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A B S T R A C T

Doping effects on exfoliated graphenes induced by methyl orange (MO) have been studied

by spatially resolved Raman spectroscopy. When the MO molecules were adsorbed on the

top of graphenes, the charge transfer between them caused two outcomes simultaneously.

One is the strong chemical doping in graphenes and the other is the enhanced Raman sig-

nals of MO molecules. Our finding provides a potential approach for manipulating the elec-

tronic properties of graphenes and investigating the vibrational properties of molecules.

Moreover, the thickness-dependent doping effects in graphenes are unambiguous distin-

guished by Raman imaging. The possible origin was discussed and designated to the differ-

ent band structures of graphenes and the screening effect.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical doping of graphenes has attracted a great deal of

interest because of their unique ability to adapt the electronic

structures of graphenes. Previously, surface adsorption and

intercalation of dopant species were used to obtain chemi-

cally doped graphenes. Charge transfer between metals and

graphene can occur when their work functions are different

[1]. Charges may immigrate from graphenes to metals if work

functions of metals are higher than that of graphene or vice

versa. For organic adsorbates, charge transfer between graph-

ene and organic molecules is normally driven by the differ-

ence between electron affinity or ionization energy of

organic molecules and work function of graphene. One poten-

tial effect of charge transfer is change of the electrical envi-

ronment of graphene such as inducing a positive (p-doping)

or a negative (n-doping) electrical potential. Another possible

phenomenon is the chemical enhancement of molecular Ra-

man signals [2]. In recent, several dopant species [3,4] have

demonstrated their capabilities in doping graphene. On one
er Ltd. All rights reserved
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side, some inorganic materials, such as Au, Ag, Br or I, have

been found to induce different doping effects for mono-, bi-

and tri-layer graphenes, being related to the strong interac-

tion between metals and monolayer graphene [5,6] or the

screening effect [4]. On the other side, organic molecules per-

form more promising prospects [7,8] owing to high doping

efficiency, stable morphology and high controllability. Up to

now, there are some experiments on doping monolayer

graphene with organic molecules [7–9]. For the potential

application for adjusting the electronic properties of graph-

enes, doping effects of organic molecules on different graph-

ene layers are expected to be explored. However, only few

studies [10,11] were reported on this topic.

Among organic molecules, azobenzene mainly comprises

of two aromatic benzene rings connected with N=N, has been

extensively reported on many applications such as photos-

witching [12] and reversible optical memory storage [13]. Re-

cently, Zhang et al. studied on functionalization of graphene

oxide with azobenzene moieties and observed the change of

graphene oxide conductance [14]. Considering the azobenzene
.
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molecules consisting of aromatic rings, electron donating and/

or electron accepting groups, we hypothesize that azobenzene

can stably attach on graphene via p–p interaction and is able to

induce doping effects.

In this work, we decorate graphenes with one of azoben-

zene derivatives: methyl orange (MO), through surface

absorption. Doping effects of MO on graphenes and MO Ra-

man signals have been studied. The systematic Raman map-

ping and spectroscopy analysis clearly reveal thickness

dependence of doping effects and enhanced Raman signals

of MO. We propose that the thickness dependence of doping

is due to the difference of band structures and screening ef-

fects in graphenes. Both factors result in the doping level of

monolayer graphene is higher than those of thick graphenes.

2. Materials and methods

Graphenes were peeled off from the highly ordered pyrolytic

graphite (HOPG) by using the adhesive tape [15] and then

transferred onto a SiO2/Si wafer. Pristine graphenes and MO

modified graphenes (MO/graphenes) were characterized by
Fig. 1 – (a) Optical image of graphenes including monolayer (1 L

The chemical structure of Methyl Orange (MO). (c–h) Raman imag

MO deposition at the concentration of 2.0 · 10�5 M. (c, d) Raman

positions. (g, h) Raman images of G band full-width at half-max
Raman spectroscopy, optical microscopy, and atomic force

microscopy (AFM). It is worth noting that Raman spectros-

copy has been proved to be an excellent tool for studying

graphene [16], as it can be used efficiently for identifying

the number of layers [17,18], distinguishing the type of doping

[19–21], probing strain [22], providing the defect information

[23,24], probing the electronic structure of graphene [17,25]

and identifying the edge orientations [26] and stacking orders

[27]. Here, the number of graphene layers was determined by

Raman spectroscopy according to the G band intensity and

the 2D band width. MO was dissolved in the dimethylform-

amide (DMF) solution with three different concentrations:

2 · 10�3, 2 · 10�5 and 2 · 10�7 M. After that, MO molecules

were anchored on graphene by spin coating and rinsing with

the distilled water to remove unadsorbed molecules.

Raman spectra and Raman images of pristine graphenes

and MO/graphenes were collected using a WITEC CRM200 Ra-

man system with a 532 nm excitation laser. The laser spot is

about 0.5 lm in diameter. A 100· objective lens with NA = 0.95

was used. The incident laser power was operated below

0.3 mW to avoid damages of molecule and thermal effects
), bilayer (2 L), trilayer (3 L) and tetralayer (4 L) as denoted. (b)

es of graphenes before (left column) and after (right column)

images of 2D band intensities. (e, f) Raman images of G band

imum (FWHM). The scale bars are 3 lm in length.
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caused by laser. The exposure time of 0.5 s was used for

obtaining Raman images, while the Raman spectra were col-

lected using exposure time of 60 s. In addition, Si band at

520 cm�1 was used for calibration.

3. Results and discussion

The graphenes consisting of 1–4 layers (L) in the same pieces

were selected for Raman measurements. In order to study

thickness-dependent doping effects and the uniformity of

molecule adsorbed on graphenes, Raman mapping of sam-

ples before and after modification was performed (Fig. 1).

The number of layers can be distinguished by reading the

integrated intensity of the G band (IG) (Fig. S1a), the 2D (or

G 0) width [17,18,24] (Fig. S1b) and the contrast spectrum [28]

(Fig. S1c and d). The Raman images of the integrated intensity

of 2D band (I2D) before and after modification can be seen in

Fig. 1c and d. The I2D images of the sample with molecular

deposition show the obvious thickness dependence: mono-

layer (I2D/1L) > bilayer (I2D/2L) > trilayer (I2D/3L) > tetralayer

(I2D/4L). Fig. 2 shows the typical Raman spectra of graphenes

before and after MO modification. The prominent feature in

this figure is that the relative intensities between the 2D

and G bands (I2D/IG) reduce after modification for all number

of layers, which suggests the existence of doping [21].

After modification, several MO bands were observed in the

range between 1050 and 1630 cm�1 as shown in the inset of
Fig. 2 – Raman spectra of graphenes before and after molecular d

of (a) shows the molecular bands enhanced by 1 L graphene. Th

concentration of 2.0 · 10�5 M.
Fig. 2a. The band at 1158 cm�1 labeled as M1 is attributed to

the stretching mode of C–S or C–C, the weak peak at

1290 cm�1 is ascribed to the stretching mode of C–N, denoted

as M2 and the most intense band at �1500 cm�1 is originated

from the stretching mode of N-aromatic ring, named as M3

[29]. The presence of the strong intensity of M3 band supports

that the parallel alignment of molecule with respect to graph-

ene surface is favorable. The disorder-related D band appears

at �1350 cm�1 in the MO/graphenes, which implies an in-

crease of the disorder in the graphene basal plane caused

by MO. Raman spectroscopic analysis stands for the MO mol-

ecules adsorbed on graphenes through p–p interaction.

Furthermore, two strong molecular bands denoted as M1

and M3 were selected for Raman images as shown in Fig. 3a

and b, respectively. The Raman images of MO show the

perfect correspondence with G band image of graphenes

(Fig. S1a). More interestingly, the M3 signal presents the thick-

ness-dependent behavior: its strongest signal appears in 1 L

graphene and the M3 intensity decreases gradually for thick

graphenes (Fig. 3b). By contrast, it should be mentioned that

the molecular bands on the SiO2/Si substrate were not detect-

able. Our observation indicates that graphene is a favorable

substrate for enhancing MO molecular Raman signals.

Furthermore, when increasing the MO concentration to

2.0 · 10�3 M, the thickness dependences of the intensities of

both M1 and M3 bands were found as shown in Fig. 3c and

d, respectively.
eposition. (a) 1 L (b) 2 L (c) 3 L and (d) 4 L graphenes. The inset

e graphene sample was modified by a MO solution with



Fig. 3 – Raman images of the M1 (a) and M3 (b) band intensity of MO. The scale bars are 3 lm in length. Raman spectra of M1 (c)

and M3 (d) bands for different number of layers. The peak labeled by the star (*) is the graphene G band. The molecular signals

are normalized by setting the intensity of Si peak at 520 cm�1 as one. (e) Raman spectra of G bands from pristine graphenes

(dashed line) and MO/graphenes (solid line) with different number of layers. (f) Raman spectra of 2D bands from pristine

graphenes (dashed line) and MO/graphenes (solid line). To compare the peak positions, the G and 2D band intensities have

been normalized to one. The MO concentrations are 2.0 · 10�5 M and 2.0 · 10�3 M for (a, b, e, f) and (c, d), respectively.
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As illustrated in Fig. 3e and f, MO/graphenes show obvious

thickness-dependent doping effects. The center of G and 2D

bands (fitted by a single Lorentzian) are also indicated (dashed

and solid arrows). The Raman G bands of the pristine samples

were observed at �1580 cm�1 for all layers which is a finger-

print of neutral or undoped graphenes [20,21]. After introduc-

ing the MO molecule onto the graphenes, the G band

positions shift towards higher frequency (blue-shift) but the

blue-shift decreases with the thickness of graphenes. Simi-

larly, thickness dependences of the G band positions were re-

ported on Ag/graphenes and Au/graphenes [5,6].

Regarding the thickness dependence of molecular Raman

signal enhancement on the number of graphene layers men-

tioned above, one possibility might be due to the molecules

absorbed differently on graphenes, another is the different

charge transfer efficiency between graphenes and molecules

[2]. The adsorbed molecules on graphenes were confirmed

by height profiles of the selected lines on AFM images of 1 L

graphene before (Fig. 4a) and after MO modification (Fig. 4b).

First, it can be clearly seen that the roughness obviously in-

creases after modification (Fig. 4d). Second, if the molecular

film was deposited on graphenes homogeneously, the height

difference crossing along two different layers should be inte-

ger time/times of the thickness of one graphene layer. The

height difference in the cross section along 3 L and 4 L graph-
enes (Fig. 4e) is 0.37 nm, very close to the thickness of 1 L pris-

tine graphene and the height difference along 1 L and 3 L

graphenes of �0.70 nm (Fig. 4f) corresponds to the thickness

of 2 L pristine graphenes. Hence, it can be concluded that

MO molecules were uniformly distributed on various thick-

ness graphenes. In comparison, we prefer the different charge

transfer efficiency contributing to the thickness-dependent

enhancement of MO Raman signals.

The statistical data including the full-width at half-maxi-

mum (FWHM), the positions of G and 2D bands and the

I2D/IG of pristine graphenes and modified graphenes with MO

concentration of 2 · 10�5 M are presented in Fig. 5. With the

increasing number of layers, the shifts of G band of the MO/

graphenes decrease (Fig. 5a). In details, the position of G band

increases �12 cm�1 for 1 L, �5 cm�1 for 2 L, �4 cm�1 for 3 L

and �2 cm�1 for 4 L graphenes, respectively. Fig. 5b shows the

narrowing of FWHM of G band as a function of the number of

layers in MO/graphenes. The FWHMs (G) for 1–4 L graphene

are�17 cm�1,�17.8 cm�1,�18.6 cm�1 and�19.5 cm�1, respec-

tively. The widths of G bands in pristine 1–4 L graphenes are al-

most identical, being �21 ± 1 cm�1. Here, the stiffening of G

band is owing to the non-adiabatic removal of the Kohn anom-

aly, a softening of G phonons near the U point [20]. The sharp-

ening of G band is caused by the blockage of the decay

channel of phonons into electron–hole pairs due to the Pauli



Fig. 4 – AFM images before (a) and after (b) MO deposition. (c, d) Height profiles of selected lines on 1 L graphene in (a) and (b),

respectively, showing the increased surface roughness after molecular modification. (The graphene sample was coated by a

MO solution with concentration of 2.0 · 10�5 M.) (e) Cross section along 3 L and 4 L modified graphenes. The different height,

�0.37 nm is close to the thickness of 1 L pristine graphene. (f) Cross section along 1 L and 3 L graphenes. The different height,

�0.70 nm agrees well with the thickness of 2 L pristine graphenes.
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exclusion principle and consequently the increasing phonon

life time [20]. The decrease of FWHM will saturate when a shift

of Fermi level caused by doping is bigger than half of phonon

energy [19,20].

In Fig. 5c, the 2D band positions of MO doped graphenes

shift to higher frequencies and the 2D position shift of 1 L

graphene is larger than those of few layer graphenes, being

similar to G band. The shifts of the G and 2D bands can be

used to identify the type of doping [20,21]. The blue shifts of

both G and 2D bands indicate the existence of p doping,

whereas the blue-shift of G band and red-shift of 2D band

indicate n-doping. In our case, the graphene sample is p-

doped induced by MO molecule (see Table S1 in Supplemen-

tary Data for details of the widths and positions of G and 2D

bands), where electrons are transferred from graphenes to

MO molecules.

The variation of I2D/IG of graphene sample before and after

modification is shown in Fig. 5d. I2D/IG is sensitive to the dop-

ing effects and its reduction is consistent with the existence of

either p- or n-doping [21]. Clearly, the reduction of I2D/IG before

and after modification decreases significantly with the

increasing thickness. That indicates the doping level in

1 L > 2 L > 3 L > 4 L. The cause of reduction is from the decrease

of the 2D band integrated intensity, owing to an increase of the

electron–electron interactions [30]. The similar decreases of

the ratio were reported on doping of 1 L graphene with aro-
matic molecules [8], diazonium salt [9], tetrathiafulvalene

(TTF) and tetracyanoethylene (TCNE) [31], various benzene

molecules [32]. By comparing the shift of the G band position

with those studies [8,31,32] at the similar concentrations,

MO molecules cause a stronger doping in graphenes.

For the thickness-dependent doping, we propose it need to

be understood by combining two kinds of viewpoints: one is

the difference of band structures of graphenes and the other

is the screening effect. According to the electrically gated

experiment in 1 L and 2 L graphene, the change of G band po-

sition of 1 L graphene to doping level is more sensitive than

that of bilayer graphene [30,33]. This was attributed to the dif-

ference of band structure of bilayer graphene, including two

conduction and two valence sub-bands. The coupling be-

tween two graphene layers lead to parabolic dispersion and

a large density of state near band touching point comparing

to that of 1 L graphene [34]. These cause strong G phonon

softening in 2 L graphene [34]. Thus the difference of band

structure could be one reason that the doping in 2 L graphene

is weaker than that in 1 L graphene. The trend can be ex-

pected up to 4 L graphene based on the current observation.

Another possible reason of thickness-dependent doping is

screening effect. The holes from the molecule are transferred

to graphenes. According to theoretical calculation [35], those

charges can be distributed uniformly on 1 L and 2 L graphene.

Screening effect plays an important role when the graphene
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sheet is thicker than 2 L (screening length) [35,36]. For graph-

enes thicker than the screening length, the charges are accu-

mulated heavily on the surface layers leading to doping

decays from the surface layers to interior layers [35]. This

could be the reason that 2 L graphene is doped more heavily

than 3 L graphene which is doped more than 4 L graphene.

Further, the influence of MO concentration on the doping

effects and the chemical enhancement were investigated.

Raman spectroscopic data of 1 L graphene before and after

modification with three different MO concentrations are
shown in Fig. 6a. With the increasing MO concentration,

we can see the gradual decrease of I2D/IG, and the increases

of the amounts of G band stiffening and narrowing. In

Fig. 6b, the molecular band positions for graphenes modified

with different concentrations from 2.0 · 10�3 to 2.0 · 10�7 M

are identical. With the increase in the concentration, the

intensity of Raman signals of molecules increases. Surpris-

ingly, the molecular signals on graphenes are sufficient to

be detected for the concentration as low as 2.0 · 10�7 M

(see Supplementary Data Fig. S3).
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The effects of MO concentration on the position and the

FWHM of G band can be explained by the degrees of MO cov-

erage. For the MO concentration of 2.0 · 10�5 M, the film

thickness is �0.3 nm as an evidence from the AFM image in

Fig. S2a (see Supplementary Data), where the coverage of mol-

ecules is thought to be monolayer referring to the previous re-

ports [2,37]. The coverage of lower concentration: 2.0 · 10�7 M

can be considered to be submonolayer [2]. Referring to the

shift and the narrowing of G band, the highest doping was

found in the graphene samples doped by MO with concentra-

tion of 2.0 · 10�3 M because its degree of coverage was higher

than monolayer. Indeed, the thickness of MO film can be up to

three to four molecular layers when the MO solution of

2.0 · 10�3 M was used (see Supplementary Data Fig. S2b and

d). When increasing the MO concentration higher than

2.0 · 10�3 M, there is no further blue-shift of G band (the result

is not shown here). This saturation of doping is because the

films are thicker at higher concentration so that those upper

molecules do not cause the doping. In other words, when

the distance between the upper molecules and the underlying

graphene is beyond the critical value for the effective charge

transfer, the contribution of upper MO molecules to doping

is negligible. Based on our results, this critical value is 3–4

molecular layers in MO/graphenes.

4. Conclusions

Strong doping effects on graphenes with azobenzene molecule

have been studied by Raman spectroscopy. The blue shifts of

both G and 2D bands indicate that the graphenes are p-doped

after MO modification. The charge transfer between MO and

graphenes accounts for the chemical doping of graphenes

and the enhanced Raman signal of MO. Raman features from

the MO/graphenes show thickness-dependent phenomena,

such as G band position, 2D band position, FWHM (G) and I2D/

IG. The doping level is found to be highest in 1 L graphene and

decreases with the number of graphene layers. Both band

structure and screening effects take responsibilities for the

thickness-dependent doping. Raman signals from MO also

are related to the thicknesses of graphenes and the strongest

MO signal is observed in 1 L graphene after modification, which

corresponds to the most efficient charge transfer. The thick-

ness influence of molecular film on doping of 1 L graphene

and MO Raman signals was also investigated by adjusting the

used MO concentrations. The saturation of doping in 1 L graph-

ene was determined and the critical value for the charge trans-

fer is estimated to be 3–4 molecular layers. Strikingly, the

molecular Raman signals on graphenes can be monitored even

when the used MO concentration is as low as 2.0 · 10�7 M. We

believe that the understanding of thickness-dependent effects

of MO/graphenes is essential for modifying the electronic

properties of graphenes and potential applications, for exam-

ple, a graphene-based biosensor for examining the organic

molecules.
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