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Raman and optical characterization of multilayer turbostratic graphene

grown via chemical vapor deposition
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We synthesize large-area graphene via atmospheic-pressure (AP) chemical vapor deposition
(CVD) on copper, and transfer to SiO, wafers. In contrast to low-pressure CVD on copper, optical
contrast and atomic force microscopy measurements show AP-CVD graphene contains significant
multi-layer areas. Raman spectroscopy always shows a single Lorentzian 2D peak, however
systematic differences are observed in the 2D peak energy, width, and intensity for single- and
multi-layer regions. We conclude that graphene multi-layers grown by AP-CVD on Cu are
rotationally disordered. © 2011 American Institute of Physics. [doi:10.1063/1.3605545]

. INTRODUCTION

With its high field-effect mobility and optical transpar-
ency, graphene is a promising material for future electronics
applications, including both complementary integrated cir-
cuits and optically transparent electrodes for displays and
sensors.! Mechanical exfoliation of graphite® has produce
the highest-performing samples, but the manual effort, unre-
liable results, and small areas hinder practical applications of
graphene.>® Other synthesis methods include epitaxial
growth on SiC and chemical vapor deposition on single-crys-
talline metals, both of which require costly substrates. Chem-
ical vapor deposition (CVD) on polycrystalline nickel or
copper,”™? in thin films or foils, can produce wafer-scale gra-
phene at low cost.>

Il. EXPERIMENTAL METHODS

Previous reports of low-pressure CVD on copper dem-
onstrate that graphene forms by surface adsorption, and is
thus self-limited to a single graphene monolayer, which pas-
sivates the metal surface.” However, recently the growth of
large areas of AB-stacked bilayer graphene was reported in
low-pressure CVD on copper.'” Here we report on the
growth and characterization of graphene on copper substrates
by CVD at atmospheric pressure.” We characterize our gra-
phene films by optical contrast and Raman spectroscopy.''~"?
We identify regions of multi-layer graphene as evidenced
by optical contrast. Raman spectroscopy of these regions
shows a single-Lorentzian 2D peak indicative of rotation-
ally disordered graphene, and the 2D peak shows systematic
differences in position, width, and intensity from regions of
single-layer graphene.

We adopt a growth procedure similar to that of Lee
et al.’ to grow graphene on Cu foils of 99.8% purity and
25 um thickness (Alfa Aesar #13382). Foils are cleaned by
sonication in acetone, then rinsed in methanol followed by
isopropanol, and then loaded into a 1 in. quartz tube furnace.
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Foils are heated to approximately 1050 °C under atmos-
pheric pressure inflowing Ar:H, =1000:50 SCCM (SCCM
denotes cubic centimeter per minute at standard temperature
and pressure) and held for 30 min before graphene growth in
CH4:H,:Ar=50:15:1000 SCCM, then cooled to room tem-
perature in Ar:H, = 1000:50 SCCM. Growth times were var-
ied from 30 to 300 s, with no apparent variation in the
resulting graphene films. Cooling rate was also varied from
<1 °C/s to > 10 °C/s, and again no variations were found,
contrasting with reports of graphene grown on Ni via atmos-
pheric-pressure CVD.'*!'3 Variation of temperature does
have a substantial effect: Samples grown at lower tempera-
tures showed more defects (larger Raman D band intensity)
and substantial deposits of opaque material with a Raman
spectrum suggestive of amorphous carbon, with no signature
of graphene observed in Raman at growth temperatures
below approximately 950 °C.

Following growth, graphene is transferred from the Cu
foils using a procedure substantially similar to that of Reina
et al.® Poly[methyl methacrylate] (PMMA) is spun-cast on
the foils and dried briefly at 150 °C. Foils are then immersed
in Transene APS-100 etchant and heated to 60-80 °C. The
copper is entirely etched within 30 min and the nearly trans-
parent films of graphene and PMMA float to the surface.
Films are rinsed in de-ionized water, then transferred onto
chips of nominal 300 nm thermally grown SiO, on Si. The
chips are dried at 60 °C, the PMMA is dissolved in acetone,
and finally the chips are rinsed in isopropanol.

lll. RAMAN AND OPTICAL MEASUREMENTS

Figure 1(a) shows a representative sample of CVD gra-
phene in an optical microscope [Olympus STM6 with 100X,
0.9 numerical aperture objective]. A void is intentionally
introduced into the graphene by tearing during transfer. Non-
uniform optical contrast over the graphene is immediately
apparent: while a majority of the graphene shows fairly uni-
form contrast against the bare SiO, (lower right), there are
regions of greater contrast, which appear to occur in discon-
tinuous parallel bands of roughly 3—10 um width that are
apparent on a larger scale (see supplemental material for
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FIG. 1. (Color online) (a) Contrast-stretched optical micrograph of CVD
graphene transferred to 309 nm SiO, substrate under A =600 nm illumina-
tion. Inset shows a reference sample of two mechanically exfoliated gra-
phene flakes on a background of 306 nm SiO,. (b) Histograms of reflected
light intensity from the marked regions of (a) normalized to equal intensity
for the SiO, substrate. Dashed lines show theoretical peak positions for 0—4
layer graphene for the corresponding substrate thickness (see main text).

larger images”*). These are suggestive of the distribution of
parallel polishing marks on the as-supplied copper foils. Fig-
ure 1(b) shows histograms of the reflected intensity from
several regions of Fig. 1(a), compared with a reference sam-
ple containing two flakes of mechanically exfoliated gra-
phene (one of which is confirmed by Raman spectroscopy as
a Bernal-stacked bilayer'"). Figure 1(b) clearly shows multi-
ple peaks in the intensity histograms for both CVD and
mechanically exfoliated samples, suggesting discrete thick-
nesses of graphene; We discuss this more quantitatively
below.

Blake er al.'® calculated the relationship between illumi-
nation wavelength, oxide thickness, and the contrast of
monolayer graphene on SiO, (defined as 1-R,/R,, where R,
and R; are the reflectance of the graphene and the substrate,
respectively).While Blake et al. predicted a nearly constant
contrast per graphene layer, assuming a refractive equal to
that of bulk graphite, other reports show considerable
sample-to-sample variation, thickness-dependence, and dis-
persion of the index of refraction of graphene, ng.”_19 Using
ng = 2.0 — 1.1j from Ref. 17, we find that the observed con-
trast of our mechanically exfoliated graphene samples corre-
spond well to theoretical predictions for 306 nm SiO, (the
vendor-specified mean thickness of the sample shown in the
inset of Fig. 1(a)); dashed vertical lines show calculated 14
layer contrast in Fig. 1(b). In particular, the peak for the
bilayer exfoliated flake at 16% contrast matches the theoreti-
cal calculation. The regions of CVD graphene in Fig. 1(a)
show peaks at 12-13% contrast, probably corresponding to
monolayer graphene. Although this contrast does not match
the prediction for monolayer graphene on 309 nm SiO,
(again, the vendor-specified mean thickness) using n, from
Ref. 17, it is within the range predicted by experimentally
measured values for graphene’s index of refraction.'”
Regions F and G show secondary peaks around 19% con-
trast, which is also within the plausible range for bilayer gra-
phene. Similar multi-modal contrast histograms are observed
for other samples (see supplemental material®®).
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FIG. 2. (Color online) Representative micro-Raman spectra of CVD gra-
phene at points 1 and 2 in Fig. 1 with low (~12-13%, point 1) and high
(~19%, point 2) contrast, along with comparative spectra of a mechanically
exfoliated bilayer graphene (MEBLG) sample, all normalized to equal G
peak height. Solid curves show Lorentzian fitting peaks, while dashed lines
show Raman background.

Figure 2 shows micro-Raman spectra of CVD graphene
at representative low-contrast and high-contrast points, with
Lorentzian fits to the observed peaks. We used a Horiba J-Y
Raman microscope with laser wavelengths of 514 nm and
633 nm, at low power to reduce sample heating. The G and
2D peaks are prominent Raman features that can be used to
distinguish 1-5 layers of AB-stacked graphene.11 In these
and other Raman spectra of CVD graphene (summarized in
the supplemental material>*), we observe significant varia-
tion in G peak position and width, which may be attributed
to electronic doping of the graphene by the substrates.''"
Surprisingly, all of our Raman spectra show narrow, sym-
metrical 2D peaks, even in areas where optical contrast indi-
cates multilayer thickness. On our CVD graphene, we have
never observed the broad, multi-peaked 2D band of
AB-stacked multilayer graphene,s’ﬁ’13 and which we readily
reproduce on a bilayer sample of mechanically exfoliated
graphene (topmost spectrum in Fig. 2). (See supplemental
material** for more Raman spectra).

While the 2D band of our CVD graphene is always
single-peaked, it varies in other ways between regions of
lower and higher optical contrast. Figure 3 shows three fea-
tures of the Lorentzian fits to the 2D peak measured at sev-
eral points on CVD graphene with both higher and lower
optical contrast. Figure 3(a) shows a blue-shift of about 8
cm™ from the 2D peak position of lower-contrast CVD gra-
phene to that of higher-contrast CVD graphene, while Fig.
3(b) shows a broadening of the 2D peak in higher-contrast
graphene, and Fig. 3(c) shows a reduction in the relative in-
tensity of the 2D peak of the higher-contrast graphene. These
effects are apparent in Raman spectra measured using both
514 nm and 633 nm laser excitation.
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FIG. 3. (Color online) (a) 2 D peak positions, (b) 2 D peak widths, and (c)
relative intensity of 2 D peaks for 514 nm (left) and 633 nm (right) Raman
spectra on the CVD graphene sample shown in Fig. 1 (points 1-5) and an
additional sample (points 6-9; see supplemental material). Blue circles indi-
cate points of lower (~12-13%) optical contrast, while red triangles indicate
points of higher (~19%) contrast. Shaded bands indicate (x)*o, ranges for
each peak parameter, grouped by contrast. (Note: 633 nm Raman spectra
were not measured for point 7.)
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IV. DISCUSSION

Poncharal et al.*' showed that the Raman 2D band of
misoriented bilayers of exfoliated graphene resembles that of
monolayer graphene but blue-shifted relative to monolayer
graphene. Faugeras et al. also observed this blue-shift in
few-layer graphene grown on the (0001) face of SiC,** while
Pimenta et al. observed it along with increased 2D peak
width in many-layer turbostratic graphite.”> Based on the
evidence of steplike variation in optical contrast and system-
atic deviations in Raman spectra between high- and low-con-
trast regions, we conclude that the high-contrast regions of
our CVD graphene are misoriented or turbostratic multilayer
graphene. This observation contrasts with the recent claim of
growth of large areas of AB-stacked bilayer graphene on
copper by low-pressure CVD (Ref. 10) (a different process
than that used here). Interestingly, the Raman 2D mode for
bilayer graphene in Ref. 10 also appears broader and more
symmetric than that of exfoliated AB-stacked graphene (sim-
ilar to our observations), suggesting the possibility of rota-
tional disorder in those samples as well.

We also used a Veeco DI-5000 atomic force microscope
(AFM) in tapping mode and ambient conditions to obtain to-
pography images of flakes of CVD graphene transferred to
Si0,. It was difficult to find large, flat areas around the edges
of the graphene that were not contaminated with particles
(likely PMMA from the transfer process), but a few were
located. Figure 4(a) is a tapping-mode AFM topography
image taken near the edge of a piece of CVD graphene trans-
ferred to nominal 300 nm SiO,. A step from the SiO, sub-
strate to the graphene flake is visible, as shown in Fig. 4(b).
After the initial step from the SiO, substrate, there is another
step, indicating one or more additional monolayers of
graphene.

We consider alternative explanations for the combina-
tion of monolayer-like Raman spectra and optical contrast
and topography corresponding to those of multilayer gra-
phene. After the transfer process, it is possible that a layer
of water remains under the graphene in some areas, or a
thin layer of PMMA residue may remain on top. Alterna-
tively, the graphene may not adhere closely to the SiO,,
leaving an air gap between. A third possibility is that some

FIG. 4. (Color online) (a) Tapping-mode ambi-
ent AFM topography image around the edge of
a piece of CVD graphene transferred from cop-
per to nominal 300 nm SiO,. (b) Line profile of
sample height (in nm) along the length of the
dashed box in (a), averaged across its width. A
| (b) step from the SiO, substrate to the graphene is
i visible, followed by a second step indicating
one or more monolayers of graphene on top of
the first. The arrow in (a) indicates another such
step visible nearby on this sample. Crosses in
(a) and dashed vertical lines in (b) indicate
! edges of the first step from SiO, to graphene.
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thin layer of PMMA residue remains on top of the graphene
film.

We have studied the effect of additional dielectric layers
by extending the transfer-matrix method used by Blake et al.
to a 4-layer structure. We calculate the contrast of graphene
layers on SiO, with up to 4 nm of water (n=1.333) or air
(n=1.0) between the graphene and the substrate, or up to 4
nm of PMMA (n=1.49 at A=600 nm) on top (see supple-
mental material®*), and in general find that any of these
impurities could slightly reduce the contrast of graphene on
309 nm SiO, (the thickness on which our CVD graphene
was deposited), thus causing a multilayer sample to look like
a monolayer sample, but that they cannot increase its con-
trast. Furthermore, the contrast shift introduced by these
impurities is nearly independent of the graphene thickness,
and so cannot significantly affect the spacing of contrast
peaks for different graphene layer numbers. We therefore
rule out contamination as a possible explanation for our
observed multimodal optical contrast histograms.

In conclusion, we have grown graphene on Cu foils via
atmospheric-pressure chemical vapor deposition. We
observe variation in the optical contrast of graphene films
transferred to SiO, wafers, and peaks in the contrast histo-
grams are consistent with the presence of multilayered gra-
phenes. Raman spectroscopy shows single-peaked 2D
bands on all samples of CVD graphene, but with systematic
variations in peak position, width, and relative intensity
according to layer number (as indicated by optical con-
trast), indicating that all multilayer regions consist of
misoriented or turbostratic layers. Our results highlight the
difficulties of conclusively measuring CVD graphene thick-
ness: Impurity layers can reduce the contrast of multilayer
graphene on SiO,, while misorientation can mimic the sin-
gle Raman 2D peak of single-layer graphene. The ratio of
2D and G peak amplitude, often used to estimate graphene
thickness, is also unreliable due to non-uniform adhesion of
graphene to its substrate’® and to doping.”® While we do
not fully understand the mechanism by which multilayer
graphene forms on copper at atmospheric pressure, its dis-
tribution suggests a relationship to the topography of the
copper substrates used.
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