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ABSTRACT Graphene was synthesized from pentacenequinone mol-
¢ 4 g i Self-assembly

Graphene

ecules on a Cu(111) surface using a three-step thermal treatment process:
(1) self-assembly of a single layer molecular film at 190 °, (2) formation of
covalent bonding between adjacent molecules at intermediate tempera-
tures, (3) thermal dehydrogenation and in-plane carbon diffusion at 600 °C.
Transformation of the surface conformation was monitored with bimodal

atomic force microscopy at the atomic scale and was corroborated with core-
level X-ray photoelectron spectroscopy. A strong (=0- - - H—C hydrogen bonding involving the quinone moiety plays a key role in graphene growth,
whereas conventional pentacene simply desorbs from the substrate during the same process. The most significant achievement of this proposed technique
is obtaining graphene a couple of hundred degrees lower than standard techniques. Intrinsic defects due to carbon deficiency and the defects intentionally
introduced by the microscope tip were also investigated with atomic-scale imaging.
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mechanical exfoliation from a bulk

graphite crystal,’ graphene has at-
tracted tremendous scientific interest. Gra-
phene not only possesses unusual elec-
tronic and mechanical properties such as
high conductivity, quantum Hall effect and
Berry's phase,> massless Dirac fermions,’
and an elastic modulus of 1 TPa* but also
offers unique technological applications
such as gas sensors,” quantum computing
elements, high-frequency transistors,®” and
terahertz oscillators. Fabrication techniques
are of central importance for harnessing
properties of graphene in an optimum
way. Considering growth on metals, two
common ways can be described.®'° The
first way is via decomposition of hydrocar-
bons on metal surfaces with sufficient cata-
lytic activity (i.e., platinum) and is classified
as chemical vapor deposition (CVD). Among
metal substrates, a polycrystalline Cu sub-
strate (Cu foil) is the most attractive due to
low-cost and large-scale production." Sin-
gle-crystalline Cu substrates were also used
in the literature for the CVD growth,'*'3
where high-temperatures around 1000 °C

E ver since its first isolation achieved by
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(very close to the melting point of Cu) were
deemed necessary to form graphene in
order to have a delicate balance between
the sticking rate of hydrocarbon precursors
and the dehydrogenation probability. The
second pathway involves metal substrates
with high carbon solubility at high tempera-
tures (i.e., nickel), from which carbon pre-
cipitates to the surface during cool-down,
leading to crystallization of the pure gra-
phene phase. In most cases, temperatures
above 700 °C are considered a prerequisite,
and annealing at lower temperatures typi-
cally results in amorphous and/or poorly
crystalline carbon films."* Such high tem-
peratures are undesirable for economical
and environmental reasons; thus lowering
the formation temperature is essential.
Here, we present a simple yet elegant
solution for growing graphene on Cu(111)
via a thermal polymerization of a self-
assembled film of 6,13-pentacenequinone
(PQ, C;,H;,0,) molecules. Strong interac-
tion of the carbonyl oxygen atom in a
quinone moiety with the surface can pre-
vent its desorption during annealing at
190 °C, enabling strong hydrogen bonding
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Figure 1. (a) Chemical structure of the PQ molecule. (b) Three-dimensional topographic view of as-deposited PQ molecules
on a Cu(111) surface forming needle-like multiple layers. Topographic images obtained after different annealing steps at (c)
190 °C, (d) 250 °C, (e) 340 °C, and (f) 600 °C. Measurement parameters: Ag,s; = 10 nm and Afgs; = —3.3 Hzin (b), Asecong = 1.0 nNm
and Afsecond= —9.0 Hzin (€), Asecond = 1.0 nm and Afecong = —13.0 Hzin (d), Asecond = 1.0 nm and Afyecong = —15.0 Hzin (e), and

Afirst = 2.0 nm and Afg.e = —12.0 Hz in (f).

between oxygen and hydrogen of a neighboring
molecule. Deoxygenation, dehydrogenation, and in-
plane carbon diffusion processes taking place during
annealing at higher temperatures lead to covalent
bonding between adjacent molecules. Consequently,
the total molecular mass becomes large enough to
inhibit desorption during annealing at elevated tem-
peratures, eventually forming single-layer graphene
graphene on Cu(111). Contrary to the standard CVD
procedure, a lower formation temperature (600 °C)
appeared to be sufficient.

RESULTS AND DISCUSSION

Transformation from a Self-Assembled Molecular Layer to
Flat Films. Here, we show large-scale PQ structures
on Cu(111) after each individual step. PQ molecules
(Figure 1a) were in situ evaporated from a crucible of a
Knudsen cell at 110 °Cin ultrahigh vacuum (UHV) while
the substrate was kept at room temperature (RT). UHV
conditions were maintained during sample transfer
and imaging. Figure 1b shows the topography of the
as-deposited molecules obtained by noncontact atom-
ic force microscopy (AFM) in the constant frequency
mode at RT."® In contrast to pentacene (Cy,H;4) mol-
ecules, which assemble in a layer-by-layer bulk struc-
ture in a standing-packing manner,'® a needle-like
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structure was formed on top of the first PQ molecular
layer, in which PQ molecules lie flat on the Cu(111)
surface. This observation is in good agreement with the
previous macroscopic measurements performed by
Salzmann et al,'” and the mechanism to form the
different assembly is related to the different electro-
static potential of PQ from pentacene due to the
presence of a quinone moiety.'® PQ molecules in the
bulk crystal configuration were desorbed from the
substrate by annealing at 190 °C. Although this tem-
perature is much higher than the sublimation tem-
perature of PQ molecules in the crucible (~110 °C),
strong chemisorption on Cu(111) anchored PQ mol-
ecules in the first layer to the substrate, leaving a
monolayer film behind, and thus the amount of de-
posited molecules in the initial step did not require
high accuracy. The quality of the self-assembled mo-
lecular film also improved drastically after this thermal
treatment, and the domain sizes became larger than
50 nm. Since the surface was no longer corrugated,
small-amplitude operation with the second flexural
mode of the cantilever was hereafter used to improve
the spatial resolution in AFM topography images,'*%°
except for Figure 1d. Figure 1c shows the monolayer
film with a domain size of up to 60 nm x 100 nm. The
conformation of the self-assembly is in agreement with
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Figure 2. (a) Topographic (upper panel) and high-resolution Afrg maps (lower panel) of the self-assembled PQ film, (b)
partially polymerized film, and (c) graphene. Measurement parameters: Afsecond = —22.5 Hz, Asecond = 1.0 nm, and Arg =30 pm
in (@), Afsecond = —37.0 Hz, Asecong = 1.0 nm, and Ag = 30 pmin (b), Afsecond = —240 HZ Agecong = 500 pm, and Arg =30 pm in (c).

the previous scanning tunneling microscopy (STM)
study,?" as the carbonyl oxygen atom in the quinone
moiety and a hydrogen atom of the adjacent molecule
interacted in terms of strong C=0- - -H—C bonding on
the surface.'®

Disordered zones started to appear at domain
boundaries of the self-assembled film after annealing
at 250 °C (Figure 1d), suggesting that the first chemical
reaction of molecules on Cu(111) took place. An activa-
tion energy is surmounted around this temperature,
leading to a catalytic reaction between the carbonyl
oxygen atom and a hydrogen atom from the adjacent
molecule as a result of their affinity to each other,
which was also shown to prevail in the conformation
prior to this step. Combining with residual hydrogen in
the UHV chamber, water molecules were likely to be
formed and then released to the vacuum during
this step. The binding energy of PQ molecules in the
ordered zones to the Cu(111) substrate was high
enough for them to remain attached to the surface at
250 °C. This is not a necessity for the disordered zones,
since PQ molecules cannot be desorbed anymore even
at higher temperatures once polymerization starts. At
340 °C, the self-assembled structure had completely
vanished, and a single disordered hydrocarbon poly-
mer monolayer was obtained (Figure 1e). The tem-
perature of the final annealing step was 600 °C, at
which only flat islands separated by grooves were
observed (Figure 1f). Furthermore, some of the islands
indicated by an arrow are about 200 pm higher than
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the rest, associated with the second layer. It is note-
worthy to mention here that dehydrogenation pre-
sumably had already started at temperatures lower
than 600 °C;** however no significant effect had been
observed since the carbon mobility was limited at
these temperatures.

Atomic-Scale Measurements. Transition of the structure
at atomic scale was studied by high-resolution imag-
ing. In order to achieve high-resolution images of the
films, we used the recently developed bimodal AFM
technique,?® in which two resonance modes of the
cantilever were simultaneously employed.>*%* In this
technique, the frequency shift of the vertical oscil-
lation was used to control the tip—sample Z dis-
tance (topographic image), and that of the torsional
oscillation Afg ensured high-resolution imaging.?%2’
Figure 2a shows the topographic image of the initial
self-assembled PQ film on the Cu(111) surface. The
inset shows a plausible conformation, where the mol-
ecules self-assemble in such a way as to form the
C=0---H hydrogen bonds with the adjacent mol-
ecules. The conformation of the PQ assembly is very
similar to that previously reported on MoS, by Stroh-
maier et al.?' In addition, we observed the superstruc-
ture, in which characteristic bright zones run in every
three molecules. Since this feature was observed with a
different measurement set point, it cannot be related
to an imaging artifact. Presumably, the strong chemi-
sorption of the molecules to the Cu substrate and its
resultant commensurability induce this superstructure.
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The lower panel shows the corresponding Afrg map.
Since the direction of the tip apex movement by the
torsional vibration of the cantilever is along the X
direction (inset), the Afrg map is related to the lateral
force gradient, which is the second derivative of the
potential map along the X direction. The site-indepen-
dent tip—sample interaction causes no lateral force
gradient, so that the detected Afrgis only related to the
site-dependent interaction. On an atomically flat sur-
face, the short-range tip—sample interaction is respon-
sible for the contrast and atoms are usually observed as
more positive Afrg sites. However, on molecular films,
middle-range tip—molecular interactions can also con-
tribute to Afrg. This imaging mechanism makes the
interpretation of the contrast more complicated com-
pared to a conventional topography obtained by the
vertical tip—sample interaction. Furthermore, two oxy-
gen atoms in the PQ molecule bind to the Cu substrate,
resulting in a V-shaped bending configuration of the
molecule such that both longitudinal ends reside
facing up. These complexities induced the peculiar
contrast shown in the lower panel of Figure 2a; none-
theless, clear periodic patterns with submolecular re-
solution are clear evidence of the presence of a highly
ordered molecular film. Annealing at 250 °C induced
partial polymerization of PQ molecules and introduced
a flake-like structure in the topography and some new
patterns with the periodicity of the lattice parameter of
graphene in the Afrg map (Figure 2b), but without any
long-range order (domain size less than a few nano-
meters). The remaining line structures are most prob-
ably related to PQ molecules, which were not yet
covalently bonded to each other.

After annealing at 600 °C, the topographic image in
the island becomes very flat (<30 pm), all of the PQ
molecules were perfectly polymerized, and graphene
was eventually formed (Figure 2c). All carbon atoms
can be clearly resolved in such a way that the atomic
sites reveal bright contrast, whereas the hollow sites
are dark. Such contrast is observed only in the Afg
map. Assuming Arrhenius diffusion kinetics for the
carbon atoms in the disordered polymer, 600 °C
appears to be the necessary temperature to surmount
the potential energy barrier. In a recent study, such
diffusion for graphene nanoribbon formation on a
weaker catalytic surface of Au(111) was observed at
400 °C%® In the present method, the surface still
consists of a disordered polymer at this temperature.
This might be due to the fact that closing defect sites in
two-dimensional graphene requires a higher tempera-
ture. Moreover, since graphene has a larger carbon
density than the PQ molecular layer, the insufficient
feedstock leads to the formation of grooves between
the graphene layers as shown in Figure 1f. It is also
worth mentioning the complex imaging mechanism of
the graphite surface. Since the carbon atom is rather
small, the hollow is observed as the convex site with a

KAWAI ET AL.

Figure 3. (a) High-resolution Afrg map of graphene with a
defect. (b) Magnified image around the defect and (c) its
chemical structure. The red dots indicate the missing car-
bon atoms. Measurement parameters: Asecond = 1.0 nm,
Afsecond = —90.0 Hz, fiecong = 1041450 Hz, Qsecong = 4895,
Arr =30 pm, frg = 1536 483 Hz, and Qz = 80776.

large tip—sample separation. On the contrary, when
the tip comes closer to the sample surface, all carbon
atoms can be observed.?? =32 In fact, the maxima in the
topography do not correspond to the hollow site.
Despite that the reactivity of the tip also changes the
atomic-scale contrast, the interpretation of the con-
trasts can still be rationalized. In the Afig map, a three-
fold symmetric feature is observed, which is typical for
graphite that has o and f3 sites.>**> However, since we
are observing single-layer graphene, such an effect can
be excluded. This is most probably due to the fact that
the lattice distance of Cu is close to that of graphene, so
that the interfacial interaction induces the three-fold
symmetric feature. In fact, a previous study with STM
shows a similar three-fold symmetric feature,'? but it
can also be due to an imaging artifact, for instance, the
tip apex oscillating nonperfectly parallel to the surface.

Atomic-Scale Defect and Deformation. Compared to
standard CVD, the substrate temperature at the forma-
tion temperature of graphene in this technique is
around 400 °C lower; hence there is limited in-plane
carbon diffusion. Together with the fact that mono-
layer PQ has a lower carbon density than graphene,
this results in a large defect density (e.g., grooves in
Figure 2f). Figure 3a shows an example of a carbon
deficiency defect in the graphene sheet with hollow sites
appearing as bright contrast. Local protrusions in the
contrast due to the medium-ranged corrugation of the
potential modulated by the defect can be observed in the
vicinity of the defect site. Figure 3b presents the magni-
fied image around the defect, clearly showing four miss-
ing hollow sites. Since hollow sites appear in the signal as
a result of carbon ring—tip interactions, we suggest that
two carbon atoms were missing and the connecting
carbons were terminated by hydrogen atoms (Figure 3c).

The tip was intentionally contacted into the sample
surface, expecting to deform the Cu substrate below
graphene due to its high compliance. As shown in the
topographic image after the tip contact (Figure 4a), an
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Figure 4. (a) AFM topography and (b) high-resolution Afrg
maps of graphene deformed by the tip. Magnified images of
(c) site A and (d) site B that are indicated in (b). Measurement
parameters: Asecond = 500 pm, Afsecond = —130.0 Hz, fiecond =
1041450 Hz, Qsecond = 4895, Atr =30 pm, frr=1536 483 Hz,
and QTR =80776.

inhomogeneously subnanometer corrugated surface
was achieved. The corresponding Afrg map shows a
more detailed structure and allows us to make the
following observations: (1) The tip—sample separation,
which is controlled by the constant vertical frequency
shift, varies by the modulation of the short- and long-
range interactions and becomes smaller at the pro-
truded area. Therefore, only the corrugated area can be
atomically resolved. (2) Graphene seems atomically
damaged at the edge of the round shape and espe-
cially on the right-hand side of the protruded surface.
(3) Figure 4c and d have the same real dimensions and
show the magnified images at sites A and B. The lattice
spacing in Figure 4c in the direction indicated with
an arrow is approximately 15% larger than that of
Figure 4d. This extension suggests that the graphene
sheet conformed to the corrugation of Cu; thus carbon
bonds were stretched. In contrast, at site B, the de-
formed substrate was rather flat and the intrinsic lattice
geometry of graphene remained intact. This observa-
tion provides firsthand evidence that graphene can be
locally deformed in the tensile direction without rup-
ture. The magnitude of the strain was still less than the
critical value for the rupture (~20%), calculated with
density-functional theory by Topsakal and Ciraci.> It is
also noteworthy to mention that the typical Moiré
patterns, caused by the lattice mismatch between
graphene and the supporting substrate, is a manifesta-
tion of compressive stress along the graphene sheet,
meaning that it is in the direction opposite of the
current observation.

XPS Measurements. The transformation from depos-
ited PQ molecules to graphene was monitored with
X-ray photoelectron spectroscopy (XPS) measurements,
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Figure 5. Core level C 1s spectra acquired during transfor-
mation of the PQ deposit into graphene: (a) as-deposited
multilayer PQ molecules; (b) monolayer rearrangement of
PQ deposit after annealing at 170 °C; (c) polymerization
after annealing at 370 °C; (d) graphene formation after
annealing at 600 °C. Dots are the measured data after
background subtraction, and the solid red lines are the
fitted curves.

which lent support to our claims by providing the
chemical states. Before the measurement, the cleanli-
ness of the Cu substrate was checked with wide-range
XPS spectra from 0 to 1000 eV. Since no other peak
than those related to copper was detected, the Cu
substrate was sufficiently clean. Figure 5 shows the
core level C 1s spectra acquired after each thermal
treatment step. In Figure 5a, the spectrum consists
of two peaks: the peak at higher binding energies
(~287.5 eV) assigned to the carbonyl carbon (C=0)
and the main peak at lower binding energies assigned
to aromatic carbon bonds (284.9 eV). After the first
annealing step at 170 °C, three differences associated
with the monolayer arrangement of PQ molecules on
the Cu(111) surface can be observed: (1) The relative
intensity of the C 1s with respect to Cu 2p dropped by a
factor of around 2.5; (2) the binding energy of the main
C 1s peak is shifted around —0.3 eV due to the effec-
tive metal screening®”*¥(Figure 5b); (3) the main peak
appeared broader, which is probably a convolution of
two chemically inequivalent peaks as in the case of
pentacene,*®3° where strong chemisorption involving
a hybridization of molecular orbitals and metal states
has been suggested.*® Because of the low intensity, the
signal-to-noise ratio of the C=0 peak became quite
low, although some features at the higher binding
energy tail of the main peak still exist.

Subsequent thermal treatments at higher tempera-
tures (Figure 5¢,d) resulted in narrowing of the main
peak, suggesting that carbon started to be present
only in one distinct chemical environment. At these
stages, the higher binding energy tail of the main peak
appeared completely flat, suggesting the suppression
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of the C=0 peak related to oxygen-free polymeriza-
tion. Graphene is known to be weakly physisorbed on
the Cu(111) surface because the Cu 3d states are fully
occupied and pushed down from the Fermi level.'?
Due to this reason, the main peak appeared at the
same binding energy (284.4 eV) and asymmetry pa-
rameter (0.11) as those of a reference graphite sample
at the final stage of the growth.*'

CONCLUSION

In summary, we fabricated graphene from a deposit
of pentacenequinone molecules on Cu(111) via a
multistep thermal treatment involving single-layer
self-assembly, polymerization and in-plane carbon dif-
fusion steps, the latter forming single-layer graphene
at 600 °C. The crucial point is using a molecule with a
quinone moiety that ensures stronger binding to the
surface and at a later stage covalently binds to adjacent
molecules by producing H,O molecules, consequently
increasing the apparent molecular mass to avoid the

METHODS

In this study, AFM and XPS measurements were separately
performed in identical UHV conditions.

AFM Measurements. All AFM measurements were performed
with our custom-built AFM operating in an UHV at RT.** A
commercially available Si cantilever (Nanosensor NCL-PPP) was
used as the force sensor, which was annealed at 120 °C, and its
tip was subsequently cleaned by Ar* sputtering (680 eV and 90's).
The measurements were performed either in the conventional
constant frequency mode with the first flexural resonance, in
small-amplitude mode with the second flexural resonance, or in
bimodal operation mode?>~27 using the second flexural and first
torsional resonance modes by simultaneously oscillating the
cantilever vertically and laterally. Frequency shifts were detected
with two sets of digital phase-locked loops (Nanonis: dual-OCH4).
The resonance frequencies of the flexural and torsional modes
were fer ~ 1 MHz and fir & 1.5 MHz, respectively. Recorded data
were analyzed using the WSxM software.**

XPS Measurements. These were performed in UHV with a VG
ESCALAB 210 spectrometer using monochromatic Al Ko radia-
tion (1486.6 eV) with an energy resolution of 0.5 at 20 eV
analyzer pass energy. The base pressure in the chamber was
around 1 x 1072 mbar during acquisition. Normal electron
escape angle and a step size of 0.05 eV were used. The Au 4f;,,
was fixed to a binding energy of 84 eV with respect to Fermi
level for binding energy calibration.

Sample Preparation. A clean Cu(111) surface was obtained by
several cycles of standard Art sputtering (3 x 10~° mbar, 1 keV,
and 15 min) and annealing (500 °C and 15 min). PQ molecules
(Sigma-Aldrich, nominal purity = 99%) were deposited on the
Cu(111) substrate from a crucible of a Knudsen cell, resistively
heated at ~110 °C after being degassed for several hours at
~95 °C. The temperature of the substrate was kept at RT during
deposition, while the deposition rate was around 1.2 A/min. The
thermal treatment steps at various temperatures mentioned in
the main text were performed for 15 min, while measured with a
pyrometer. After the sample had cooled to RT, it was transferred
in situ to the analysis chambers, in which the AFM and XPS
measurements were separately performed.
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