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ABSTRACT We report a unique synthesis of single- and few-layer graphene films on carbon-doped Ptg;Rh;;

surfaces by surface segregation and precipitation. The ultrathin graphene films were characterized by atomic force

microscopy, Auger electron spectroscopy, and micro-Raman spectroscopy measurements, providing evidence of

graphene film thickness and structural quality. The G and 2D band intensity images from micro-Raman

spectroscopy measurements confirm that the graphene films with different coverage have very limited defects.

Additionally, the 2D band peak can be well-fitted by a single Lozentian peak, indicating that graphene films are

characteristic of single layer graphene. Graphene film thickness can be determined by analysis of Auger spectra,

indicating that graphene films after 850 °C annealing mainly consist of monolayer graphene. By precise

adjustment of annealing temperature, graphene film thickness and area size can be controlled and uniform large-

area single-layer and double-layer graphene can be achieved.
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raphene, a single layer of sp-

bonded carbon atoms arranged

into a two-dimensional honey-
comb lattice, has attracted the interests of
many researchers, due to its unique proper-
ties including an anomalous integer quan-
tum Hall effect,’* quantum confinement
in nanoscale ribbons,” and long-range bal-
listic transport at room temperature.® Re-
cently, much progress has been achieved
for fabrication of graphene films. However,
the fabrication of large-area, high-quality
graphene films remains a challenge, and
each method has limitations. Graphene
sheets prepared by micromechanical exfoli-
ation from highly oriented pyrolytic graph-
ite (HOPG)” have high crystalline quality but
are limited to small dimensions and are dif-
ficult to scale up for applications. Thermal
decomposition of silicon carbide (SiC)2 "
has yet to show success in achieving large
graphene domains with uniform thickness.
Chemical vapor deposition (CVD)'2~'* of
hydrocarbons on metal surfaces can pro-
duce graphitic layers, but a large amount
of carbon absorbed on the surfaces usually
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results in thick graphene films."* Epitaxial
growth of graphene has been performed on
single transition metal surfaces such as
Ru(0001)'®" "8 and Ir(111)"®2° surfaces.
These findings have led to high-quality
single-crystalline graphene systems, which
can be used for further fundamental
research.

Here we develop a unique technique to
fabricate few-layer graphene films on tran-
sition metal surfaces such as Pt, Pd, Co, Nj,
and their alloys. It is known that 3-D growth
of graphitic carbon occurs on carbon-
doped metal surfaces at elevated tempera-
tures by a surface segregation and precipi-
tation process.?' ~%* Using this technique,
monolayer and multilayer graphitic struc-
tures on metal surfaces have previously
been successfully fabricated by Fujita et
al>*2® They also discovered that few-layer
graphenes together with carbon nanowires
can be formed on C-doped Ni(111) sur-
faces.?® In this work, by ultrahigh vacuum
(UHV) annealing of carbon-doped polycrys-
talline Ptg3Rhy7 surfaces, controllable single-
and few-layer graphene films have been
successfully prepared. We combine atomic
force microscopy (AFM), micro-Raman spec-
troscopy, and Auger electron spectroscopy
(AES) measurements to investigate the
graphene films grown on Ptg;Rh;; surfaces.
From micro-Raman spectroscopy measure-
ments, strongly defect-suppressed
graphene films with few layers have been
confirmed. Also, according to the intensity
ratios of C KLL and Pt NOO peaks from the
AES differential spectra, the amount of car-
bon is estimated and the thickness of the
graphene films is determined, showing that
the graphene growth changes from
graphene domains to single- and few-layer
graphene films. Furthermore, by precise ad-
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justment of annealing temperature, large-area single-
and few-layer graphene films are achieved. Therefore,
the present synthesis can fabricate well-controlled
graphene films in thickness and lateral dimensions,
which provides a novel technique for large-scale
graphene fabrication used for further fundamental re-
search as well as device integration.

RESULTS AND DISCUSSION

Topography and phase images were obtained by in-
termittent contact mode AFM for both Ptg;Rh; sur-
faces and graphene on the Ptg;Rh;; surfaces. Figure 1
shows topography (A) and phase (B) images for clean
Ptg3Rh,; surfaces obtained by annealing at 1100 °C for
10 min, in which clear steps and terraces are visible. The
height of the steps varies from 5 to 10 nm, depending
on the orientation of the crystalline grains. Since the
phase image is not affected by large-scale height differ-
ence, it provides more clear observation of step edges.
Figure 1C,D presents topography and phase images of
graphene films grown on PtgsRh;; surfaces by annealing
at 850 °C for 10 min. Both topography and phase im-
ages reveal obvious different features. Steps are still vis-
ible in some regions, and we believe that these re-
gions are not covered by graphene. A region in which
steps are no longer visible is evidence of a graphene
layer formed on the surface. In the stepped regions, the
steps in (D) are dulled compared to those in (B), and
we can conclude that, even in the areas with no
graphene growth, carbon atoms or clusters have segre-
gated to the surface and nucleated at the edge of steps.
In spite of these stepped regions, there is a very flat re-
gion (area indicated by a) of single-layer graphene (evi-
denced by AES measurements in the following sec-
tion). On the top of single-layer graphene, there exists
several small areas exhibiting light contrast in the phase
image (D) (not so apparent in the topography image
(Q). These should be additional small graphene do-
mains where nucleation has occurred. Height measure-
ments extracted from the topography image show
that the thicknesses of these small-area graphene do-
mains are either 0.38 nm (indicated by arrow b) or 0.82
nm (indicated by arrow c), corresponding to the height
of single- and double-layer graphene domains, respec-
tively. The graphene films are continuous, running
across the steps within the same grain area. Neverthe-
less, because of the polycrystallinity of the Ptg;Rh;; sur-
faces, graphene films become discontinuous at the
grain boundaries of the surfaces. We also observe a car-
bon nanowire (indicated by d) floating on the top of
the stepped areas. This was previously reported for the
Ni(111) case.?®

The thermal processing of carbon-doped surfaces
controls the amount of carbon that precipitates to the
surfaces during graphene growth. In order to determine
the carbon concentration in surface layers, scanning
Auger microscopy (SAM) was used to investigate the
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Figure 1. AFM images acquired by intermittent contact mode
at room temperature for graphene films grown on the Ptg;Rh;;
surfaces. Topography (A) and phase (B) images of clean Ptg;Rh;;
surfaces after high-temperature annealing. Steps and terraces
can be clearly visible. Topography (C) and phase (D) images of
graphene films grown on the Ptg;Rh;; surfaces anneled at 850 °C
for 10 min. In some regions, steps are still visible but dulled com-
pared with those in (A) and (B), which is due to the carbon at-
oms or cluster segregation to the surfaces. A very flat region cor-
responds to the monolayer graphene covered region with new
small graphene nucleation on the top.

graphene films on Ptg;Rh; surfaces. Figure 2A shows a
scanning electron microscopy (SEM) image of the
graphene films obtained by annealing at 850 °C for 10
min. Figure 2B presents C KLL mapping image with the
same area as that of the SEM image. From the C KLL im-
age, discrete color contrasts are visible, indicating dis-
crete intensity of carbon Auger signals in the mapping
images. The variation in carbon intensity represents
graphene films with different coverage. The AES differ-
ential spectra corresponding to dark, red, and light yel-
low areas in the C KLL map are shown in Figure 2C. It
can be seen that, for the darkest area (indicated by ar-
row a), the spectrum exhibits the highest Pt NOO peak
and weakest C KLL peak, whereas for the spectrum cor-
responding to the red color region (indicated by arrow
b), the carbon peak becomes stronger and the platinum
peak becomes weaker. The spectrum corresponding to
the light yellow color area (indicated by arrow c) dis-
plays an more prominent carbon peak and a decreased
platinum peak. According to the intensity ratios of C
KLL and Pt NOO peaks in the differential spectra, the
carbon concentration in each layer can be estimated.
The C KLL and Pt NOO peak intensities are normalized
by ic = Ic/Sc and Ip; = Ipy/Spy, Where Ic and Ipy are the
peak—peak magnitudes in the differential spectra, Sc
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Figure 2. Scanning Auger spectroscopy characterization of the graphene films grown on the Ptg;Rh,; surfaces annealed at
850 °C. Scanning electron microscopy (A), C KLL (B) mapping image with the same area. Auger differential spectra (C) with dif-
ferent contrast areas indicated by arrows in (A) and (B). The cross-sectional line profile (D) along the line indicated in the C
KLL map. Histogram (E) of the graphene films with different coverage, indicating that monolayer graphene is dominant.

and Sp, are the relative sensitivity factors.>” Therefore,
the total carbon concentration is

po=— m
Ie 4+ I

On the other hand, Auger signals are collected from

the topmost several surface layers, the signal intensity

14 of each element decays exponentially as the distance

d from the surface and is given by®®

Iy = lyexp(—d/k sin @) (2)

here Iy is the intensity without inelastic attenuation, d
is interplanar distance (~2.25 A for platinum and ~3.4
A for graphite); \ is the inelastic mean free path of Au-
ger electrons, which is approximated to be 7.0 and 4.3 A
for C KLL and Pt NOO electrons, respectively;?*3° « is
the electron takeoff angle (~47.7°) during the Auger
measurements.?” Considering the exponential decay
dependence on the distance d, the contribution of C
KLL and Pt NOO signal from different layers is expressed

as3'I

lc= Y Plexpl—(n — Ndc/hcusinad  (3)

Toe = ZPSteXp[—(n — Ndp/Mpenoo Sin el (4)
n

where P¢ and P, are the carbon and platinum concen-
trations in each layer and n is the number of layers. Us-
ing eqs 1—4, the carbon concentration in each layer
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can be calculated for different color regions. During
the calculation, the following model was assumed on
the basis of our experimental results.

1. When graphene coverage is less than 1.0 ML, we as-
sume that all C KLL signal comes from the first layer
because carbon signal from the internal should be
very small due to the low carbon concentration
(~0.5%). As for the Pt NOO signal, except the contri-
bution of the first layer, from the second layer, the
contribution is the same as the bulk Ptg;Rh; alloy.
Using the above assumption, for the darkest area (C
KLL map), the carbon concentration of the top layer
(n = 1) is estimated about 67.2%, which means that
the carbon coverage is around 0.67 ML. We can re-
gard it as fractional graphene coverage, consisting of
segregated carbon atoms. For the red color area (C
KLL map), according to the above assumption, the
carbon concentration in the first layer (n = 1) is cal-
culated as about 110.8%. Despite there being a car-
bon concentration error about 10%, we can regard
this as monolayer graphene.

2. For the yellow color area (C KLL map), the carbon at-
oms are segregated not only to the first layer but
also to the second layer (n = 2). We assume that all
C KLL signal comes from the top two layers. For the
Pt NOO signal, from the third layer, the contribution
is the same as the bulk Ptg;Rh;; alloy. Using this as-
sumption, the carbon concentration is calculated as
105. 1%, roughly corresponding to bilayer of
graphene.

Wwww.acsnano.org



Therefore, by analyzing the AES spectra, we can de-
termine the graphene thickness, indicating that
graphene after annealing at 850 °C consists of less than
a few layers, and monolayer graphene appears to be
dominant. Figure 2D is the line profile for the C KLL and
Pt NOO peaks. There exists a clear complementarity be-
tween the C KLL and Pt NOO intensity. It is clear that,
for both carbon and platinum, the intensity signal is
separated into two discrete values (8.2 X 10* and 6.8
X 10% cps for the Pt NOO signal; 2.8 X 10*and 4.7 X 10*
cps for the C KLL signal), indicating that intensity var-
ies from fractional graphene coverage to monolayer
graphene. Figure 2E is the statistics histogram from the
CKLL image (B), in which two dominant peaks with
the intensities of 2.8 X 10* and 4.7 X 10* cps are ob-
served, corresponding to fractional graphene coverage
and monolayer graphene, respectively. The inset is the
distribution for bilayer graphene, and the count num-
ber is much lower than that of monolayer graphene.
Further analysis indicates that more than 70% of the
area is covered with single-layer graphene. Fractional
graphene coverage area is about 28%, and the rest is
double- and few-layer graphene (less than 2%). The
growth mechanism for graphene on carbon-doped
Ptg3Rh;; surfaces partially follows the Stranski—Krastanov
growth mode, based on the surface precipitation process
of doped carbon, similar to the Ni(111) case.**” ¢

Since the surface segregation process is closely re-
lated to the annealing temperature, we annealed the
carbon-doped PtgsRh;; surfaces at different tempera-
tures in order to optimize the growth of graphene. Fig-
ure 3 presents the C KLL mapping images annealing at
different temperatures from 900 to 1150 °C. Figure 3A
shows the C KLL map image after annealing at 900 °C
for 10 s. By using the above method, we calculated the
graphene thickness for different color contrasts. Carbon
coverage for the dark red color area (indicated by a) is
0.85 ML, and the red color area (indicated by b) is iden-
tified as a single layer (carbon concentration is 98.7%).
The light yellow area (indicated by c) represents bilayer
graphene (carbon concentration is 96.4%), and the
white yellow area (indicated by d) is assigned to be
trilayer graphene (carbon concentration is 98.6%). Com-
pared to that annealed at 850 °C, the domain sizes are
much larger. Figure 3B—F presents the C KLL images
annealing at 950, 1000, 1050, 1100, and 1150 °Cfor 10's,
respectively. After annealing above 950 °C, uniform
single-layer (I area) or double-layer (Il area) graphene
films are obtained on Ptg;Rh; surfaces, resulting in mac-
roscopic graphene domains reaching over 100 pm in
size, much larger than that previously reported.>**> Our
findings indicate that, by annealing below 900 °C, coex-
istence of fractional graphene coverage, monolayer
graphene and bilayer graphene can be obtained. Uni-
form single-layer and double-layer graphene film can
be stabilized between 950 and 1150 °C, except some ex-
tra small area at the boundary between different crys-
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Figure 3. Scanning Auger spectroscopy characterization of the graphene
films grown on the Ptg;Rh;; surfaces after annealing at different tempera-
tures. C KLL images (A—F) after annealing at 900, 950, 1000, 1050, 1100,
and 1150 °C for 10 s, indicating that large-area single- and double-layer
graphene can be obtained.

talline grains, there exists some multilayer graphene.
Therefore, by our technique, the number of graphene
layers and graphene domain size can be controlled by
optimizing the annealing temperature and cooling
down speed during the segregration process.

Raman spectroscopy is a widely used technique to
characterize the structural and electronic properties of
carbon-based materials such as carbon nanotubes,
graphite, and graphene.®**3 The recent discovery of
clear signatures in graphene makes it a powerful
method to determine the number of layers in few-
layer graphene films.'?**4*> According to previous stud-
ies, there are several prominent peaks in the spectrum.
The D band peak appears around 1350 cm™', and its
signal strength relative to G band is strongly depend-
ent on the amount of disorder in graphene. The G band
appears at ~1580 cm ™' due to the two-fold degener-
ate E;g mode at the zone center, and a second-order 2D
band is present at ~2700 cm™" due to the highest op-
tical branch phonons near K point at the Brillouin zone
boundary.*® To further evaluate the quality and verify
the thickness for graphene films grown on the Ptg;Rh;7
surfaces, spatially resolved Raman spectroscopy has
been carried out. Figure 4 summarizes micro-Raman ex-
periments at 532 nm excitation for graphene films, pro-
viding information on the quality and thickness of the
graphene films. Figure 4A is the mapping image of the
G band intensity integrated from 1533 to 1622 cm™'
and (B) is the 2D band intensity integrated from 2644
to 2726 cm ™. Both the G band and the 2D band images
show color contrasts between single- and double-layer
graphene, with the brighter region corresponding to
thicker coverage. Figure 4C shows typical Raman spec-
tra for different color regions indicated in Figure 4A. The
spectra exhibit dominant peaks at G band (1583 cm™)
and 2D band (2696 cm™") frequencies. The appearance
of the D band (1350 cm™ ") is related to defects, and in
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band intensity is much stronger com-
pared to that of the 2D band peak. In ad-
dition, for the case of HOPG-exfoliated
graphene, 2D peak shape can be used to
distinguish between single- and double-
layer graphene, with a sharp and symmet-
ric single Lorentzian 2D peak for single-
layer graphene. For double-layer graphene
films, the 2D band peak is resolved into
two or more components because of de-
generate electronic bands. However, in
our graphene formed on the carbon-
doped metal substrate, we observe that

98 CCD cts. 557 -160 CCD cts. 473 all of the spectra exhibit a symmetric and
50 T T T T T T — T T T T . . .
wf C S Barsi] g-g F D' i SRR sharp peak with the line width of 36—40
L 4 = E R -1 HY — =1
— 38 f Gband  gingle 3 06F  single —iiea 4 cm™! at the position of 2686—2696 cm™".
£ 1w} 1 gozf 3] The 2D peaks with different thickness can
g L 3 ﬁ ?g Kar e be well fitted by a single Lorentzian curve
B 1 § osf — shown in Figure 4D, being characteristic of
g £r double ] 2 8'3 3 - LorentzFit single-layer graphene. According to previ-
< 20} - o .
z £ 02F 1  ous reports,'? for order stacked bilayer
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Figure 4. Raman imaging and spectra of the graphene films on the Ptg;Rh,; surfaces.
Intensity mapping images of the G band integrated from 1544 to 1622 cm™" (A) and
the 2D band integrated from 2644 to 2726 cm™' (B). Raman spectra (C) correspond-
ing to the marked solid circle (a), (b), and (c) indicated in (A), showing the presence of
single, double, and multilayer of graphene films. Normalized 2D band peaks (D) with
single, double, and multilayer of graphene; the dotted line is fitted by a single Lorentz

curve.
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our samples, it is very weak for single-layer graphene
and almost not observed for double and multilayer
graphene. The strongly suppressed defect-related D
band peaks indicate overall good quality of our
graphene films. Furthermore, it can be seen that
Raman spectra features with different numbers of
layers are distinctly different, with different inten-
sity ratio between G band and 2D band. It has been
reported that the G to 2D peak intensity ratio can
provide a method for fast estimation of the number
of graphene layers.*** For the area marked by solid
circle (a), the intensity of the 2D band peak is much
stronger than that of G band, and the G to 2D peak
intensity ratio of 0.3 is observed, corresponding to
single-layer graphene. The intensity of G and 2D
band peaks in the region (b) is comparable, with
the G to 2D ratio close to 1.0, representing bilayer
graphene. The G to 2D band peak ratios of 0.3 and
1.0 correspond to single- and double-layer
graphene, respectively, which is consistent with
graphene grown on Ni surfaces by CVD method."?
Furthermore, for the typical Raman spectrum of mul-
tilayer graphene (indicated by solid circle c), the G

-
28502900 For non-order stacked structures, the in-
teractions between the two layers are
weak and the 2D peak remains a single
Lorentizan peak. Hass et al.,*® by using first
principle calculation, have confirmed that
the stacking faults decouple adjacent
graphene sheets, so that the linear disper-
sion at the K point still is preserved even
though the films are composed of many
graphene sheets. Accordingly, the band structure of
multilayer graphene is maintained to be identical
with that of the isolated graphene. Therefore, a
single Lorentzian peak indicates that graphene films
exhibit an non-ordered stacking and absence of
electronic coupling between graphene layers, so
our multilayer graphene should have electronic
properties similar to that of single-layer graphene.

CONCLUSION

In summary, controllable, uniform, continuous
single- and few-layer graphene film has been fabri-
cated by thermal treatments of the carbon-doped
metal surfaces. By using AFM, AES, and Raman spec-
troscopy, it is confirmed that graphene films with dif-
ferent coverage have been successfully obtained.
The films exhibit that a large percentage of single-
layer graphene regions with the lateral size can be
controlled by adjusting the annealing temperature.
This approach enables an alternative route toward
mass production of graphene films for future appli-
cations.
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EXPERIMENTAL SECTION

The few-layer graphene films were prepared by surface seg-
regation and precipitation process on carbon-doped Ptg;Rh;;
surfaces. A high purity (99.99%) polycrystalline PtgsRh;; sheet
with the size of 10 X 10 mm? and thickness of 0.1 mm was used
as the starting material. Doping with carbon was performed by
solid-state diffusion method. The Ptg;Rh;; sheet was covered
with high purity graphite powder and kept at 800 °C in a high
vacuum chamber for 48 h. Carbon atoms from the powder dis-
solve into the Ptg3Rh;; surfaces until solid solution equilibrium is
established. This equilibrium state depends on carbon solubility
in platinum, and the atomic concentration was estimated to be
about 0.5% according to the Pt—C phase diagram.*” The Ptg;Rh;;
surfaces doped with carbon were introduced into the UHV cham-
ber and heated to high temperature by electron back-
bombardment. Since the solubility of carbon in the metal is
temperature-dependent, during the annealing process, carbon
atoms precipitate to the surface as a graphene layer upon cool-
ing of the sample.

AES measurements were performed at room tempera-
ture with a scanning Auger microscope (ULVAC-PHI model
SAM650) with a cylindrical mirror analyzer. AES spectra were
recorded with a primary electron beam of 5.0 kV. Differen-
tial dN(E)/dE Auger spectra were obtained by numerical deri-
vation of raw N(E) integrated Auger data by Savitzky —Golay
differential filter using 5 points. The differential spectra were
used to estimate the carbon concentration in each layer, and the
coverage of the graphene films was determined. The identity
and thickness of the graphene films were also determined by
AFM and micro-Raman spectroscopy measurements. The AFM
images were acquired by intermittent contact mode (SPA 400,
SIl Nanotechnology, Japan) at room temperature. We used a Si
cantilever (SI-DF20S) with resonance frequency of about 127 kHz
and force constant of about 12 N/m. The tips were checked by
characterization of standard anodic porous film, and details were
discussed elsewhere.*® Raman mapping images and spectra
were recorded by a conformal laser Raman microscope (WITec
alpha300R) at room temperature. The Ar ion laser of 532 nm was
used as the excitation source with the laser power 50 mW. The
spatial resolution is 360 nm, and the spectral resolution is 3.0
cm™
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