deposited on top of
graphene.’®” Alternatively, FeO and NiO films have been stabilized below graphene by exposing
Fe-intercalated Gr/Pt(111)* and Gr/Ni(111)° interfaces to high oxygen partial pressures (104-10°
mbar).

Recently, we showed that reactive deposition of Cr in oxygen atmosphere on a Gr/Ni(111)
substrate kept at 300 °C produces an epitaxial Cr.O3(0001) wetting layer with the same in-plane
lattice parameter of the underlying graphene sheet.?’ Cr oxide grows on graphene in a layer-by-layer
fashion up to the completion of four atomic layers. These structural properties make the
Cr203(0001)/Gr/Ni junction a candidate for graphene-based electronic devices.

In this paper, we describe an alternative growth method to obtain the Cr.O3(0001)/Gr/Ni
heterostructure. Our previous research shows that Cr intercalates below graphene, when deposited
under ultra-high vacuum (UHV) conditions on Gr/Ni kept at 400 °C.# This process leads to the
formation of an ordered Cr carbide layer between graphene and Ni, through the incorporation of C
impurities dissolved in bulk Ni. Here, we demonstrate that, upon exposure to oxygen at 500 °C, Cr
de-intercalates and forms an insulating Cr.03(0001) layer, in analogy with the reactive deposition
method. Scanning tunneling microscopy (STM) and photoelectron spectroscopy reveal a negligible
effect of these processes on the structural properties and electronic states of graphene, which closely
recall those of pristine Gr/Ni.
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Materials and Methods

The experiments were performed in two UHV systems for microscopic and spectroscopic
analysis. The Ni(111) single crystal substrate was prepared by several cycles of sputtering with 1.5
keV Ar ions and annealing at 500 °C. For graphene preparation, the clean Ni(111) surface was
exposed at 500 °C to 3000 L of ethylene at a pressure of 2x107° mbar. After dosing ethylene, the
sample was kept at 500 °C in UHV for 5 min. This procedure stabilizes an epitaxial graphene layer
with crystallographic axes aligned to those of Ni(111). Cr was sublimated from a metallic rod heated
by electron bombardment with a rate of 0.2 nm per minute, as measured by a quartz microbalance.
This rate was cross-checked by evaluating the attenuation of the Ni3p photoemission peaks after the
deposition of 1.8 nm Cr on the clean Ni substrate at room temperature [the corresponding metallic
Cr3p line is shown in the top spectrum of Fig. 2(e)]. The intercalation of 1.2 nm Cr below graphene
was performed at 400 °C. The sample was oxidized by backfilling the UHV chambers with molecular
oxygen at a pressure of 1x10° mbar for 5 minutes, with the sample kept at 500 °C. Since Cr tends to
dissolve in Ni with increasing the substrate temperature, the Cr content of the intercalated and
oxidized samples, determined from the Cr3p core levels, does not scale linearly with the deposition
rate. STM images in constant current mode were obtained at room temperature by an Omicron
variable temperature microscope. The STM tips were formed by electrochemical etching of a tungsten
wire. The photoelectron spectroscopy experiments were performed at the VUV-Photoemission
beamline (Elettra, Trieste) at room temperature by a Scienta R-4000 hemispherical analyzer. Angle-
resolved photoelectron spectroscopy (ARPES) data were acquired at 70 eV photon energy with
energy and angular resolutions of 25 meV and 0.3°. The energy resolution for core level analysis at

higher photon energies (370 and 650 eV) was set between 30 and 80 meV.

Results and discussion

The top row of Fig. 1 reports low energy electron diffraction (LEED) patterns for (a) the
reference Gr/Ni system and for Cr-intercalated Gr/Ni (b) before and (c) after the exposure to
molecular oxygen. The hexagonal pattern of Fig. 1(a) demonstrates that the symmetry axes of
graphene are aligned to those of the substrate, in agreement with our previous results.?*?? Rotational
graphene domains, lying on top of Ni carbide, are not visible in the LEED pattern and in the
corresponding STM image [Fig. 1(d)]. They are evaluated to be in the order of 1-2% of the aligned
graphene layer on the basis of the C1s core level analysis [Fig. 2(a)] [ref: 24]. The deposition of 1.2
nm Cr at 400 °C induces the formation of a Moiré pattern with 8x8 super-periodicity with respect to

Gr/Ni [Fig. 1(b)]. The STM image of this system [Fig. 1(e)] displays large terraces separated by steps
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corresponding to the height of a Ni(111) atomic plane, i.e. 0.2 nm [line scan in Fig. 1(h)]. The inset
of Fig. 1(e) shows that the Moiré super-cell is generated by a height modulation of the graphene layer
in contact with the lattice-mismatched Cr carbide layer. After exposure to molecular oxygen at 500
°C, the LEED pattern of the system reverts to (1x1) [Fig. 1(c)]. The corresponding STM image [Fig.
1(f)] shows an atomically flat surface morphology, where the terraces are separated by steps slightly
higher than the Ni(111) atomic plane [line scan of Fig. 1(i)] and the Moiré modulation is absent [inset
of Fig. 1(f)].

Graphene/Ni(111) Graphene/CrC,/Ni(111) Cr,O3/graphene/Ni(111)
a) . b) - c) -

height [pm]

o
!
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Figure 1. Top: LEED patterns acquired at 150 eV on (a) Gr/Ni, (b) 1.2 nm Cr intercalated below
Gr/Ni and (c) after the oxidation of (b). The insets display the (0,0) spot measured at 45 eV. Center:
STM images showing the flat surface morphology on the mesoscopic scale for the (d) Gr/Ni, (e)
intercalated and (f) oxidized samples corresponding to the patterns of panels (a), (b) and (c),
respectively. The insets display atomically resolved zooms of the main images. Bottom: (g,h,i)

constant current scans taken along the white lines of panels (d,e,f), respectively. STM images have
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been acquired at V=1V and I= 1 nA. STM images size is 150x150 nm? for panels (d), (e) and (f).

The size of the insets is 5.5x 5.5 nmZ.

Fig. 2 displays core level spectra acquired at the different preparation stages. The C1s line of Gr/Ni
[Fig. 2(a)] displays the main graphitic peak at 284.86 eV and, as anticipated in the previous paragraph,
a minor component related to Ni carbide at 283.20 eV, in agreement with the literature.?>?* Upon
deposition of 1.2 nm Cr at 400 °C [Fig. 2(b)] the main peak presents the same area of the pristine
case. This is a direct signature of full Cr intercalation below graphene. The graphitic peak shifts
towards higher binding energy to 284.93 eV and widens with respect to Gr/Ni, as can be seen by
comparing the values of full width at half maximum (FWHM) reported in the panels. These changes
are a consequence of the interaction between graphene and Cr carbide. In particular, the increased
FWHM of the graphitic peak is related to the presence of multiple adsorption sites with slightly
different adsorption energies at the mismatched interface. The C1s component observed at 282.78 eV
is due to the incorporation of C atoms, provided by the Ni bulk reservoir, into the Cr carbide layer.
The center spectrum of Fig. 2(e) displays the Cr3p peak of this layer. Its binding energy (42.40 eV)
is significantly lower than that of a metallic Cr layer [41.95 eV, top spectrum of Fig. 2(e)], in
agreement with the trend observed in Cr carbide alloys.?® By scaling the intensities of the Cr3p and
carbidic C1s peaks for the different inelastic mean free paths and photoemission cross sections the
stoichiometry of Cr carbide turns out to be approximately CrCy, in agreement with Ref. 21. From the
attenuation of the Ni3p peak before and after Cr intercalation [top and center spectra in Fig. 2(f)] the
thickness of the Cr carbide layer is estimated to be around 1.0 nm.

Once the Cr-intercalated system is exposed to molecular oxygen at 500 °C, the Cls peak
related to Cr carbide disappears, while the binding energy and the FWHM of the graphitic component
become very similar to those of the pristine Gr/Ni system [Fig. 2(c)]. Hence, the process of oxidation
breaks the Cr-C bonds of the carbidic layer and restores the interface between graphene and Ni. The
attenuation of the graphitic C1s peak is ascribed to the presence of a Cr.O3 layer of about 0.4 nm on
top of graphene. This is demonstrated by the Cr3p line centered at 43.46 eV (bottom spectrum of Fig.
2(e)) and the appearance of the O1s peak at 530.25 eV [Fig. 2(g)], in agreement with spectroscopic
data for the Cr.03/Cu(111) interface.? It is worth noting that the intensity of the Cr3p peak decreases
upon oxidation [Fig. 2(e)], despite Cr oxide lies on the surface and Cr carbide is intercalated below
graphene. This is a consequence of the thermal treatment during the oxidation procedure: the
employed temperature (500 °C) promotes the interdiffusion of a fraction of the Cr atoms into the Ni
substrate, thus resulting in a lower Cr content in the near-surface region. The C1s peak of Fig. 2(c)
presents a component at 284.25 eV, which is not observed in Fig. 2(a,b) and the lineshape of the
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corresponding Ni3p core level (bottom spectrum of Fig. 2(f)) is much less defined than before
oxidation. These features can be linked to the formation of NiO at the interface between graphene
and Ni, by comparison with spectroscopic results for oxidized Gr/Ni.'® At variance with that case, the
NiO content is so small that no decoupling effect is seen on the graphene valence band [see Fig.
3(c,d)].

Fig. 2(d) reports C1s spectra for the reactive growth of 0.3 and 0.6 nm of Cr.O3 on Gr/Ni,
according to the growth procedure used in Ref. [20]. The graphitic peaks and the component related
to NiO are analogous to those detected in Fig. 2(c), although their relative ratio changes in favor of
the second component with increasing the thickness of the Cr oxide layer. This observation can be
associated to the duration of the reactive growth, during which oxygen can penetrate below the
protective graphene layer. Besides NiO formation, which can be most likely controlled by varying
the growth parameters, the two growth methods appear to produce equivalent systems, as also

demonstrated by the following valence band analysis.
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Figure 2: C1s spectra for (a) Gr/Ni, Cr intercalated below Gr/Ni (b) before and (c) after oxidation and
(d) reactive deposition of 0.6 and 1.2 nm Cr on Gr/Ni. Binding energy and FWHM of the graphitic
peaks are reported in the boxes. The intensity axis of panels (a-d) is absolute to ease the comparison.
(e) Cr3p spectra for metallic Cr (top), Cr carbide (center) and Cr oxide (bottom) Cr. The metallic Cr
spectrum has been acquired after deposition of Cr on Gr/Ni at room temperature, where Cr does not
intercalate underneath graphene. (f) Ni3p spectra corresponding to the sequence of panels (a-c) from
top to bottom. C1s, Cr3p and Ni3p spectra are measured with photon energy 370 eV. (g) O1s spectrum
of the Cr oxide layer. Photon energy 650 eV.
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Fig. 3 shows ARPES data taken along the I'-K direction of graphene, which is aligned with
the I'-K axis of Ni(111), for the systems discussed in Fig. 2. In all cases, the 7 and ¢ bands can be
clearly identified. The energy position of the © and ¢ band bottom at I" and K, respectively, and that
of the Dirac point at K are marked by open circles and summarized in Table I. A precise determination
of the Dirac points, which are very close to the onset of intense Ni3d and/or Cr3d bands, is derived
from Fig. 4.

The dispersion of the graphene bands of Gr/Ni (Fig. 3(a)) agrees well with the ARPES data
published in the literature.?” 303132 After Cr intercalation (Fig 3(b)) the bottom of the 7 and ¢ bands
shift upward by 0.4 and 0.1 eV with respect to Gr/Ni. Dispersive features near the Fermi level are
generated by overlapping Ni3d and Cr3d states. The black arrows around kj = 1.0 A indicate one
band that can be assigned to the ordered Cr carbide layer. The oxidation process restores the interface
between graphene and Ni, i.e. removes bands related to Cr carbide and shifts the bottom of the 7 and
o bands to the original position [Fig. 3(c)]. The formation of Cr oxide on top of graphene manifests
with a reduction of the intensity of graphene and Ni bands, the appearance of O-derived states
between 3.5 and 8 eV and the shift of the Cr3d states to 2.2 eV. Similar electronic features are seen
on the sample prepared by reactive deposition [Fig. 3(d)]. In this case, the insulating character of the

Cr oxide layer is indicated more clearly by the drop of the photoemission signal near the Fermi level.
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Figure 3: ARPES spectra for (a) Gr/Ni, Cr intercalated below Gr/Ni (b) before and (c) after oxidation

of 1.2 nm Cr on Gr/Ni and for (d) 0.6 nm Cr2O3 layer grown by reactive deposition on Gr/Ni. In panel
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(b) black arrows indicate the presence of a feature related to the ordered Cr carbide layer. In panel (c)

the spectrum extracted at I shows the prominent Cr and O states.

Table 1. Energy position of the © and ¢ band bottom and of the Dirac point derived from Figs. 3 and
4,

Energies in eV nhband at T’ o band at K Dirac point at K
Gr/Ni 10.20 12.35 2.85
Cr-intercalated Gr/Ni 9.80 12.25 2.85
Cr203/Gr/Ni 10.30 12.30 2.85
Reactive deposition 10.30 12.35 2.85

The region near the Fermi level of systems displayed in Fig. 3(a-c) can be better visualized in
Fig. 4. Here, the ARPES signal is collected along arcs of a circle centered at I" and with radius 1.72
A, which cut the electronic structure of graphene through its K points. The direct spectra and their
first derivatives (along the energy axis) are reported on the left and right column of the figure,
respectively. The dispersion of the graphene  states of the Gr/Ni system (Fig. 4(a)) is very similar to
that observed in Ref. [27]. Two linearly dispersing bands (labeled with & in the figure) cross at 2.85
eV in correspondence with the K point. Within our energy resolution, there is no evidence of a gap
opening at their crossing, which is identified with the Dirac point of a Dirac cone. The slope of the
bands above and below the Dirac point (highlighted by white dots in the first derivative data) is
different. The hybridization with the Ni3d states is responsible for the flatter dispersion of the upper
part of the = state and its suppression for binding energies lower than 2.55 eV in full agreement with
Ref. 27. Cr intercalation results mainly in the formation of a Cr-related band at the Fermi level, while
the Dirac cones present the same properties of the pristine case [Fig. 4(b)]. Also the formation of Cr

oxide on top of graphene has negligible effects on its Dirac cones [Fig. 4(c)].
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Figure 4. ARPES spectra for (a) Gr/Ni, 1.2 nm Cr intercalated below Gr/Ni (b) before and (c) after

o

oxidation, taken along arcs of the circle centered at I" and passing though the K points of graphene.
The right column displays the raw data of the left column in the first derivative form to enhance the
sensitivity to the relatively weak m bands. White dots indicate the dispersion of the m bands near the

Dirac point.

The STM measurements of Fig. 1 (see also supplementary information for further STM
measurements) and the spectroscopic data of Figs. 2-4 support the formation of a flat Cr,03(0001)
wetting layer on top of Gr/Ni, in close analogy with the case of reactive growth.?°

Cr is able to cross the graphene barrier in both directions while keeping the 2D morphology
of the original Gr/Ni system over mesoscopic areas, as demonstrated by STM. The intercalated and
de-intercalated systems present well-defined graphene bands, whose dispersion appears to be
determined by the strong interaction with the substrate. The epitaxial Cr.Oz layer at the surface has a
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clear insulating character from the first few atomic layers, which makes it potentially suitable for
future applications.

The observation of an atomically flat and homogeneous oxide layer on top of graphene
deserves further discussion. Generally, the interface and surface energy balance triggers the formation
of three-dimensional oxide clusters on graphene. The surface free energy of the bulk terminated
Cr203(0001) is very large?® (3.1 J/m?) as compared to that of graphene,*® therefore, the observed flat
morphology implies that the metal-rich oxygen termination discussed in Refs 20 and 29 (see also
supplementary information) lowers drastically the surface free energy of the oxide. The uniformity
of the oxide layer suggests that Cr de-intercalation is not limited to defective regions of graphene, as
reported for the oxidation of similar intercalated systems,*® but involves the whole sheet.

A mechanism compatible with the observed Cr de-intercalation process is suggested in Ref.
33. The intercalation of Si atoms between graphene and Ru(0001) is facilitated by the formation of C
vacancies in the honeycomb lattice, induced by the cooperation of Si and Ru atoms. After the
intercalation, the vacancies are repaired by C atoms dissolved in the substrate. Similarly, in the
present case the synergic action of Cr atoms and oxygen molecules could create C vacancies, which
are repaired by C atoms provided by the Cr carbide layer.

It is interesting to notice that the oxidation of ultrathin films intercalated underneath graphene
generally leads to an oxidized layer at the interface between graphene and the substrate, 819343 while
in our case the oxide film develops on top of the graphitic layer. Besides the thermodynamic
explanation based on the low surface free energy of the peculiar metal-rich termination of
Cr203(0001) discussed above, also the kinetics of the metal oxidation can play a role. Generally, the
oxide thickening takes place either by the penetration of oxygen inside the metal or the migration of
metal atoms on top of the oxide surface. In the case of Cr20s, it is found that the oxide film grows
preferentially through the migration of Cr cations on the top of the surface.®® Therefore, it is

reasonable that the oxidation of the intercalated CrC; film leads to the de-intercalation of Cr.

Conclusions

Cr intercalation at the Gr/Ni interface gives rise to an ultrathin Cr carbide layer, which
strongly affects the electronic structure of graphene, similarly to Ni. The oxidation at relatively low
pressure of molecular oxygen restores the interface between graphene and Ni and promotes the de-
intercalation of Cr, which forms a homogeneous Cr.O3 layer on top of graphene. The ordered de-

intercalation does not damage the carbon monolayer, indicating that atoms can segregate on the
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surface through a complete layer of graphene. A cooperative mechanism for the Cr mass transport

through the formation and annihilation of C vacancies is suggested.
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