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ABSTRACT: The chemical behavior of bilayer graphene
under strong covalent and noncovalent functionalization is
relatively unknown compared to monolayer graphene, which
has been far more widely studied. Bilayer graphene is
significantly less chemically reactive than monolayer graphene,
making it more challenging to study its chemistry in detail.
However, bilayer graphene is increasingly attractive for
electronic applications rather than monolayer graphene
because of its electric-field-controllable band gap, and there
is a need for a greater understanding of its chemical
functionalization. In this paper, we study the covalent and
noncovalent functionalization of bilayer graphene using an electrochemical process with aryl diazonium salts in the high
conversion regime (D/G ratio >1), and we use Raman spectroscopic mapping and conductive atomic force microscopy (cAFM)
to study the resulting changes in the physical and electronic structures. Covalent functionalization at high chemical conversion
induces distinct changes in the Raman spectrum of bilayer graphene including the broadening and shift in position of the split G
peak. Also, the D peak becomes active with four components. We report for the first time that the broadening of the 2D22 and
2D21 components is a distinct indicator of covalent functionalization, whereas the decrease in intensity of the 2D11 and 2D12
peaks corresponds to doping. Conductive AFM imaging shows physisorbed species from noncovalent functionalization can be
removed by mechanical and electrical influence from the AFM tip, and that changes in conductivity due to functionalization are
inhomogeneous. These results allow one to distinguish covalent from noncovalent chemistry as a guide for further studies of the
chemistry of bilayer graphene.

■ INTRODUCTION

In the past several years, graphene has rapidly emerged as an
important material in electronics because of its quantum
electronic properties, exceptionally high mobilities, and large-
scale processability.1−3 The chemical functionalization of
graphene has been extensively studied for monolayer graphene
(MLG) by a variety of covalent4−7 and noncovalent8,9 routes in
order to change its doping level and electronic structure, as well
as to change its chemical properties3,8 and incorporate
graphene with other molecular components10 such as polymers
and make it suitable for organic photovoltaics.11 Many
fascinating results have been observed in studies of the
chemistry of graphene. For example, our laboratory first
showed that monolayer graphene has anomalously high
chemical reactivity, much higher than that of bilayer graphene
(BLG), and that graphene edges have preferential reactivity.12

We also showed recently that electron transfer chemistries of
graphene are strongly influenced by the underlying substrate.13

Many of the motivations for studying the chemical
functionalization of monolayer graphene also apply to bilayer
graphene. Bilayer graphene has attracted increasing inter-
est14−16 because in contrast to monolayer graphene, which
lacks a band gap and requires complex strategies6,17−25 to
modify its transport properties to overcome its insufficiently

low “off”-state current as a transistor,6,26 its electronic structure
features parabolic rather than linear bands,27 resulting in an
electric-field-controllable band gap.28,29 The band gap can also
be controlled by chemical functionalization or doping on the
top and bottom surfaces to generate an external electric field
without the use of electrostatic gating.16,30,31 However, the
chemistry of bilayer graphene has been much less extensively
studied compared to monolayer graphene and, as a result, its
chemistry is far less understood. This discrepancy is partly
because bilayer graphene is far less reactive than monolayer
graphene, as our group12 and others32 have shown, making it
much more difficult to study in detail at high degrees of
functionalization. There is a need to study the chemical
functionalization of bilayer graphene by both covalent and
noncovalent routes in much more detail.
In this paper, we present a detailed Raman spectroscopic and

conductive atomic force microscopy (AFM) study of the
covalent chemical functionalization of bilayer graphene by aryl
diazonium salts and investigate the structural and electronic
changes that occur with increasing functionalization. We use an
electrochemical functionalization method, which allows for a
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much greater degree of covalent attachment than without
application of a bias voltage as we have shown previously.19

After each successive functionalization step, resulting in an
increasing density of covalent reaction sites on the graphene
lattice, we evaluate Raman spectra and study the evolution of
structural and electronic properties of bilayer graphene. We also
contrast the covalently functionalized bilayer graphene to
portions of the same sample that are not electrochemically
gated and are therefore only noncovalently functionalized.
Finally, we also show conductive atomic force microscopy
(cAFM) imaging of both covalently and noncovalently
functionalized bilayer graphene. During contact mode con-
ductive AFM imaging, mechanical and electrical cleaning of the
samples occurs, causing removal of physisorbed layers that have
deposited in the noncovalent component of the diazonium
functionalization. Conductive AFM imaging also shows spatial
inhomogeneity of the conductivity of the bilayer regions after
functionalization. Our results are important for further
understanding the chemistry of bilayer graphene, and we also
provide a set of spectroscopic markers for distinguishing
covalent and noncovalent chemical functionalization of bilayer
graphene that will be valuable to the graphene community to
guide further studies.

■ RESULTS AND DISCUSSION

Electrochemical Functionalization. The covalent func-
tionalization of graphene with diazonium salts has been
extensively studied previously (see ref 6 and references
therein). The reaction mechanism involves the transfer of an
electron from the substrate (graphene) to the aryl diazonium
cation, which becomes a highly reactive aryl radical upon
release of a nitrogen molecule. This radical then rapidly forms a
covalent bond with the graphene lattice (Figure 1B), changing
the hybridization of the carbon atom at the covalent attachment
site from sp2 to sp3. Because the rate-limiting step is the initial
electron transfer step, the overlap in the density of states of the
graphene and the aryl diazonium molecule determines the
reaction kinetics and selectivity.6,12 The reactivity of bilayer
graphene under nonelectrochemical conditions has been shown
to be far lower than that of monolayer graphene in opposition
to conventional electron transfer theory.12,32 Our revised theory
describes this as the decreased influence of electron-rich
puddles due to charged impurities in the substrate,13 which
locally shift the Fermi level to positions of significant overlap of
states between the graphene and diazonium molecule for

monolayer graphene. However, this effect is suppressed in
bilayer graphene because the bottom layer of graphene screens
the effect of the charged impurities,12,13 leading to far lower
reactivity for bilayer than monolayer graphene.12,32 In our
previous work, we have shown that shifting the Fermi level by
applying an external bottom gate bias can significantly increase
the reaction rate.13 Similarly, by applying a bias voltage to a
metal probe inserted into a droplet of aryl diazonium ions in
solution covering the sample the reactivity is greatly accelerated
by (1) shifting the Fermi level of the graphene and (2)
increasing the concentration of diazonium ions at the graphene
surface.13,19 Because of the latter, the degree of noncovalent
functionalization with physisorbed species is also increased
when a bias is applied. In the present work, we are able to study
the effect of a high degree of covalent functionalization of
bilayer graphene using the electrochemical functionalization
method.
Bilayer graphene flakes were prepared by mechanical

exfoliation onto 300 nm SiO2/Si wafers and identified by
optical microscopy. Electrical contacts were fabricated by
photolithography and deposition of Ti/Au electrodes. The
schematic of the sample, contacts, and electrochemical
functionalization geometry is shown in Figure 1A, with more
details in the Methods and Materials section below. During
each reaction step, a reaction voltage Vrxn is applied to a
tungsten probe inserted into the solution droplet for 1 min, and
the electrodes in contact with the bilayer graphene flake are
grounded. The reagent solution was 4-bromobenzene-diazo-
nium tetrafluoroborate in acetonitrile, which reacts covalently
with the graphene lattice as shown in Figure 1B. In our
experiments, we characterized the sample using Raman
spectroscopy after each of three successive reaction steps of 1
min each: reaction 1, Vrxn = 1.0 V; reaction 2, Vrxn = 1.25 V; and
reaction 3, Vrxn = 1.5 V. After each reaction step, the sample was
thoroughly rinsed in acetonitrile and blown dry with ultrapure
nitrogen before conducting Raman spectroscopy.
A bilayer sample contacted by two Ti/Au electrodes is shown

in the optical microscope image of Figure 2C, and a magnified
image of the region in the dashed square is shown in Figure 2D.
There is a fracture across the bilayer graphene flake at the
location of the curved dotted line, such that the region of the
flake above the fracture is not in electrical contact with the Ti/
Au electrodes and is not subjected to the same electrochemical
functionalization. This upper region can still undergo the
covalent functionalization, albeit at a much lower rate as we
have shown in our previous work.12 It is labeled “Non-cov.” to

Figure 1. Covalent electrochemical functionalization of bilayer graphene. (A) Schematic of experimental setup. Bilayer graphene from mechanical
exfoliation is deposited on SiO2/Si wafer and connected by Ti/Au metal contacts to ground. A droplet of 4-bromobenzene-diazonium (4-BBD)
tetrafluoroborate solution in acetonitrile covers the bilayer flake. A tungsten probe inserted into the solution droplet applies a bias voltage during
reaction, Vrxn. (B) Reaction scheme for covalent functionalization of 4-BBD on bilayer graphene.
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indicate that it primarily undergoes noncovalent functionaliza-
tion, whereas the other regions of the sample that are in contact
are labeled “Cov.” because they undergo significant covalent
functionalization due to the applied bias voltage. Previous
reports have shown that graphene under differing reaction
conditions can result in a mixture of covalent and noncovalent
functionalization with diazonium salts, including covalently
attached and noncovalently physisorbed monomers and

oligomers.6,33,34 In the present work, using bilayer graphene

flakes that have regions undergoing both electrochemical and

nonelectrochemical functionalization, we can simultaneously

generate the covalent and noncovalent contributions and

characterize them in the same sample. This comparison,

studied here for the first time, has utility in understanding the

chemistry of bilayer graphene, as it allows one to use

Figure 2. Raman spectroscopy of functionalized bilayer graphene. (A) Atomic displacements for phonons that contribute to the G peak: E2g (in
phase, Raman-active), E1u (out of phase, IR-active unless symmetry is broken). Adapted from Ferrari et al.35 (B) Electronic band diagram of bilayer
graphene near the K and K′ points showing the four allowed double resonance (DR) transitions that contribute to the 2D peak. Adapted from
Malard et al.36 (C) Optical microscope image of a bilayer graphene flake. The bright rectangular regions are the Ti/Au metal contacts. (D)
Magnified optical microscope image of the region in the dotted rectangle in part C. This particular bilayer graphene sample had a fracture along the
dashed line, so that the regions in electrical contact with the Ti/Au contacts become predominantly covalently functionalized. The disconnected
region above the fracture is primarily noncovalently functionalized. (E) Representative Raman spectra of (i) unfunctionalized bilayer graphene after
device fabrication, (ii) bilayer graphene in the disconnected region after three reactions, showing only noncovalent functionalization, and (iii) bilayer
region in the connected region between two contacts after three reactions, showing significant covalent reaction as evidenced by the appearance of
the D peak and D′ peak. The D peak for bilayer graphene here shows four Lorentzian components due to the interaction with the electronic
structure. In all spectra, the Lorentzian fit components are shown. All spectra are normalized to the height of the G peak maximum. All spectra in (E)
were obtained with 532 nm excitation. (F) Ratios of total D peak intensity (area of all 4 components) and total G peak intensity (area of G+ and G−

components) for pristine graphene after device fabrication (blue shaded region), covalently reacted bilayer graphene (red shaded region), and
noncovalently reacted (green shaded region), corresponding to the regions marked “Cov.” and “Noncov.” in part D. Data are shown for both 532
and 633 nm excitation. (G) Spatial map of total D peak intensity (4 components) divided by total G peak intensity (2 components) in the dotted
square marked in part D, with Raman spectra taken at 532 nm excitation.
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spectroscopy to deconvolute and understand these two reaction
pathways.
Raman spectroscopy. Raman spectroscopy is one of the

most important characterization tools in studying graphene
because it provides information on the electronic, structural,
chemical, and mechanical properties of graphene quickly and
nondestructively.35,36 Representative Raman spectra of the
bilayer graphene sample (i) before and (ii−iii) after all three
reaction cycles are shown in Figure 2E. The main features of
the Raman spectrum of bilayer graphene that we will discuss are
the G peak near 1580 cm−1, the D peak near 1350 cm−1, and
the 2D peak near 2650 cm−1. The G peak arises from the E2g

phonon at the Γ point, and in bilayer graphene, the symmetry
breaking and intermixing of in-phase (E2g) and out-of-phase
(E1u) in-plane phonons

35,37 results in the G peak splitting into
G+ and G− peaks with higher and lower wavenumber positions,
respectively.37 The atomic movements in bilayer graphene
contributing to these phonons are shown in Figure 2A. The
Raman spectra in Figure 2E show these G+ and G−

components. The relative positions, widths, and intensities of
the G+ and G− peaks have been shown to indicate the degree of
doping of bilayer graphene,37−39 and will be analyzed in more
detail below.

The 2D peak is a two-phonon symmetry-allowed mode that
is dispersive, and is routinely used to identify and distinguish
monolayer and bilayer graphene from graphite. Because it arises
because of an intervalley double-resonance (DR) Raman
process that involves both electronic states and phonons40−42

and because bilayer graphene features a split of the valence and
conduction bands into two parabolic branches near the K-point,
there are four allowed intervalley DR processes,42,43 resulting in
four peaks in the 2D peak.38,39,41 These peaks are labeled 2D22,
2D21, 2D12, and 2D11 according to the transitions at the K and
K′ points of bilayer graphene, as shown in Figure 2B. We can
see in all three spectra in Figure 2E that the 2D peak consists of
these four transitions.
The D peak is a symmetry-disallowed two-phonon mode and

is only seen when there are symmetry-breaking defects in the
graphene lattice. In monolayer graphene, the D band is a single
peak, but in bilayer graphene, it has been shown to split into
four peaks.19,44 The pristine bilayer graphene spectrum in (i)
shows no D peak, indicating that the sample is pristine without
a detectable concentration of initial defects. The spectrum in
(ii) corresponds to the detached region (Non-cov.) after three
reaction steps. Because this region of the sample is not
connected to the electrical contacts, the Fermi level is not
shifted when the reaction bias is applied, and covalent reaction

Figure 3. Evolution of Raman G peak with increasing functionalization. (A), (D), (G) The peak parameters of the G+ and G− peaks are plotted on
the y axis as a function of reaction on the x axis. Data from the pristine samples before any reaction are in the first column (blue shading), data from
after each successive reaction in the portion of the sample connected to the electrode are in the next three columns (pink shading), and data from
the portion of the sample not connected to the electrode are in the final two columns (green shading). The data for the G+ peaks are the red points,
and the G− peaks the blue points. The peak parameters are (A) the position, (D) full width at half-maximum (FWHM), and (G) normalized peak
intensity (area). Spatial Raman maps of the (B) G+ and (C) G− peak positions and (E and F) FWHMs and (H) the G+/G− intensity ratio. All
Raman spectra for the spatial maps were taken using 532 nm excitation. (I) Optical image of the sample, with the region in the dotted square shown
in all the Raman spatial maps.
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occurs much more slowly. As a result, there is still no D peak.
However, there is a change in the G+ and G− positions, widths,
and relative intensities, indicating a change in doping, which is
discussed in more detail below. However, in spectrum (iii), a
prominent D peak has appeared, indicating covalent reaction
sites. Because the 2D peak is the overtone of the D peak, in
turn, the D peak for bilayer graphene can also be deconvolved
into four Lorentzian components. These are labeled, by analogy
to the 2D components, as D22, D21, D12, and D11.
In our lab’s earliest work with bilayer graphene and

diazonium chemistry,12 and that of others,32 the degree of
covalent reaction was insufficient to generate a high enough D
peak to resolve the four components. In our more recent work
with bilayer graphene,19 we covalently functionalized bilayer
graphene to much higher concentrations using the same
electrochemical bias method used in the present paper, and we
showed for the first time to our knowledge that a highly
chemically functionalized bilayer graphene has a four-
component D-peak. An earlier contribution from Jorio et al.
showed that bilayer graphene damaged by ion bombardment
has a similar four-component D-peak.44

To assess the degree of covalent functionalization, we
calculated the intensity ratio of the total D peak area (four
components) to the total G peak area (two components),
I(Dtotal)/I(Gtotal), as a function of reaction step (Figure 2D).
We use the area ratio rather than the height because the D peak
has a complex shape, and the area of the peak is a better
measure of the total probability of the Raman transitions. This
area intensity ratio, corresponding to the concentration of
covalent reaction sites, increases and begins to saturate for the
attached bilayer region (Cov. region), but remains at zero for
the detached bilayer (Non-cov. region). We note that there is a
difference in D peak intensity with excitation wavelength; a
similar effect has been previously reported for monolayer
graphene and is likely due to a combination of electron/hole
and phonon scattering efficiencies and optical interference
effects.45

A spatial map of the I(Dtotal)/I(Gtotal) ratio after reaction 3 in
a 10 μm × 10 μm area of the sample is shown in Figure 2E,
with the upper detached region showing a uniformly low ratio
and the lower attached region showing much higher values,
consistent with the plot in Figure 2D. In this map, there is
noticeable spatial inhomogeneity even though the graphene
flake is a single crystal with uniform structure. There is likely an
influence of the underlying substrate on the measured Raman
features, as we have shown in our previous work, contributing
to the spatial inhomogeneity.13 We also note that there is no
preference for increased reaction at the edges, which was
observed in previous papers with conventional aryl diazonium
chemistry without applying a bias voltage.12,32 Instead, we
believe that the effect of the bias voltage overwhelms the effect
of edge disorder in the chemical reactivity, which we have
previously reported.19

The evolution of the G peak with an increasing degree of
functionalization is shown in Figure 3. The scatter plots in
Figures 3A, 3D, and 3G show the changes in the positions, full
widths at half-maximum (FWHMs), and normalized intensities
of the G+ and G− peak components after each reaction step, in
both the attached and detached portions of the sample. Spatial
maps of these peak parameters are also shown in Figure 3
panels B, C, E, F, and H.
In Figure 3A, the G+ and G− peak positions both are shown

to downshift slightly with increasing covalent functionalization.

However, the G− peak seems to upshift slightly for noncovalent
functionalization, relative to pristine graphene, which we
interpret as doping of the graphene. The dependence of the
G+ and G− peak positions on Fermi level alone in bilayer
graphene have been theoretically calculated46 and experimen-
tally measured37 in a top-gated transistor device. The
explanation of these G-peak shifts can be rather complicated
with the added chemistry. We now show that the G+ and G−

peaks also change in peak position with effective doping from
both covalent and noncovalent chemical functionalization. In
particular, the downshift of the peaks under covalent
functionalization cannot be explained with doping alone and
appears to be a feature of covalent functionalization. The
amount of peak position shifting from chemistry alone is rather
small compared to the high degree of doping shown by Yan et
al. using electrostatic gating.37 The spatial maps of G+ and G−

peak positions in Figures 3B and 3C show small patches in the
shifts of the peak positions within the covalent section, but the
noncovalent section features lower values around the edges and
higher values in the center. Because the peaks downshift for
increasing noncovalent functionalization as well, as shown in
Figure 3A, this observation suggests a higher degree of doping
at the edges. Previous work has shown that higher reactivity at
the edges of graphene occurs with diazonium functionalization
in the absence of an applied electric field12,32 but does not
persist when there is an applied electric field, as mentioned
earlier.19 However, it is possible that there is a small amount of
covalent functionalization at the more reactive edges that is not
high enough to activate a visible D peak.
The FWHMs of the G+ and G− peaks are shown in Figures

3D−F. The G+ peak broadens significantly for increasing
covalent functionalization in some spectra, but because of the
spatial inhomogeneity of the reaction, there are some spectra in
which it does not broaden, resulting in a scattered distribution
of widths in Figure 3D. The G− peak does not significantly
change in width. In noncovalent functionalization, there is no
significant broadening observed. In monolayer graphene that
has been rendered disordered by chemistry or ion bombard-
ment, there is broadening of the G peak.47−49 Changes in
electron−phonon coupling in monolayer graphene can also
affect the width of the G peak.50−52 We expect that there is a
combination of effects in our experimental data: both the
presence of disorder within and charge on top of the upper
layer of bilayer graphene affects the phonon modes and
electron−phonon coupling. However, in the work of Yan et
al.,37 the G+ peak does not broaden across a wide range of
Fermi levels, so it is more likely that we are seeing an effect of
disorder in the observed broadening of the G+ peak. Distortion
of the carbon lattice and of the spacing between graphene
layers because of covalent functionalization may also contribute
to peak broadening because the G peak corresponds to in-plane
phonon modes. We also note that local fluctuations of the
Fermi level in space as a result of inhomogeneous doping with
functionalization can also contribute to inhomogeneous
broadening of the peak.
The relative changes in the area intensities of the G+ and G−

peaks are shown in Figures 3G−H normalized to the average
G− peak intensity of pristine bilayer graphene. The G− peak
tends to decrease in intensity and the G+ peak tends to increase
in intensity with increasing functionalization. However, the
distribution of intensities for both peaks also broadens such
that there is a wide range of intensities seen at high
functionalization. This distribution can be directly visualized
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in the spatial map of Figure 3H as a high degree of spatial
inhomogeneity. The changes in intensities in the noncovalent
region are attributed to doping due to physisorption, whereas
those in the covalent region also have a contribution from the
formation of covalent attachment sites, which tend to be p-
doping due to the withdrawal of an electron.6,13 The changes in
relative intensities were also reported at different Fermi levels
by Yan et al.,37 indicating phonon mixing and symmetry
breaking with doping, so the spatial inhomogeneity in our data
shows that the chemical functionalization is nonuniform in
space. The origins of the spatial inhomogeneity of chemical
functionalization are not clear, but some likely contributing
factors include spatial variations in the Fermi level due to the
substrate13 and residues from photolithography.
The evolution of the 2D peak with an increasing degree of

functionalization is shown in Figure 4. The confidence intervals
of peak fitting for the four Lorentzians used to fit the 2D peak
are shown in the Supporting Information, Figure S3. Previous

studies have demonstrated that changes in the Fermi level (i.e.,
doping) of bilayer graphene result in changes in the G peak
components37−39,53 and 2D peak components.54 However,
these earlier works have focused on doping alone via
electrostatic gating and have not shown the effect of chemical
functionalization. Also, Martins Ferreira et al. have shown some
observations of the 2D peak components with disorder due to
ion bombardment, but not at significant detail and not for
covalent functionalization.44 The positions of each of the four
components is shown in Figure 4A, the FWHMs in Figure 4B,
and the intensity ratio with respect to the total G area intensity
in Figure 4C. With increasing covalent functionalization, the
2D22 peak upshifts slightly, whereas the other three peaks
downshift slightly. The spatial map for the 2D12 peak in Figure
4D shows that the variation in peak positions is not
dramatically noticeable between the covalent and noncovalent
regions and that there is some spatial fluctuation across the
sample between the edges and the centers, similar to what was

Figure 4. Evolution of Raman 2D peak with reaction. (A)−(C) Peak parameters of the 2D peak’s four components are plotted on the y axis as a
function of reaction on the x axis. Similar to Figure 3, data from the pristine samples before any reaction are in the first column (blue shading), data
from after each successive reaction in the portion of the sample connected to the electrode are in the next three columns (pink shading), data from
and the portion of the sample not connected to the electrode are in the final two columns (green shading). The data points for each of the four
components are indicated by a different color: blue for 2D22, green for 2D21, purple for 2D12, and orange for 2D11. The peak parameters plotted are
(A) position, (B) FWHM, and (C) ratio of the given peak area to the total area of the G peak (sum of G+ and G−). For clarity, only the data from
Raman spectra taken with 633 nm excitation are shown in panels (A)−(C); very similar equivalent data at 532 nm excitation are shown in the
Supporting Information, Figure S1. (D)−(F) Spatial Raman maps of (D) 2D12 position, (E) 2D22 FWHM, and (F) ratio of the total 2D area
intensity to the total G area intensity from Raman spectra taken with 532 nm excitation. For clarity, only these three maps are shown; maps of all
peak parameters are shown in the Supporting Information, Figure S2. Confidence intervals for the fitting parameters of the 2D peak are shown in the
Supporting Information, Figure S3.
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observed for the G peaks, a likely indication of increased doping
at the edges.
A more noticeable change is observed in the FWHMs, where

the 2D22 and 2D21 peaks broaden with increasing covalent
functionalization and the 2D12 and 2D11 peaks stay constant.
Under noncovalent functionalization alone, there is little
noticeable change in the peak widths. The two components
that show the significant broadening with covalent functional-
ization correspond to the DR transitions with electronic
excitation from the lower valence band to the upper conduction
band. The broadening of these peaks appears to be a key
indicator of covalent functionalization and has not been
reported previously to the best of our knowledge. The contrast
in the FWHM of the 2D22 peak is visually seen in the spatial
map of Figure 4E. Finally, the intensities of the 2D peak
components are shown to decrease for the 2D12 and 2D11 but
stay nearly constant for the 2D22 and 2D21, the opposite of the
indicators in width. In monolayer graphene, the 2D intensity
decreases with increasing doping,55,56 and a similar trend has
been observed for bilayer graphene.54 We note that the 2D
peak intensity decreases for both covalent and noncovalent
functionalization. For noncovalent functionalization, p-doping
occurs due to physisorption of electron-withdrawing groups.
The covalent diazonium functionalization is also effectively p-
doping because it requires electron transfer out of the graphene
for initially forming the aryl radical.6 The DR transitions that
correspond to doping are from the upper valence band to the
lower conduction band. It appears that the 2D12 and 2D11
intensities are good indicators of doping, whereas the 2D22 and
2D21 widths are good indicators of disorder. The spatial map of
the total 2D/G intensity ratio is shown in Figure 4F and shows
a strong contrast between the covalent and noncovalently
functionalized regions, as well as contrast between the edges
and centers of the flake.
Conductive Atomic Force Microscopy (AFM). Topo-

graphic and conductive atomic force microscopy (AFM) images
are shown in Figure 5 to illustrate the evolution of the

structural and electronic properties of the bilayer graphene after
functionalization. The same area of the sample mapped with
Raman spectroscopy in Figures 2−4 was imaged here, again, to
show the contrast between the portion of the sample that is
connected to the electrodes and the portion that is not. In all
the topographic AFM images shown here, the bilayer flake is
higher than the SiO2 background region by approximately 2−3
nm. However, the typical height of monolayer graphene on
SiO2 in AFM is ∼1 nm due to adsorbed water below or above
the graphene flake, and the interlayer height in graphite is 0.335
nm, so the height we measure suggests that there is an
additional layer of material. The most likely explanation is a
combination of organic residues from photolithography and
physisorbed species from the noncovalent contribution in the
diazonium functionalization. There is also significantly more
roughness than would be seen in pristine, unfunctionalized
graphene (see ref 57 for additional information on the
roughness of pristine graphene). Additional AFM images of
another functionalized bilayer sample are shown in the
Supporting Information, Figure S5, which show a similar
increase in height and increase in roughness. The increase in
height for graphene after diazonium functionalization has been
reported previously by Koehler et al.,32 and the presence of
physisorbed layers has also been reported by Hossain et al.34

and by Farmer et al.33

In the topographic image in Figure 5A, which approximately
corresponds to the same area as the Raman maps in Figures
2−4, we can clearly see the crack in the sample, as indicated by
the white arrow. The conductive AFM (cAFM) current image
acquired simultaneously is shown in Figure 5B. Because the
lower portion of the bilayer graphene is connected to the Ti/
Au contact, which is held at ground while the tip is biased, we
can see no current in the disconnected region above the crack
and only some current in the connected region below the crack.
However, the physisorbed residues seem to be impeding
conduction except at the edges of the region. After several more
scans, the amount of current in Figure 5D is significantly

Figure 5. Structural and electronic changes from topographic and conducting AFM imaging. (A) Topographic contact mode AFM image of the
functionalized bilayer graphene sample region marked in the white dotted square in Figure 2B. A crack in the bilayer graphene flake is marked at the
white arrow. The region of the sample below the crack is contacted by an electrode, but the region above the crack is not. (B) Current image
acquired simultaneously with (A). (C) Topographic and (D) current images of the same region as (A) and (B) after several more scans. The region
below the crack shows increasing current where a noncovalently attached layer has been cleaned away by imaging. Applied sample voltage in (A)−
(D) was 0.4 V. (E) Topographic noncontact mode AFM image and (F) phase image at a higher magnification than images (A)−(D). The same
crack in the sample is indicated at the white arrow. Residue that was pushed aside during imaging earlier is visible as a vertical and horizontal line.
(G) Topographic and (H) current images from the region in the white dashed square in (C) and (D) at applied sample bias of 0.1 V. The insets
show the 2D fast Fourier transforms (FFTs) of each image, which suggest that the degree of inhomogeneity in the topography and current do not
match.
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higher, with much of the region below the crack now showing
high conduction. The corresponding topographic image in
Figure 5C also shows that the patches of the sample where the
current has increased are also smoother and lower in height,
with the root mean square (RMS) roughness decreasing in the
conductive patches from 2.3 to 0.8 nm. In contrast, the region
above the crack maintains a very similar topography after
several images. This observation strongly suggests that the
AFM imaging has changed the sample by removing the
nonconducting organic layer. The fact that the cleaning of the
graphene is stronger in the electrically connected portion of the
sample suggests that the electrical connection plays a role,
perhaps via a joule heating mechanism that enhances the
removal of material. The left-to-right and right-to-left scan
direction images of Figure 5D are compared in the Supporting
Information, Figure S4, and show streaks where the current is
disrupted by the sweeping of physisorbed material.
A previous report of mechanical cleaning of bilayer graphene

with contact mode AFM showed that residues from lithography
can be pushed aside and improve the transport properties of
the graphene device.58 We believe that in our case, we also have
a contribution due to current annealing or joule heating in the
electrically connected portion of the sample, leading to even
more cleaning. In addition, it is possible that the physisorbed
material from the diazonium functionalization behaves differ-
ently under AFM imaging than lithography residues. Further
evidence of the cleaning effect is shown in the tapping mode
(noncontact) AFM images of Figures 5E and F, which are the
height and phase images, respectively. These images show a
larger region of the sample, and we can observe horizontal and
vertical lines where the residues were pushed to the edges of
the region where Figures 5A−D were obtained.
Finally, high-resolution topographic and current images

(Figures 5G and H, respectively) from the center of the
electrically connected region of the sample (in the regions
marked by the small dashed squares in Figures 5C and D) were
obtained after the previous cleaning steps. The topography of
this region shows a spatial nonuniformity with RMS roughness
of 0.2 nm, which is likely due to the roughness of the
underlying SiO2 substrate (which has a similar roughness). The
corresponding current image, however, has a spatial nonun-
iformity that does not match the spatial frequency of the
topographic image. That is, the topographic roughness does not
influence and does not reflect the inhomogeneity in current.
The difference in the spatial inhomogeneity between the
topography and current images is illustrated by the 2D fast
Fourier transforms (FFTs) in the insets of Figures 5G and H.
Both FFTs show a generally disordered circular feature, but the
FFT of the current is more broadly spread, indicating that there
are more high-frequency contributions in the current image.
We believe that this suggests the conductive nonuniformity
arises from a nonuniform spatial distribution of covalent
functionalization, as well as the possible formation of “patches”
of higher and lower functionalization. The earlier work of
Hossain et al. observed at an atomic level that covalent
functionalization occurs at random positions on the graphene
lattice rather than an in ordered manner.34

■ CONCLUSIONS
In conclusion, we have studied the covalent and noncovalent
organic functionalization of bilayer graphene in an electro-
chemical reaction scheme with aryl diazonium salts and showed
the characteristic changes that occur in the Raman spectra and

conductive AFM. We observe changes in the G peak, which
splits into G+ and G− components whose relative positions and
intensities change with the degree of functionalization,
reflecting changes in the effective electric field perpendicular
to the bilayer graphene surface as well as the presence of
disorder, particularly in the broadening of the G+ peak.
Changes in the 2D peak indicate the effects of both doping
and disorder. In particular, the broadening of the 2D22 and 2D21
components indicates covalent functionalization, whereas the
decrease in intensity of the 2D11 and 2D12 peaks corresponds to
doping. AFM images show that the noncovalent portions of the
functionalization can be removed from the bilayer surface with
a combination of mechanical cleaning and current annealing
and that the covalently functionalized region is spatially
inhomogeneous in its conductivity.

■ METHODS AND MATERIALS
Sample Preparation. Bilayer graphene samples were prepared by

mechanical exfoliation using adhesive tape onto heavily p-doped Si
wafers capped with a 300 nm thick SiO2 layer. Each bilayer flake was
electrically contacted by patterning of source and drain contacts using
photolithography and e-beam deposition of Ti (25 nm) and Au (75
nm) for the electrodes.

Functionalization Reaction. The samples were functionalized in
a 4-bromobenzene-diazonium (Sigma-Aldrich) solution in acetonitrile
(20 mM concentration), which was deposited onto the samples in a
small droplet. The source and drain contacts were held at ground, and
a positive reaction voltage was applied to a third tungsten probe
inserted into the diazonium solution droplet (reaction voltages were
1.0, 1.25, and 1.5 V during subsequent reaction steps as indicated in
the main text).

Characterization. The bilayer graphene samples were charac-
terized before and after chemical functionalization by Raman
spectroscopy using a Horiba LabRAM HR800 system and 100X
objective lens. Laser excitation sources at 532 and 633 nm were used.
Raman maps were collected using a motorized X-Y stage.

The AFM imaging was conducted on an Asylum MFP-3D system.
Tapping (noncontact) mode imaging used Olympus OMCL-
AC240TS probes, and contact mode and conductive imaging used
the ORCA conductive module from Asylum and PtIr-coated probes
from Bruker. During conductive AFM, the conductive tip is held at
ground while the bias voltage was applied to the sample at the
deposited Ti/Au contacts, and the imaging was conducted in contact
mode. AFM images were analyzed and plotted using the Gwyddion
software package,59 which was also used to calculate the 2D fast
Fourier transforms and root mean square roughness values.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional Raman data (spatial maps of all 2D peak parameters,
spectra taken at 532 nm laser excitation), peak fitting and
confidence intervals for the 2D peaks, and additional
conductive AFM images. This material is available free of
charge via the Internet at http://pubs.acs.org.
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