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G
raphene, a two-dimensional carbon
crystal, is a newaddition to the family
of nanoscale carbon materials.1,2 It

has a unique set of physical properties3�5

and is being considered for potential use in
many practical applications such as gra-
phene-based electronics,1 optical transis-
tors,6 liquid crystal7 and electromechanical
devices,8 chemical9 and biological sensors,10

solar batteries,11,12micro-electro-mechanical
systems (MEMS) and nano-electro-mechan-
ical systems (NEMS),13 and energy storage,14

to name a few.
Repeatable and reliable production of

nanomaterials is a well-recognized techno-
logical challenge. For this reason, large-
scale production of high-quality graphene
represents a critical step for commercializa-
tion of this novel material.15 In most experi-
ments reported so far, graphene has been
produced by mechanical exfoliation.16�18

This method produces graphene films of
excellent crystalline quality,19 but the yield
of thin graphene sheets is extremely low,
and the technique cannot be adapted for
industrial use.
An active search for alternative methods

of graphene production is underway. Very
recently,macroscopic scale, high-quality gra-
phene films have been made through sev-
eral alternative, scalable, and cost-effective
methods. First, graphene layers can be
grownon top of ametal and later transferred
to the desired substrate.20�22 This method
relies on thermally induced epitaxial growth
of graphene on a SiC surface23�27 or chemi-
cal vapor deposition (CVD) growth of gra-
phene by decomposition of hydrocarbons

on transitionmetal surfaces20,22,28 at elevated
temperatures. Second, graphene can be pro-
duced by chemical splitting of graphite, an
abundantly available material.15,29�31 Initi-
ally, a graphite crystal is oxidized and split
into soluble graphene oxide (GO).32 GO can
be either restacked as a durable, flexible,
nonconducting transparent GO paper11,33

or reduced back to conductive graphene.31,34

Such chemically converted graphene sheets
can be deposited on virtually any substrate
and processed by standard nanofabrication
techniques. Several variations of this tech-
nique have been reported recently by multi-
ple research groups.35�37 Unfortunately, the
observed resistivity of reduced RO films is too
high for many practical applications.
Alternatively, graphite can be split into

thin graphene pallets in the liquid phase by
sonication of graphite crystals in organic
solvent.7 Such sonication-assisted disper-
sion methods are inexpensive, straightfor-
ward, and, as a result, extremely attractive
for industrial production of graphene coat-
ings. However, sonication is a relatively
harsh process that might cause high local
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ABSTRACT We describe scanning tunneling microscopy and X-ray photoelectron spectroscopy

studies of graphene films produced by sonication-assisted dispersion. Defects in these samples are

not randomly distributed, and the graphene films exhibit a “patchwork” structure where

unperturbed graphene areas are adjacent to heavily functionalized ones. Adjacent graphene layers

are likely in poor mechanical contact due to adventitious species trapped between the carbon sheets

of the sample.
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temperatures and pressures with resulting dissociation
of molecules in solution.38 The conductivity of gra-
phene has been found to decrease upon sonication
treatment, presumably due to the introduction of
defects in the sample, even though no direct chemical
treatment is involved in this preparative method.7

Moreover, in-plane functionalization is critical for ef-
fective suspension of graphene films in solution, as
unfunctionalized graphene platelets tend to agglom-
erate, forming graphitic slurries.39 To date, there is only
limited understanding of the nature and origin of the
disorder introduced in graphene films by sonication.
The present work provides visualization of the atomic
structure as well as a quantitative XPS analysis of the
chemical composition of ultrathin graphene films pre-
pared by sonication-assisted dispersion.
The samples for this study were supplied by the

Manchester group, and the procedure used for pre-
paration of ultrathin graphene films by sonication-
assisted dispersion has been described in a previous
publication by this group.7 A brief summary of sample
preparation is given in the Materials and Experimental
Methods section.
A typical atomic force microscopy (AFM) image of

such a film is shown in Figure 1. Individual flakes with
surface areas in the range 0.001�0.1 μm2 can be
observed. AFM investigation shows that during spray
deposition graphene sheets self-assemble in a contin-
uous thin filmwith rootmean square (rms) size Sq (nm)
= 6.74( 0.98 . The vast majority of the graphene flakes
comprising the film have their basal planes aligned
with the substrate surface. AFM images show no
wrinkles or out-of-plane edges. A similar process has
been previously utilized to prepare graphene oxide
membranes40 and paper.41 Clustering of this kind is
also exhibited by carbon nanotubes that tend to form
bundles due to strong van der Waals attraction be-
tween the walls of neighboring tubes.42

Raman microscopy provides a fast, nondestructive
way to measure graphene thickness,43 as well as to
monitor chemical changes44 and structural damage45

in various carbon materials. The Raman spectrum of
the sample studied here is shown in Figure 2 and
provides a signal averaged over an area of ∼1 μm2.
A 20% variation in the relative intensities of spectral lines
has been observed for Raman spectra collected over
randomly selected areas of our sample. Raman spectra
routinely collected on a single layer graphene flake
have only two prominent features: a first-order G band
near 1581 cm�1 and a 2D line near 2680 cm�1. The
spectrum shown in Figure 2, on the other hand, has a
rich structure typical of disordered carbon material in
which the sp2 character of local carbon bonding is
partially lost.45,46

In particular, the D0 band appears on the blue side of
the G band, and several second-order bands, such as
2D, DþD0, and 2D0, are observed. (See inset, Figure 2.)
The intensity of these second-order bands is substan-
tially lower than that of the first-order ones, as would
be expected for disordered sp2 carbon films.45,47 All
spectral lines have contributions from several over-
lapping flakes and are significantly broadened when
compared to their counterparts recorded on mechani-
cally exfoliated graphene and graphite.48 However, the
observed Raman lines are sharper than the identical
ones in samples of heavily functionalized films such as
graphene oxide and reduced graphene oxide.34,44,47

Raman spectra similar to those reported here have
been observed for hydrogenated graphene49,50 and
graphite intercalation compounds in which guest spe-
cies are found betweenmost of the graphene planes.51

All these observations suggest that local disorder has
been introduced into the graphene planes as a result of
sonication.
The shape of the 2D peak is also known to be a

sensitive probe of the stacking disorder in graphitic
materials.52 This peak forms as a result of a two-photon
resonant process and has a sharp single peak for
single-layer graphene. In multilayer graphene, due to
splitting of the electronic band structure, the 2D lines
take on a complex shape that evolves as a function of

Figure 1. Typical AFM image of a continuous graphitic
conductive film prepared by sonication-assisted dispersion.
Individual graphene flakes overlap. The image size is
1.8 μm � 1.8 μm.

Figure 2. Raman spectrum of a graphene film prepared by
sonication-assisted dispersion. The inset shows second-
order Raman peaks. The doublet structure of the 2D peak is
missing, indicating turbostratisity of the film.
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the number of layers.45 In a graphite crystal with an
unperturbed ABAB stacking sequence along the
c-direction of the bulk material, the 2D line has a
characteristic doublet shape.43 The doublet structure
of the 2D peak reported for HOPG graphite and thick
graphene flakes is lost for turbostratic (disordered
along the c-axis) graphite. Furthermore, Raman spectra
of folded graphene samples with different stacking
order, in which two single graphene planes are posi-
tioned one on top of the other in a randomorientation,
exhibit a 2D line with a single peak. In the present
samples the 2D line has a complex shape with max-
imum intensity near 2670 cm�1 (see Figure.2, inset).
This line contains contributions from many one- and
few-layer thick graphene flakes, making a unique
assignment of the Raman peaks difficult. The absence
of graphite-like doublet structure suggests that no
ABAB stacking of graphene flakes occurs during spray
deposition of the film and that graphene flakes are
randomly rotated with respect to each other.
To further analyze the sample, atomically resolved

images of graphene films were obtained using scan-
ning tunneling microscopy (STM) under UHV condi-
tions at 77 K, following experimental procedures
descried elsewhere.19,53 Scanning conditions were
Vbias= �1 V, Itun = 1 nA. Images were collected in six
different randomly chosen spots separated by hun-
dreds of micrometers; no significant differences were

found between STM images recorded in these widely
separated areas. A typical topographic STM image on
the 20 nm � 20 nm scale (Figure 3a) reveals strong
local buckling. No Moir�e structures, which would be
expected for two graphene sheets rotated at an arbi-
trary angle and positioned one on top of the other,54

were observed. An expanded view of the area centered
at the position marked by arrows in Figure 3a is shown
in Figure 3, parts b and c. A hexagonal pattern, which
is similar to that reported for graphene on a Si/SiO2

wafer,19,55 appears at the lower left corner (Figure 3d),
while no resolved atomic image could be obtained
in the other areas. An important observation is that
the structure of the graphene film is not uniform.
“Perfect” graphene patches do not exceed 5 nm �
5 nm in size, and neighboring areas are heavily
disordered.
STM images are a sensitive gauge of the crystalline

quality of graphene films, as local lattice distortion
causes the appearance of

√
3 � √

3 superstructures.
The appearance of superstructure in these images is an
electronic effect due to enhancement of tunneling
current arising from wave function interference near
scattering centers.56 These superstructures are routi-
nely observed in STM images recorded on graphite
surfaces near lattice imperfections such as step
edges,57 nanoscale defects,58 deposited metal
clusters,59 defects induced by ion bombardment,60

Figure 3. (a) 3D STM topographic image of a 20 nm � 20 nm area for the graphene film. Note the strong local bending of
graphene. Arrows point at the center of the enlarged image shown in parts b and c. (b) 3D STM image of 10 nm� 10 nm area
for the film from the center of part a. A symmetrical hexagonal pattern is resolved in the lower left corner, while other areas do
not show any resolved atomic scale structure. (c) STM image of superstructure near an isolated defect in the lower left corner
of part a, for a sample prepared by sonication-assisted dispersion. (d) High-resolution STM image of a border between
“perfect” and “functionalized” regions of a graphene film prepared by sonication-assisted dispersion.
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and strongly absorbed species.61 Typically, superstruc-
tures near point-like defects have distinct 3-fold sym-
metry, but if the defect extends over several lattice unit
cells, irregular features, ranging over distances of
1�5 nm, can appear in the vicinity of the defected
area. In our experiments,

√
3 � √

3 superstructures
were found occasionally near severely buckled areas,
such asmarked by arrow (c) in Figure 3a andmagnified
in Figure 3c. Surprisingly, in the majority of recorded
images, “perfect” graphene areas were directly ad-
joined to “functionalized” areas, and no

√
3 � √

3
superstructures could be resolved near the border
between these two regions (see Figure 3d). This sug-
gests that no nanoscopic scattering defects, such as
pits or boundaries, were introduced into the graphene
network.
It should be noted that the observed “buckled”

topography of sonicated graphene films, which is to
be contrasted with the smooth “wavy” landscape
found for mechanically exfoliated graphene films
mounted on Si/SiO2 substrate,

19,55 is commonly found
in functionalized graphene films. Formation of local

bending in a defect-free graphene sheet is energeti-
cally unfavorable but can be justified by the breaking
of local symmetry through in-plane functionalization.62

Since STM is not sensitive to the chemical composi-
tion of the sample, further examination of the atomic
content and local chemical environment of the ele-
ments in the graphene films required the use of X-ray
photoelectron spectroscopy (XPS), a surface-sensitive
technique that probes the top 3 to 4 nm of a material
sample.63

Figure 4 summarizes the results of the XPS investi-
gation of graphene samples prepared by sonication-
assisted dispersion. The carbon (C 1s), nitrogen (N 1s),
and oxygen (O 1s) XPS spectra recorded after prepara-
tion and storage under ambient conditions are shown
in Figure 4a, 4b, and 4c,d, respectively. The energies of
all spectra were calibrated on the basis of setting the C
1s peak for each sample to 284.8 eV.47 The spectral set
presented in Figure 4a�c corresponds to the sample
prepared by sonication-assisted dispersion and inves-
tigated without any additional treatment. The C 1s
spectra (Figure 4a) were fit with up to four peaks using
binding energies of 284.8, 285.7, 286.8, and 288.7 eV.
These peaks correspond to the following carbon com-
ponents: C�C (C1), C�O�R (C2), CdO (C3), and
OdC�O�R (C4),47 with epoxide groups (C�O�C)
having similar binding energies to those of C�O�R.
The C1 peak is attributed to carbon atoms of the
unperturbed graphene network. TheN 1s spectra show
no observable nitrogen. Thus, the DMF solvent used in
the sonication-assisted dispersion sample preparation
does not bind to the graphene and is effectively
removed to a level below the XPS detection limit
during film deposition.
We detected a strong feature in the oxygen O 1s

region (Figure 4c) that can be fit with three distinct
peaks (at 531.0, 532.8, and 533.8 eV) corresponding to
likely oxygen-containing species of the type
OdC�O�R (O1), CdO (O2), and C�O�R (O3).47 After
annealing the sonication-assisted dispersion sample at
500 �C in UHV the C�C (C1) peak increased slightly in
intensity, while the other peaks decreased. Upon this
treatment, the relative contributions of O1, O2, and O3
peaks composing the O 1s peak change dramatically
(Figure 4d). O1 (OdC�O�R) functionalities, which
were only minor contributors to the O 1s spectrum of
the untreated sample (Figure 4c), have now become a
major spectral component, indicating chemical con-
version of oxygen-containing species.
The most striking finding of XPS studies is that the

graphene films have very high oxygen content, as no
deliberate oxidation is involved in sample preparation.
Even though natural graphite crystals often show the
presence of a weak oxygen peak in an XPS survey, the
observation of a rich oxygen signal is only typical for
graphene oxide, which has been subjected to harsh
acid treatment in order to separate graphene planes.64

Figure 4. XPS spectra for graphene films prepared by
sonication-assisted dispersion. (a) C 1s peak; (b) N 1s peak;
(c) O 1s peak; (d) O 1s peak after annealing at 500 �C in UHV.
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Thepresence of oxygen-containinggroups is likely tobe
enhanced by the well-known ability of graphitic materi-
als to capture and host foreign atoms and molecules,
with graphite intercalation compounds65 as the most
vivid example. In loosely packed graphene-based struc-
tures, such as the ones under consideration here, path-
ways for molecular diffusion are available between
graphene sheets, resulting in accumulation of adventi-
tious species. Our XPS data show that thermal treatment
does not affectmost carbon atoms in these samples, but
strongly influences oxygen-containing species or com-
pounds, as is expected for interstitial contaminants.
Several sources of oxygen, such as absorbed water,
partially functionalized hydrocarbons, molecular oxy-
gen, and functional groups attached to the graphene
plane, must be considered as the origin of these peaks.
For practical applications such as flexible electronics

and touch-screens, it is crucial to reduce the resistivity
of graphene coatings. Blake et al.7 observed that the
resistance of graphene films prepared by sonication-
assisted dispersion at low temperatures deviates from
a variable-range-hoppingmodel but can, nevertheless,
be described by a simple activation energy dependent
process that scales as exp(�Δ/T). This low-temperature
behavior has been attributed to weak tunnel-like

coupling between overlapping flakes. Poor coupling
between graphene layers due to impurities trapped
between graphene sheets or in-plane graphene func-
tionalization are both consistent with the present
observations.
We envision that the conductivity of graphene-

based films prepared by this method can be signifi-
cantly improved if techniques that are milder than
sonication, such as careful stirring, are used for gra-
phite sheet separation. In addition, deposition in a
controlled water- and oxygen-free environment
might be helpful in achieving desirable physical and
chemical properties. Another route for the improve-
ment of film quality is co-deposition of graphene
flakes with conductive particles, thereby providing
more effective electric coupling between adjacent
graphene flakes.
In conclusion, we have employed STM, Raman mi-

croscopy, and XPS to examine graphene films pre-
pared by sonication-assisted dispersion. As a result of
the preparation procedure, graphene films are heavily
contaminated by adventitious species, and graphite-
like ABAB stacking is not restored during film deposi-
tion, which is likely due to the accumulation of impu-
rities between graphene layers.

MATERIALS AND EXPERIMENTAL METHODS
For sample preparation, graphite flakes were sonicated in

dimethylformamide (DMF). Following sonication, thick flakes
were removed by centrifugation. The remaining suspension
was sprayed on a silicon wafer covered by a thermally grown
300 nm oxide layer, preheated to 150 �C. As a result, continuous
conductive films, ∼1.5 nm thick, were formed on top of the
wafer. Up to 50% of the graphene sheets in these films are one
atomic layer thick.7 After preparation, the samples were an-
nealed for 2 h in an atmosphere of argon (90%)/hydrogen (10%)
at 250 �C.
AFM images and Raman spectra were collected at Columbia

University, and the parameters stated in the text were used. All
XPS measurements were performed at the University of Dela-
ware using a PHI-5600 instrument equipped with a monochro-
mated Al KR excitation source (1486.6 eV) and a hemispherical
analyzer positioned at 45� to the sample surface. Curve fitting
and percent composition calculations were performed using
CasaXPS software.
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