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he unique properties of graphene

are promising for many applications

in nanoelectronics. The successful
application of graphene requires a detailed
understanding of its electronic properties,
including both its neutral and doped states.

The doping of graphene leads to a shift

of the Fermi level, and for this reason dop-
ing provides a simple way to control the
transport and optical properties. In general,
graphene can be doped chemically,’
electrochemically,>* or by electrostatic
backgating*~® through a substrate. So far,
most of the experiments have been per-
formed using electrochemical or electro-
static doping because these methods pro-
vide an easy way to control the Fermi level
of graphene. Electrostatic backgating is
used because of its simplicity and its clear
application link toward FETSs, but there are
several drawbacks to this approach. First,
electrostatic doping is dependent on the
properties of the dielectric. Since the dop-
ing efficiency is typically very low and a high
voltage (up to 100 V) must be used, the
available range of doping levels is limited.
Also, a high applied voltage can change the
properties of the substrate (due to charge
trapping), making the results of the experi-
ments more difficult to interpret. On the
other hand, electrochemical doping is effi-
cient, so that a voltage of =1.5 V is usually
sufficient for most doping experiments. The
charge is mediated by an ohmic contact to
the sample and compensated by an electro-
lyte counterion, which avoids problems
with trapped charges. The response of
graphene to electrochemical doping is also
reasonably fast, and the speed of the mea-
surement is usually limited only by the time
take to acquire Raman signal in the spec-
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ABSTRACT Electrochemical charging has been applied to study the influence of doping on the intensity of

the various Raman features observed in chemical vapor-deposition-grown graphene. Three different laser

excitation energies have been used to probe the influence of the excitation energy on the behavior of both the G

and G’ modes regarding their dependence on doping. The intensities of both the G and G’ modes exhibit a

significant but different dependence on doping. While the intensity of the G’ band monotonically decreases with

increasing magnitude of the electrode potential (positive or negative), for the G band a more complex behavior has

been found. The striking feature is an increase of the Raman intensity of the G mode at a high value of the positive

electrode potential. Furthermore, the observed increase of the Raman intensity of the G mode is found to be a

function of laser excitation energy.
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gating - spectroelectrochemistry

trum. Nevertheless, the experiments are
usually more difficult to carry out since the
electrochemical setup brings specific re-
quirements of the cell geometry, quality of
the electrodes, purity of chemicals, etc. Also
to achieve good control of the applied volt-
age, a three electrode system with a refer-
ence electrode must be used.”

Raman spectroscopy provides a conve-
nient tool to characterize graphene since it
can distinguish between monolayer, bilayer,
and multilayer graphene, and Raman spec-
troscopy also is highly sensitive to the elec-
tronic structure of these materials.® The im-
portant features observed in the Raman
spectra are the G mode and G’ mode (the
latter also known as the 2D mode®). The G
and G’ modes are present in all graphene-
based materials; however, their frequencies,
intensities, and line widths are influenced
by other factors like the number of
graphene layers, external doping, or laser
excitation energy. In some graphene
samples, the D line is also found and is be-
lieved to indicate the presence of defects as
in ordinary graphite.
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The graphene currently in use is usually obtained
by the mechanical (“Scotch-tape”) cleaving of indi-
vidual atomic layers from graphite.’® Other procedures
are based on chemical exfoliation."” However, these
methods lead to small graphene pieces (about 1—100
wm?) randomly located on the substrate. This compli-
cates the processing of such samples. The industrial use
of these methods would be very difficult to develop
and scale up. Recent advances in chemical vapor depo-
sition (CVD) synthesis have now allowed the prepara-
tion of large and uniform monolayer graphene flakes.'
The CVD prepared graphene thus significantly simpli-
fies the materials processing, and more detailed stud-
ies with such samples can be readily performed, as dis-
cussed below.

Previous Raman studies made on mechanically
cleaved graphene were focused on the evaluation of
the frequency and line width, and the spectra of mono-
layer graphene were typically limited to one laser exci-
tation wavelength (such as 514 nm).2 It was found that
electrochemical doping leads to a change of the width,
frequency, and intensity of the Raman signal due to
the removal of the Kohn anomaly.? However, the
changes in signal intensity with electrode potential
and the dependence of this intensity on laser excita-
tion energy were discussed only partially in the litera-
ture, despite the significant effects that have been ob-
served already.>33

In the present paper we examine, for the first time,
the Raman spectra of CVD-grown graphene as a func-
tion of doping level at three different laser excitations
energies. The doping of graphene was realized using
electrochemical charging. The PMMA/PC/LiClO, (PMMA
= polymethylmethacrylate, PC = propylene carbon-
ate) electrolyte has been used to ensure good perfor-
mance of the electrochemical cell.™* We focused on ana-
lyzing the change of the Raman intensity of the G and
G’ bands as a function of the electrode potential. We
observed for the first time an anomalous increase in the
intensity of the G band at high positive electrode po-
tentials with a significant dependence on the laser exci-
tation energy. The G’ mode intensity decreased for
both positive and negative values of the electrode po-
tential similarly as in the case of experiments performed
on cleaved graphene flakes.? This confirms that the
electronic properties of graphene are not significantly
dependent on the graphene preparation method.

RESULTS AND DISCUSSION

In our study we probed graphene synthesized by
the CVD method when the graphene was transferred
to a SiO,/Si substrate and then embedded into a spec-
troelectrochemical cell. Figure 1A shows a typical Ra-
man spectrum of such a CVD graphene sample on a
SiO,/Si substrate at an electrode potential V. = 0V, ex-
cited by 2.33 eV laser energy radiation. The spectrum is
dominated by the two features typical for graphene-

based materials: the G (TG) band at 1590 cm ™" and the
G’ (2D) band at 2688 cm ™. The D mode at about 1350
cm ™" indicates defects. The D/G ratio is about 0.28. The
reason for the higher D/G ratio compared to that of
cleaved graphene samples could be a smaller graphene
domain size in the case of our CVD grown sample. Ra-
man spectroscopy has been frequently used to distin-
guish a single layer of graphene (1-LG) from multilayer
graphene (M-LG). It is generally accepted that the G’
band of M-LG is significantly broadened in comparison
to the G’ band of 1-LG, and the relative intensities of the
G band and G’ band change dramatically between
1-LG and M-LG. The fwhm line width of the G’ band in
Figure 1A is about 30 cm ™', which is typical for 1-LG.
However, recently it has been shown that the broaden-
ing of the G’ band may be absent even in multilayer
graphene, if the graphene sheets are misoriented rela-
tive to one another."”® Another signature of 1-LG is the
ratio between the G and the G’ mode intensities. This
approach toward distinguishing between 1-LG and
M-LG has been recently criticized® because the G’ mode
intensity (Ic) and the G mode intensity (/) are depend-
ent on the doping level in a different way. Hence, if
the doping state of the sample is unknown, the magni-
tude of the Ig/Is ratio can be misleading. To avoid this
problem related to doping, we show the Raman spec-
trum at a given electrode potential of 0 V (Figure 1A),
which ensures that the effect of the natural doping (if
any) is removed and the doping state of the graphene
sample is controlled by the external applied potential
only. A simple comparison of the G’ band and the G
band peak heights in Figure 1A shows that the I/l is
greater than 3. This confirms that our sample is indeed
a single layer of graphene. Figure 1B shows an optical
microscope image of the tested CVD sample. The darker
part of the image corresponds to graphene while the
brighter part of the image corresponds to the bare
SiO,/Si substrate. The thickness of a SiO, layer on top
of Si was 300 nm, which is convenient for the determi-
nation of the number of graphene layers.'? The pres-
ence of single layer graphene in our sample was con-
firmed by a color analysis as discussed recently.'?

Figure 2 shows experimental spectra of CVD
graphene at different electrode potentials for 2.33 eV la-
ser excitation energy. The electrochemical charging is
expected to change the frequency of both the G band
(wg) and the G’ band (wg), which is in agreement with
our observations. The Raman frequency of the G band is
increased for positive potentials, and the maximum wg
~ 1618 cm™ ' was found at an electrode potential of 1.5
V, which was the largest electrode potential used in
this experiment. For negative electrode potentials, wg
increased until about a potential of —1.2 V and then
again it is decreased slightly until —1.5 V. The maxi-
mum oy for negative potentials is 1604 cm ™" which is
observed at a potential of about —1.2 V, while wg at an
electrode potential of —1.5 V is 1602 cm™".
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Figure 1. (A) Raman spectrum of single-layer CVD graphene at 0 V. The spectrum is excited by 2.33 eV (532 nm) laser excita-

tion energy. Asterisks indicate Raman bands of the electrolyte. Figure 1B. Optical microscope image of the CVD graphene
(darker area) sample on a SiO,/Si substrate used for the Raman experiments reported in this paper.

The frequency shift of the G band in charged
graphene is related to the change in the C—C bond
strength and to the renormalization of the phonon en-
ergy.'® In graphene a coupling between the lattice vi-
brations and Dirac fermions is allowed, because the
scales for the electron and phonon dynamics are com-
parable. Therefore the adiabatic Born—Oppenheimer
approximation fails to describe the G band phonons.
Hence, time-dependent perturbation theory is used to
explain the experimental observations. The carriers in
graphene interact with phonons, and electron—hole
pairs are created. This leads to a renormalization of both
the phonon energy and the energy of the carriers. In
charged graphene, the Fermi energy E; is moved away
from the Dirac point and thus the formation of
electron—hole pairs is suppressed.'® Due to
electron—hole symmetry with respect to the Dirac
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point, the frequency shift of the G mode should be
identical for both positive and negative doping. How-
ever, the doping also induces a change of the C—C
bond strength.® The positive doping removes the elec-
trons from antibonding orbitals, and therefore a hard-
ening of the G band is expected. On the other hand,
negative doping adds electrons to the antibonding or-
bitals which should lead to a softening of the Raman
signal frequency (wg). Both phonon energy renormaliza-
tion and a change of the bond strength occur, and the
two effects are superimposed in the analysis of the ex-
perimental data. For positive doping both effects lead
to an upshift of the phonon frequency. However, for
negative doping they have an opposite effect on the
frequency shift. This is consistent with the experimen-
tal results since a monotonic increase of the G band fre-
quency was found at positive electrode potentials and
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Figure 2. In-situ Raman spectroelectrochemical data for wg (left) and wg' (right) on graphene in the range from —1.5 to 1.5

V (from bottom to top). The spectra are excited by 2.33 eV (532 nm) laser radiation. The bold line traces denote the Raman
spectrum wg and wg at a potential of 0 V. The electrochemical potential change between adjacent curves in the Figure is 0.1
V. The spectra are offset for clarity, but the intensity scale is the same for all spectra.

a nonmonotonic change in frequency was observed
for negative electrode potentials. Also, the observed
shift never becomes as large for the negative potentials.

The dependence of wg on electrode potential has
been previously analyzed for cleaved graphene flakes.?
The results for the cleaved graphene flakes are similar to
those for the CVD graphene studied here, which con-
firms the concept that the properties related to the
electronic structure can be tuned independently of the
graphene preparation procedure. We note that in previ-
ous studies different electrolytes and also different elec-
trochemical setups have been used, and these differ-
ences explain some differences between the data that
was obtained by different groups. In particular this is
the case of the doping efficiency. Much larger electrode
potentials had to be applied in previous works? to
achieve the same effect as in the work presented here.
For example, in the case of electron doping, we ob-
served the maximum frequency shift wg = 1604 cm™
at a potential of about —1.2 V but it was necessary to
apply a potential of about —4 V to reach the same shift
of the G band as was observed in previous work.? (It
should be noted that the potential of —4 V is below the
decomposition potential of any possible electrolyte.
This means that such measurements were not per-
formed under equilibrium conditions and the potential
at the graphene electrode was not properly controlled.)
The better efficiency of our doping is important for an
evaluation of the effects at higher doping levels since
an electrolyte/electrode instability can occur at high
electrode potentials. We attribute the better efficiency
of our experiments to the different electrolyte rather
than to a different procedure in the graphene
preparation.

1

() VOL.4 = NO.10 » KALBAC ET AL.

We also note that in our work we give the values of
the potential of the working (graphene) electrode.
Hence positive potentials correspond to hole doping
and negative potentials to electron doping. This nota-
tion is intuitive and is commonly used in electrochemi-
cal works. On the other hand, in some other works, the
potentials of the reference (gate) electrode are pro-
vided, which gives an opposite sign of the potential val-
ues; for example, in that work negative values of the
electrode potential correspond to the hole doping of
graphene, while positive potentials correspond to elec-
tron doping of the graphene.

The behavior of the G’ mode frequency wg is also
sensitive to the doping (Figure 2). We observe an in-
crease in wg with an increasing magnitude of the posi-
tive electrode potentials. On the other hand, for elec-
tron doping there is first an increase in wg, followed by
a relatively large decrease in wg'. The increase of wg is
weaker than in the case of wg for both positive and
negative doping. For the potentials from0to 1V, a
slope of Awg/AV = 9 cm~'/V was observed for the G’
mode, while the corresponding slope of the G mode
was Awg/AV = 18 cm™'/V. The ratio of Awg/AV vs
Awg/AVis 2, which is in excellent agreement with theo-
retical prediction.!” The maximum upshifted frequency
at +1.5 Vis about 2700 cm ™' compared to 2688 cm ™' at
0 V. For negative doping the maximum frequency is
about 2690 cm ™', but at —1.5 V, wg is only 2675 cm™!
which is even below the value of wg at 0V (2688 cm™').
The change A of wg' with respect to the electrode po-
tential (Awg/AV) includes the effects of changes in the
C—C bond strength, the electron—phonon coupling,
and electron—electron interactions. Similarly, as in the
case of wg, the hole doping increases wg and electron
doping decreases wg'.
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Figure 3. Raman intensity vs electrode potential profiles for the G mode. The intensities of the spectra at all electrode po-
tentials are normalized to the intensity of the G mode at a potential of 0 V for each respective laser excitation energy. The
spectra are excited by 2.33 eV (triangles), 1.83 eV (squares), and 1.65 eV (circles) laser excitation energies.

Raman Intensity. The Raman intensities of both the
G and G’ modes for graphene (Figures 3 and 4) ex-
hibit a significant dependence on electrode poten-
tial. However, the dependence of their intensities on
the electrode potential is specific for each Raman
mode. The signal intensity of the G’ band (see Fig-
ure 4) is monotonically decreased as the magnitude
of the electrode potential is increased, both for posi-
tive and negative potential values. For the G band,
we found a more complex behavior (see Figure 3), and
this behavior is different for positive and negative values
of the electrode potential. The interesting feature in the

case of positive doping is a dramatic increase of the Ra-
man G band intensity at high positive potentials which is
not reproduced for negative doping. Nevertheless for
positive potentials, the increase of the intensity is repro-
duced also for other laser excitation energies, as is shown
later in this paper.

We first analyze the dependence of the Raman in-
tensity of the G mode on electrode potential. In Figure
3 the intensity vs potential profile is plotted for the 2.33
eV laser excitation energy (data taken from Figure 2)
and the results are shown in Figure 3 also for the 1.83
and 1.65 eV laser excitation energies.

Normalized Raman intensity

0.5 0.0 05
Electrode potential, V

I I I I
1.0 1.5

Figure 4. Raman intensity vs electrode potential profiles for the G’ mode. The spectra are excited by 2.33 eV (triangles),

1.83 eV (squares), and 1.65 eV (circles) laser excitation energy.
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For all laser excitation energies, the intensity vs po-
tential profiles in Figures 3 and 4 exhibit a similar com-
plex shape. The profiles are not symmetrical for posi-
tive and negative doping. For negative doping there is
a smaller increase in intensity in Figure 3 and then the
intensity remains approximately constant up to a po-
tential of —1.5 V. For positive doping a smaller increase
of intensity was found at low potential values at the be-
ginning of the doping process. For potentials with mag-
nitudes between 0.5 and 1.0 V, the intensity remains ap-
proximately constant. Increasing the potential beyond
+1 V leads to a slight decrease of the intensity which is
followed by a strong increase of the intensity for higher
voltages. No significant intensity decrease in Raman in-
tensity is found for 1.83 and 1.65 eV laser excitation en-
ergies. The final increase of intensity above 1.0 V de-
pends on the laser excitation energy and it is found to
be stronger for lower laser excitation energies. For the
2.33 eV laser excitation energy, the Raman intensity of
the G mode at an electrode potential 1.5 V is about 1.5
times higher than at the potential of 0 V. For lower laser
excitation energies the anodic enhancement of the sig-
nal is even more pronounced. For Eje = 1.83 €V, the
Raman intensity at 1.5 V is about 4 times higher, and for
Eser = 1.65 eV it is even higher (7 times). This complex
behavior is not reproduced for negative electrode po-
tentials. We note that a slight increase of the Raman in-
tensity may be traced also in the case of the doping of
graphene studied previously using the 2.41 eV laser ex-
citation energy.?2 However, due the lower efficiency of
the doping, this effect appeared at very high electrode
potentials, where also a degradation of the electrolyte
and other effects may occur. Also this effect in Figure 3
is the weakest for the 2.33 eV laser excitation energy,
which is close to the 2.41 eV used in the previous study,?
and therefore the dramatic increases shown in Figure
3 were not observed previously.

The bleaching of the intensity of the Raman signal
by varying the doping level has been observed also for
SWCNTs (both metallic and semiconducting).’®'® In the
case of SWCNTSs, the bleaching of the Raman signal was
explained by the filling of the Van Hove singularities
which are in resonance with the laser excitation
energy.'®' However, recently this simple model has
been revised and it was suggested that the Raman sig-
nal reflects a change in the electronic structure of single
wall carbon nanotubes, which occurs in the case of the
filling of any electronic state. The filling of the Van Hove
singularity which is in resonance with the laser excita-
tion energy is therefore not a prerequisite for the
bleaching of the Raman signal.’® Nevertheless, the ex-
periments which probed different electronic transitions
of the same tube showed that if the filled Van Hove sin-
gularities are in resonance with the laser excitation en-
ergy, then the bleaching effect is stronger than in the
case where the electronic states, which are not in reso-
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nance with the laser excitation energy, are either filled
or depleted.?°

For graphene no singularities are present in the elec-
tronic structure (except for narrow graphene nanorib-
bons), which excludes a resonance effect at particular
values of the laser energy radiation. Nevertheless, the
filling of the electronic states should also be reflected
by a change in the Raman spectra.

The G-band intensity drop at 0 V in Figure 3 is obvi-
ously related to the broadening of the G band.?' In un-
doped samples the phonons can dissipate energy by
forming an electron—hole pair.’' In doped samples
this process is suppressed because the final state is oc-
cupied (for electron doping) or it is empty (for p doping)
and therefore the G band is narrowed.5'52" After the
Kohn anomaly effect is removed, the G band intensity
is not changed by further negative doping and up to 1.0
V for positive doping, which is consistent with previ-
ous theoretical predictions and experimental results.5
At positive potentials above 1.0 V we observed an
anomalous increase of the G mode intensity for Ejyee, =
1.65 eV. A strong increase in the G band intensity also
occurred above 1.2 V potential for Ejzer = 1.83 eV. The
enhancement of the Raman signal at high positive po-
tentials is counterintuitive; nevertheless, it is consistent
with recent theoretical work by Basko.?? His calculation
suggests that the matrix element for the G band in-
creases when the Fermi level is close to the Ejase/2. It is
also obvious that if the laser excitation energy de-
creases then the Fermi level will reach E../2 at lower
magnitudes of electrode potentials. The anodic en-
hancement of the G mode intensity observed in Figure
3 is obviously a consequence of the latter situation, and
this is in agreement with our observation that the stron-
gest enhancement is found for the 1.65 eV laser excita-
tion energy and the overall effect is weakest for the 2.33
eV laser excitation energy. In other words, the highest
energy laser excitation (2.33 eV) shows only an onset of
the enhancement effect in the +1.0 to +1.5 V poten-
tial range. It might be expected that at even higher elec-
trode potentials we would observe the same enhance-
ment effect as is seen at Ej.ser = 1.65 eV. Unfortunately,
higher potentials were not accessible in the present
work due to limited electrolyte stability.

Figure 4 shows the dependence of the Raman inten-
sity of the G’ mode on electrode potential for Ej,ser =
2.33 eV (data taken from Figure 2) and for two addi-
tional laser excitation energies (1.83 and 1.65 eV). In
contrast to the intensity vs potential profiles observed
for the G band, here for the G’ band we found a mono-
tonic decrease of the intensity for both positive and
negative doping. Note that the slope of the intensity
decrease of the G' mode is smaller for negative dop-
ing than for positive doping. The intensity of the G’
mode at —1.5 V is about 5 times weaker than at 0 V,
and for +1.5V, it is about 7 times weaker. There is a
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Figure 5. A plot of the Ag'/Ag ratios vs Raman frequency of the G mode w¢. Squares correspond to positive doping, and
circles correspond to the negative doping. The straight lines correspond to the fits of the data by the linear relations: Ag'/Ac
= a — bwg, where a = 669, b = 0.413 for positive doping and a = 660, b = 0.408 for negative doping.

variation of the bleaching for different laser excitation
energies but this dependence on £ is relatively small.

It has been suggested previously? that the intensity
of the G’ band (lg') is proportional to the electron/hole
inelastic scattering rate. Doping will increase the num-
ber of charge carriers and therefore the probability of a
scattering event will also increase and the G’ band in-
tensity should therefore decrease.?

The asymmetry of the decrease Ig- with respect to
the electron and hole doping is analogous to that ob-
served for SWCNTs. In the latter case, the asymmetry is
consistent with the general fact that the density of
states for the w* band is smaller (energy bandwidth is
larger) than that for the 1 band. In other words, for the
* band, Er must be moved more to inject a given
amount of carriers than for the  band. However, the
band structure of graphene is expected to be symmet-
ric with respect to the Dirac point, hence no asymmetry
should be observed. Nevertheless, the following facts
must be also considered: (1) Graphene is usually
p-doped from the substrate.”> The p-doping can partly
compensate the charge injected during negative dop-
ing, hence the effect of negative doping is less pro-
nounced compared to the positive doping. (2) The
asymmetry may also come from the relaxation time of
photoexcited carriers. In the case of negative doping,
electrons occupy the 7* band. Thus the relaxation of
the photoexcited carrier becomes slow. In the case of
hole doping, the states below the Dirac point are empty
and the relaxation is fast. This asymmetry should be
larger for a lower excitation energy of the laser since
the photoexcited carriers are generated close to the
Dirac point. Indeed the lowest excitation energy (1.65
eV) exhibits the strongest asymmetry experimentally.

www.acsnano.org

Since the time of the early studies on graphene,
the large magnitude of the Ag'/Ag ratio (A denotes inte-
grated area of the peak) has been used as an indicator
of single layer graphene. Up to this point in the paper
we used peak heights of the Raman bands for charac-
terizing the Raman intensities since it is a more straight-
forward approach and we could also easily demon-
strate the effect of the Kohn anomaly in this way (Figure
3). However, for the identification of 1-LG the inte-
grated peak area of the G and the G’ features is more
convenient since it is not affected by the Kohn anomaly
(a change of the G band height is compensated by a
change of the G bandwidth). The integrated area of the
G’ mode is a function of doping. The frequency of the
G band g is also a function of the doping and there-
fore wg could be used as an indicator of doping level
and thus for correction of the Ag'/Ag ratio as a function
of the amount of doping. Figure 5 shows a plot of the
Ag'/AG ratio vs og from the data obtained using the
2.33 eV laser excitation energy, which is the widely used
Ejaser €nergy. The data for both negative and positive
electrode potentials are included in Figure 4. Neverthe-
less we fit them separately, since the Ag'/Ag ratio exhib-
its a slightly different behavior for positive and nega-
tive doping. For positive doping we also excluded data
for potentials from 1.1 to 1.5 V due to the anomalous
behavior of the G mode. The linear fits of the depen-
dence give the following relation:

AG/Ag = a—bog (for mg incm™") (M

where a = 669, b = 0.413 for positive doping and a =
660, b = 0.408 for negative doping.

It is clear from Figure 5 that the development of
the Ag'/Ag ratio as a function of wg is reproduced very
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well by eq 1, which may serve to correct the Ag'/Ac ra-
tio associated with doping and allow for an easy identi-
fication of single layer graphene. The Ag'/Ag ratio as a
function of wg exhibits a slight difference between posi-
tive and negative doping which is due to an asymme-
try in the bleaching of the G’ mode with respect to posi-
tive and negative doping as discussed earlier in this
study.

CONCLUSION

We studied the dependence of the graphene Ra-
man features (the G and G’ modes) on the electrode po-
tential for CVD grown single-layer graphene. The de-
pendence of wg and wg' on the electrode potential for
CVD grown graphene is similar to that reported for
cleaved graphene flakes. However, our experimental
setup provides better doping efficiency than in the case
of previous works, so that parasitic effects like electro-
lyte decomposition or nonequilibrium states at high
electrode potential could be avoided.

EXPERIMENTAL SECTION

Graphene samples were synthesized using the CVD
method.'? The details are provided in previous work.'? In brief:
A Ni film deposited on a SiO,/Si substrate is heated to 900 °C and
annealed for 20 min under flowing H, and Ar gas (400 and 600
sccm (standard cubic centimeter per minute), respectively). Then
the film was exposed to H, and CH, for 5 min, and finally the sub-
strate was cooled down from 1000 to 500 °C under Ar, H,, and
CH,. The as-grown graphene was subsequently transferred to a
clean SiO,/Si substrate using PMMA, according to procedures re-
ported previously.'?

For the doping experiments, graphene samples on a SiO,/Si
substrate served as working electrodes, and the samples were
contacted using Au evaporated on a part of the substrate. The
cell was completed with a Pt-counter electrode and an Ag-wire
pseudoreference electrode. The electrolyte solution used was 0.1
M LiClO, dissolved in dry propylenecarbonate/PMMA (Aldrich).
Electrochemical doping of the working graphene electrode was
carried out by varying the applied potential between —1.5 and
1.5 V vs an Ag pseudoreference electrode (PAR potentiostat). We
used a three electrode system and carried out measurements in
the potentiostatic regime, so that no current was flowing
through the reference electrode during the measurements, and
care was also taken that the current flow through the working
electrode was minimal. As the state (potential) of the pseudoref-
erence electrode is not changed during the measurement, the
applied potential on the working electrode is well-defined. The
Raman spectra were excited by a Kr* laser (Coherent), a Ti-
sapphire laser (Coherent), or a Nd:YAG laser (Coherent). The
spectrometer resolution was about 5 cm™'. The spectrometer
was interfaced to a microscope (Carl-Zeiss, objective 100X). The
size of the laser spot was about 0.5 wm. The peak intensities (/)
correspond to the peak amplitudes of the Lorentzian fit of the
analyzed Raman spectra. The error was estimated as a maximum
deviation between two experimental points in two indepen-
dent measurements multiplied by a factor of 2.
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We also found a strong difference in the electrode
potential dependence of /g relative to that of Ig. The G
mode exhibited an asymmetry in the electron/hole
doping with a striking increase in intensity observed
only for hole doping, and this effect was not recognized
in previous experimental works. On the other hand,
the G’ mode showed a decrease in intensity both for
electron and hole doping. The detailed understanding
of the effects of doping is important not only for funda-
mental reasons but also for practical experiments. The
intensity ratio Ag'/Ag at zero potential is one of the ex-
perimental parameters which could be used to distin-
guish between one and two graphene layers. But the
present work shows that the Ag'/Ag ratio is strongly de-
pendent on the doping level. Here we related the
change in the Ag'/Ag ratio due to doping to the change
of wg with doping. The latter relation could be fitted
by a simple linear equation, which can then be used to
correct the Ag'/Ag ratio of doped samples to approxi-
mate its corresponding value for a neutral sample.
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