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G
raphene is a single atomic layer of
carbon constructed in an sp2 hon-
eycomb lattice, with each individual

atom exposed to an external environment
that decisively determines its physical and
chemical properties.1 Existing graphene gas
sensors make use of this property for highly
sensitive gas detection.2 Surface chemistry
that brings external molecules into direct
reaction with graphene requires the sheet
to be free of contaminants so that the
desired chemical reaction can occur homo-
geneously. As a result, extra-clean large-
area graphene sheets may provide a play-
ground for molecular imaging on periodic
graphene lattice under transmission elec-
tron microscopy (TEM)3-5 and for improv-
ing the efficiency of DNA sequencing,6 drug
delivery,7 or molecular doping8,9 for device
applications. However, large-area graphene
sheets often need to be isolated from their
growing substrate and then transferred to
the target materials or mechanical supports
with the aid of poly(methyl methacrylate)
(PMMA).10 PMMA's easy handling and pro-
cessing, as well as its variable viscosity,
make it ideal for assisting graphene transfer,
but at the cost of surface contamination due
to the strong dipole interactions between
PMMA and chemical groups on graphene.
This results in a thin layer of residual long-
chain molecules sticking to the graphene
even after an exhaustive rinse with organic
solvents such as acetone or 1-methyl-2-
pyrrolidone. It was recently shown by Ale-
man et al. that clean graphene membranes
can be obtained in a transfer-free process
where graphene was suspended directly on
the growing Cu foils.11 Patterned Cu foils act
as scaffolds to provide sufficientmechanical
supports and can be scaled up for a wafer-
size production.
Here we present a systematic work on

graphene transfer and suspension that uses
poly(bisphenol A carbonate) (PC) as the

supporting material. Our strategy is moti-
vated by recent experimental work that
replaces PMMA with PC for graphene
suspension.12 PC can be easily removed by
organic solvents without the need of further
annealing in the forming gas, thus making
clean transfer feasible. To characterize the
transferred graphene, a sophisticated but
clean lithography technique is also devel-
oped so that the free-standing graphene
can be confined by distinguishable markers
and the surface cleanness can be, therefore,
examined by high-resolution TEM in atomic
scale in combination with Raman measure-
ments in the proximity of the same location.
To establish a quantitative characterization
of the surface cleanness based on Raman
scattering, we use the conventional PMMA
transfer technique and anneal the resulting
graphene to different degrees of cleanness.
We show that surface cleanness of sus-
pended graphene can be simply defined
by means of the relative intensity of the
characteristic RamanGmode. Different cov-
erage of the residual PMMA, revealed by
TEM, causes distinctive Raman spectra due
to the different conditions for the multiple
reflections and interference of light bet-
ween the contaminants and graphene.
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ABSTRACT Fabrication of large-area clean graphene sheets is the first step toward the

development of high-performance applications in surface chemistry and biotechnology as well as

in high-mobility electronics. Here we demonstrate the clean transfer of graphene grown by chemical

vapor deposition on Cu foil, with surface cleanness defined by transmission electron microscopy

(TEM) in combination with Raman scattering on the same position of suspended graphene sheets.

For clean graphene, the Raman spectra exhibit distinctive features that can explicitly discriminate

from that of graphene covered with a thin layer of amorphous carbon such as residual poly(methyl

methacrylate) (PMMA). By applying this technique to graphene sheets with various degrees of

surface cleanness, we show that the quantitative characterization of the thickness of surface

contaminants is possible based on multiple reflections and interference of light in samples.
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RESULTS AND DISCUSSION

Figure 1 schematically illustrates the processes of
clean transfer (steps A-E) and subsequent litho-
graphic patterning (steps F-P). The graphene sheets
used in the current study were grown by chemical
vapor deposition (CVD) on Cu foil.13 The self-limiting
growth mechanism results in over 80% of single-layer
graphene coverage. To produce suspended structures,
graphene sheets were coated with a PC ∼1.5 μm in
thickness, followed by etching in ferric chloride (0.03 g/
mL) aqueous solution to remove the Cu foil. The
resulting PC film with the attached graphene was then
transferred onto a silicon substrate. The PC layer can be
completely removed with chloroform. A thin layer of
nonstoichiometric SiOx was then evaporated onto the
graphene as a protecting layer, followed by a spin
coating of PMMA. The SiOx film prevents the graphene
from coming into direct contact with the PMMA. Using
standard e-beam lithography, the desired patterns
were created and the SiOx layerwas etched by buffered
HF solution prior to themetal evaporation (100 nmAu).
Again by using PC, the Au/graphene film was sepa-
rated from the silicon substrate by immersing the
whole structure in buffered HF solution. After transfer-
ring the Au/graphene film onto a 300-mesh TEM grid,
critical point drying was applied to avoid damage to
the graphene. The technique described above pro-
vided a cleangraphene surface for high-resolution TEM
imaging and, importantly, is capable of combining TEM

with Raman and transport characterizations at the
same position on the graphene sheet.
Figure 2 shows part of the optical photographs in the

transfer processes. Different concentrations of PC
in chloroform solution were prepared to fine-tune
the viscosity of the PC film on the graphene/Cu foil.
The current study used 1.2 wt % of PC solution. In
some cases, benzene can be of help in controlling
the volatility of the chloroform solvent and prevent

Figure 1. Process flow of clean graphene transfer frommetal to silicon substrate using polycarbonate film as support (steps
A-E) and subsequent lithographic patterning for free-standing graphene on Au patterns (step F-P).

Figure 2. (a) Optical photograph of a suspended graphene/
PC film on pure water following the removal of Cu foil (step
C in Figure 1). (b) Graphene on Si substrate with Au patterns
on top (step I in Figure 1). (c) Au hollow patterns for com-
bining TEM and Raman measurements on graphene. (d)
Suspended Au/graphene film on a TEM grid.
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damage to the graphene, but special care needs to be
taken, such as the last step depicted in Figure 1. Rapid
dissolution of the PC film in the pure chloroform may
fatally disrupt the graphene sheet or cause tears. A
gradual transition from different concentrations of
acetone-buffered chloroform was thus used to avoid
possible damage to the graphene during the transfer.
The process described above is superior to themethod
that uses PMMA as support in that a large clean area
can be obtained without the need for annealing.
Figure 3 shows an optical photograph of the device

suspended on a TEM grid, together with the Raman
spectrum and TEM image in the proximity of the same
position on the graphene sheet. The three most in-
tense Raman peaks are located at 1324, 1585, and 2643
cm-1, respectively, representing D, G, and 2D
modes.14,15 The G peak stems from the E2g in-plane
optical vibrational mode at the Brillouin zone center.
The peak position offers a good estimation of the
charge density in graphene,16,17 while the line width
(full width at half-maximum, γ) is a measure of the
strength of the electron-phonon coupling.18,19 For
clean suspended graphene, as in this case, the Fermi
level lies close to the charge neutrality point for which
the G peak position is∼1584 cm-1.18 A weak p-doping
is expected in our case due to the charge transfer from
the contact metal.20 The γG was found to reduce from
30 cm-1 on the Cu substrate to 16 cm-1 in the
suspended state, indicating a decrease of electro-
n-phonon coupling strength following suspension.19

Another significant feature here is the D peak, which
responds to the TO phonons around the K point of the
Brillouin zone and is activated by defect-induced
double resonance scattering.21 The observed D peak

in Figure 3b is attributed in part to defects generated
during the etching of the Cu substrate and in part to
the bulge structures overgrown on the graphene.
These structures are hard to remove even after anneal-
ing andmay be responsible for the low chargemobility
in CVD graphene. It is worth noting that the Raman
spectrum shown in Figure 3b exhibits a very high noise
level and lowpeak intensities. In fact, these features are
related to the graphene surface state and reflect the
degree of cleanness, which is negatively correlated
with the Raman intensity, due mostly to the lack of
multiple light reflections from the clean single-layer
graphene sheet, which is discussed below in detail.
To provide insight into the correlation between the

surface state and Raman information, graphene trans-
ferred by PMMAwas also used. Three different degrees
of surface cleanness were obtained from different
conditions of thermal annealing. Figure 4 compares
the TEM images and corresponding Raman spectra
acquired with the same integration time for the three
suspended graphene sheets. The use of PMMA as
transfer support or as e-beam resist for lithography is
known to leave a thin layer of residual PMMA on the
graphene or carbon nanotubes even after an intensive
rinse with various organic solvents.22 This amorphous
PMMAmasks the observation of the graphene's atomic
structure (Figure 4a). As seen in the TEM image in
Figure 4b, thermal annealing between 200 and 250 �C
in forming gas helps remove part of the contamina-
tion.23 Small clean spots can be found occasionally in
local areas. Prolonged annealing is of little help in this
case, while alternate annealing under hydrogen and
oxygen atmospheres was found to bemore effective in
cleaning up the residual PMMA, although it is time-
consuming andmay cause damage or lattice defects in
suspended graphene. Figure 4c shows the TEM image
of graphene after such annealing. The two tears in-
dicated by the red arrowswere intentionally created by
focused electron beam irradiation so as to identify the
number of graphene layers. The clean area on the
graphene can be enlarged to 100-200 nm, and the
contaminants were found to be continuously distrib-
uted in the form of networks. Some of the nonperiodic
(bulge) structures are due to the nature of the CVD-
grown graphene and are hard to distinguish from
external contaminants.
Combining TEM with Raman characterizations, we

can explicitly evaluate the Raman spectra of the gra-
phene sheets with more defined surface states
(Figure 4d-f). Three distinctive features can be seen
in the Raman spectra of the suspended clean gra-
phene: (a) a relatively low signal-to-noise ratio; (b)
low absolute Raman intensity; and (c) absence of
low-frequency (1100-1600 cm-1) broad background.
For clean graphene, the lack of multiple reflections of
incident light results in a high noise level and low
intensity in the Raman signals,24-27 as shown in

Figure 3. (a) Suspended Au/graphene film on a TEM grid,
obtained by PC transfer process. (b) Raman spectrum of
graphene, taken at the position indicated by the dotted
circle. (c) Corresponding TEM image of graphene in (b).
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Figure 4f. This property, in fact, offers means of quickly
inspecting surface cleanness. The noise level for clean
graphene (Figure 4f) is found to be about 3 times
higher than that for partially clean graphene (Figure
4e) and 5 times higher than that for graphene covered
with ∼2 nm of PMMA (Figure 4d). For unclean gra-
phene (Figure 4d,e), two prominent features can be
seen: high absolute Raman intensity and remarked
low-frequency signals superimposed on the sharp G
andDpeaks. This broad signal spans from 1100 to 1600
cm-1, indicative of the existence of amorphous carbon
(mixture of sp2- and sp3-bonded carbon) due to the
residual PMMA.28,29 The spectrum in this range can be
deconvoluted into four components: the two distinct
peaks (red fits) are assigned to the G and D modes of
graphene,28 while the other two broad peaks (blue fits)
at similar positions originate from the G and D modes
of amorphous carbon.28,29 Two additional peaks at
1450 and 1530 cm-1 (green fits), which belong to the
two characteristic peaks of PMMA at the excitation
wavelength of 633 nm,30 appear after the densification
of PMMA by annealing (Figure 4e). Note that these two
small peaks also become visible after annealing for
graphene lying on the silicon substrate (Supporting
Information). The Raman signals of the amorphous
carbon increase in intensity with increased PMMA
coverage and saturates as the PMMA thickness reaches
a few nanometers. This effect is attributed to the so-
called graphene-enhanced Raman scattering which

has been used to enhance the Raman signals of
adsorbed molecules.31 It is important to note that the
Raman signals of the thin amorphous carbon film
become discernible only when the graphene is free-
standing (Supporting Information). This is presumably
due to the stronger graphene-enhanced Raman scat-
tering in the free-standing state.Wewill leave this issue
as the subject of another paper.
To gain a more quantitative view on the Raman

intensity of graphene with different degrees of residual
PMMA, we consider multiple incident light reflections
and interferences in the graphene.32 Figure 5a,b sche-
matically shows light passing through a single graphene
layer and a PMMA/graphene/PMMA sandwich structure,
respectively. The electric fields in the various layers are
calculated by recurrent transfer matrix formalism for
multiple reflections and transmissions with boundary
conditions at each interface. The forward (þ) and back-
ward (-) amplitudes of the electric field through a stack
of N layers can be straightforwardly written as

E-
0
Eþ
0

� �
¼ M E-

N
Eþ
N

� �

with the total transfer matrix M taking the form

M ¼ M11 M12
M21 M22

� �
� H12L2 ::: LN- 1HN- 1, N

Hij and Lj, respectively, represent the interface transition
matrix and layer propagationmatrix.Hij couples thefields

Figure 4. (a) TEM image of graphene fully covered with residual PMMA following free-standing. (b) TEM image of graphene
partially covered with residual PMMA after annealing under hydrogen atmosphere. (c) TEM image of clean graphene after
annealing under alternate hydrogen and oxygen atmospheres. (d-f) Corresponding Raman spectra of graphene shown in
(a-c), respectively. The two sharp red peaks are the fits to the Raman G and Dmodes of graphene, while the two blue broad
peaks are the fits for the RamanG andDmodes of amorphous carbon. Two additional green peaks, centered at 1450 and 1530
cm-1, appear in (e) due to the densification of the residual PMMA after annealing.
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on layer i to the fields on layer j by the transmission
coefficient tij and reflection coefficient rij, whereas Lj
counts on the phase shift of the wave in propagating
layer j. The two matrices can be expressed as

Hij ¼ 1
tij

1 rij
rij 1

� �
and Lj ¼ e- iRj 0

0 eiRj

� �

tij is related to the refractive indices of layer i and j as
2ni/(niþ nj), and rij = (ni- nj)/(niþ nj). In crossing a given
layer from the top to the bottom, a phase factor e-iR is
introduced, with an incidence of normal light of R =
2πnjdj/λ0. Simple algebra indicates that the reflectance
can be given as R = |r|2 = |M12/M22|

2.
We first consider the case of normal light incidence

from air (n0 = 1) onto a suspended single graphene
layer which is characterized by a thickness of d2
(=0.335 nm) and complex refractive index n2(λ) [for
λ = 633 nm, n2 ≈ 2.0-1.1i].33 The imaginary part is
responsible for the light adsorption by the graphene.
The transfer matrix is simplyM = H02L2H20 which, in turn,
yields the reflectance R = [2r02 sin R/(1 - r02

2 e-i2R)]2.
Substituting the n0, n2(λ), and d2 into R, we obtain
R ≈ 0.0061% of the incident light. This value increases
appreciably as d2 increases (Figure 5c) and can be used
to differentiate the number of graphene layers, irre-
spective of the stacking order of the constituent
graphene. Likewise, for a single graphene layer cov-
ered on both sides with PMMA, the reflectance can be
obtained straightforwardly, using the refractive index
of PMMA n1 ≈ 1.49, which weakly depends on the
wavelength of light. The calculated reflectance oscil-
lates as a function of the thickness of PMMA, as
shown in the inset of Figure 5c. This is due to the
interference of light in the PMMA/graphene/PMMA
sandwich structure. The firstmaximum intensity occurs
at d1 = 59 nm. For d1 < 59, the intensity of the Raman
signal increases substantially with the thickness of the
PMMA.

Direct assessment of the surface cleanness by
Raman scattering is an ingenious method. This can
be achieved by using the intensity ratio of the RamanG
peak to extract the light reflectance which, in turn,
yields the thickness of the contaminant if its refractive
index is known. To do this, we revisit the Raman spectra
shown in Figure 4d-f for different degrees of surface
cleanness. The reflectance is computed via the relation
R = (IG

g/IG
g,clean)β, where IG

g,clean is the intensity of the
Raman G peak of clean graphene and β is the Raman
enhancement factor; β is given as 4.9 and 4.6 for
Figure 4d,e, respectively (see Supporting Information
for β calculations). Substituting IG

g ≈ 107, IG
g ≈ 61, and IG

g,

clean≈ 10, obtained fromFigure 4d-f, respectively, into
the equation, we obtain R = 2.19 ( 0.1% for Figure 4d
and R = 1.31 ( 0.2% for Figure 4e. Comparing the
reflectance shown in Figure 5c yields the thickness of
PMMA d1 = 2.4( 0.2 nm for Figure 4d and d1 = 0.9( 0.5
nm for Figure 4e. This result indicates that only the
PMMA submonolayer is covered on partially clean
graphene, in good agreement with the TEM image
shown in Figure 4b. For the complete coverage of
PMMA (Figure 4a), our calculated thickness is also
consistent with the value (∼2.0 nm) reported by the
measurements of scanning electron microscopy.22

CONCLUSION

In summary, we have demonstrated the clean trans-
fer of graphene using polycarbonate, free of contami-
nants such as residual PMMA that typically remain in
the conventional transfer process. Combining TEM and
Raman measurements, we show that the Raman spec-
tra of graphene with various degrees of surface clean-
ness exhibit rather distinctive features that can be used
to qualitatively assess the surface cleanness of sus-
pended graphene. A model based on multiple light
reflections and interferences between the graphene
andcontaminant layers is alsodeveloped toquantitatively

Figure 5. (a) Single graphene layer and (b) PMMA/graphene/PMMA multilayer structure used in the transfer matrix
calculation. (c) Calculated reflectance of suspended graphene as a function of PMMA thickness. Up to three graphene layers
are shown. The inset displays the same result of a single layer on an extended scale.
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estimate the thickness of the contaminants on the gra-
phene. The technique presented here opens up a new
means of obtaining graphene with a high-quality surface

and directly impacts its applications on surface chemistry,
biotechnology, and high-mobility electronics.

METHODS
Graphene Growth. Graphene sheets used in the current study

were grown by atmospheric pressure CVD of methane (99.99%)
on polycrystalline Cu foils. Prior to growth, the Cu foils were
cleaned by acetic acid to remove surface oxides. Then, the Cu
foils were mounted in the CVD chamber with a steady 10 sccm
flow of hydrogen. The furnace was ramped up to 1000 �C over
40 min. In the CVD process, methane (20 sccm) mixed with
argon (230 sccm) and hydrogen (10 sccm) was fed into the
reaction chamber for 2 min during which graphene growth
occurs. The Cu foils were thenmoved to the cooling zonewhere
a cooling system is equipped.

TEM Characterizations. A JEOL 2100F transmission electron
microscope equipped with the DELTA correctors (including an
imaging aberration corrector) was operated at 60 kV.34 The
specimens were kept at an ambient temperature during the
observation. The TEM images were recorded by a Gatan CCD
(model 894) with the typical exposure time of 1-2 s.

Raman Characterizations. Micro-Raman spectra were obtained
on CVD graphene in a commercial Raman microscope (HR800,
HORIBA). Themeasurements were performed at room tempera-
ture with laser excitation wavelength of 633 nm. A 100�
objective was used to provide a diffraction-limited spot size of
about 1 μm. A low power level (<1 mW) is taken to avoid any
heating effect. Lorentzian fits were used throughout the Raman
spectra presented in Figure 4 and in Figures S3 and S4
(Supporting Information).
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