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Chemical doping is expected to substantially increase the density of free charge carriers by charge transfer
and modify the Fermi level and screening effect of doped materials. Here, along with Raman identification of
3 and 4 graphene layers by a 633-nm laser excitation, we investigated charge transfer and optical phonon
mixing in few layer graphenes in detail by utilizing sulfuric acid as an electron-acceptor dopant. Sulfuric acid
molecules are found to be only physically adsorbed on the surface layers of graphenes without intercalations.
The top and bottom layers of bilayer graphene can be intentionally doped differently by concentrated sulfuric
acid. The difference of the hole doping between the top and bottom layers results in phonon mixing of
symmetric and antisymmetric modes in bilayer graphene. The Raman frequency evolution with the doping
level is in agreement with recent ab initio density-functional theory calculations [P. Gava, M. Lazzeri, A. M.
Saitta, and F. Mauri, Phys. Rev. B 80, 155422 (2009)]. Chemical doping by adsorption-induced charge transfer
offers a way to study the electronic and vibrational behaviors of few layer graphenes at high-carrier

concentration.
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I. INTRODUCTION

Graphene, the latest carbon allotrope discovered in 2004,
has attracted intensively scientific interest owing to its dis-
tinctive properties. Two-dimensional structure of nanoscale
and extremely high carrier mobilities at room temperature
make it a promising candidate for future nanoelectronics.'”’
Raman spectroscopy has been proved an efficient way for
identifying graphene layers,”~® probing the electronic struc-
ture of graphenes,”!®!! and providing information of
defects,'?!3 stacking order,”'*! and doping.'"'%~!° The most
prominent Raman features in graphene,’ as well as other car-
bon materials,??! are the D band, G band, and the 2D band
(so-called G’ band). The D band at around 1350 cm™ is due
to the breathing modes of sp? atoms and requires a defect for
its activation.?”?3 The G band at around 1580 cm™! is a dou-
bly degenerate optical phonon mode at the Brillouin-zone
center.2* The 2D band is the second order of the D band, and
its line shape has been widely used to distinguish the number
of graphene layers.”%!3

For monolayer graphene, the Fermi level locates at the
Dirac point and can be shifted by varying doping charge
concentration.'™* The E,, phonon energy at the Brillouin-
zone center exhibits a logarithmic singularity when the
Fermi energy shift (Ey) from the Dirac point is half of the
phonon energy.!%?>-?7 For an intrinsic bilayer graphene
(BLG), the zone-center mode splits into a symmetric mode
(in-phase displacement of the atoms in the two layers) and an
antisymmetric mode (out-of-phase displacement of the atoms
in the two layers).?830 The symmetric mode is Raman active
while the antisymmetric mode is infrared active.?®-3 There-
fore there is only a single G peak for intrinsic BLGs.”16:18:19
If the bilayer graphene is doped symmetrically, meaning no
difference of the doping charge concentrations of top layer
(n,) and bottom layer (n,,), the symmetric and antisymmetric
modes can not mix. However, if the doping charge concen-

1098-0121/2010/82(24)/245423(8)

245423-1

PACS number(s): 78.30.Na, 63.22.Rc, 78.66.Tr, 81.05.ue

trations of the two layers are different (n, # n,,), the inversion
symmetry in the BLG is broken, and a gap between conduc-
tion and valence bands is opened up.?3'=3 The symmetric
and antisymmetric modes are no longer eigenstates in com-
parison with the intrinsic BLG and strongly coupled with
each other.”®3> The Raman spectrum was predicted to show
two G peaks with different frequency shifts and
intensities.”3 Recent experiments confirmed the prediction
in the asymmetrically doped BLGs.3%8 In the case of asym-
metrically doped 3L and 4L graphenes, the evolution of the
G band of 3L and 4L graphenes with increasing doping, re-
spectively, shows similar behavior to that of 1L and 2L
graphenes.’® The splitting of the G band is observed in the
4L graphene with asymmetry doping but not in the 3L
graphene owing to distinct electron-phonon coupling for
phonons of different symmetry.3

Not only the electrical doping via applying gate
voltage®®37 but also chemical doping via atoms/molecules
deposition on the top and/or bottom layers can break the
inversion symmetry of BLGs.>*33° In comparison with
electrical doping,®®37 chemical doping enables us to manipu-
late the electrostatic environment of graphene layers.?>3%3
In this case, one can manipulate the charge concentrations
between top and bottom layers of BLGs to reveal how the
electrostatic environment induces an optical phonon mixing
phenomenon. When the graphene layers are doped by
adsorption/intercalation of Br and I atoms® or F atoms,® the
symmetrical and asymmetrical doping can be obtain. Fur-
thermore, the doping status is not stable when the graphene
layers are under ambient conditions.>®4? In this work, we
report that the top and bottom layers of BLG can be inten-
tionally doped differently by concentrated sulfuric acid. The
difference of the hole doping between the top and bottom
layers breaks the inversion symmetry in BLGs and results in
phonon mixing of symmetric and antisymmetric G modes.
Chemical doping by concentrated sulfuric acid gives us an

©2010 The American Physical Society
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FIG. 1. (Color online) Optical image of a pristine 1-5L
graphene sample using (a) white light and (b) a bandpass filter at
532 nm with a full width at half maximum of 9 nm. (c) Experimen-
tal data (solid line) of the optical contrast at 532 nm obtained from
three solid lines in (b). The discrepancy between experimental and
theoretical (dashed lines) data are lower than 5%.

opportunity to study electron-phonon coupling, screening ef-
fect and band-gap formation of BLGs in the case of high
doping level.

II. EXPERIMENTAL

Graphene samples were obtained by micromechanical
cleavage of natural graphite on the surface of a Si wafer chip
with 293-nm-thick SiO, on the top.!? 18 mole (18 M) con-
centration sulfuric acid (H,SO,) was used and diluted with
distilled water to lower mole concentration (14 M, 10 M, and
6 M). Raman measurements were performed in a back-
scattering geometry at room temperature using a Jobin-Yvon
HR800 Raman system, which is equipped with liquid nitro-
gen cooled charge coupled device. The output power of 633
nm He-Ne laser was 1 mW in order to avoid sample
heating.*' In situ Raman measurements were done when
graphene samples were immersed in different acids using a
600 lines/mm grating and a 100X long working distance
objective lens (NA=0.75). Furthermore, the 2L graphene
samples were washed by distilled water flow for a few sec-
onds, dried in electronic drying cabinet, and reinserted into
the spectrometer. These Raman measurements were done us-
ing a 1200 lines/mm grating and a 100X objective lens
(NA=0.90). The Raman mapping was measured by duoscan
system of HR800. The spectral resolution of 600 lines/mm
and 1200 lines/mm gratings is 1.2 cm™' and 0.6 cm™' for
HRS800 system, respectively, due to its long focal length of
800 mm. All Raman peaks are fitted with Lorentzian line
shapes.

III. RESULTS AND DISCUSSION

The graphene layer can be identified by the optical
contrast, 384243 atomic force microscopy image and the line
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FIG. 2. (Color online) Raman spectra (dotted curves) of G and
2D peaks of pristine (a) 1-3L graphenes excited by a 633 nm laser
and those of 4L and 5L graphenes excited by (b) the 633 nm laser
and by (c) a 532 nm laser, respectively. The 2D peaks were fitted by
Lorentzian line shapes (gray peaks). The solid lines with colors are
the fitted results. The arrows indicate the weak shoulders at the low
energy side of the 2D peaks for 2—4L graphenes. The crosses shows
the strongest components of the 2D peaks for 3—5L graphenes. The
stars labels the weak shoulders at the high energy side of the 2D
peaks for 3—4L graphenes.

shape of the 2D peak.”!> The optical images of a 1-5L
graphene sample are shown in Figs. 1(a) and 1(b) obtained
using white light and a bandpass filter at 532 nm [full width
at half maximum (FWHM) of 9 nm], respectively. Figure
1(c) shows the experimental optical contrast (defined as
1-RG/RS, where RG and RS are the reflected light intensities
from the SiO,/Si substrate with and without graphenes, re-
spectively) at 532 nm of the 1-5L graphenes. Compared with
the theoretical results using optical constants of graphene
layers suggested by Bruna et al.,®*3 1-5L graphenes can be
clearly identified.

The 633 and 532 nm lasers are widely used in the Raman
measurements for various carbon materials.”-'3132044 Figure
2 shows Raman spectra of 1-3L graphenes by a 633 nm laser
and 4-5L graphenes by 633 and 532 nm lasers. All G peaks
are at around 1580 cm™!, and can be fitted with a single
Lorentzian line shape. Monolayer graphene has a single 2D
peak at 2629.7 cm™'. The 2D band of 2L graphene is fitted
with four Lorentzian peaks.” The 2D bands of 3-5L
graphenes are more complex and in principle consist of 9,
16, and 25 Lorentzian peaks,45 respectively. However, be-
cause of the possible degeneracy and overlapping of these
peak components, the number of observed components is
much less than the theoretical one. The 2D band of the 4L
graphene by 633 nm excitation show more distinct spectral
features than that by 532 nm excitation. However, for a 5L
graphene, no clear distinct features can be identified both for
532 nm and 633 nm excitations, so the 2D band of 5L
graphene is simply fitted with seven peaks as shown in Figs.
2(b) and 2(c). Here, we only focus on Raman identification
of 1-4L graphenes. The pristine bernal-stacking graphene
samples with the same layer number show identical spectral
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TABLE I. Peak position (cm™') of the G peak and the fitting components of the 2D peaks for 1-4L graphenes excited by a 633 nm laser.
The value (cm™) in parentheses is FWHM of the G peak. w, m, and s stand for weak, middle, and strong intensity for the 2D components,

respectively.
G 2D, 2D, 2D, 2D, 2D; 2D, 2D, 2Dy
1L 1582 2630
(10.0) s
2L 1581 2599 2643 2664 2682
(11.5) m s m m
3L 1581 2572 2612 2638 2648 2660 2675 2699
(12.0) w m m s m K m
4L 1580 2549 2592 2620 2642 2656 2674 2688 2708
(12.8) w w m m s s m m

features. Because the different components of 2D bands may
exhibit different resonant behaviors with laser excitations,!?
it is very important to choose an appropriate laser wave-
length to identify graphene layers from Raman spectra. As
shown in Figs. 2(a) and 2(b) by arrows, crosses and stars,
five and six 2D components can be clearly identified in the
Raman spectra of 3L and 4L graphenes excited by the 633
nm excitation, respectively. However, to obtain good fits,
seven and eight components are, respectively, required for
the 2D bands of 3L and 4L graphenes if the peak width of all
components are kept as a fixed constant (24 cm™') (Ref. 10)
in the fitting process. The fitting results of the 2D bands for
1-4L graphenes are summarized in Table I. The main peak
position of the 2D peak in 1-4L graphenes upshifts with
increasing of graphene layer. To identify 3L and 4L bernal-
stacking graphenes by Raman scattering, it is better to use a
633 nm laser as excitation and to verify peak position and
number of shoulders at the lower energy side and the inten-
sity ratio of the strongest two components of their 2D bands,
as indicated by arrows and crosses in Figs. 2(a) and 2(b). To
reveal the spectral fingerprint of 3—4L graphenes, a Raman
system with a high resolution better than 1.0 cm™' is neces-
sary. Along with the reported peculiar spectral feature of
1-2L graphenes,”® Raman spectroscopy can be used to
clearly identified 1-4L bernal-stacking graphenes with a 633
nm excitation associated with their optical contrast.

When 1-4L graphene samples were dipped into 18 M
H,SO,, their G bands exhibit a significant change in peak
position, as shown in the Fig. 3(a). The G bands of the 1L
and 2L graphenes in 18 M H,SO, acid show an identical
spectral feature to that of graphenes adsorbed and interca-
lated by Br, vapors,®® such as peak position and width. The
G peak shifts to 1623.8 cm™' and 1613.4 cm™' for 1L and
2L graphenes, respectively. The great upshift in G bands for
1-2L graphenes with respect to 1582 cm™ of graphite indi-
cates charge transfer from the physically adsorbed or inter-
calated H,SO,4 molecules. The charge transfer from graphene
to H,SO, creates hole doping in graphene,*¢ as a well-known
electron-acceptor dopant in graphite compounds.*’ Indeed,
when 1L graphene was dipped into 10 M H,SO,, the 2D
peak upshifts about 10 cm™, as shown in Fig. 3(b), which is
a typical characteristic of hole doping in graphene layers.!-1
The Fermi Level is shifted largely due to hole

doping.!116-19-39 We find that the saturation time of the
chemical doping of graphenes by H,SO, is very fast, within
1 min. We did not observed any change for more than 1 h.
The absence of D band, before and after doping, suggests
that the samples have a high crystal quality and the concen-
trated sulfuric acid treatment did not induce structural dam-
age to graphenes.

The single G peak at 1613.4 ¢cm™' for BLG demonstrates
that it was doped symmetrically, otherwise, the inversion
symmetry in the bilayer graphene induced by different dop-
ing charge concentrations of its two layers will be broken,
which makes the single G peak in pristine BLGs change into
two Raman peaks.?873%-337 This indicates that the H,SO,
molecules can diffuse entirely along the interface between
the bottom layer and substrate. However, in contrast to the
IL and 2L graphenes, the 3L and 4L graphenes in 18 M
H,SO, acid show a quite different spectral feature from that
doped by Br, vapors,*® and their G peaks appear with a dou-
blet structure (G* for upper peak and G~ for lower peak).
The G* peak shifts to 1608.2 cm™' and 1604.3 cm™ for 3L

1L Graphene|| (c) 2L Graphene

(a) 18M H2SOq4 || (b)
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FIG. 3. (Color online) (a) In situ Raman spectra of the G peak of
1-4L graphene samples dipped into 18 mole (18 M) concentration
of sulfuric acid. (b) The 2D band of pristine 1L graphene and that
doped by 10 M concentration of sulfuric acids. (¢) In situ Raman
spectra of the G peak of the BLG doped by different mole concen-
trations (18 M, 14 M, 10 M, and 6 M) of sulfuric acids and a
pristine BLG as a reference.
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TABLE II. Peak position, width (FWHM), and intensity ratio of
G™* and G~ components of the G peak for 1-4L graphenes doped by
18 M sulfuric acids.

1L 2L 3L 4L
Position (cm™!) 1588.1 1585.0
1623.8 1613.4 1608.2 1604.3
Width (cm™) 3.8 5.7
6.8 6.4 5.3 6.8
o/l 8.6 3.4

and 4L graphenes, respectively. All the peak parameters are
summarized in Table II. The G (or G*) peak downshifts to
lower frequency with increasing the layer number. The sin-
glet G peak for 4L graphene doped by Br, vapors indicates
that Br, intercalates a 4L graphene into two 2L graphenes.*”
In contrast, the doublet G peak for 4L graphene in Fig. 3(a)
indicates that sulfuric acid molecules only physically adsorb
on the surface layers and no intercalation happens. The sur-
face layers were doped more heavily than the interior, due to
screening.>**® Consequently, two G peaks were observed, as
the case in stage 4 graphite intercalation compounds.*’ The
G* and G~ peaks were assigned to phonon mixing of the
symmetric and antisymmetric modes in surface and interior
layers.’”° The similar doublet G peak for 3L graphene in
Fig. 3(a) also confirms the above proposition. Indeed, the G
peaks of 1-4L graphenes in Fig. 3(a) are very similar with
that of 1-4L graphenes exposed to iodine vapor, where the
mechanism of chemical doping is the adsorption of iodine on
the surface graphene layers.?

The G peaks of 1L and 2L graphenes in 18 M H,SO, are
identical to that of graphenes exposed to Br, vapors, while
the corresponding 3L and 4L graphenes show a similar
G-band feature to graphenes exposed to I, vapors, although
the chemical doping mechanisms for Br, and I, vapors on
graphene are quite different.> To further clarify the chemical
doping mechanism of H,SO, on graphenes, different treat-
ments are performed on a BLG sample. Figure 3(c) shows
Raman spectra of the BLG dipped into different concentra-
tions of sulfuric acid. The doublet feature of G peak appears
in the Raman spectra of 6 and 10 M H,SO, doped BLGs, and
a single G peak was observed in 14 and 18 M H,SO, doped
BLGs. This indicates sulfuric acid molecules cannot diffuse
efficiently between the bottom layer and substrate in 6 and
10 M H,SO, owing to the decrease in sulfuric acid concen-
tration. The asymmetric hole doping, due to different amount
of H,SO, molecules physically adsorbed on the top layer and
bottom layer, breaks the inverse symmetry in BLG, which
makes the symmetric mode and antisymmetric mode mix
with each other. As a result, two G peaks were observed as
predictions.?8-30

To continually change the carrier concentration on the top
and bottom layers of BLGs, several washing processes were
performed step by step on a BLG sample, whose optical
image was shown in Fig. 4(a). The BLG sample dipped in 18
M H,SO, was taken out and washed by distilled water flow
for a few seconds, and then dried for Raman measurement at
the same position of spot A [see Fig. 4(a)]. Figure 4(b) shows
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FIG. 4. (Color online) (a) An optical image of a sample con-
tained BLGs and 4L graphenes. The scale bar is 3 um. The bound-
ary of 4L graphenes close to BLGs is indicated by dashed lines. (b)
Raman spectra of the G peak of the pristine and as-doped BLG
sample at spot A, and those after first, second, third, and nth wash-
ings by distilled water. The G peak (dotted line) of an as-doped 1L
graphene after first washing is also shown as a reference. (c) Sche-
matic of the concentration distribution of doping charges on top and
bottom layers of a BLG doped by 18 M sulfuric acid, after first,
second, third, and nth washings by distilled water.

typical G peaks of doped BLGs after different washing pro-
cesses (first, second, third and nth) and a pristine BLG. After
washing, the doublet feature of the G band was observed
again, and the G peak decreases from 1613 to
1589 ¢cm™'(G*). A 1L graphene sample dipped in 18 M
H,SO, was also used as a reference to verify the change in
carrier concentration in the washing process. After the first
washing, the G band of 1L graphene decreases from 1624 to
1598 ¢cm™!, as indicated in Fig. 4(b) by a dashed line. Note
that 1598 cm™! is much lower than that (1613 cm™") of 2L
graphene doped by 18 M H,SO,. This suggests that not only
the H,SO, molecules adsorbed on the top surface of IL
graphene but also some of them on the bottom surface were
washed away. Therefore, the acid molecules adsorbed on the
top layer of BLG were more easily washed away than the
ones between the bottom layer and substrate. The different
doping hole concentration of the two layers in washed BLGs
gave rise to a doublet feature of the G band.

The G peaks in Figs. 3(c) and 4(b) were fitted by Lorent-
zian line shapes and the G peak parameters are summarized
in Tables Il and IV, respectively. The intensity ratio of
I./15_ significantly changes with the washing process
(0.03-6.0 from first to nth washings), which directly reveals
that the doping level is decreased with increasing washing
times. The FWHM of G~ increases with the decreasing of the
doping level while G* shows a broader feature, which is
close to that of the G peak in pristine BLGs. The width
evolution seems in contradiction to the common result of the
decrease in peak width with increasing doping level, how-
ever, the peak position and intensity evolution of the G* and
G~ peaks with doping level agree well with previous
studies.’*3% A simple coupled-mode description had been
applied to interpret phonon mixing behavior of the gated
BLGs.337 When the total doping hole density n(=n,+n,)
(sign of n, n, and n,: positive for hole doping and negative
for electron doping) is very small (far below 10" cm™),
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TABLE III. Peak position, width (FWHM), and intensity ratio of G* and G~ components of the G peak
for pristine BLG and that doped by different mole concentrations (18 M, 14 M, 10 M, and 6 M) of sulfuric

acids.
Pristine 6M 10 M 14 M 18 M
Position (cm™!) 1581.8 1584.1 1584.6
1602.0 1602.3 1613.1 1613.4
Width (cm™) 11.5 73 6.2
6.4 7.0 6.4 6.4
Iyl 2.1 4.1

only a single broadening G peak (G~) at low frequency ex-
ists, due to the symmetric mode coupling with direct inter-
band electron-hole pairs.>® With increase in n up to about 5
X 102 ¢cm™2,*7 the FWHM of G~ decreases and an extra
weak peak (G*) appears at the high frequency. With the con-
tinuous increase in n, the intensity of the G* peak increases
while that of the G~ peak decreases.’*37 At greatly high n,
there is only a strong G* peak as the case of BLGs doped by
18 M H,SO,. However, a quantitative explanation of the
Raman spectra of chemically doped BLGs is still a challenge
because of complex electrostatic environment of
BLGs,?73%3 such as inhomogeneous doping and substrate
effect. In this work, the substrate doping to the graphene can
be negligible in comparison with the chemical doping. In-
deed, the G peak of pristine BLGs here is about
1581-1582 cm™' with a good Lorentzian line shape and a
typical width (FWHM) of 11-12 cm™.

We performed a line scan of Raman spectra of the
H,S0,-doped BLG along the line B-C as shown in Fig. 4(a)
after its second washing. The increment of the line scan is
0.6 um. Due to acid molecules just physically adsorbed on
top graphene layer of BLGs, they can be easily removed by
washing, and n, will be far below 10'* ¢cm™. n, is mainly
determined by the concentration of acid molecules interca-
lated between the substrate and bottom layer of the BLG as
discussed above about the G peak of pristine BLGs. After
washing, there is a doping charge distribution of n, in the
bottom layer of BLGs. All the G peaks are analyzed with two
Lorentzians, G* and G™. The ratio I, /I;_ varies from 0.6 to
6.4 and peak positions of G* and G~ strongly depend on the
measured sample spot, as shown in Figs. 5(a) and 5(b). We
utilize recent theoretical results, which shows that the ratio
I;./15_ strongly depends on n, while the frequency shifts
have a much weaker dc:zpendence,29 to model our experimen-

tal data. After washing, the n, is expected to be very low in
comparison with the high n, and can be considered as a
constant. Therefore, we fit the obtained I;,/I;_ values
[Squares in Fig. 5(a)] to the theoretical curves of n,=0.2, 0.3,
and 0.4X 103 cm™, and obtain a set of total doping hole
density n at each sample spot. Then, the frequency shift in
G* and G~ depending on n is shown in Fig. 5(b). For gated
graphenes! 116193637 ot F.=0), the variation in the reported G
peak position is several wavenumber, from 1581 to
1585 cm™'. When the graphenes are chemically doped by
H,SO, and washed by distilled water, the environment be-
tween the graphene layers and adsorbed sulfuric acid mol-
ecules becomes more complex. Therefore, the trend of peak
shift dependent on the charge concentration qualitatively
agrees with the theoretical predicts.?? If we execute the same
procedures for the data in Table IV, we found that the data
deviate far away from the theoretical curve of n,=0.3
X 103 cm™? because the different washing processes would
significantly change the doping charge concentrations of top
layer (n,), so a fixed n, can not be applied to model all the
data in Table IV.

To exam how about the detail doping behavior of BLGs
by H,SO,, Raman map was further performed on the large
sample in Fig. 4(a). Figure 6(a) shows the Raman map of
total area intensity (I, /I;_) of the G peak. The 4L graphene
at the lower part of the sample can be clearly distinguished.
Although the BLG sample looks homogenous from the opti-
cal image in Fig. 4(a), the total intensity of the G peak ex-
hibits a dependence on the doping charge concentration and
reaches to a maximum value at center region. Figures 6(b)
and 6(c) show the intensity ratio I;,/I;_ and frequency dif-
ference (Pg,—Pg_) mappings of G* and G~ components of
the G peak, respectively. The two maps agree well with each
other and each map shows a maximum value near the center

TABLE IV. Peak position, width (FWHM), and intensity ratio of G* and G~ components of the G peak for
a pristine BLG and the doped BLGs by 18 M sulfuric acids sequentially following with first, second, third,

and nth washings by distilled water.

Pristine nth Third Second First
Position (cm™) 1581.8 1582.5 1583.0 1582.5 1580.3
1589.0 1587.8 1587.2 1592.3

Width (cm™) 11.5 10.2 8.8 9.0 9.1
6.5 74 7.6 8.0
I /1 0.05 0.58 0.85 6.0
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FIG. 5. (Color online) Data of line scan along B-C on the doped
BLGs in Fig. 4(a) after the second washing process. (a) The mea-
sured intensity ratio /5,/I/;_ was modelled by theoretical results
(Ref. 29) with n, of 02X 10" cm™2, 03X 103 cm™, and 0.4
X 1013 cm™2, respectively, to get the corresponding total doping
charge concentration 7. Inset shows the obtained charge concentra-
tion dependent on the position of laser spots. (b) The frequency of
G* and G~ as a function of n determined from the ratio /./I5_ in
(a). Solid symbols represent experimental data modelled by the the-
oretical curve (Ref. 29) of the ratio Ig,/Ig. for n,=0.3
X 103 ecm™2, and open symbols represent experimental data corre-
sponding to 1,=0.4 X 10" cm™2.

of the sample. I;,/I;_ and P, —Pq_ provide a fingerprint of
the doping charge concentration on the bottom graphene
layer of BLGs close to the substrate if the doping charge
concentration is assumed to be homogenous on the top layer,
as discussed above. Indeed, Raman measurement shows that
the doping level is homogenous for the as-doped graphene
sample by H,SO4.* The acid molecules adsorbed on the top
layer can be easily washed away while those intercalated
between the bottom layer and substrate could be only re-
moved by the diffusion via the concentration difference be-
tween inner and outer regions. Thus, the concentration of
acid molecules intercalated between the bottom layer and
substrate decreases from the sample center to edge, as indi-
cated in Figs. 6(b) and 6(c), due to the washing of distilled
water. When the sample was washed for many times, the
unevenness of doping level from sample center to edge be-
comes very small.
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The G peaks of Raman spectra in Fig. 6 were analyzed to
obtain detailed peak parameters of the doped BLGs. Unlike
the gated graphenes,!!16-1936.37 it is difficult to determine the
carrier concentration in the chemically doped graphenes.
However, as shown in Fig. 5(a), the intensity ratio I, /I;_ is
very sensitive to the doping level in BLGs and can be ser-
viced as a signature of doping level in asymmetrically doped
bilayer graphenes.”® Figures 7(a) and 7(b) summarize the
peak width and width ratio of G~ and G* components depen-
dent on I, /1;_. For the G~ peak, the width is about 12 cm™!
in pristine BLG. When the BLG starts to be doped to
1./15_=0.6, the width will decrease to 9 cm™! statistically.
As increasing the doping level, the width will increase up to
13 cm™! until the G~ peak vanishes at a high doping level.
For the G* peak, the width will increase from about 5 cm™!
at low doping level to about 8 cm™ when I;,/1;_=0.6.
When the doping level increases up to a maximum value, the
G™ position reaches up to 1613 cm™' as the case in Fig. 3(c),
the G* width will decrease down to about 6.5 cm™'. The
observed behavior of peak width depending on the doping
level is not in agreement with theoretical calculation,?®-3
where the width of G™ continually decreases with increasing
doping level, while for the G* peak there is a maximum
width when 7 is close to 0.8 X 10'* cm™2, corresponding to
I5./15_ of 0.6. The intrinsic theoretical behavior of peak
width on the doping level may be overlapped by the broad-
ening effect from adsorbed acid molecules and uniform dop-
ing in doped BLGs. However, the width ratio of G~ and G*
dependent on /;,/I;_ shows the similar trend as theoretical
results.?? Lower the I, /I;_, larger the width ratio between
G~ and G

Figure 8 shows how the doping level affects the peak
positions of G* and G™. The G~ peak is more sensitive to the
doping status in the present case than the G* peak. The fre-
quency difference between G* and G~ shows more clear de-
pendence on the doping level of BLGs. A similar behavior of
chemical doping on graphene by CHF; plasma treatment was
reported by Bruna et al.® where the 85% of the total charge
carriers is assumed to be confined in the top layer. We can
not provide a detailed fitting of experimental result in Fig. 8
to the theoretical one here because all the data from each
spot on the sample after washing by distilled water flow
would make the status away from a ideal case although the
doping of as-doped graphene sample by H,SO, is homog-
enous. However, using the obtained n, of 0.3X 10" cm™2,

WWWL

AR

FIG. 6. (Color online) (a) Raman map of total
intensity (/g,+15_) of the G peak for the doped
BLGs in Fig. 4(a) after the second washing pro-
cess. (b) Raman map of the corresponding inten-
sity ratio of I5,/I5_. (c) Raman map of the cor-
responding peak shift (Pg;,—P;_) between G*
and G~ components of the G peak.
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FIG. 7. (Color online) (a) Peak width of the G peak in Raman
map in Fig. 6 as a function of the intensity ratio /g,/I_. The
dashed lines are guides to the eyes. (b) Dependence of the width
ratio of G~ and G* components on the intensity ratio /g,/Ig_. The
solid line represents the theoretical curve (Ref. 29).

the trend of peak position and frequency difference of G*
and G~ as a function of their intensity ratio /5,/I;_ agrees
with Gava’s theoretical work,?° as shown in the insets to
Figs. 8(a) and 8(b). This demonstrates that the frequency
difference and intensity ratio of G* and G~ components can
be treated as fingerprints for the doping level of the asym-
metrically doped BLGs.

At last, it should be addressed that chemically doped
BLGs by sulfuric acid are very stable in air when they were
taken out of concentrated sulfuric acid. Raman frequency of
the G peak almost keeps constant in air at room temperature
for more than four months. On contrary, the doping charge
concentration of graphene layers doped by Br, will decrease
very fast when the graphenes are exposed to air.** This indi-
cates that physical adsorption of sulfuric acid molecules on
graphene’s surface layers is very stable in air. Sulfuric acid
molecules could be a stable donor for the purpose of chemi-
cal doping graphene layers both in fundamental researches
and device applications.

IV. CONCLUSION

In conclusion, charge transfer of few layer graphenes re-
sulting from chemical doping of sulfuric acids is studied by

PHYSICAL REVIEW B 82, 245423 (2010)
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FIG. 8. (Color online) Peak position (a) and frequency differ-
ence (b) of G* and G~ components in Raman map in Fig. 6 as a
function of the intensity ratio /5,//5_. Insets show the correspond-
ing theoretical curve when 1,=0.3 X 10'> c¢cm™ by Gava et al. (Ref.
29). The dashed lines are guides to the eyes.

Raman spectroscopy. The doping mechanism of sulfuric ac-
ids is not intercalation, but adsorption of sulfuric acid mol-
ecules on the surface layers of graphenes, which makes the
top and bottom layer of bilayer graphenes can be intention-
ally doped differently. Asymmetric hole doping breaks the
inverse symmetry in BLGs, and results in a mixing of sym-
metric and antisymmetric modes and a splitting (G* and G”)
of the G peak. The evolution of frequency shift, difference
between G* and G, peak width and intensity ratio are inves-
tigated in detail at different level of carrier concentration. It
shows that peak position of G* and G~ and frequency differ-
ence between G* and G~ as a function of the intensity ratio
of I;,/l;_ qualitatively agree with recently calculations.?
Sulfuric acid molecules can be expected as a stable electron-
acceptor dopant for graphenes to study the physical proper-
ties of few layer graphenes at different doping levels.
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