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Chapter 4

CVD growth of graphene on
Cu(111) and oxidized
Cu(111)

The epitaxial growth of graphene on catalytically active metallic surfaces via
chemical vapor deposition (CVD) is known to be one of the most reliable routes
towards high-quality large-area graphene. This CVD-grown graphene is generally
coupled to its metallic support resulting in a modification of its intrinsic properties.
Growth on oxides is a promising alternative that might lead to a decoupled graphene
layer. In this chapter, we compare graphene on pristine copper to graphene on an
oxidized copper surface, in both cases grown by a single step CVD process under
similar conditions. Remarkably, the growth on copper oxide - a high-k dielectric
material - preserves the intrinsic properties of graphene; it is not doped and a linear
dispersion is observed close to the Fermi energy. Density functional theory calculations
give additional insight into the reaction processes and help explaining the catalytic
activity of the copper oxide surface. The work presented in this chapter is published
in Nano Letters.∗

∗Comparing Graphene Growth on Cu(111) versus Oxidized Cu(111)
Stefano Gottardi, Kathrin Müller, Luca Bignardi, Juan Carlos Moreno-López, Tuan
Anh Pham, Oleksii Ivashenko, Mikhail Yablonskikh, Alexei Barinov, Jonas Björk,
Petra Rudolf, and Meike Stöhr, Nano Letters (2015), 15, (2), 917-922, DOI:
10.1021/nl5036463
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4.1 Introduction

Graphene - a single layer of carbon atoms - is supposed to transcend

conventional silicon-based electronics, because of its overwhelming elec-

tronic properties.1–4 However, a scalable and versatile route to obtain

high quality graphene on non-interacting substrates that also preserves

graphene’s intrinsic properties - a prerequisite for graphene electronic

devices3,4 - has not been developed yet. In comparison to the estab-

lished chemical vapor deposition (CVD) growth on metals,5–7 the epi-

taxial growth of graphene on both non-interacting and high-k dielectric

substrates like oxides, is a significant challenge that is gaining increas-

ing interest.8–12 Direct growth on a dielectric material will eliminate the

transfer step otherwise required to obtain freestanding-like graphene2 on

a (nearly) non-interacting substrate. The transfer step is not easily scal-

able and often reduces the graphene quality by introducing defects and

contaminations. For this reason, various alternative routes have been de-

veloped.13–19 However, the desired but still most challenging fabrication

route is a single-step and self-limiting growth process directly on high-k

dielectric substrates that preserves the intrinsic properties of graphene.

Metal oxides are promising candidates in this respect due to their good

dielectric and catalytic properties.20 In general, graphene grown on non-

metallic surfaces like oxides exhibits reduced quality in comparison to

graphene grown on metals8 and, in some cases, graphene was even found

to be either p- or n-doped.9,21 Only very recently, high quality graphene

growth on SrTiO3 was achieved
10 demonstrating that this is a viable and

promising alternative. Moreover, evidence of graphene growth on the

oxygen-induced reconstructed copper surface was reported in the case

of copper films.11 Here we compare the growth of graphene on a high

purity oxide-free Cu(111) single crystal with the growth on a Cu(111)

single crystal after the creation of a thin oxide layer. We also performed

density functional theory (DFT) calculations to get insight into the reac-

tion processes and help explaining the catalytic activity of copper oxide.

Our results demonstrate the feasibility of growing high-quality mono-
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Cu(111)

layer graphene by a one-step growth process on a pre-oxidized Cu(111)

surface. In contrast to graphene on Cu(111), where a weak interaction

and doping are found,22 graphene grown on the oxidized Cu surface is

effectively decoupled from its substrate and thereby its intrinsic proper-

ties are preserved. Importantly, this implies that the band structure of

freestanding graphene is retained, where doping is absent. Since copper

oxide is a high-k dielectric material, these findings constitute an impor-

tant contribution towards the realization of graphene-based electronic

devices. Moreover, we provide crucial information for the clarification of

the role of oxygen and of the surface oxide for CVD growth of graphene

on copper - a topic recently subject to much discussion.23,23–27 Since

the (111)-oriented facets of polycrystalline Cu substrates are known to

promote fast, high-quality monolayer graphene growth,28 our results for

single crystal Cu(111) surfaces will be also relevant for polycrystalline

substrates.

4.2 Experimental results

For graphene growth on Cu(111), the Cu single crystal was pre-

annealed in a hydrogen atmosphere to guarantee an oxide-free metal-

lic surface. For graphene growth on oxidized Cu(111), the clean copper

single crystal was exposed to air for approximately 12 h to obtain an

oxidized surface onto which graphene was grown subsequently without

any hydrogen treatment. More details on the growth are reported in

section 4.3. The structural properties of graphene were characterized by

scanning tunneling microscopy (STM) as well as by low energy electron

diffraction (LEED). In Figure 4.1, STM images and LEED patterns of

graphene on pristine Cu(111) are shown. On Cu(111), graphene grows

over the Cu step edges, which is confirmed by the absence of changes

in the Moiré patterns29 originating from the lattice mismatch between

graphene and Cu(111) (Figure 4.1a). A close-up view of graphene on

Cu(111) is reported in Figure 4.1b, where in addition to the Moiré pat-
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Figure 4.1: a) STM image (170 nm x 170 nm) for graphene grown on Cu(111). A Moiré pattern
arising due to the lattice mismatch between graphene and Cu(111) is visible which continues over
the step edges. b) STM image (6.8 nm x 6.8 nm) showing atomic resolution with the Moiré pattern
present in the background. c) LEED pattern of graphene grown on Cu(111) taken at a primary
energy of 150 eV. In addition to the Cu(111) diffraction spots (lattice vectors in light blue), a ring
surrounding these spots is visible which is related to the presence of graphene.

tern the graphene lattice is visible. In different areas of the sample diverse

periodicities for the Moiré patterns were observed depending on the spe-

cific angles between the principal directions of graphene and Cu(111).

In the LEED pattern (Figure 4.1c) this polycrystalline character of gra-

phene is mirrored in a circle around the 1st order Cu(111) diffraction

spots.

For graphene grown on oxidized Cu(111), in addition to the clearly

visible atomic honeycomb lattice of graphene, a background due to the

thin oxide layer is observed (Figure 4.2a-b). A change of the tunneling or

tip conditions sometimes results in contrast variations. The discussion of

these structures is reported in section 4.2.3. Importantly, the STM im-

ages show that high quality (defect-free) graphene can be grown on the

oxidized copper surface. As compared to graphene on the pure metal sur-

face, the LEED pattern of graphene on oxidized Cu(111) (Figure 4.2c and

848484



CVD growth of graphene on Cu(111) and oxidized
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Figure 4.2: a) STM image (17 nm x 17 nm) of graphene grown on oxidized Cu(111). A diffuse
background coming from the oxide is visible. b) STM image for graphene grown on oxidized Cu(111)
(4.3 nm x 4.3 nm) showing atomic resolution. c) LEED pattern of graphene grown on oxidized
Cu(111) taken at a primary energy of 61 eV. The high intensity diffraction spots arise from the
oxidized Cu(111) (lattice vectors in red) while the spots marked in orange indicate the presence of
graphene.

Figure 4.3a,b) shows additional diffraction spots (marked in red) due to

the presence of the Cu surface oxide. Analysis of the LEED pattern yields

that the surface oxide is mainly arranged in a Cu2O lattice30,31 which is

known to reconstruct by removing the under-coordinated Cu atoms of

the top atomic layer30 (see Figure 4.3c). The Cu(111) 1st order diffrac-

tion spots are barely visible because of the presence of the oxide layer.

A LEED pattern where the Cu(111) diffraction spots become visible is

shown in section 4.2.2. The circular feature observed in LEED patterns

for graphene on metallic Cu(111) is replaced by individual diffraction

spots, mainly located along the principal Cu directions and next to the

Cu diffraction spots (orange ovals in Figure 4.2c, orange markers in Fig-

ure 4.3a,b). This indicates a substantial decrease of rotational disorder

of the graphene domains. There is also evidence for a long-range ordered

structure with a periodicity of about 3.1 nm (indicated in violet in Figure
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Figure 4.3: a) LEED pattern of graphene grown on oxidized Cu(111), incident electron energy E
= 61 eV. The oxide diffraction spots are much more intense than the Cu(111) spots, which are at
this particular energy not visible. The Cu2O reciprocal unit cell vectors are marked in red. Pink
square: close-up view of a second order Cu2O spot enhanced with a derivative algorithm for better
visibility. The spots arising from Cu2O (red arrow), graphene (orange arrow) and the Cu2O surface
reconstruction (violet arrow) are marked. The blue dashed arrow points to the position where the
Cu(111) diffraction spot would be expected. b) Simulated LEED pattern of Cu2O on Cu(111), in
bold (black) the strongest diffraction spots of the oxide are marked. The Cu(111) diffraction spots
are indicated with blue circles. The expected location of the graphene diffraction spot is marked by
an orange circle. c) Model of the Cu2O(111) surface. Red: oxygen atoms, brown: Cu atoms. The
top layer Cu atoms are represented by darker colors. top: Top view. Unit cell marked in red, p(2x2)
superstructure used for DFT calculations indicated by black lines. bottom: Side view.

4.3a), which is attributed to a reconstruction due to the lattice mismatch

of the oxide layer with the Cu(111) surface and with graphene. Among

the ordered oxide structures observed in LEED and STM, Cu2O was by

far the most abundant; for this reason we performed density functional

theory (DFT) calculations using this Cu oxide as a model surface. How-

ever, a second ordered oxide was in rare cases found to coexist on the

surface. A detailed discussion on the oxide thickness and structures is

presented in section 4.2.2.

Before going into the details of how graphene grows on the oxidized Cu

surface, we recall that dehydrogenation of the carbon precursor (in our

case methane) is the rate limiting step for graphene growth by CVD,32

and that it was recently shown that small amounts of oxygen on the

copper surface can enhance the dehydrogenation.27 To understand how

the dehydrogenation proceeds on the copper oxide surface compared to

metallic Cu(111), we calculated the energy barrier for methane dehydro-
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Figure 4.4: Mechanism of methane dissociation on Cu(111) a) and Cu2O(111) b) from DFT-based
transition state calculations. The energies are given with respect to the reference system of the free
surface and methane in gas phase, in units of eV. Furthermore, the barrier heights, for overcoming the
different transition states, are indicated. For both surfaces, the first step, with transition state TS1,
is associated with dehydrogenation, while the second step, with transition state TS2, is associated
with CH3 diffusion.

genation on both Cu(111) and Cu2O(111) within the framework of DFT

including van der Waals interactions (refer to section 4.3 for more details).

The reaction energy profiles, along with side- and top-views of the opti-

mized adsorption geometries, are reported in Figure 4.4. Surprisingly, the

energy barrier for methane dehydrogenation on the Cu2O(111) surface is

only slightly higher (1.53 eV) than on a metallic Cu(111) surface (1.44

eV). Furthermore, as methane binds slightly stronger to Cu2O(111) than

to Cu(111) by 0.10 eV, the relative ratio between methane dissociation

and desorption (given by the Boltzmann factor) becomes very similar on

both surfaces. This elucidates why graphene can form on both surfaces

under similar growth conditions. Previous studies showed that the top

atomic layer of the Cu2O(111) surface spontaneously forms a network of

vacancies30 (Figure 4.3c) resulting in a reconstruction, which, according

to our DFT calculations, act as catalytic centers for dehydrogenation.

Methane is trapped at a Cu vacancy on top of an under-coordinated

oxygen atom, which catalyzes the dehydrogenation to form an -OH and

a CH3 group. The CH3 then diffuses to a free oxygen atom in the top

layer or reacts with other molecules forming graphene. Notably, the DFT

results indicate that CH3 diffusion is considerably slower on Cu2O(111)

than on Cu(111). This may be the rate-limiting factor for the growth
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on the oxidized surface. Assuming that the same growth conditions are

used, fewer graphene domains should be obtained on Cu2O(111) as com-

pared to Cu(111). These results are consistent with recent studies, which

have shown that small amounts of oxygen on a copper surface alter the

growth from an edge-attachment-limited to a diffusion-limited process,

reducing the graphene nucleation density.23,27 Our DFT calculations give

an overview of the main steps involved in the methane dehydrogenation

process. However, to fully model the complex kinetics of graphene growth

at high temperatures a more comprehensive theoretical study would be

required, taking into account many other processes, such as the recombi-

nation of two CH3 molecules and the attachment of CH3 to the graphene

domains at elevated temperatures. However, this would require a sig-

nificant additional computational effort, clearly beyond the scope of this

study. Since local defects and vacancies are expected to only enhance the

surface reactivity with respect to the model presented here, this will not

change our main conclusion. Indeed, due to the relatively high oxygen

mobility in copper oxides, especially at the high growth temperatures

(> 1200 K), vacancies can be easily created and may act as additional

catalytic centers. At the same time, oxygen ions from deeper layers can

migrate to the surface and compensate for the surface reduction that

might happen during graphene growth. We speculate that this remark-

able flexibility of the oxide layer may be the key factor for obtaining

high quality (defect-free) graphene on copper oxide. Although the high

oxygen mobility on the copper oxide layer plays an important role in

vacancy creation and annihilation, the oxide layer itself is quite stable.

Indeed the oxide layer is easily preserved upon annealing to 1200 K in

ultra-high vacuum (UHV) and can be removed only by several cycles of

sputtering and annealing. Moreover our experiments exclude the pos-

sibility of oxygen migration from the bulk that is instead observed for

low purity copper foil. The oxide layer has a dramatic effect on the

electronic coupling between graphene and the substrate as revealed by

angle resolved photoemission spectroscopy (ARPES) measurements, per-
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formed to investigate the electronic structure of graphene grown on both

metallic and oxidized Cu(111). ARPES spectra were acquired along the

ΓK direction of the graphene Brillouin zone with a photon energy of 27

eV. Figure 4.5 shows the comparison of the ARPES measurements for

graphene grown on metallic (a, c) and on oxidized (b, d) Cu(111). The

3d-bands of copper are visible between 2 eV and 4 eV below the Fermi

energy, EF, while the π band of graphene is present between EF and

∼ 8.5 eV below EF (Figure 4.5a, b). Graphene grown on metallic copper

is n-type doped, with the Dirac energy residing at about 0.38 eV below

EF (Figure 4.5c). The π− π* and σ bands are shifted accordingly. Such

n-type doping is in agreement with theoretical predictions and previous

experimental reports.5,22,33,34 On the other hand, for graphene grown on

oxidized Cu(111), the σ and π bands are located closer to EF than for

graphene on metallic Cu(111) (Figure 4.5b). This becomes more evident

when inspecting the Dirac cone (Figure 4.5d). Notably, within the limit

of our experimental resolution (∼ 25 meV), the Dirac points reside at

EF, which means that graphene grown on oxidized Cu(111) is not doped

and the oxide effectively decouples graphene from its metallic support.

For weakly interacting graphene, the Fermi velocity can be approximated

by fitting the dispersion of the π band close to the Dirac points with a

Dirac-like linear dispersion.1 Graphene grown on copper oxide is found

to have a Fermi velocity of ∼ 1.4 · 106 m/s, which is in agreement with

the theoretically predicted value of freestanding graphene.1 For graphene

grown on metallic Cu(111), a nearly three times smaller Fermi velocity

of ∼ 0.5 · 106 m/s is obtained. The presence of electronic coupling for

graphene on Cu(111) is also evidenced by a shift of the Shockley surface

state of Cu(111) towards the Fermi energy (Figure 4.5e). The bottom

of the parabolic dispersion of the surface state is shifted from its usual

value of 0.4 eV below EF for Cu(111) to about 0.23 eV below EF in

the presence of graphene. This is in agreement with previous studies22,33

for graphene on Cu(111) and can be explained by charge transfer from

the Cu surface state to graphene contributing to the observed n-type
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Figure 4.5: Comparison of the electronic properties of graphene grown on Cu(111) and on oxidized
Cu(111). Energy distribution maps along the ΓK direction of the graphene Brillouin zone (inset)
for graphene grown on Cu(111) a) and oxidized Cu(111) b), respectively. The Cu 3d as well as the
σ and π bands of graphene are labelled in yellow. Detail of the Dirac cone at the K point of the
graphene Brillouin zone for graphene grown on Cu(111) c) and on oxidized Cu(111) d), respectively.
The white dashed line (guide to the eye) indicates the linear dispersion of the Dirac cone. e) Normal
emission spectra measured at the Γ point of the graphene Brillouin zone for graphene on Cu(111)
(blue) and on oxidized Cu(111) (pink), respectively. The Cu(111) surface state (SS) is shifted towards
the Fermi energy for graphene grown on Cu(111) while it is not present anymore for graphene grown
on oxidized Cu(111).

doping. Instead, for graphene on oxidized Cu(111), the surface state is

absent due to the presence of the surface oxide layer on top of Cu(111).

The ARPES measurements therefore demonstrate that graphene grown

directly on copper oxide is electronically decoupled from the substrate

and exhibits comparable properties as freestanding graphene.

Our results show that the commonly held belief that the catalytic

activity of the copper oxide for graphene growth is low needs to be re-

considered. In fact, high-quality freestanding graphene can be grown

directly on an oxidized copper surface thus establishing CVD growth on
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metal oxides surfaces as a promising route for the fabrication of graphene,

as well as of graphene nanostructures, on high-k dielectric substrates via

industrially scalable and versatile methods. The possibility of graphene

growth on a high k-dielectric copper oxide surface, while preserving a

freestanding-like graphene band structure, has great implications for the

development of graphene-based electronics.

4.2.1 Additional information about ARPES charac-

terization

The beam at the Spectromicroscopy beamline at the Elettra syn-

chrotron is highly focused (diameter approx. 1μm) and different sample

areas can be easily studied. In this way variations of the graphene band

structure can be detected if present. Despite potential variations in the

oxide layer thickness and oxide composition as indicated by STM and

LEED measurements reported in Figures 4.7 - 4.10, we neither observed

any modification of the graphene band structure nor doping of the gra-

phene. From this we conclude that the presence of the oxide decouples

graphene from its substrate and leads to freestanding-like graphene in-

dependently of the exact composition and thickness of the oxide layer.

Figure 4.6b and c report angular ARPES maps along a circular seg-

ment of the graphene Brillouin zone passing through the K point(s) for

graphene on Cu(111) and on oxidized Cu(111), respectively. While for

graphene grown on Cu(111) the signal from many rotated domains is

visible (many Dirac cones present), graphene grown on oxidized Cu(111)

shows only one domain present in the range of the ARPES beam size.

This indicates that single crystalline domains of graphene with a diame-

ter > 1μm are present, in line with preliminary results from atomic force

microscopy. ARPES results also confirm both the observations by STM

where no grain boundaries were found and the observations by LEED

where mainly one orientation of the graphene domains was found. Fig-

ure 4.6 a shows the energy distribution map of the Cu(111) surface state
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in the presence of graphene. The zero on the momentum scale corre-

sponds to the Γ point of the Cu(111) Brillouin zone. The bottom of

the parabolic dispersion moves towards the Fermi energy when graphene

is adsorbed on the Cu(111) surface. The parabolic fit gives a value of

about −230 meV (compared to ∼ −400 meV for metallic Cu(111))35,36

for the bottom of the dispersion curve and an electron effective mass of

(0.5± 0.1) me that is compatible with the value of metallic Cu(111). On

the oxidized Cu surface, the surface state is quenched due to the presence

of the oxide layer.

Figure 4.6: Surface state of gra-
phene/Cu(111). a) Energy distribu-
tion map for graphene on Cu(111)
showing that the surface state disper-
sion is modified by the presence of gra-
phene. The black dotted line denotes
the Fermi energy and the yellow dot-
ted line the parabolic fit to the dis-
persion. The ARPES data were pro-
cessed by applying a 2D second deriva-
tive algorithm. b) and c) Angular
ARPES maps along a circular segment
of the graphene Brillouin zone (Red
line in the Brillouin zone inset) passing
through the K point(s) for graphene on
Cu(111) and on oxidized Cu(111), re-
spectively. For graphene on Cu(111)
many Dirac cones are visible due to the
polycrystalline aspect of this sample.

4.2.2 Oxide thickness and LEED measurements

When a clean Cu(111) single crystal is exposed to air for about 12h,

a thin oxide layer grows. In general, the copper oxide layer is amorphous

and composed of a mixture37 of Cu(OH), CuO and Cu2O. Upon anneal-

ing at 520 K under UHV conditions, an ordered oxide layer is obtained,

as observed in LEED patterns. Cu(OH) is the most unstable species
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on the surface and rapidly converts37 to CuOx. Annealing at temper-

atures above 520 K in UHV leads to the formation of mainly a Cu2O

layer which is observed even after 30 min annealing at 1200 K in UHV.

After graphene growth, the oxide layer is detected in LEED and STM

measurements. The average thickness of the oxide layer underneath gra-

phene is estimated to be 2-4 ML. This estimation is based on LEED data

where the intensity of the Cu substrate spots is almost quenched due to

the very small inelastic mean free path (approx. 5 Å) of electrons with

a kinetic energy of 50-100 eV. This estimate is in line with x-ray pho-

toelectron spectroscopy measurements (data not shown here) and with

ARPES measurements where the attenuation of the Cu substrate bands

is observed (here the mean free path is slightly longer, namely approx.

8 Å, due to the smaller kinetic energy of the photoelectrons). Two main

surface oxide configurations were observed, which can also coexist. Fig-

ure 4.7 shows the analysis of these two structures. The Cu2O structure

is the most often observed oxide superstructure (Figure 4.7a, 4.3c for the

real space model). It has a hexagonal unit cell rotated by 30◦ with respect

to the principal Cu directions and unit cell vectors measuring 5.1 Å. The

oxide layer is not commensurate with the underlying Cu(111) lattice. In

addition, the surface undergoes a reconstruction with a periodicity of 3.1

nm, which is evident from the LEED data (Figure 4.7a, top). Figure 4.7b

shows the LEED analysis for the second observed oxide structure that

can be described by a
(

3 2−1 2

)
matrix with unit cell vectors that measure

a = b = 6.6 Å, Θ = 98◦. This structure was observed previously and

explained by the formation of a distorted Cu(100)-(
√
2 x

√
2)R45◦ oxide

layer on top of the Cu(111) surface.38,39 Figure 4.7c shows the LEED

pattern of a sample where both oxide structures were present.

The LEED pattern of graphene grown on clean Cu(111) is shown in

Figure 4.8a. The Cu(111) reciprocal unit cell vectors are marked by blue

lines. The reciprocal unit cell vectors of graphene are slightly bigger,

giving rise to a ring-like feature around the 1st order Cu(111) diffrac-

tion spots. Such a pattern has been reported before and assigned to
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Figure 4.7: LEED measurements of
copper oxide on Cu(111) and corre-
sponding simulations. a) LEED pat-
tern that was observed in most cases;
a Cu2O layer is present. From top to
bottom: LEED measurement taken at
incident electron energy of 136 eV, sim-
ulated LEED pattern and real space
unit cell obtained from the simulation.
The unit cell vectors (in red) of the
hexagonal Cu2O superstructure are ro-
tated by 30◦ with respect to the prin-
cipal Cu directions and the length of
the unit cell vectors is 5.1 Å. Few
1st order Cu(111) diffraction spots are
marked in blue while the black (en-
circled) spots in the simulation indi-
cate the most intense spots visible in
the LEED pattern at that specific elec-
tron energy. The additional diffraction
spots between the 1st and 2nd order
oxide spots are due to a reconstruc-
tion of the oxide layer having a pe-
riodicity of 3.1 nm. b) LEED pat-
tern taken at an incident electron en-
ergy of 105 eV. The oxide is arranged
in a distorted Cu(100)-(

√
2 x

√
2)R45◦

superstructure. As for (a), the simu-
lated pattern and real space unit cell
are shown below. c) LEED pattern
taken at an incident electron energy of
110 eV. The oxide superstructures de-
scribed in (a) and (b) coexist on the
surface. In red, the unit cell vectors of
the superstructure observed in (a) and,
in orange, the unit cell vectors of one
of the 3 domains of the superstructure
observed in (b) are indicated.

the presence of multiple rotational graphene domains, a general feature

for graphene grown on copper. This is also in line with our STM ob-

servations of different Moiré patterns. In LEED, no sign of Cu oxide

formation for graphene grown on pristine Cu(111) was observed. LEED

patterns of graphene grown on oxidized Cu(111) are reported in Fig-

ure 4.8b,c. The diffraction spots resulting from the oxide layer are the

most intense spots and correspond to the Cu2O oxide structure discussed

above (Figure 4.7a). The unit cell vectors for the oxide are marked in

red. The additional spots arising due to the oxide reconstruction are

visible around the main oxide spots. Spots resulting from graphene are
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Figure 4.8: LEED patterns for graphene grown on Cu(111) and graphene grown on oxidized Cu(111).
a) LEED pattern of graphene grown on Cu(111), E = 150 eV. Bottom: close-up view of a first order
diffraction spot. The ring around the 1st order Cu(111) diffraction spots indicates the presence of
polycrystalline graphene. The Cu(111) reciprocal unit cell vectors are marked in blue. b) LEED
pattern of graphene grown on oxidized Cu(111), incident electron energy E = 61 eV. The oxide
diffraction spots are much more intense than the Cu(111) spots. The Cu2O reciprocal unit cell
vectors are marked in red (see also Figure 4.7a). Bottom: close-up view of a second order Cu2O
spot. The Cu2O surface reconstruction is indicated by violet markers. The parallel color lines
indicate the different periodicities present. The Cu spot is not visible in the LEED pattern at this
particular electron energy. c) LEED pattern of graphene grown on oxidized Cu(111), E = 69 eV.
At this energy the Cu 1st order spot is visible while the graphene diffraction spots are less clear.
Bottom: close-up view of a second order Cu2O spot. The Cu 1st order spot is visible. Orange:
graphene, blue: Cu, red: Cu2O, violet: Cu2O reconstruction.

visible next to the second order Cu2O spots and first order Cu(111) spots

which are strongly attenuated by the oxide layer and thus, barely visible.

Apparently, the graphene layer has mostly one orientation.

4.2.3 STM measurements of graphene on oxidized

Cu(111)

Depending on the tunneling conditions and the status of the tip, dif-

ferent STM contrasts were observed for the graphene - copper oxide -

Cu(111) system. In the first case, graphene is imaged and we obtain

atomic resolution while the oxide layer appears as a diffuse background.

The other two cases are shown in Figure 4.9 and 4.10. In all cases, the

indicated bias voltage refers to the sample with a grounded tip. In Fig-
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ure 4.9 STM images are reported for graphene on a thin Cu2O layer.

Few defects in the graphene layer are present which can be identified

by a brighter contrast in the STM images. Figure 4.9a is an overview

showing graphene that grows over a step edge. No domain boundaries

are visible. The detailed STM images in Figure 4.9b and c show atomic

resolution of graphene. Due to the lattice mismatch between the Cu2O

layer and the Cu(111) surface a Moiré pattern (∼ 1.9 nm periodicity) is

visible. From the simulation reported in Figure 4.9d, graphene seems not

to contribute to the formation of the Moiré pattern. The simulation was

performed by considering the results from LEED that shows the presence

of a 30◦-rotated Cu2O layer on top of Cu(111) and graphene that is pref-

erentially aligned along the Cu[1-10] direction. The fact that graphene

does not contribute to the Moiré pattern fits well with the finding that

graphene on Cu2O is freestanding and thus, not electronically coupled

to the underlying substrate. Oxygen vacancies in the oxide layer appear

as depressions in the Moiré signal (arrows in Figure 4.7b, c). STM im-

ages where the Cu2O reconstruction is visible are shown in Figure 4.10.

Here the oxide layer is resolved in detail while the graphene layer is not

imaged. The 3.1 nm surface reconstruction observed in LEED is clearly

visible (Figure 4.10b, blue unit cell) and gives rise to a hexagonal super-

structure made of 3-fold quasi-symmetric units. The atomic resolution

image reported in Figure 4.10b resembles that of a Cu2O top-layer where

the under-coordinated Cu atoms are removed. Additionally, there is indi-

cation for a rearrangement of the atoms in the oxide layer leading to the

formation of a distorted structure. Figure 4.10c reports the STM image

of the same area as in (b) but imaged at positive bias. The (5.1 Å) pe-

riodicity in the Cu2O lattice is clearly distinguishable in this conditions,

in agreement with the LEED pattern of the oxide. At the same time, a

Moiré pattern showing the same 1.9 nm periodicity discussed previously

can be seen but seems here slightly distorted. Figure 4.10d reports the

2D Fourier transform of the image in (b). The reciprocal space image is

in remarkable good agreement with the LEED measurements.
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Figure 4.9: STM images of graphene grown on oxidized Cu(111). a) (200 nm x 200 nm, V = −0.05
V, I = 1 nA) Overview STM image. b) (17 nm x 17 nm, V = 0.1 V, I = 200 pA) A Moiré pattern
with a periodicity of 1.9 nm is visible. The black dots (marked by blue and white arrows) are
attributed to oxygen vacancies in the oxide layer underneath the graphene layer. A defect in the
graphene layer is also present (brightest contrast). c) Atomic resolution of the graphene layer around
the defect shown in (b) (8.5 nm x 8.5 nm, V = −0.1 V, I = 200 pA). d) Simulation of the observed
Moiré pattern (17 nm x 17 nm): a Cu2O layer is placed at an angle of 30◦ on top of a Cu(111)
surface. This results in the formation of a Moiré pattern with a periodicity of ∼ 1.9 nm in very good
agreement with the STM measurements, i.e. the graphene layer does not contribute to the observed
Moiré pattern.

4.3 Experimental methods

Graphene Growth: Cu(111) single crystals (MaTecK GmbH) were

cleaned in UHV by repeated cycles of Ar+ sputtering and annealing at

about 650 K before graphene deposition. The cleanliness of the surface

was checked by low-energy electron diffraction (LEED) and scanning

tunneling microscopy (STM). Cu(111) oxidized surfaces were prepared

by exposing the clean single crystal to air for approx. 12 hours and by

annealing them subsequently in a separate vacuum oven (0.1 mbar Ar

atmosphere Messer 5.0 purity) for 30 min at 1200 K. Afterwards gra-

phene was grown with a gas mixture of 0.5 mbar of methane (Messer
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Figure 4.10: STM images of graphene grown on oxidized Cu(111) (acquired at 77 K). a) (24 nm x 24
nm, V = −0.2 V, I = 10 pA) The superstructure of the reconstructed Cu2O surface is visible with
3.1 nm periodicity (blue in b) what is in very good agreement with the LEED results. b) Detailed
STM image (12 nm x 12 nm, V = −0.2 V, I = 50 pA) showing atomic resolution of the oxide. A
non-trivial superstructure is present. This atomic configuration resembles a Cu2O layer which is
slightly distorted. c) The same area as in (b), but taken at positive sample bias (18 nm x 18 nm,
V = 0.35 V, I = 50 pA). The periodicity of the Cu2O layer (5.1 Å) is visible and again a Moiré
pattern with a periodicity of ∼ 1.9 nm appears. d) 2D Fourier transform of (b) showing remarkable
good agreement with the LEED pattern (Figure 4.4a and 4.5b,c) of the Cu2O(111) structure. The
Cu2O(111) unit cell is marked in red.

4.5) and 0.1 mbar of Ar for 2 min at 1200 K, followed by 30 min post

deposition annealing in 0.1 mbar of Ar. The cooling rate was approx.

5 K/min. The oxide layer was completely removed by several sputter-

ing annealing cycles prior every new oxidized sample preparation. To

prepare graphene on a pristine Cu(111) surface, the copper single crys-

tal was transferred to the vacuum oven immediately after the cleaning

procedure and annealed in 0.5 mbar of H2 (Messer 5.0) and 0.1 mbar of

Ar for 4 hours at 1200 K to remove any surface oxide. Graphene was

grown exposing to 0.5 mbar of methane, 0.1 mbar of Ar and 0.5 mbar

H2, for 2 min at 1200 K, followed by 30 min post deposition annealing
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in 0.1 mbar of Ar and 0.5 mbar of H2. The cooling rate was approx.

5 K/min. The gas lines were equipped with liquid nitrogen traps to

avoid potential water contamination. After graphene growth, all sam-

ples were transferred immediately into the UHV chamber and annealed

at T > 520 K. STM measurements were performed at room temperature

(unless otherwise stated) with a commercial STM (Omicron NanoTech-

nology GmbH) and LEED measurements (MCP LEED from Omicron

NanoTechnology GmbH and ErLEED from SPECS GmbH) were per-

formed for the superstructure determination. The freeware LEEDpat

3.0 (http://www.fhi-berlin.mpg.de/KHsoftware/LEEDpat/) was used to

simulate the LEED patterns and the WSxM (www.nanotec.es) software

was employed for STM images analysis.

Angle-resolved photoelectron spectroscopy: ARPES measure-

ments were performed at the Spectromicroscopy beamline at the Elettra

synchrotron in Trieste, Italy.40 The samples were transported to the syn-

chrotron using a UHV sample carrier. The measurements were done with

the sample kept at room temperature and in UHV with a base pressure

of 10−10 mbar after an annealing step at T � 520 K. The spectra were

acquired with a photon energy of 27 eV and a spot size of approx. 1 μm.

The energy and angular resolution were 25 meV and 1◦, respectively.

Theoretical calculations: Periodic density functional theory cal-

culations were performed using the VASP code41 with the projector-

augmented wave method describing ion-core electron interactions.42 Van

der Waals interactions were included using the van der Waals density

function (vdW-DF),43 while local correlation was described by LDA.

The exchange was described on the GGA-level using an optimized form

of the Becke 86 functional.44 Four layered slabs separated by at least

15 Å of vacuum were used to model the Cu(111) surface, with a p(5 x

5) surface super cell, and using the calculated lattice constant of 3.598

Å. The oxidized Cu(111) surface was modelled by the Cu2O(111) sur-

face, using a five-layered slab, represented by 5 copper sub-layers and

10 oxygen sub-layers, and using the calculated lattice constant of 4.273
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Å. The under-coordinated Cu-atoms were removed from the outermost

layer, while an extra layer was included in the slab compared to Cu(111).

This was shown to be the most favorable termination of the Cu2O(111)

surface.30 A p(2 x 2) super cell was used for Cu2O(111), which gives a

length of the super cell vectors of 12.08 Å, close to the length of the super

cell vectors of 12.72 Å for Cu(111). The model of the Cu2O(111) surface

used in the calculation is illustrated in Figure 4.3c. In all calculations

the plane waves were expanded to a kinetic energy cut-off of 500 eV and

a 3 x 3 k-point sampling was used. All structures were optimized until

the residual forces of all atoms were smaller than 0.01 eV/Å, except for

the bottom two layers of the slab that were kept fixed. Transition state

calculations were performed using a combination of the climbing image

nudged elastic band45,46 (CI-NEB) and Dimer methods.47,48 CI-NEB was

used to find an initial estimate of the transition state. This estimate was

then used to setup the starting configuration (central image and dimer)

entering the Dimer method. The structural optimizations of the transi-

tion states were performed until the forces acting on the central images

(constraining the bottom-two layers as mentioned above) were smaller

than 0.01 eV/Å.

100100100



CVD growth of graphene on Cu(111) and oxidized
Cu(111)

Bibliography

[1] Castro Neto, A. H., Peres, N. M. R., Novoselov, K. S., and Geim, A. K. Reviews
of Modern Physics 81(1), 109–162 (2009).

[2] Geim, A. K. Science 324(5934), 1530–1534 (2009).

[3] Schwierz, F. Nature Nanotechnology 5(7), 487–96 (2010).

[4] Han, S.-J., Garcia, A. V., Oida, S., Jenkins, K. A., and Haensch, W. Nature
Communications 5, 3086 (2014).

[5] Voloshina, E. and Dedkov, Y. Physical chemistry chemical physics : PCCP
14(39), 13502–14 (2012).

[6] Batzill, M. Surface Science Reports 67(3-4), 83–115 (2012).

[7] Mattevi, C., Kim, H., and Chhowalla, M. Journal of Materials Chemistry 21(10),
3324 (2011).
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(2010).

[9] Hwang, J., Kim, M., Campbell, D., Alsalman, H. A., Kwak, J. Y., Shivaraman,
S., Woll, A. R., Singh, A. K., Hennig, R. G., Gorantla, S., Rümmeli, M. H., and
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