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Microscopy of Graphene Growth, Processing,

and Properties

Peter Sutter’ and Eli Sutter

The growth and properties of two-dimensional (2D) materials—graphene

as well as related monolayer systems, such as hexagonal boron nitride—on
metals are topics of high scientific and technological interest. Real-time
low-energy electron microscopy (LEEM) can provide unique insight into the
fundamental growth mechanisms of 2D materials on metal substrates. In
combination with in situ spectroscopic measurements, LEEM can greatly
facilitate the search for synthesis and processing protocols that produce 2D
materials with desired properties for applications. Here, progress is reviewed
in understanding the scalable growth of high-quality graphene on metals,
novel processing strategies based on selective chemical reactions at the
graphene/metal interface, and important materials properties (structure,
electronic properties, work function, etc.) by surface microscopy and comple-
mentary methods, using graphene/ruthenium as a model system. The body
of work shows that in situ microscopy can be used as a powerful tool for

advantageous for the fabrication of gra-
phene-based devices, e.g., for high-speed
electronics and radio-frequency applica-
tions."®! However, the carrier mobilities
achieved even with optimized growth
processes, which give rise to relatively
large (several 10 um) graphene domains
with minimal (1 layer) thickness fluc-
tuations have remained far below those
of exfoliated graphene, raising concerns
about possible fundamental limitations
due to intrinsic scattering centers at the
graphene-SiC interface,'”l and pointing
to the need for scalable processes for
synthesizing transferable graphene. Epi-
taxy on metals provides such a process
but has not been considered seriously at
first, despite a string of surface studies of

achieving and probing a wide range of functionalities in 2D materials.

1. Introduction

Graphene has been used to explore the fascinating properties
of ideal two-dimensional (2D) sp? bonded carbon, and owing
to its extreme electronic, mechanical, and chemical character-
istics graphene shows great promise for applications in micro-
or nanoelectronics,¥ nanomechanics,B! sensing,™ chemically
inert coatings,>® as well as a host of novel, less conventional
uses such as reflective optics for neutral atoms and molecules.!”!
The original method for isolating graphene, micromechanical
cleavage of graphite,®? can produce mono- and few-layer gra-
phene with exceptionally high charge carrier mobility showing
unique transport and magneto-transport properties,1%-12 very
low defect density and exceptional mechanical strength,'3! but
its scale-up for the mass production of wafer-scale batches of
graphene with uniform properties poses almost insurmount-
able challenges.

Epitaxial growth is an attractive alternative and has been
pursued actively on SiC(0001),14 inspired by earlier work on
SiC graphitization dating back several decades.™ The use
of a semi-insulating substrate such as SiC can be particularly
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‘monolayer graphite’ on metals such as
Ni,[18,Pt,[1% as well as metal carbides (e.g.,
TiC, TaC?%) since the early 1980s. Interest
in graphene growth on transition metals has spiked following
a report, based primarily on real-time surface imaging by low-
energy electron microscopy (LEEM), of facile graphene growth
in macroscopic domains and with very high crystal quality
by carbon surface segregation on Ru(0001).21 Alternative
approaches, principally the synthesis of transferable graphene
by hydrocarbon chemical vapor deposition (CVD) on thin films
or foils of non-noble transition metals (e.g., Ni,2223] Cul?#) that
are easily etched away to release the graphene for transfer to
arbitrary supports, have followed in rapid succession. Mean-
while, further LEEM investigations of graphene growth on
Ru(0001) single crystals and more recently epitaxial Ru thin
films,#52% complemented by similar studies on other metals,
such as Pt(111),?”] have demonstrated the unique combination
of favorable characteristics of this particular system for large-
scale synthesis of very high quality graphene for applications,
and have provided fundamental insight into the interaction of
graphene with transition metals as well as novel processing
approaches aimed at tuning the graphene-metal interface.
Here, we review the rich set of phenomena exposed by
cathode lens microscopy?®?! (LEEM, PEEM) experiments that
are relevant for practical applications or are of fundamental
interest, including the competition between different carbon
supplies in growth processes on metal single crystals and thin
films, the scalable growth of few-layer graphene with controlled
thickness, the graphene-metal interfacial interaction, and the
modification of the graphene-metal coupling by adding gra-
phene layers or by intercalation and chemical modification of
the metal surface beneath a graphene sheet. Finally, we show
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that relatively simple modifications of metal surfaces by gra-
phitic carbon and other species (e.g., oxygen) can be used to
achieve nanometer-scale variations of the local surface poten-
tial, important for adjusting the local work function for optimal
charge transfer in contacts to photovoltaic or nanoelectronic
devices.

2. Graphene Growth

A viable technology for the large-scale production of graphene
has to fulfill a number of important practical requirements
(Figure 1). These include the use of a suitable substrate that
is either sufficiently inexpensive or recyclable, and available in
large sizes either in the form of wafers, thin films, or foils; and
a growth process, such as chemical vapor deposition (CVD),
which is readily scaled up to large substrate sizes. The graphene
produced by such a process should contain a very low density
of both point defects and extended defects comparable to the
highest-quality exfoliated material. Ideally, the chosen substrate
should have a crystalline surface mesh that provides a lattice-
matched template for graphene epitaxy. In this case, assuming
a conventional scenario of nucleation and growth, graphene
domains that nucleate independently on the substrate surface
will be in registry with one another both in lateral spacing and
azimuthal orientation, i.e., can eventually coalesce to a contin-
uous, defect-free layer.

This ideal case is realized very rarely, and most substrates
considered to date have a significant lattice mismatch with
respect to the graphene mesh. Given the extraordinary stiff-
ness of the graphene lattice, this misfit is not (as in ordinary
strained-layer heteroepitaxy®”)) accommodated by straining the
layer up to a critical thickness and introduction of dislocations
thereafter. Instead, the growing graphene sheet adopts a moiré
structure, i.e., it remains nearly unstrained and forms a higher-
order commensurate structure (typically a nxn/(n+1)x(n+1)
coincidence lattice) with the underlying substrate.?1534 A

W Scalable fabrication (large area).
W Device-quality graphene.

W Transferable (support matters!).
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graphene layer growing in such a moiré structure is invariably
polycrystalline, and even if all nuclei share the same in-plane
orientation, neighboring grains (or domains) are likely out
of registry due to a finite in-plane shift.’® In fact, for a nxn
coincidence lattice there are n? different possible nucleation

M Large (macroscopic ) domain size.
B Uniform domain orientation.

B Uniform thickness (1 ML - 5 ML).

Figure 1. Requirements of a scalable graphene synthesis technology.
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geometries, i.e., adjacent domains that nucleate independently
from one another are expected to form a line defect upon coa-
lescence in a majority of cases. To minimize the density of these
defects, it then becomes necessary to control the growth pro-
cess so that nucleation is sparse and the individual (monocrys-
talline) domains are as large as possible.?!) Depending on the
strength of the graphene-substrate interaction, the graphene
will either be aligned with the substrate lattice (strong cou-
pling) or it can grow in several rotational variants with different
in-plane orientation (typical for weak substrate coupling). In
the latter case, found for example on Cu and Pt substrates,
coalescing domains will be separated by various large-angle
boundaries that can have complex atomic arrangements.
Assuming that these boundaries are detrimental to the desired
properties of the graphene sheet-which is not necessarily the
case, e.g., the mechanical strength may actually be increased
by domain boundaries®®—the conclusion is again reached that
the domain size should be maximized to minimize the density
of line defects.

An issue of particular importance in graphene growth,
which has proved to be particularly difficult to achieve, is thick-
ness control. The electronic properties of graphene change
significantly with the addition of an individual atomic layer.
For example, the bands of monolayer graphene show a linear
dispersion near the Fermi energy (characteristic of massless
Dirac fermions), whereas the dispersion for bilayer graphene
is quadratic (massive Dirac quasiparticles).’”3® Disorder in
the form of thickness fluctuations should therefore signifi-
cantly affect the transport properties by inducing charge carrier
scattering, putting a premium on any growth processes that
provide layer-by-layer thickness control. For metal substrates
that combine weak graphene-metal interaction and low inter-
stitial carbon solubility (see below), such as Cu,Yl graphene
CVD growth essentially stops at a thickness of one layer, since
the graphene-terminated metal is highly inert and has a very
low dissociative sticking coefficient for typical hydrocarbon
growth precursors. While such systems are advantageous for
monolayer graphene growth, they are not suitable for the con-
trolled synthesis of bilayer or thicker few-layer graphene.

Finally, most substrates—the semi-insulating SiC being one
of the few exceptions-require that the synthesized graphene
sheet is isolated and transferred to a support suitable for the
chosen application. For non-noble metals, transfer techniques
utilizing the stabilization of the graphene film by a deposited
polymer layer combined with wet-chemical etching of the sac-
rificial metal template have been developed???3l and optimized
to yield transferred graphene without folds and with few addi-
tional defects.?”) For noble metals, electrochemical transfer
techniques are beginning to emerge,*”! which have the signifi-
cant advantage of allowing the removal of the graphene sheet
without consuming the metal template. Such methods, so far
demonstrated only for systems with very weak graphene-metal
coupling (e.g., Pt(111)%), may enable the use of noble (and
costly) metal templates for the growth of transferable, high-
quality graphene.

Most graphene growth processes on metals are variants of
chemical vapor deposition, and involve the high-temperature
exposure of the substrate to a hydrocarbon gas, such as eth-
ylene, methane, or acetylene. The precursor molecules adsorb
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on the hot transition metal surface, on which they are catalyti-
cally dehydrogenated to release carbon atoms onto the surface.
The mode in which this carbon eventually assembles into gra-
phene depends on the interstitial carbon solubility in the sub-
strate lattice. In equilibrium at high temperatures, transition
metals such as Ru, Re, and Rh can hold moderate amounts
(=1 atomic percent) of carbon in interstitial sites (Figure 2a and
inset).*!] The C solubility in Ir is about ten times lower and
that of Cu is negligible up to the melting temperature. Ni holds
much more C, has a complex phase diagram*? and can form
stable surface carbide phases.[*l When a metal with finite inter-
stitial C solubility, such as Ru, is exposed to C at high tempera-
ture, the C supply divides into C adatoms and atoms absorbed
into interstitial sites, in a ratio that depends primarily on the
interstitial C solubility at this temperature. For a sufficiently
high supersaturation of C adatoms (e.g., high hydrocarbon gas
pressures or long exposures), graphene can directly nucleate
and grow by consuming the surface C (surface process, (1) in
Figure 2b). In the other extreme, no graphene nucleates during

T(°C)
1000
|

a 1200 1100 900 800

Figure 2. Graphene growth on transition metals. a) Temperature
dependent solubility of interstitial carbon in 4d and 5d late transition
metals. Inset: lllustration of the octahedral interstitial site in hexagonal-
close-packed Ru. b) Graphene growth modes on transition metal sub-
strates exposed to hydrocarbon gas at high temperature: (1) Direct
chemical vapor deposition via hydrocarbon dehydrogenation and carbon
surface diffusion. (2) Uptake of carbon atoms into interstitial sites, fol-
lowed by carbon surface segregation and graphene growth upon con-
trolled cooling.
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Figure 3. Low-energy electron microscopy (LEEM). a) Schematic beam path in low-energy electron microscopy (LEEM, blue + yellow) and photoelec-
tron microscopy (UV-PEEM, yellow). In LEEM mode a collimated electron beam from a thermal (LaBg) or field emission source is backscattered and
used to obtain an image or diffraction pattern from the sample. In PEEM a high intensity beam of UV photons excites photoelectrons from the sample,
which can be used for photoelectron imaging or diffraction. In all operating modes, the sample can be heated or cooled, exposed to gases or vapors
from thermal or electron beam evaporator sources. b) Elmitec LEEM V microscope. c) Elmitec LEEM Il microscope with imaging energy filter.[6]

hydrocarbon exposure and most liberated C is stored in intersti-
tial sites in the metal. For bulk crystals and thick foils or films,
the total amount of interstitial C can readily amount to sev-
eral graphene monolayers. A controlled temperature decrease
causes the reduction of the interstitial C solubility of the metal
substrate; the excess C atoms segregate to the surface, add to
the adatom population and induce the controlled nucleation
and growth of graphene (segregation process, (2) in Figure 2b).
In practice, the two processes coexist and both surface C and C
segregating from the bulk contribute to graphene growth.

3. Real-Time and Spectroscopic Surface
Microscopy: Powerful Tools for Studying
Graphene Growth and Properties

Real-time (in situ) microscopy, which has proven to be a pow-
erful tool for studying thin film growth* and properties*!
in the past, has dramatically accelerated the understanding of
the processes involved in graphene growth. The use of in situ
microscopy not only allows the quantitative analysis of nuclea-
tion and growth, but it can also provide rapid access to a far
larger portion of the growth parameter space than is typically
feasible via sequential growth and ex-situ characterization.
Most importantly, techniques that allow observations under
actual growth conditions (i.e., high temperature, elevated gas
pressure, etc.) can detect and analyze complex phenomena that
are difficult to identify via the conventional separate growth and
characterization, including the possible role of structures that
occur only under actual growth conditions.

As part of its signature theme of “in situ/operando micros-
copy and spectroscopy”, the Interface Science and Catal-
ysis group in the Center for Functional Nanomaterials at

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Brookhaven National Laboratory operates two low-energy elec-
tron microscopes (LEEMs) as well as complementary instru-
mentation for scanning probe microscopy (SPM) and ambient-
pressure synchrotron X-ray photoelectron spectroscopy. The
two LEEM systems are equipped for real-time observations of
graphene growth (Figure 3a) and complementary spectroscopic
measurements. While a base pressure in the low 1071 torr
range provides a controlled environment, CVD growth can be
performed at gas pressures up to =5 X 107° torr. Other capabili-
ties include thermal and electron beam evaporation for molec-
ular beam epitaxy and the possibility of introducing a variety
of reactive gases, enabling the study of processes such as inter-
calation and etching in real time. Using low-energy electrons
for imaging or diffraction, observations can be performed at
video rate with high spatial resolution (6-8 nm lateral resolu-
tion within a 3 um field of view), or—often more important for
studies on graphene-across a large field of view up to 100 um
(at correspondingly reduced lateral resolution). The vertical res-
olution is typically 1 atomic layer, and stems either from inter-
ference contrast at atomic surface steps or from differences in
low-energy electron reflectivity for films of different thickness
(e.g., monolayer and bilayer graphene).

A Elmitec LEEM V field-emission microscope (Figure 3b)
uses a Schottky field-emission electron gun for high-resolution
LEEM and micro-diffraction, and a Hg short-arc lamp as an exci-
tation source for photoelectron emission microscopy (PEEM).
A second microscope (Elmitec LEEM III, Figure 3c) equipped
with an imaging energy analyzer (energy resolution=0.2 eV) is
operated at beamline USUA of the National Synchrotron Light
Source (NSLS).*Sl Exposure to ultraviolet (UV) photons in the
energy range from =15-150 eV in conjunction with energy fil-
tering enables a host of operation modes in PEEM, including
microscopy using valence or shallow core-level photoelectrons,

Adv. Funct. Mater. 2013, 23, 26172634
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Figure 4. Graphene growth on Ru(0001) during exposure to ethylene at high temperature. Schematics showing a) a possible limited graphene expan-
sion due to strong interaction with surface steps, and b) the coherent, carpet-like flow of monocrystalline graphene domains across substrate steps.
c—g) Time-lapse image series of the expansion of a single-crystalline monolayer graphene (MLG) domain via lateral edge-flow due to carbon incorpo-
ration. Lines indicate the direction of atomic steps (average spacing: =200 nm) on the Ru substrate. Elapsed time after graphene nucleation: 4 s (a);
20 s (b); 40 s (c); 80 s (d); 440 s (e). Temperature: 820 °C, ethylene pressure 8 X 107 torr. h) Contours of the graphene domain at different times (in
seconds), showing the anisotropic expansion of the domain: rapid growth along atomic terraces and downhill across Ru surface steps, slow growth

in the uphill direction across Ru steps.

selected-area angle-resolved photoelectron spectroscopy (micro-
ARPES), and local UV or X-ray photoelectron spectroscopy.

4. Real-Time Microscopy of Graphene Growth
on Ru(0001)

The real-time imaging of surface processes, such as graphene
growth, in direct (LEEM) and reciprocal space (LEED) is one of
the well-known applications of cathode lens microscopy. Micro-
scopic observations can be performed with high (=100 ms)
temporal resolution under actual growth conditions, and the
results can be analyzed quantitatively to extract important char-
acteristics such as the growth rates of individual 2D nuclei, the
rate of expansion in different directions on the surface, the con-
centration of surface carbon atoms, etc. Hence, such studies
are powerful in providing a quantitative understanding of gra-
phene growth.

Aside from the different modes of carbon supply discussed
above, and the specific incorporation mechanism of carbon
atoms into the graphene edge,*’! the interaction with surface
steps is a key aspect of the growth of graphene comprising
macroscopic monocrystalline domains on metal substrates,
such as Ru(0001).21 A clean, well-defined metal surface con-
sists of atomically flat terraces separated by monolayer high
steps. Typical step separations fall into the range between
=10-200 nm. Since surface steps represent low-coordinated
sites and are distinctly more reactive than terrace sites, the

Adv. Funct. Mater. 2013, 23,2617-2634
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interaction with substrate steps could limit the ultimate size of
graphene domains on metals (Figure 4a), thus causing a high
density of graphene domain boundaries comparable to the step
density of the substrate. Instead, LEEM observations of the
nucleation and growth on Ru substrates have demonstrated
that monocrystalline graphene domains can grow coherently
across substrate steps (Figure 4b),2!] which enables the growth
of graphene layers consisting of macroscopic domains with
lateral sizes of tens or even hundreds of um. However, even
though the interaction with steps is sufficiently weak to allow
monocrystalline graphene domains to extend across many
substrate steps, real-time microscopy shows that the interac-
tion with Ru steps cannot be neglected entirely, but causes
anisotropic growth rates along different in-plane directions
(Figure 4c—g) and gives the graphene nuclei their character-
istic lens-shaped appearance. Following the initial nucleation,
which appears to occur generally at step-sites (Figure 4c),’!
the graphene domain extends rapidly along steps and across
steps in the downhill direction. While not completely sup-
pressed, growth across steps in the uphill direction is signifi-
cantly slower (Figure 4h). This slow uphill step crossing has
been explained by pinning of the graphene edge by underco-
ordinated step atoms.?!] Monolayer graphene interacts with a
flat metal substrate primarily through hybridization of the out-
of-plane 7 orbitals with metal d bands, while in-plane o states
participate in sp? bonding. This picture breaks down when a
graphene edge meets a substrate step. The lattice orientation of
graphene on Ru(0001) implies that a zigzag graphene edge with
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Figure 5. Mode of the slow graphene growth uphill across Ru surface steps. a—e) Time-lapse image series of the expansion of a single-crystalline
monolayer graphene (MLG) domain via lateral edge-flow due to carbon incorporation. Elapsed time (relative to (a)): 30 s (b); 40 s (c); 50 s (d); 60 s
(e). f) Schematic showing the uphill expansion of the domain across Ru steps. The graphene zigzag edge projected toward the step is pinned at the
step (red lines). (1) Spontaneous local unpinning of the graphene edge; (2) Lateral graphene expansion along the upper terrace.

localized dangling o bonds*®l is projected onto atomic substrate
steps. A graphene boundary encountering an uphill step maxi-
mizes the orbital overlap and becomes immobilized at the step
edge. Conversely, a graphene sheet growing in the “downhill”
direction shows minimal overlap of the edge states with the Ru
step, and can flow uninhibited in a carpet-like fashion across
the step. This growth mode results in macroscopic graphene
domains reaching hundreds of um in size, far larger than the
substrate step spacing.2!

The fast growth along atomic terraces and downbhill across
steps can be understood by the facile incorporation of small
carbon clusters into the graphene edge, which leads to a nearly
continuous expansion by edge attachment. The residual, very
slow growth in the uphill direction involves a more complex
mechanism that can be identified from real-time LEEM image
sequences on Ru surfaces prepared to contain bunches of mul-
tiple steps (Figure 5a—e). While largely suppressed, sponta-
neous uphill step crossing of the graphene is observed in small
sections of the pinned edge. Once the edge has crossed the step
it can rapidly extend further until it becomes pinned by the next
step. The subsequent growth occurs along the upper terrace
until it is fully covered by graphene. This two-step unpinning
and growth mechanism is illustrated schematically in Figure 5f.
Growth on other metals, such as Pt,?”) Ir,*) or Cul% does not
involve the pronounced anisotropy in the graphene growth rate
observed here for Ru(0001), but instead shows nearly isotropic
growth rates and strongly faceted graphene domains. This dif-
ference in the growth and shape of graphene nuclei is a first
indication of a strong interfacial interaction between a gra-
phene monolayer and the Ru substrate, in contrast to the much
weaker coupling of graphene to other metal substrates. Several

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

other graphene properties that are governed by this coupling to
the Ru substrate will be discussed in greater detail below.

As the individual graphene domains expand laterally, they
ultimately coalesce (as shown in the early stages in Figure 4g)
to form a complete graphene monolayer. The ability to grow
few-layer graphene beyond the initial atomic layer depends
on the growth mode employed. Studies using low-pressure
(< 107 torr) hydrocarbon exposures of Ru thin films, which
provide a negligible reservoir for interstitial carbon, have shown
that CVD growth by a surface mechanism alone self-terminates
with the completion of a monolayer graphene sheet.?%l A sim-
ilar selftermination is observed for example on Cul** and Ir,*’!
which have either negligible or low carbon solubility at typical
graphene growth temperatures. CVD growth on Cu at higher
pressures leads to minority areas that exceed monolayer thick-
ness, but this type of growth is seen as a parasitic effect and
has not been harnessed for controlled few-layer graphene syn-
thesis. Graphene growth by a carbon segregation mechanism
can involve amounts of interstitial carbon that are sufficient for
forming multiple graphene layers. Indeed, the primary diffi-
culty in graphene growth on metals with high carbon solubility
(e.g., Ni) is the uncontrolled carbon segregation during cooling,
which typically results in thickness fluctuations of several
layers.?2l Alternative growth processes on Ni that suppress this
uncontrolled multilayer growth have only recently been identi-
fied, but their primary goal has been to offer more control in
the synthesis of monolayer graphene.!>2]

Previous work has shown that in segregation growth on
Ru(0001) the first graphene layer can grow to full substrate cov-
erage before the nucleation of a second graphene layer.['”] Real-
time LEEM observations have been crucial in exploring the

Adv. Funct. Mater. 2013, 23, 2617-2634
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Figure 6. Layer-by-layer graphene growth on Ru(0001) by carbon segregation. Sequence of LEEM images obtained during slow cooling of a carbon-
enriched Ru(0001) crystal from about 900 °C. At 870 °C, full substrate coverage of monolayer graphene (G;) is obtained and retained during further

cooling to 830 °C. Further cooling induces the sequential nucleation and growth of a second graphene layer (G
3) up to full substrate coverage of trilayer graphene.

bilayer, followed by the nucleation and growth of a third layer (G

possibility of controlled few-layer graphene growth by carbon
segregation on Ru(0001), and the results indicate that a con-
trolled layer-by-layer graphene growth on Ru is indeed feasible
(Figure 6). Following the uptake of carbon into interstitial sites
in the bulk Ru crystal by exposure to ethylene at high tempera-
ture (=1000 °C), the sample is cooled slowly in UHV to induce
carbon segregation to the surface. The first graphene layer (G)
is completed at =870 °C. Notably, upon completion of G; the
temperature can be lowered significantly without any onset of
second layer (G,) nucleation. This observation suggests that a
sizable carbon supersaturation near the surface is required to
induce the onset of G, nucleation. Nucleation eventually takes
place at 820 °C, and upon further cooling the G, domains grow
and coalesce to a complete layer, similar to G; previously. Fur-
ther cooling induces the nucleation, growth, and coalescence of
third layer (G3) domains. However, in contrast to the G; — G,
transition, only a minimal temperature reduction is necessary
to induce G; nucleation in the presence of a complete graphene
bilayer, pointing to possible differences in the nucleation and
growth mode of G, and Gj;. Overall, these observations show
that controlled carbon segregation on bulk Ru(0001) or suffi-
ciently thick Ru films can be used for the scalable layer-by-layer
synthesis of few-layer graphene with one to at least three layers
thickness.

5. Graphene on Ru(0001): Structure and Substrate
Interaction

A strong coupling between graphene and Ru(0001) has been
indicated by the anisotropic growth of monolayer graphene

Adv. Funct. Mater. 2013, 23,2617-2634
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2) up to the completion of a graphene

domains. The strong interfacial interaction has been confirmed
through measurements of other properties of graphene/Ru,
such as the electronic band structure (addressed in section 7).
Here, we review the consequences of this strong substrate cou-
pling on the structure and morphology of graphene on Ru.

The atomic structure of monolayer graphene/Ru(0001) is
shown in Figure 7a. LEED (Figure 7b) and STM (Figure 7c)
consistently show a moiré structure with about 3 nm repeat dis-
tance, in which approximately 12 x 12 unit cells of graphene
match 11 x 11 unit cells of the Ru surface mesh. The corrugated
monolayer graphene/Ru moiré (Figure 7c) consists of a ‘high
or atop region, centered in one half of the unit cell thombus,
where the C atoms occupy fcc and hep hollow sites relative to
surface Ru atoms, and two distinct low’ areas with (top, hcp)
and (top, fcc) registry,?134 which provide sites with different
reactivity for the adsorption of other species (e.g., metal nano-
clusters).P3>4 A careful synchrotron X-ray diffraction study has
revealed that the primitive unit cell of the moiré has a perio-
dicity of twice this value.P! Electron diffraction further shows
a fixed relative orientation of the graphene and Ru lattices such
that the (1010) in-plane directions of graphene layer and sub-
strate are aligned with one another. In some experiments small
azimuthal misorientations were detected, depending on the
preparation conditions.”® Even so, any boundaries separating
coalescing graphene domains will be small-angle boundaries
with near zero (few degrees at most) relative misorientation
between the adjacent graphene lattices.

The addition of a second graphene layer causes only minor
changes in the diffraction pattern (Figure 7d). Importantly,
the coincidence lattice between the graphene layer and the
substrate stays nearly unchanged. This result implies that the
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Figure 7. Atomic structure of graphene on Ru(0001). a) Schematic of the monolayer graphene/
Ru(0001) moiré structure. The high (fcc, hcp) and the two different low regions of the moiré
(with (top, hcp) and (top, fcc) stacking, respectively) are marked. b) Micro-LEED pattern of
monolayer graphene on Ru(0001). c) STM image of monolayer graphene/Ru(0001), showing a
moiré with =3 nm rhombic unit cell. d) Micro-LEED pattern of bilayer graphene on Ru(0001).
e) STM image of bilayer graphene/Ru(0001), showing a honeycomb lattice similar to isolated

graphene.

second graphene layer has the same in-plane orientation as the
first, i.e., the two sheets in bilayer graphene on Ru(0001) are
not twisted relative to one another as observed for other sys-
tems of graphene on metal (e.g., Ni(111)%7)) and as suggested
by calculations for graphene/Ru(0001).°8 LEED intensity-
voltage (I-V) characteristics suggest Bernal (A-B) stacking in
the bilayer, with an interlayer spacing (3.0 A) close to that of
bulk graphite (3.34 A).2!l STM of bilayer graphene on Ru(0001)
probes primarily the structure of the topmost layer and shows a
dramatic change compared to monolayer graphene (Figure 7e).
Instead of the mostly triangular lattice with varying registry
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observed for the complex moiré structure of
monolayer graphene, bilayer graphene on
Ru(0001) shows a well-resolved honeycomb
structure similar to that of exfoliated gra-
phene transferred to Si0,.13"

The separation between monolayer gra-
phene and the substrate is clearly the most
direct manifestation of the graphene-metal
interaction. All measurements and calcula-
tions consistently show a strong coupling
between monolayer graphene and Ru(0001),
which should be manifested by a small sepa-
ration between the topmost Ru and lowest C
atoms, but there is no general agreement in
the values for the graphene-metal spacing.
The comparison of I-V LEED data with simu-
lations have indicated a very small spacing
(145 A), but involved a large uncertainty
due to a simplified commensurate model.?!
Density-functional theory suggested a closest
separation of 2.2 A, but may not correctly
represent the actual separation because of dif-
ficulties in taking into account van der Waals
interactions.” With the advent of the capa-
bility to grow high-quality graphene on Ru
thin films on Si0,/Si,% and especially on
well-ordered epitaxial Ru(0001) layers on sap-
phire substrates,”! a direct measurement
of the graphene-metal spacing via cross-
sectional transmission electron microscopy
could be envisioned.’3 Figure 8 shows the
results of such experiments, analyzed by
comparison with dynamic high-resolution
TEM image contrast simulations, in which
the graphene-metal spacing was varied sys-
tematically to obtain an optimal match with
experiment. The contrast simulations are
necessary because the image interpretation is
not straightforward; for example bright spots
in the metal layer do not correspond to Ru
atoms, but the computed electron density
(i-e., atom positions) map shows that they are
actually interference fringes between layers
of Ru atoms. A best fit between the experi-
mental and simulated images is obtained
for a separation between the lowest carbon
atoms of the corrugated graphene sheet and
the Ru surface of (1.8 £ 0.1) A, i.e., somewhat
lower than suggested by DFT.53!

6. Growth of High-Quality Transferable Graphene
on Epitaxial Ru Films

Robust methods for the scalable fabrication of graphene with
macroscopic domain size and uniform thickness are critical to
harnessing the unique properties of graphene in applications.
Growth on non-carbide forming metal substrates has recently
emerged as one of the most promising ways of producing

Adv. Funct. Mater. 2013, 23, 2617-2634
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Experiment Simulation El. density

Figure 8. Substrate separation of monolayer graphene on Ru(0001). Left:
High-resolution cross-sectional TEM image of monolayer graphene on
Ru(0001). Center: Dynamic high-resolution TEM image contrast simula-
tion for a separation of 1.8 A between the topmost Ru atoms and the
lowest-lying carbon atoms in the corrugated graphene moiré.’* Right:
Electron density map, showing the positions of C and Ru atoms. Adapted
with permission.*®l Copyright 2011, Elsevier.

a | Bulk crystals/thick metal films:
Few-layer graphene — C segregation

b Thin/strained films: Single layer
graphene — surface C only

www.afm-journal.de

high-quality graphene.?'*! The primary strategy for the syn-
thesis of transferable graphene involves the growth on sacrifi-
cial transition metal thin film or foil templates, which ensure
the growth of high-quality graphene films but can be etched
away to transfer the graphene to a different support. The imple-
mentation of this methodology has been demonstrated for
Nj,[22:23,61.62] Cy [63-65] Ry, [5:25:601 and Col®®) substrates.

In addition to the commonly used polycrystalline films
and foils, a number of epitaxial transition metal templates
for graphene growth have recently been demonstrated,
including Ru(0001),2>67] Tr(111),8] Cu(111),1%% Ni(111),1”) and
Co(111)[77% on c-axis sapphire, and Ni(111) on MgO(111)."1
Heterostructures of graphene-terminated epitaxial metal films
are beginning to enable new applications, for example graphene
on Ru(0001)/Al,05(0001) has recently been demonstrated in
high-reflectivity ambient-stable mirrors for neutral atomic
beams.”] Generally, epitaxial thin metal films can have several
potential advantages—primarily due to the high template sur-
face quality and absence of grains and grain boundaries in the
metal film—compared to polycrystalline graphene growth tem-
plates, including: (i) azimuthal alignment (i.e., uniform lattice
orientation) of graphene over macroscopic areas; (ii) no areas
(e.g., grain boundaries) with preferential carbon segregation;
and (iii) uniform metal film thickness, which can then become
a design parameter for tailoring graphene growth (Figure 9a,b).

Real-time LEEM experiments on ultrathin epitaxial
Ru(0001)/Al,05(0001) (Figure 9c) have demonstrated a very low
surface roughness comparable to Ru(0001) single crystals and a
remarkable thermal stability (up to > 1400 °C), suggesting that
it should be possible to translate all of the desirable graphene
growth properties identified on single crystals, such as macro-
scopic domain size, azimuthal alignment, low defect density,
etc., to a thin film template from which the graphene can be
isolated and transferred to arbitrary supports. Real-time micros-
copy has demonstrated efficient mechanisms for the removal of
oxygen-rich surface contaminants via exposure to a hydrocarbon

Figure 9. Graphene growth on epitaxial Ru(0001) thin films on c-axis sapphire. a) Schematic showing the growth of few-layer graphene on bulk
Ru(0001) or thick Ru films by combined CVD and carbon segregation. b) Schematic showing the suppression of carbon storage in interstitial sites
in an ultrathin epitaxial metal film, leading to self-terminating growth of monolayer graphene by CVD alone.[?l ¢) Cross-sectional TEM image of the
epitaxial Ru(0001) graphene growth template on Al,03(0001). d) STM image of a full graphene monolayer on an epitaxial Ru(0001) thin film template.
Inset: High-resolution STM image, showing the ordered moiré structure of graphene on the Ru(0001) thin film.

Adv. Funct. Mater. 2013, 23, 26172634 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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precursor gas, and have proven that large graphene domain
sizes and in-plane aligned graphene and Ru lattices are
obtained similarly to growth on Ru single crystals.?%l In con-
trast to single crystals, epitaxial Ru thin films with thickness
below 100 nm show very limited carbon uptake into intersti-
tial bulk sites, as may be expected due to the limited Ru thick-
ness and accordingly reduced total carbon storage capacity
of the films (Figure 9a,b). LEEM experiments on the dissolu-
tion and regrowth of graphene showed carbon uptake even
below that expected for a thin film with bulk-like carbon solu-
bility.l%l Elastic lattice strain, identified as the primary reason
for the strongly suppressed carbon solubility, can thus be used
together with the film thickness to tune the capacity to store
and release interstitial carbon in the epitaxial Ru films. The
low equilibrium carbon solubility of the thin Ru templates and
concomitant suppression of carbon uptake/surface segregation
enables the growth by a pure surface process, which self-termi-
nates after the completion of the first layer and thus provides
pure monolayer graphene (Figure 9d).

In comparison to other, less noble metal substrates such as
Cu and Ni, Ru is significantly more difficult to etch, which com-
plicates the graphene transfer process. Nevertheless, the transfer
of graphene grown on epitaxial Ru thin film templates via wet
chemical etching of the metal has been demonstrated.?! Opti-
mization is needed to further reduce the defect density of the
transferred graphene, e.g., by using stabilizing polymer layers
employed in the transfer from other metal substrates and by
identifying etching solutions with enhanced selectivity for Ru.
An additional, independent verification of the well-ordered struc-
ture and low defect density of graphene grown on epitaxial Ru
films is provided by measurements that show the low reactivity
(i-e., protection of the metal surface against oxidation) upon
exposure to ambient conditions. Thermal He and H scattering
on graphene/Ru sandwich structures after long-term (>1 month)
exposure to air showed two orders of diffracted beams due to the
graphene/Ru moiré structure, suggesting a high-quality, long-
range ordered moiré structure equivalent to that on Ru single
crystals.”] The easy recoverability of this clean and highly ordered
surface by mild annealing in vacuum demonstrated the perfect
surface protection by the graphene layer and a very low overall
reactivity of this surface. The combination of this surface pas-
sivation with a high specular reflectivity of neutral atomic and
molecular beams (23% for He; 7% for H;) makes this graphene
on Ru(0001) thin films promising for applications in atomic and
molecular beam optics, for example as surface mirrors for scan-
ning He atom microscopy!’>”3! or atomic physics.

7. Electronic Structure of Few-Layer Graphene
on Ru(0001)

Beyond the real-time surface imaging and diffraction analysis
discussed above, LEEM-based methods can provide a range of
complementary measurements to assess functional properties
at the nanometer length scale. These methods become par-
ticularly powerful if synchrotron radiation is harnessed as an
excitation source for photoelectrons. Passing the photoemitted
electrons through an energy analyzer opens up the capability to
map the electronic band structure analogous to angle-resolved

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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photoelectron spectroscopy (ARPES), but within a small (in
our case 2 um diameter) region of interest on the sample sur-
face, defined by placing an aperture in a virtual image plane
of the microscope (selected area or micro-ARPES). This ability
to probe the local band structure near surfaces provides a pow-
erful tool to assess the thickness-dependent electronic structure
of layer-by-layer synthesized few layer graphene on Ru(0001).

For our LEEM III microscope with imaging energy ana-
lyzer, installed at NSLS beamline USUA,9 the principle of
this micro-APRES measurement is illustrated in Figure 10 for
a sample consisting of a complete graphene monolayer (G;)
on Ru(0001) with additional smaller second-layer nuclei (G,).
Within the real-space LEEM image, a field-limiting aperture is
placed to define the region of interest (Figure 10a). With the
sample exposed to a focused beam of ultraviolet (UV) synchro-
tron radiation (photon energy hv = 42 eV, providing high sur-
face sensitivity), the microscope is switched to diffraction, thus
projecting an energy-filtered photoelectron diffraction (PED)
pattern onto the detector (Figure 10b). Assuming primarily
initial state contributions to the angle-resolved photoelectron
intensity, the individual energy-resolved PED intensity patterns
correspond to constant-energy cuts through the near-surface
band structure. The pass-energy of the analyzer can then be
varied incrementally from about -20 eV to Fermi-level to acquire
3D (k, ky, E) maps of the entire band structure (Figure 10c)
beyond the first Brillouin zone. In our setup, complete snap-
shots of the local electronic structure of graphene (-15 eV to
0 eV, 0.1 eV increments) are acquired within about 10 min.
From this 3D data set, desired projections, e.g., along high-
symmetry directions in reciprocal space, can be computed for
analysis and visualization purposes (Figure 10d).

Figure 11 shows the evolution of the electronic structure
from monolayer to trilayer graphene on a Ru(0001) substrate.
The plots focus on the vicinity of the K-point, i.e., the region
in reciprocal space in which the linear valence and conduc-
tion bands of isolated (undoped) monolayer graphene meet at
the charge neutrality point.3¥l The electronic structure of the
Ru substrate has also been measured and is in good agree-
ment with the calculated projected band structure of clean
Ru(0001).7* The growth of a single graphene layer on Ru(0001)
has little effect on the occupied bands near the Fermi energy.
Near K, it maintains relatively diffuse bands separated by
narrow (=1 eV) gaps, characteristic of the Ru substrate. At
higher binding energy (not shown in Figure 11), well-developed
, shifted significantly (2.6 eV) lower in energy compared to
free-standing graphene, and weaker o bands accompany the
formation of a graphene monolayer.l”>! Importantly, the 7-band
does not cross the Fermi level, and the characteristic Dirac
cones of free-standing monolayer graphene are completely
lifted. These characteristics are a direct consequence of the
strong coupling between monolayer graphene and the Ru sub-
strate, as suggested by other experimental evidence, such as the
close graphene-metal spacing, discussed above. For monolayer
graphene on Ru(0001), the same conclusion has been reached
by other studies, based on X-ray absorption’® and angle
resolved photoemission!”’! experiments, and similar effects of a
strong substrate coupling on the electronic band structure have
been found for monolayer graphene on Rh(111),78 Ni(111),”")
and on several transition metal carbides.?%

Adv. Funct. Mater. 2013, 23, 26172634
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Figure 10. Micro-ARPES measurement by energy-filtered synchrotron PEEM. a) Large-scale LEEM image (100 pum field of view), showing a full graphene
monolayer (G;) and smaller nuclei of a second graphene layer (G,) on Ru(0001). A yellow circle (‘A’) shows the size of the field-limiting aperture of the
microscope. b) Energy-filtered photoelectron diffraction pattern (energy E = 4.0 eV below the Fermi level), obtained within a 2 um region of interest
in one of the bilayer graphene domains shown in a. c) Full three-dimensional (k,, k,, E) band map beyond the first Brillouin zone, assembled from a

x1 Ky

stack of photoelectron diffraction patterns measured in —0.1 eV energy increments from the Fermi energy. d) Projected band map along the I'-K and
I'-M directions of the graphene Brillouin zone, derived from the three-dimensional data shown in c. Dashed lines show the bands of free-standing

graphene, shifted rigidly by 0.5 eV to lower energy.

Layer-by-layer graphene growth on Ru(0001) beyond the
monolayer produces bilayer and finally trilayer graphene. Fur-
ther micro-ARPES measurements on these few-layer graphene
films provide an understanding of the evolution of the band
structure with the addition of individual graphene sheets.l”” The
transition from monolayer to bilayer graphene leads to particu-
larly pronounced changes in the electronic structure (Figure 11).
A narrow, intense m-band of the outer layer, whose width is lim-
ited by the resolution of the energy analyzer, now crosses the
Fermi level (Ef). The bilayer shows n-bands with linear disper-
sion that closely match the calculated tight-binding bands of
free-standing graphene,®! except for a shift to lower energy due
to residual electron doping by the adjacent metal (Ep =-0.5 eV).
The Fermi velocity of (1.0 £ 0.1) x 10° m/s, deduced from the
linear n-band dispersion is in excellent agreement with the elec-
tron group velocity in exfoliated graphene.®! Overall, bilayer
graphene on Ru recovers the signature of massless Dirac fer-
mions characteristic of isolated monolayer graphene.

A micro-ARPES map of trilayer graphene shows a band
structure close to that expected for massive Dirac fermions in
free-standing bilayer graphene (Figure 11). The m-bands of the
trilayer appear much broader, with a splitting (0.4 eV)® due
to the interlayer interaction resolved near K, and closely match
the pair of parabolic bands computed for an isolated graphene
bilayer using an approximate Hamiltonian[®! valid near K, with

Adv. Funct. Mater. 2013, 23,2617-2634
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smaller electron doping Ep = -0.30 eV and band velocity v =
1.05 x 10° m/s.

The evolution of the band structure of few-layer graphene on
Ru is strikingly similar to that of epitaxial graphene on SiC,[8384
for which an interfacial “buffer layer”—strongly coupled to the
SiC substrate and without linear m-bands crossing Eg is followed
by a two-layer sandwich that recovers the Dirac cones of mono-
layer graphene (with nearly identical electron doping as found
on Ru). The micro-ARPES measurements for monolayer and
bilayer graphene on Ru further corroborate conclusions from
Raman spectroscopy. Raman spectra of monolayer graphene on
Ru show a weak G band, but the double-resonant 2D Raman
linel®! is absent. A narrow 2D band appears in bilayer graphene
on Ru,?! confirming that the outer sheet of bilayer epitaxial
graphene/Ru(0001) has essentially the electronic structure of
free-standing monolayer graphene.

It is instructive to compare these results for graphene on
Ru(0001) to other graphene-metal systems. In contrast to the
strong interfacial coupling of graphene on Ru(0001)"! and
Rh(111), the 5d late transition metals have generally shown
much weaker interfacial interactions.’®) Graphene growth on
Pt(111) results in a multitude of rotational graphene domains,
which show a large separation to the underlying metal surface
consistent with a weak van der Waals coupling. Micro-ARPES
measurements confirm this picture, showing well-defined Dirac
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Figure 11. Electronic structure of graphene/Ru(0001). Micro-ARPES band maps of 1, 2, and 3 layer graphene films on Ru(0001), measured through

the K-point in a direction perpendicular to I"-K (inset, red line).

cones and a minimal charge transfer (hole) doping already for
monolayer graphene on Pt(111).1”) Similarly, a nearly preserved
band structure, which is only minimally affected by the metal
susbstrate, has been demonstrated for graphene on Ir(111).18”]
A very weak interaction would be expected for graphene sup-
ported on Au(111), but the direct growth on this surface by
CVD is very challenging due to the low reactivity of Au sur-
faces. A recent report has shown that physical vapor deposi-
tion (i.e., carbon evaporation) can be used to grow graphene on
Au(111).88] Similar to Pt and Ir, this system shows at least two
possible graphene domain orientations, as well as slight hole
doping due to charge transfer from the Au surface.

8. Chemistry Under Cover: Tuning the
Graphene-Metal Interaction

The strong graphene-metal interaction manifested through the
small interfacial spacing and perhaps most directly via the meas-
urements of the band structure makes monolayer graphene on
Ru an interesting model system for studying interfacial pro-
cesses that could modify and possibly weaken the interaction. A
general approach for decoupling the graphene from the metal
can be developed if species are found that will react preferen-
tially with the metal surface beneath an intact graphene sheet.
Oxygen represents such a species, but similar behavior can be
expected for a wide range of atomic and molecular adsorbates
that bind more strongly to Ru than to defect-free graphene and

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

thus experience a thermodynamic driving force for migrating
to the graphene-metal interface. The conditions of exposure to
such reactive species need to be considered carefully due to the
possibility of unwanted “side-reactions”in the case of oxygen,
for example, the combustion reaction to CO, or CO-with the
graphene, and particularly with low-coordinated sites such as
point defects, graphene edges, etc.

O, adsorption on clean Ru(0001) is dissociative, initially
with a sticking coefficient near unity. At low O, pressures,
it gives rise to a progression of ordered O-adlayer structures
beginning with a p(2 x 2)-O structurel®” that is completed at
0.25 ML coverage, and followed by a p(2 x 1)-O structure at
0.5 ML coverage (Figure 12a).°! At this point, the O, sticking
coefficient drops sharply, causing an apparent saturation of
adsorption under low-pressure conditions. Oxygen binds
very strongly to Ru(0001), with a binding energy per atom
much larger than that for monolayer graphene on Ru(0001)
(Figure 12b), suggesting that there should be a strong thermo-
dynamic driving force for oxygen—terminating the metal sur-
face beneath graphene. The reactivity of the graphene surface
to oxygen is much lower than that of the metal and penetra-
tion of atoms and molecules even through a single graphene
monolayer is nearly completely suppressed, as demonstrated
by the fact that graphene-termination of metal surfaces (e.g.,
Ni(111),% Fe/Ni(111),°3] Ru(0001),>”! Cu and Cu alloys!®)) can
be used as an atomically thin but still very efficient coating
to prevent the oxidation of metal surfaces during exposure to
ambient air.

Adv. Funct. Mater. 2013, 23, 26172634
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Figure 12. O-adlayer reconstructions induced by oxygen adsorption on Ru(0001). a) (2 x 2)-O and (2 x 1)-O superstructures at oxygen coverages © =
0.25 ML and © = 0.5 ML, respectively. b) Coverage dependent binding energy per O atom of adsorbed oxygen in fcc and hcp sites on Ru(0001) (after
ref.®%), and comparison with the binding energy (per carbon atom) of monolayer graphene (G) on the Ru(0001) surface.*

Figure 13a shows a LEEM image series obtained during the
exposure of a Ru(0001) surface—partially covered by large mon-
olayer graphene domains—to molecular oxygen (p(O,) =5 x 10~/
torr) at slightly elevated temperature (T = 280 °C). Dissociative
O, adsorption gives rise to a rapid change in image contrast
in the exposed (i.e., not graphene-covered) Ru surface areas,
which is followed by a slower penetration of oxygen beneath the
graphene sheets, i.e., along the graphene-metal interface. This
interfacial intercalation of oxygen continues until the entire
Ru surface beneath the graphene sheets is terminated by an
ordered oxygen adlayer structure, as shown by clear half-order
diffraction spots detected in LEED behind the reaction front.’¥

Micro-ARPES measurements, performed on both sides of the
reaction front, provide direct evidence of the effects of reactive

oxygen intercalation and O-termination of the Ru surface on
the electronic structure of the graphene layer (Figure 13b).
Band maps of the as-grown graphene strongly coupled to
Ru are consistent with the findings discussed above, i.e., are
dominated by the hybridization of the graphene n-bands with
metal d-states and do not show the characteristic Dirac cones
of free-standing graphene (Figure 13c). Measurements behind
the intercalation front, i.e., in areas in which the Ru surface
has been modified by oxygen-intercalation and formation of
an ordered oxygen adlayer structure, show dramatically dif-
ferent results (Figure 13d). Here, the electronic bands represent
a superposition of the Ru(0001) projected band structure with
additional, narrow bands consistent with nearly isolated gra-
phene. In particular, well-developed o-bands and m-bands with

6 um

— T

155

K M

Figure 13. Decoupling of graphene on Ru(0001) by oxygen intercalation. a—LEEM image series of a Ru(0001) surface partially covered with large
graphene domains during exposure to molecular oxygen (p(O,) =5 x 107 torr; T = 280 °C). Exposure times (in seconds) are given in the individual
panels. b) LEEM image of a partially oxygen-intercalated monolayer graphene domain on Ru(0001). c¢,d) Micro-ARPES band maps of c) as-grown (red
dot in b) and d) oxygen intercalated graphene (green dot in b), showing the electronic decoupling of the graphene accompanying the formation of an
ordered oxygen adlayer structure on the Ru surface beneath the graphene sheet.
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linear dispersion are recovered near the Fermi energy in the
vicinity of the K-point of the surface Brillouin zone. Instead of
the electron doping observed for the top sheets of bilayer and
trilayer graphene on Ru, the decoupling by oxygen-terminating
the Ru surface causes hole doping due to charge transfer to the
strong electron acceptors at the interface, shifting the charge
neutrality point by 0.5 eV above the Fermi level.

One of the particularly powerful capabilities of LEEM is
the relative ease of performing observations at different tem-
peratures to gain insight on reaction kinetics. An Arrhenius
analysis of the temperature dependent oxygen intercalation
rate determined by such measurements has provided insight
into the kinetics of the selective reaction of oxygen with the
Ru surface beneath graphene, and has clarified the demarca-
tion between the intercalation/decoupling at low temperature
and the combustion of graphene, which takes place at high
temperatures.®4

These spectroscopic microscopy experiments on oxygen
intercalation and metal oxidation beneath intact graphene are
relevant in two contexts: (i) chemical reactions on surfaces
in the presence of graphitic carbon; and (ii) the development
of novel processing strategies for graphene on metals. The
finding that chemical reactions can proceed in a controlled
way on metal surfaces beneath graphene contrasts with the
long-held notion that graphitic carbon acts as a poison that
suppresses desired chemical reactions in surface chemistry
and catalysis. Importantly, the graphene sheet does not merely
act as a passive spectator, but it can provide two types of novel
functionality. It generates a confined reaction space that pre-
cludes the access of large species, and may allow even small
molecules to enter only if they adopt particular “low-profile”
orientations. Apart from such confinement effects, there is
already evidence that the proximity of a graphene sheet can
modify important other reaction parameters, such as adsorp-
tion energies of reactants.* Interfacial chemistry has the
potential to become a foundation for novel processing strate-
gies for graphene, in particular to achieve the electrical decou-
pling and isolation of graphene from a metal growth substrate
without requiring any transfer from the metal. For example,
simultaneous or sequential intercalation and reaction of mul-
tiple species (e.g., Si, O) at the graphene-metal interface can
be used to form an interfacial layer that may serve as a gate
dielectric, with the underlying metal remaining in place and
acting as a gate electrode. Recent work has shown progress
toward the realization of this vision. Silicon intercalation has
been demonstrated for graphene on Ru(0001), and caused a
decoupling qualitatively similar to that obtained with oxygen
but with residual electron doping.l! Via this process, whose
mechanism remains unclear and requires further investiga-
tion, Si layers with 1 ML and 2 ML thickness could be fabri-
cated between graphene and the metal surface, suggesting that
the formation of thicker semiconducting and insulating inter-
facial layers may be feasible. A demonstration of the additional
reaction with O, to create, via the oxidation of an interme-
diate Ru-silicide, an interfacial dielectric SiO, layer has been
reported recently,®® supporting the notion that intercalation
and interfacial reactions can provide a general approach for
engineering functional interfacial layers between a graphene
sheet and a metal substrate.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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9. Graphene and Oxygen Induced Work Function
Changes on Ru(0001)

The injection or extraction of charge carriers between a con-
tact and an active layer is a fundamental process that lies at
the heart of a multitude of technologies, including inorganic
and organic photovoltaics,””¥l solid-state light emitters, and
nanoelectronics.””! Optimizing these charge transfer processes
requires contacts whose work function (@™ is tailored rela-
tive to the work function of the active region (¢°) to allow facile
electron (p%°" < @%) or hole injection (¢ > ¢°).1% Identi-
fying materials that fulfill these conditions, and are both stable
under ambient conditions and do not react with the material of
the active layer can be challenging. Even more difficult is the
engineering of systems in which regions with high and low
local work function!'®! (or surface potential) coexist in close
proximity, so as to provide electron- and hole injecting con-
tacts for active device elements such as carbon nanotubes or
semiconductor nanowires, whose characteristic dimensions
are at the nanoscale. Finally, as important as these materials
challenges is the development of versatile, quantitative meas-
urement methods capable of determining the local surface
potential with high spatial resolution.

To date, scanning probe techniques such as Kelvin probe
force microscopy!%21% have been the methods of choice
for measuring and mapping laterally varying surface poten-
tials, but these approaches are often slow, require controlled
ambient conditions and sample surfaces that are stable and do
not change over time. LEEM offers the possibility of observing
the processing of samples that provide nanoscale work func-
tion contrast, and mapping the local potential with high spatial
and energy resolution. Indeed, such measurements can easily
be performed at variable temperature and during exposure to
reactive species (gases, atomic- or molecular beams) that may
dynamically alter the work function.

The principle of local work function measurements in
cathode lens microscopy has been known since the late
1970s.1%4 It utilizes the transition between mirror elec-
tron microscopy (MEM) and LEEM, as the sample poten-
tial is increased relative to that of the electron gun cathode
(Figure 14a). In MEM the turning point of the (classical) trajec-
tories of the imaging electron beam lies in front of the sample,
giving a very high reflectivity approaching unity; in LEEM, the
imaging electron beam strikes and interacts with the sample.
Hence-virtually independent of the sample material-the MEM-
LEEM transition involves a sharp drop in backscattered inten-
sity.l1% The sample potential, V, at which this intensity drop
occurs,'®l e.V = @3 - ¢¢ (Figure 14a,b) can be measured with
very high spectral (=~few meV) resolution and with the full spa-
tial resolution of the microscope. It is important to note that
this procedure gives the local work function of the sample (¢°)
relative to the work function of the cathode (¢€). An absolute
determination of ¢° requires an additional measurement of the
work function ¢© of the electron emitter, e.g., via a reference
sample with known work function. In this way, the local sur-
face potential can be determined rapidly even at high tempera-
tures or during processing of the surface. The only limitation
of this technique arises in samples with large, abrupt potential
changes. In such cases, the resulting in-plane electric fields
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Figure 14. Ru work function tuning by graphene growth oxygen exposure and intercalation. a,b) Schematic diagrams |||ustratmg the measurement of

local surface potentials (i.e., sample work functions, ¢°) in LEEM. For applied sample potential (“start voltage”) V < (ps—

)/e, electrons are reflected

in front of the surface (mirror electron microscopy, MEM) with high, nearly constant reflected intensity, ly. For V < (¢°~¢%)/e, the transition to LEEM
leads to a sharp drop in reflected intensity, which can serve to measure the local surface potential, ¢° (given a known/calibrated work function ¢ of
the electron gun cathode). c) Measurements of the work function of different graphene and oxygen-modified Ru(0001) surfaces, demonstrating the
wide range of work functions (3.9 eV-6.4 eV) accessible in this system. d,e) High-resolution maps of the local surface potential, obtained by detection

of the local MEM-LEEM transition.

deflect the imaging electrons and create a finite transition zone
in which the measurement breaks down.

Ru(0001) surfaces modified by graphene growth or oxygen
adsorption/intercalation provide a very large span of local
work functions (from =3.9 eV to >6 eV), and hence consti-
tute a materials system that lends itself well to tailoring local
work functions (e.g., for applications in nanoelectronics) by
relatively simple processing, as well as an interesting model
to demonstrate the power of LEEM-based local surface poten-
tial mapping. LEEM measurements of the work functions of
larger (um sized) uniform regions with different surface termi-
nation are shown in Figure 14c. Starting with clean Ru(0001)
(¢ = 5.45 eV), which also serves as the reference sample, the
work function drops dramatically with the growth of a gra-
phene monolayer on Ru. The measured ¢° = 3.90 eV for mon-
olayer graphene on Ru is consistent with values obtained for
this system by photoelectron spectroscopy,!'® and confirms
the formation of an interfacial dipole involving charge transfer
between the graphene layer and the metal surface.’”’” Given
a reduced electrostatic band shift for the top sheet of bilayer

Adv. Funct. Mater. 2013, 23,2617-2634

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

graphene on Ru as determined by micro-ARPES, an increase
in the work function to bring it closer to that of graphite (4.60
eVI1%)) would be expected, similar to results for few-layer gra-
phene on SiC,'%11% and is indeed confirmed (¢° = 4.25 V).
Given the observation of an inversion of doping (from electron
to hole-doping) induced by oxygen-intercalation of graphene on
Ru, oxygen exposure should continue the trend to higher work
function. Local measurements within intercalated graphene
domains give ¢° = 5.12 eV, close to the work function of clean
Ru(0001). The surfaces with highest work functions in the (Ru,
C, O) system have been obtained by oxygen exposure of clean
Ru. For example, ¢° = 6.35 eV is measured on the Ru surface
adjacent to an oxygen intercalated graphene domain. Similar
LEEM-based work function measurements have been reported
for graphene on SiCl'% and on Pd,!!'Y where small changes in
surface potential were found for coexisting rotational domains.
Besides epitaxial graphene, similar methods can be applied to
measure the work function of other surface systems, as illus-
trated by recent work on surface characterization of icosahedral
Al-Pd-Mn quasi-crystals.[112]
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The work function measurement illustrated in Figure 14a—c
can be performed in every pixel of a LEEM image by locally
determining the sample potential at which the MEM-LEEM
transition occurs, thus producing high-resolution work func-
tion maps of inhomogeneous surfaces. Since the measurement
is quite fast, such data sets can even be acquired during sample
processing. An example of this capability is illustrated in Figure
14d,e, which show maps of the same graphene domain on
Ru(0001) directly after graphene growth (Figure 14d), and fol-
lowing an additional process of low-temperature O, exposure
and oxygen intercalation (Figure 14e). After graphene growth,
the graphene domain uniformly shows @M'C = 3.9 eV, whereas
the surrounding Ru surface remains at % = 5.4 eV, despite an
increased concentration of thermal carbon adatoms in equilib-
rium with graphene.”’] The transition region at the graphene
boundary, in which strong in-plane electric field components
due to the high work function contrast preclude the measure-
ment, is easily observed. O, exposure rapidly increases the work
function of the metal, and the work function of the graphene
domain via oxygen intercalation shows a sharp rise behind the
well-defined intercalation front. At the end of this process the
entire domain has ¢ > 5 eV, but in contrast to the pristine gra-
phene domain it shows measurable variations—e.g., a lower
work function in the central region that was intercalated last—
which can be attributed to different local O-coverage.

10. Beyond Graphene: Synthesis of 2D Materials
and Heterostructures

This review has focused primarily on graphene/Ru(0001) to
illustrate the growth, processing, and properties within this
system and to discuss the use of in situ microscopy methods—
primarily cathode lens microscopy, i.e., LEEM and PEEM—for
studying graphene on metals. Similar microscopy methods
have been used to study graphene on other supports, notably
other metals and SiC. Besides graphene, other 2D crystals have
received increasing attention recently. Similar to graphene, har-
nessing the properties of materials, such as hexagonal boron
nitride (h-BN) or molybdenum disulfide (MoS,), in large-scale
applications will require the identification of growth protocols
and processing conditions tailored to their unique physical and
chemical properties. In situ and real-time microscopy methods,
as discussed here in relation to graphene, can be expected to
make important contributions to these studies on other 2D
materials systems. As an example, real-time LEEM observa-
tions have been used recently to identify conditions for the
CVD growth of monolayer h-BN by exposure to borazine at
high temperature, which produce films consisting of macro-
scopic monocrystalline domains.3] The quantitative analysis
of coverage-dependent growth rates in LEEM movies has dem-
onstrated the important role of the extremely low reactivity of
h-BN and the effects caused by adding reactive gases (e.g., Hj)
to the growth precursor in the CVD process.['?]

Finally, in situ microscopy can play a crucial role in iden-
tifying approaches for preparing more complex engineered
materials, in which different 2D sheets are either stacked
atomic layer-by-layer on top of each other or are joined in a
single monolayer membrane. Particularly the synthesis of
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heterostructured 2D membranes with well-defined interfaces
presents unique challenges, and raises fundamental questions
on materials integration, such as interface formation, inter-
mixing, strain, polarity, etc. in a new context at reduced dimen-
sionality. Graphene and boron nitride are an attractive pair of
materials that can be integrated to form 2D heterostructures in
individual monolayer membranes.''*15] A first study on the
controlled formation of graphene/h-BN monolayer heteromem-
branes by sequential hydrocarbon (ethylene) and borazine CVD
on Ru(0001) has depended heavily on the unique microscopy
and analytical capabilities of LEEM to identify process condi-
tions that produce atomically sharp 1D graphene/h-BN inter-
faces.l''® BN attaches preferentially to existing graphene
domains and does not produce any secondary nuclei at high
temperature, which is consistent with the preferential incor-
poration of boron and nitrogen at the graphene edge. How-
ever, substantial intermixing in the form of carbon doping of
the growing h-BN was found near the line interface. Analytical
LEEM experiments, capable of quantitatively tracking the con-
centration of carbon adatoms on Ru(0001),*”! identified carbon
monomers on the metal surface as the primary source of this
doping and allowed the development of methods for elimi-
nating this carbon reservoir. The findings of these in situ exper-
iments enabled the synthesis of single-membrane graphene/h-
BN heterostructures with atomically sharp boundaries, paving
the way for exploring the unusual electronic propoerties such
as half-metallicity!''”] and interfacial electronic correlations!'!l
predicted for these heterostructures.
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