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ABSTRACT We report the synthesis of large-scale uniform graphene films

on high carbon solubility substrates of Rh foils for the first time using an Slow Cooling

ambient-pressure chemical vapor deposition method. We find that, by increas-

ing the cooling rate in the growth process, the thickness of graphene can be S

<" Rh follse

L]
tuned from multilayer to monolayer, resulting from the different segregation °

amount of carbon atoms from bulk to surface. The growth feature was char- Fast Cooling

acterized with scanning electron microscopy, Raman spectra, transmission g S&SEEREEESs TR 4] IENERC s EMSIibiat o PR I S
electron microscopy, and scanning tunneling microscopy. We also find that
bilayer or few-layer graphene prefers to stack deviating from the Bernal stacking
geometry, with the formation of versatile moiré patterns. On the basis of these
results, we put forward a segregation growth mechanism for graphene growth

on Rh foils. Of particular importance, we propose that this randomly stacked few-layer graphene can be a model system for exploring some fantastic

physical properties such as van Hove singularities.
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raphene, being the hexagonal ar-

rangement of carbon atoms, has

attracted vast interest since it was
isolated in 2004 for its remarkable physical
and chemical properties,’ such as quantum
Hall effects,? high carrier mobility'>* (up to
200000 cm? V™' s7"), and perfect optical
transparency.>® Recently, it was reported
that when increasing the layer thickness
from monolayer to few layers, the physical
properties of graphene can be dramatically
modulated. Bernal-stacked bilayer graphene
presents a tunable band gap up to 250 mV
by an external electric field,” " while non-
Bernal bilayer graphene demonstrates van
Hove singularities (VHSs) in the density of
states which may lead to new phases of
matter.'? Trilayer graphene exhibits spin—orbit
interaction (SOI) which provides the possibility
to electrically manipulate spin precession in
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graphene systems without ferromagnetics.'>
Moreover, few-layer graphene possesses
broad applications in electronics,'* capa-
citors, and so on.'>'¢

Preparations of graphene layers with con-
trollable thickness, large domain size, and
different stacking orders are the premise of
such studies. Until now, Cu foils, with nearly
negligible carbon solubility at the tempera-
ture to growth, are the most widely used
substrates for growing large-scale uniform
monolayer graphene.>'’ "' A self-limited
growth mechanism is proposed, due to
the high catalytic capability of Cu, which
inhibits the formation of perfect bilayer and
few-layer films. In contrast, Ni films, owing a
high carbon solubility of 0.9 atom % at 1000 °C,
served as another commonly used sub-
strate to grow graphene, with the thickness
variable from monolayer to dozens of layers
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Figure 1. Characterizations of graphene growth on Rh foils under slow cooling process (15 °C/min). (a) XRD pattern of the
sample. (b,c) SEM images of the sample. (d) OM image after being transferred onto SiO,/Si. (€) Corresponding Raman spectra
of (d) showing multilayer (nL) films along with a little portion of 1L and 2L regions, under a Raman excitation wavelength

of 633 nm.

by changing the growth temperature, growth time, or
quenching rate,%'*?°~27 and segregation of carbon
from bulk Ni to the surface is thought to be the possible
channel for graphene growth. However, although many
experimental efforts have been tried, on the well-known
Ni substrate, controllable growth from monolayer to few-
layer graphene with high thickness uniformity is still a
huge challenge.

Besides polycrystalline Cu and Ni, the graphene
growth on noble metals was also intensively investi-
gated, while limited to single-crystal substrates and
under ultrahigh vacuum (UHV) growth conditions.2®~*'
For example, high-quality monolayer graphene growth
on Rh(111) was realized at 600 °C under UHV condi-
tions.**~** This kind of graphene sample, usually having
a size of 1 cm?, usually serves as a model system for
investigating the atomic-scale structure and the elec-
tronic property of graphene with the aid of scanning
tunneling microscopy (STM). By intuition, polycrystalline
Rh could be another choice for preparing graphene.

In this paper, we report the growth of graphene on
Rh foils using an ambient-pressure chemical vapor de-
position (APCVD) method. By virtue of scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), Raman spectra, and STM, we characterized the
morphology, layer thickness, and stacking order of the
graphene samples. We then explored the probability of
controlling the graphene layer thickness by alter-
ing the growth parameters, especially by adjusting
the quenching rate in the CVD process. Finally, we
discussed the growth mechanism of graphene on Rh
foils and compared it with its analogue system of
graphene on polycrystalline Ni films.

RESULTS AND DISCUSSION

We use the APCVD method to grow graphene on
Rh foils rather than low-pressure CVD (LPCVD). This is
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because the growth by LPCVD usually results in diverse
graphene flakes but not complete layers, even if the
growth parameters, such as the flow rate of CH, and
the growth time, were tuned to a large extent (see
Supporting Information Figure S1). This phenomenon
indicates that the LPCVD method cannot provide
enough carbon sources to form complete graphene
films on Rh foils.

Graphene samples of Figures 1—4 were initially
prepared through a traditional CVD process (see Sup-
porting Information Figure S2), under a slow cooling
rate of 15 °C/min. First, we used X-ray diffraction (XRD)
to obtain the facets of Rh after CVD growth. Figure 1a
shows (111) and (200) facets of Rh possessing almost
equal diffraction intensities. Second, we carried out
SEM examinations to see the surface morphology of
graphene on Rh foils. The surface is characterized with
a dark background and some stripped bright inter-
connecting lines, which correspond to graphene and
graphene wrinkles, respectively. The wrinkles usually
encircling into nearly hexagonal (Figure 1b) or quad-
rilateral (Figure 1c) shapes may reflect a strong sub-
strate facet symmetry effect, and this issue will be
discussed in Figure 4.4

Itis noteworthy that Rh is hard to dissolve in ordinary
acids, even in aqua regia. In this case, we utilized an
improved bubble method to fulfill a scatheless transfer
of the sample.*® The unique trait of this method is that
a cyclic use of Rh foils can be realized with graphene,
avoiding metallic ion pollution. The optical microscopy
(OM) image of the sample after being transferred onto
300 nm SiO,/Si substrates is demonstrated in Figure 1d.
According to the contrast difference, the film is mainly
composed of multilayer graphene (purple contrast) and a
small portion of few-layer graphene (pink contrast).*’

We then performed Raman spectroscopy to recon-
firm the thickness distributions (Figure 1e). We found
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Figure 2. TEM images of graphene grown with a slow cooling process. (a) Low-magnification image of continuous
graphene films. (b,c) HRTEM images of the folded regions showing explicit layer numbers. (d) Selected area electron
diffraction (SAED) pattern taken from the center of the graphene domain in (a) (encircled dots represent one set of electron
diffraction patterns).

Figure 3. (a—c) STM images of rotated graphene layers with the formation of various moiré patterns. The inserted height
profiles along the indicated lines reveal the roughness of the moirés: (a—c) 6 = 6.9, 3.7, 2.2°; D = 2.0, 3.8, 6.4 nm (V= —0.002,
—0.002, —0.002 V; Iy =39.67, 2.27,2.27 nA). (d) Large-scale STM image of graphene with only one set of moiré pattern (200 nm
x 200 nm; V= —0.229 V, I; = 4.29 nA). (e) Two top graphene flakes rotated differently with respect to the underneath layer
exhibiting different moiré patterns with obvious point defects along the linking edge (86 nm x 86 nm; Vy = —0.022V, It =
1.36 nA). (f) Smaller graphene patch covered by a larger layer (200 nm x 200 nm; V3 =—0.002V, I+ = 2.66 nA). The right bottom
inset is an atom-scale resolution STM image of the right bottom corner, showing hexagonal lattices revealing its monolayer
nature (2 nm x 2 nm; V¢ = —0.062 V, It = 4.29 nA). (g—i) Schematic drawings of (d—f).
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Figure 4. (a,b) AFM image and its 3D contour showing the formation of graphene wrinkles along the Rh grain boundaries. (c,
d) Corresponding large-scale STM images and their height profiles along the line directions: (c) 1200 nm x 1200 nm; V; =
—1.162V, Iy =4.29 nA; (d) 800 nm x 800 nm; V= —0.53 V, It =4.89 nA. Wrinkles can also evolve along the step edge of a single
facet. (e,f) Atomically resolved images onripple surfaces: (e) 10 nm x 10 nm; Vy=—0.010V, Ir=1.94nA; (f) 15nm x 15 nm; V;=
—0.006 V, I+ = 1.66 nA. (g,h) Schematic drawings of wrinkle and ripple formation.

that monolayer (black line), bilayer (red line), and more
than bilayer (green line) Raman signals can be ob-
tained using a 633 nm laser. The D bands of the spectra
(~1340 cm™"), corresponding to defect states in
graphene, are negligible and almost vanish with in-
creasing graphene thickness, indicative of nearly
defect-free graphene. On the rarely occurring thinner
regions, the spectra show an intensity ratio of the
2D band at ~2680 cm™' to G band at ~1584 cm™'
close to 2 and 1, and the full width at half-maximum
(fwhm) values of 2D bands are 30 and 45 cm™ ', re-
spectively, in parallel with monolayer and bilayer for-
mation. On the universally thicker appearing regions,
Lp/lg is less than 0.5, and the fwhm of 2D bands is
around 70 cm~', corresponding to multilayer gra-
phene. In addition, Raman mapping was also carried
out over a 20 um x 20 um area to verify the multilayer
nature of the film (see Supporting Information Figure S3).

We use the same bubble method to transfer gra-
phene films on TEM lacey carbon-coated grids (Figure 2a)
to ensure the layer number by section-view analysis.
Typically, we observe a large amount of multilayer (>10
layer) regions on most areas of our samples and a little
portion of few-layer regions (<6L), as shown in
Figure 2b,c, respectively, in coincidence with our OM
and Raman mapping data. Electron diffraction patterns
(Figure 2d) captured from Figure 2a usually reveal a
pearl ring pattern, consisting of more than six sets of
hexagonal patterns. This suggests randomly rotated
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stacking orders in the vertical direction of multilayer
graphene, and there is no preferable rotation angle.

In this section, we examine the actual stacking geom-
etry and the microscopic continuity of CVD graphene on
Rh foils by high-resolution STM images. It is known that
graphene moiré patterns, originating from the lattice
constant mismatch between graphene and substrate or
the relative rotation between adjacent graphene layers,
can reveal their stacking orders. It was reported that
graphene on Rh(111) prepared under UHV conditions
has a triangular moiré periodicity of 2.88 nm, arising
from a geometry of 12 x 12 C(ac =0.246 nm) on 11 x
11 Rh atoms (ag, = 0.269 nm), where ac and agy, are the
lattice constants of graphene and Rh, respectively.*' In
the APCVD system, graphene growth on Rh foils
usually presents versatile moiré patterns in some
thinner regions, which are proposed to arise from
rotated stacking among few-layer graphene.

Figure 3a—c shows three typical STM images of such
moiré patterns. The line profiles along the indicated
lines display the heights and the periods of the moiré
patterns. With the experimental data, we can use the
following equation to calculate the rotation angle (6)
between two adjacent layers:

D = d/[2sin(6/2)] (1)

where d is the lattice constant of graphene (0.246 nm).
According to eq 1, the relative rotation angles can be
calculated to be 6.9, 3.7, and 2.2°, corresponding to
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moiré periods of 2.0, 3.8, and 6.4 nm, respectively. More
STM images of the moiré patterns are exhibited in
Figure S4 in Supporting Information. Note that the
domain size of single-crystalline graphene with a uni-
form moiré pattern can be as large as ~800 nm, as
shown in Figure 3d. This is proposed to originate
from two twisting graphene layers, with its schematic
drawing shown in Figure 3g. With high-resolution STM
images, we can also examine the linking type among
different domains. In Figure 3e, two graphene domains
with different orientations were jointed together over a
complete layer (schematic drawing shown in Figure 3h),
as proved by point defects along the linking edge.
Figure 3f displays a moiré pattern in the top left corner,
while the hexagonal lattice is shown in the bottom
right corner parallel with monolayer graphene. Thus,
a larger graphene flake riding over a smaller one is
proposed for Figure 3f (schematic drawing shown in
Figure 3i). The growth phenomenon may serve as a
tentative proof for the segregation mechanism. On
these twisted graphene layers, we found that two low-
energy VHSs are induced with the energy difference
(AEynss) having an angle-dependent feature.*® In this
case, graphene on Rh foils provides an ideal platform
for engineering the electronic states near the Fermi
energy and the resulting attractive phases.

As mentioned above (Figure 1b,c), high-density
graphene wrinkles, possibly affected by Rh(111) or
Rh(200) facets, usually encircle into hexagonal or quad-
rilateral networks. These wrinkles are proposed to be
a consequence of compressive stress during the
quenching process because of the different thermal
expansion coefficients of graphene and substrates. As
the thermal expansion coefficient of graphite varies
from —1.25 x 107%K at 20 °C to 1.25 x 10 °/K at
1000 °C, while the value of Rh changes from 7.86 x
107%/K to 13.65 x 107%/K at the same temperature
range, this willinduce a dramatic shrinking of the metal
substrate and, in turn, the formation of graphene
wrinkles.

Besides thermal expansion mismatch, substrate cor-
rugation may also contribute to the wrinkle formation.
For graphene on Rh foils, the growth temperature of
graphene (1000 °C) is near the melting point of Cu
(1084 °C) but far away from Rh (1960 °C). This disparity
may induce a rather larger surface corrugation and a
higher wrinkle density on Rh foils than that on Cu foils.
In order to analyze the formation mechanism of wrin-
kles on Rh foil, we then captured atomic force micro-
scopy (AFM) images of the sample (Figure 4a). From its
3D presentation (Figure 4b), it is clear that wrinkles are
actually evolving along the step boundaries of Rh.

In order to establish a direct correlation of the
position of the wrinkle and the substrate terrace, we
then captured large-scale STM images in Figure 4c,
presenting a wrinkle formation along the step bound-
ary of Rh. The height profile recorded along the arrow
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exhibits a wrinkle height of ~15 nm over a lateral
distance of ~70 nm. Wrinkles arranged into hexagonal
shapes can also be observed in the STM image of
Figure 4d, which evolves along the boundary of an
isolated Rh grain.

According to many experimental facts, we can con-
clude that the wrinkle height is much higher than that
on Ni films (~8 nm) and Cu foils (~3 nm).***° Because
of the high curvature of the wrinkle, we cannot achieve
an atomically resolved STM image directly on the
wrinkle surface. As a poignant contrast, we obtained
an atomically resolved image on 0.5—1.0 nm high
ripples (Figure 4e,f), which show clear graphene lattices.

In order to provide a visual image, the schematic
drawings of wrinkle and ripple formation are demon-
strated in Figure 4g,h. It is proposed that, since Rh foils
are covered by graphene films completely, the stress
due to thermal expansion mismatch contributes to the
dominant factor for wrinkle formation, and wrinkles
prefer to evolve along the highly corrugated regions
such as step or facet boundaries. It was reported that
along “folded wrinkles”, anisotropy in their electrical
resistivity usually occurs, leading to depressed device
properties.>® In this case, reducing the graphene wrin-
kle is of fundamental important for further improving
the transport property of CVD graphene. Meanwhile,
the ubiquitous graphene wrinkles on Rh foils with
different wrinkle heights contribute a more ideal sys-
tem for exploring the effects of graphene wrinkles on
the local electronic properties.

As a result, graphene samples prepared through a
moderate cooling process are mostly multilayers with
random stacking geometries, which resemble gra-
phene samples grown on Ni (with a carbon solubility
of 0.9 atom % at 1000 °C). We expect that graphene
grown on Rh foils may follow a segregation growth
mechanism, considering the high carbon solubility of
Rh (0.25 atom % at 1000 °C).2>" For equal carbon
sources derived from the CVD process (under the same
growth temperature and growth time), cooling rate
becomes a key point to control carbon segregation
quantity and velocity. Quickening the quenching rate
probably takes effect on reducing carbon segregation
and the layer thickness.

In our experiment, under a fast cooling process
(150 °C/min), we obtain mostly monolayer and a few
bilayer graphene films. The graphene films can also be
transferred onto SiO, substrates by a bubble method.
Large-scale OM image (Figure 5a) shows a uniform film
over at least 100 um x 100 um with a pinkish purple
color. Corresponding Raman spectra taken on the
pinkish purple area are demonstrated in Figure 5b.
The absence of a D band (~1350 cm ™) indicates that
the bubble method is also suitable for transferring
ultrathin graphene films grown on Rh foil. With the
intensity ratio of 2D band (~2650 cm™") to G band
(~1584 cm™") ~1.2 and the fwhm of the 2D band
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Figure 5. Graphene films grown on Rh foils through fast
cooling process (150 °C/min). (a) OM image of the sample
after being transferred onto SiO,/Si. (b) Corresponding
Raman spectra. (c) Low-magnification TEM image of the
film, with an SAED pattern inset. (d) HRTEM image of the
folded region in (c). (€) Atomically resolved STM image of
graphene on Rh foils.

at 30 cm ™', it is expected that we obtained mono- or
bilayer graphene. TEM and SAED were also utilized to
determine the layer number, as well as the stacking
behavior of the graphene sample (Figure 5c). HRTEM
images taken on the folded edge of Figure 5a shows
the coexistence of mostly monolayer graphene films
(Figure 5d). The SAED pattern (inset in Figure 5c)
reveals a single set of hexagonal pattern, with the
intensity ratio of the two outer peaks over the two
inner peaks being ~0.5 (see Supporting Information
Figure S5), authenticating its monolayer nature of the
graphene. Moreover, atomically resolved STM images
on most regions of the sample usually demonstrate
hexagonal lattices (Figure 5e), reconfirming monolayer
graphene formation. As a result, by increasing the
cooling rate in the CVD process, the film thickness of
graphene can be tunable from multilayer to monolayer.

For the monolayer samples, we find that, from AFM
height images (Figure 6a), it is hard to recognize the
regions of graphene and Rh, and even hard to identify
graphene wrinkles. Alternatively, we conclude that
the AFM phase image can recognize both regions
(Figure 6b) where dark and bright regions represent
Rh foil and graphene, respectively. In addition, we also
utilized STM to explore the exact morphology of the
sample. Figure 6¢c demonstrates the graphene growth
on polycrystalline and crystalline Rh foils. A 3 nm high
wrinkle, riding over the terraced and the amorphous
regions, can be clearly identified from the inserted
height profile analysis.

Itis clear to see that the height, location, and density
of wrinkles on monolayer graphene differ from that on
multilayer graphene. This issue can be understood by
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Figure 6. (a) AFM height image of graphene on the corru-
gated Rh foil (grown with a fast cooling process). (b)
Corresponding AFM phase image showing graphene and
bare Rh foils identified by their different contrasts. (c) Large-
scale STM image of graphene on Rh foils. (d) Schematic
drawing of wrinkle formation.

the quenching process, where thermal expansion mis-
match induced strain should be similarly released on
monolayer graphene, leading to wrinkle formation. How-
ever, the corrugated substrate of Rh foils may accom-
modate part of the strain through graphene conforming
to the undulated substrate, hereby leading to reduced
wrinkle density (schematic drawing in Figure 6d).

On the basis of the high carbon solubility of Rh foils
and the characteristics of graphene growth under dif-
ferent cooling rates, we propose a segregation mech-
anism for graphene on Rh foils under APCVD condi-
tions (Figure 7a). To support this, the dissolution
and segregation ability of carbon into Rh foils was also
obtained by XPS depth measurement (see Supporting
Information Figure S6). At 1000 °C, methane gases are
decomposed on Rh foil surfaces for its perfect ability to
catalyze hydrocarbon decomposition, and contempor-
ary carbon atoms dissolve into bulk Rh because of its
high carbon solubility.>’ In the cooling process of CVD
growth, the solubility of carbon becomes lower with
decreasing sample temperature, and therefore, excess
carbon atoms would segregate from bulk to the sur-
face, forming graphene layers.

Under slow cooling (Figure 7c,e), the growth process
is dominated by a balance between dissolution and
segregation of carbon, and in the relative long cooling
process, carbon atoms have enough time to segregate
to metal surfaces to form multilayer graphene. In
contrast, under fast cooling (Figure 7b,d), the balance
between dissolution and segregation of carbon is
destroyed, and only a small amount of carbon can be
segregated from bulk to the surface, leading to the
formation of mainly monolayer graphene. This result is
comparable with the graphene growth on Ni(111),
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Figure 7. Schematic drawing showing the growth mechanism of graphene on Rh foils. (a) CH, decomposition at 1000 °C,
followed with carbon dissolution into Rh foils. (b—e) Side-view and 3D images of carbon atoms segregating from bulk to Rh
surfaces throughout the quenching processes under fast and slow cooling, forming monolayer and multilayer graphene,

respectively.

where the graphene layer thickness distribution versus
the temperature curve bears three platforms corre-
sponding to multilayer, monolayer graphene, or bare
Ni under different growth and cooling processes.?5?’

CONCLUSION

We have successfully synthesized continuous gra-
phene films on Rh foils by APCVD for the first time and
transferred the graphene films onto SiO,/Si substrate
by a bubble method. By changing the cooling rate,
we can accurately control the layer number of gra-
phene from monolayer to multilayers. The ubiquitous

METHODS

Preparation of Graphene. Poly-Rh substrates (Rh foil, 0.025 mm
thick, 99.9% metals basis) were purchased from Sigma-Aldrich.
In the growth process, the Rh foil was first heated from room
temperature to 1000 °C in 45 min under a H, flow of 200 sccm
and then kept at 1000 °C for 40 min for deoxidation of the
impurity. Later on, 5—10 sccm CH, was introduced into the
furnace and the gas mixing ratio of CH,/H, could range from
5/700 to 5/200. After that, the sample was cooled with different
cooling rates. Due to the inert nature of graphene, the as-grown
sample can be loaded out of the growth furnace for further
characterizations.

Transferring Graphene from Rh Substrates. As Rh is chemically
inert and very expensive, we use a bubble method to isolate
graphene films to insulated substrates. The transfer procedure
includes the following: (1) spin-coating polymethylmethacry-
late (PMMA) film onto the graphene surface; (2) dipping the
PMMA/graphene/Rh foil into a 1 mol/L (M) NaOH aqueous
solution as a cathode of an electrolysis cell and a platinum wire
as an anode, with a 0.2 A constant current supply. The PMMA/
graphene layer can be detached from Rh foils since a large
amount of H, bubbles form between graphene and Rh foil; (3)
putting PMMA/graphene film on SiO,/Si substrates; (4) dissolv-
ing PMMA by acetone.

OM, SEM, Raman, TEM, AFM, and STM Characterizations. OM
(Olympus BX51), SEM (S-4800), and AFM (Nanoscope llla) were
used to obtain the graphene domain size and the wrinkle shape
and density. AFM images were captured in tapping mode. A
Reni Shaw (1000) Raman and a TEM (F20) were used to achieve
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moiré patterns existing on graphene films are estab-
lished to be an intriguing phenomenon for segregated
graphene. Additionally, high-density wrinkles contri-
bute another unique trait of the system.

On the basis of these results, we propose a segrega-
tion mechanism for graphene growth on Rh foils, an
analogue of graphene on Ni films because of their high
carbon solubility. The fantastic morphology and the
versatile stacking order of graphene layers make CVD
graphene on Rh foils a perfect system to detect new-
fangled physical properties such as VHSs in twisted
graphene layers.

the thickness of graphene layers. The STM images were cap-
tured in an Omicron UHV variable-temperature STM (UHV-VT-
STM) with a base pressure better than 10~ '° mbar. Prior to STM
observations, the graphene sample was degassed under UHV
conditions for 2 h at 300 °C to remove the impurity adsorptions.
All of the STM data were captured under a constant current
mode at room temperature.
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