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ABSTRACT: It is an essential issue in graphene-based
nanoelectronic and optoelectronic devices to tune the
electrical properties of graphene layers, while preserving its
unique band structure. Here, we report the tuning of electronic
properties of single-, bi-, and trilayer mechanically exfoliated
graphenes by p-toluenesulfonic acid (PTSA) molecular
doping. Raman spectroscopy and charge transport measure-
ments revealed that PTSA molecule imposes n-doping to
single-, bi-, and trilayer graphenes. The shift of G and 2D peak
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frequencies and intensity ratio of single-, bi-, and trilayer graphenes are analyzed as a function of reaction time. The Dirac point is
also analyzed as a function of reaction time indicates the n-type doping effect for all single-, bi-, and trilayer graphenes. Our study
demonstrates that chemical modification is a simple approach to tailor the electrical properties of single-, bi-, and trilayer

graphenes, while maintaining the important electrical assets.
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1. INTRODUCTION

Recently, graphene is attractive as an important material for
transparent conducting electrodes in many modern optoelec-
tronic devices, such as touch screens, liquid crystal displays
(LCDs), organic light emitting diodes (OLEDs), and solar
cells, all of which are growing in demand.' ™ Graphene’s perfect
two-dimensional carbon crystalline structure enables not only
unprecedented exploration of fundamental physics but also the
exciting potential applications in postsilicon nanoelectronics.”
Graphene also possesses remarkable high charge carrier
mobility at room temperature, high optical transmittance, and
flexibility in very low manufacturing cost, and these properties
made graphene an ideal candidate for a transparent conducting
electrode (TCE).>® High transparency and flexibility are very
important parameters for a material to be used as TCE in
flexible optoelectronics.*” Although indium tin oxide (ITO)
has been used as a TCE in many optoelectronic devices, ITO (a
ceramic material) suffered from many disadvantages, including
increased material costs, costs associated with vacuum
deposition, poor transparency in the blue and near-infrared
light ranges, instability in the presence of acids or bases, and
brittleness making it unsuitable for flexible substrates.”'*~"
The tuning of electrical properties of graphene is very
important for successful operation of the optoelectronic devices
based on it. Several methods like depositing the dopant
atoms,"? absorption of gas molecules,'* or by aromatic
compounds'>™"® and electrostatic field tuning have been
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applied to modulate the electronic properties of graphene.'’
However, chemical doping is one of the most effective methods
to tailor the electrical properties of graphene. It is because of
their unique ability to adapt the electronic structure of
graphene. The absorbed molecules form covalent or non-
covalent chemical bonds to graphene surface and usually form
the stable structure. The covalent attachment of chemical
species changes the basic electronic structure of graphene and
potentially reduce the charge carrier mobility.”® However,
noncovalent attachment of chemical species with graphene not
only tunes electronic properties of graphene but also minimizes
the damage to carbon lattice.”® This type of chemical doping is
effective, simple and significant way to tailor the electronic
properties of graphene, while preserving its unique band
structure as we reported for chemical vapor deposited single
layer graphene by molecular doping.”*

Another important theme in recent graphene-based research
is to tailor the electrical properties of graphene as a function of
the layer number because different graphene layers have
different electronic structure.”” For example, the electronic
structure of trilayer graphene (TLG) is distinct from bilayer
graphene (BLG), and electronic structure of BLG is distinct
from that of single-layer graphene (SLG). It is already reported
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that some inorganic materials, such as Au, Ag, Br, or I, induce
different doping effects for SLG, BLG, and TLG because the
layer number of graphene affects the morphology of the metals
deposited on graphenes.'> The study of different graphene
layers is also important for TCE because stacking of graphene
layers reduces the sheet resistance, which is the main hurdle for
graphene used as TCE in electronic devices™ >* The optical
absorption of graphene layers varies linearly proportional to the
number of layers and each layer absorb 2.3% in the visible
region.” However, up to three layers graphene still have
sufficient transparency (>90%).

Here we report the tailoring of electronic properties of
single-, bi-, and trilayer mechanically exfoliated graphenes by p-
toluenesulfonic acid (PTSA) molecular doping without
significantly degrading its electrical properties. Raman spec-
troscopy and charge transport measurements revealed that
PTSA molecule imposes n-doping for all single-, bi-, and
trilayer graphenes. The charge neutrality point for single-, bi-,
and trilayer graphenes is also analyzed as a function of reaction
time. It is found that the Dirac point is shifted toward negative
gate voltage with increase in reaction time for all single-, bi-,
and trilayer graphenes. The results indicate that chemical
modification is a simple approach to tailor the electrical
properties of single-, bi-, and trilayer graphenes, while
maintaining the electrical properties.

2. EXPERIMENTAL SECTION

2.1. Preparation of Graphenes. The SLG, BLG, and TLG films
were obtained by mechanical exfoliation of natural graphite flakes by
using the adhesive tape and then transferred onto a Si/SiO, wafer. The
layer numbers of the graphene films were identified by optical
microscope and Raman spectroscopy as shown in Figure 1. The big
patterned electrodes (Cr/Au of 5/30 nm) for all SLG, BLG, and TLG
were made by photolithography on Si/SiO, substrate. Fine electrodes
for charge neutrality point measurements were made by e-beam
lithography and evaporation of Cr/Au (6/50 nm). The device
structures of SLG, TLG, and BLG are shown in Figure la and b,
respectively.

2.2. PTSA Doping and Characterization. The modification of
graphene properties by PTSA was investigated by transport measure-
ments, Raman spectroscopy, and atomic force microscopy. The gate
voltage dependent resistivity measurements and Raman spectroscopy
were performed on the same device before and after different duration
of PTSA treatment for all SLG, BLG, and TLG samples. The p-
toluenesulfonic acid monohydrate (ACS reagent, >98.5%) was
obtained from Aldrich and dissolved in deionized water to make the
concentration of 0.1 M solution. Raman spectra were collected at
room temperature with a Renishaw microspectrometer over wave-
number from 1100 to 3200 cm ™" with the laser wavelength of 514 nm.
To avoid local heating and the introduction of defects due to the laser,
the laser power was kept at ~1.0 mW. The SLG, BLG, and TLG on
the Si/SiO, substrate were soaked in the PTSA solution for certain
period of time and dried with nitrogen gas. Further, we put the sample
in vacuum desiccator for 1 day to completely dry the samples. For
Dirac point measurements, we used the 4-terminal method and device
was measured using a standard lock-in amplifier technique at room
temperature in vacuum. The surface morphology of pristine SLG,
BLG, and TLG and PTSA-doped SLG, BLG, and TLG were also
characterized by using commercial atomic force microscope (Nano-
Focus Inc.).

3. RESULTS AND DISCUSSION

The optical microscope images of the SLG and TLG device are
shown in Figure la and that of BLG device fabricated on SiO,/
Si substrate is shown in Figure 1b. The SLG, BLG, and TLG
were identified on the basis of their optical contrast, and here,
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Figure 1. Optical microscopy image of (a) single- and trilayer and (b)
bilayer devices and (c) Raman spectra of pristine single-, bi-, and
trilayer graphene. Lorenz curve fitting of 2D peak of (d) bilayer and
(e) trilayer graphene.

we can clearly see the different optical contrast for different
graphene layers as shown in Figure la and b. The numbers of
graphene layers were further confirmed by Raman spectrosco-
py. Figure 1c shows the Raman spectra of pristine SLG, BLG,
and TLG. The characteristic G and 2D peaks for pristine SLG
appears around 1589 and 2692 cm™, respectively, and the ratio
of Ip/I is found to be 3.3 for pristine SLG, which is also the
signature of single layer graphene. The characteristic G and 2D
peaks for pristine BLG appears around 1584 and 2701 cm™,
respectively. A broad 2D peak is fitted with four Lorenz curve
as shown in Figure 1d, which confirms the bilayer graphene.
The G and 2D peaks for pristine TLG appears around 1585
and 2707 cm™, respectively. Figure le shows the six Lorenz
curve fitting of a broad 2D band of TLG. The absence of D
peak in pristine SLG, BLG, and TLG is an indication of defect
free high quality graphenes.

Figure 2 shows the Raman spectra of SLG, BLG, and TLG
before and after modification of PTSA for different period of
time (S, 15, and 30 min). Figure 2a shows the Raman spectra of
SLG for different period of time. The intensity of D peak
slightly increases after modification with PTSA molecules for
different time duration as shown in Figure 2a. However, it does
not significantly change with increasing exposure time, which
indicates that PTSA molecule has not changed much the
graphene lattice structure. The downward shifting of G and 2D
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Figure 2. Raman spectra of (a) pristine and PTSA-modified SLG, (b)
Raman G and 2D spectra of pristine SLG and PTSA modified SLG,
(c) pristine BLG and PTSA modified BLG, (d) Raman G and 2D
spectra of pristine BLG and PTSA modified BLG, (e) pristine TLG
and PTSA-modified TLG, and (f) Raman G and 2D spectra of pristine
TLG and PTSA-modified TLG. The colors coding of panels b, d, and f
are same as those in panels a, ¢, and e, respectively.

peak positions comparing with the pristine single layer
graphene is shown in Figure 2b. It is already reported that
the shifting of G and 2D peak positions toward lower
wavenumber and upper wavenumber is attributed to n-type
and p-type doping, respectively, in SLG."****” The shifting of
G and 2D peak positions toward lower wavenumber increases
with increasing the exposure time.

Figure 2c¢ shows the Raman spectra of BLG for different
period of time. The intensity of D peak slightly increases after
modification with PTSA molecules for different time duration

as shown in Figure 2c. However, the change in the intensity of
D peak for BLG is smaller than SLG. The downward shifting of
G peak positions is compared to the pristine BLG is shown in
Figure 2d. The shifting of G peak position toward lower
wavenumber is attributed to n-doping of bilayer graphene.
Figure 2e shows the Raman spectra of TLG for different period
of time. The downward shifting of G peak position in
comparison to the pristine TLG is shown in Figure 2f. The
shifting of G peak position toward lower wavenumber is also
attributed to n-doping for trilayer graphene. The shifting of G
peak positions is decreased with increasing the number of
graphene layers and similarly shifting of G J)eak positions with
thickness were reported for other system.'® The position of G
and 2D of SLG, BLG, and TLG before and after PTSA-doping
are summarized in Table 1.

Figure 3a shows I/I; of SLG, BLG, and TLG as function of
PTSA exposure time. The I/I; of SLG and BLG increases
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Figure 3. Ratios of the intensities for (a) the D and G peaks and (b)
the 2D and G peaks for SLG, BLG, and TLG are plotted as a function
of PTSA reaction time.

with increasing PTSA exposure time. However, I,/I; of TLG is
not significantly changed with PTSA exposure time. The
increasing value of I/I; indicates the amount of disorder

Table 1. Raman G and 2D Peak Position and Intensity Ratio of PTSA-Doped SLG, BLG, and TLG

SLG BLG TLG
samples G (em™) 2D (ecm™) Lp/Ig G (ecm™) 2D (ecm™) Lp/Ig G (ecm™) 2D (ecm™) Lp/Ig
pristine 1589 2692 33 1584 2708 14 1584 2701 0.83
S min PTSA 1587 2690 32 1583 2707 12 1583 2700 0.81
15 min PTSA 1586 2688 3.1 1581 2706 1.3 1582 2699 0.80
30 min PTSA 1585 2687 2.9 1580 2705 13 1581 2697 0.77
5278 dx.doi.org/10.1021/am401119j | ACS Appl. Mater. Interfaces 2013, 5, 5276—5281
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increase with exposure time and also confirms the interaction of
PTSA molecules to the graphene layers. However, the effect is
small for TLG in comparison to BLG and SLG. Figure 3b
shows the intensity ratio of 2D and G peak (I,/I;) before and
after PTSA treatment for different periods for SLG, BLG, and
TLG. The intensity ratio of I,p/I; are given in Table 1. The
ratio of I, /I decreases with increasing the reaction time for all
SLG, BLG, and TLG. The reduction in value of I,;/I; for SLG,
BLG, and TLG attributed the doping of PTSA molecule to the
various graphene layers. We also observe that the reduction of
Lp/I; decreases significantly with increasing thickness of
graphene, indicating that PTSA doping is more effective to
the top layer of graphene. Figure 4 shows the 3D atomic force
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Figure 4. AFM 3D images of (a) pristine SLG, (b) PTSA-doped SLG,
(c) pristine BLG, (d) PTSA-doped BLG, (e) pristine TLG, and (f)
PTSA-doped TLG.

microscopy (AFM) images of pristine and PTSA-doped (30
min) SLG, BLG, and TLG. Figure 4a and b shows the 3D AFM
images of pristine and PTSA-doped SLG. AFM images clearly
show the slight change in surface morphology of PTSA doped
SLG as compared to pristine SLG. There is also change in root-
mean-square roughness (R,) of pristine and PTSA-doped SLG.
R, increased from 0.14 (pristine) to 0.29 nm (doped) for SLG,
from 0.17 (pristine) to 0.38 nm (doped) for BLG, and from
0.51 (pristine) to 0.71 nm (doped) for TLG. The change in
roughness is due to the interaction of PTSA molecule to the
graphene layers. PTSA molecules interact with carbon lattice of
graphene because of the presence of —SO;— group. It can be
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also concluded that the nearly constant difference in roughness
of pristine and PTSA doped SLG, BLG, and TLG indicates that
PTSA molecules were uniformly distributed on various
graphene layers. The morphology of exfoliated SLG is different
from our previous reported CVD grown SLG. It may be due to
the fact that each graphene sample was prepared by two
different methods. Obviously CVD prepared graphene even in
the intrinsic form is not as much pure as the exfoliated
graphene, showing different morphology. In addition, the
interaction of PTSA with exfoliated graphene would cause
different morphology as compared to the defect contained
CVD graphene.

The n-doping effect of exfoliated SLG, BLG, and TLG is also
confirmed by Dirac point measurements. The resistivity as a
function of gate voltage (Vg) before and after PTSA treatment
of SLG, BLG, and TLG for different period of time is shown in
Figure S. Figure Sa shows the Dirac point (Vpy,.) of SLG for
different period of time. The Dirac point (Vp;,) of the pristine
SLG is found around V, = +7 V. The shifting of Vp,. of
pristine exfoliated SLG from zero volt (for ideal value) to +7 V
is usually caused by atmospheric oxygen, defect introduced
during the transferring process, atmospheric moisture, and
substrate doping.”® The shifting of Dirac point toward negative
gate voltage indicates the n-doping of the exfoliated SLG. The
interaction of PTSA molecule and doping with graphene lattice
was already explained in our previous paper.”' Figure Sb and ¢
shows the Dirac point of BLG and TLG respectively, for
different period of time. The shift of Dirac points toward
negative gate voltage for both BLG and TLG confirmed the n-
doping. However, the PTSA molecule does not much change
the resistivity of the exfoliated SLG, BLG, and TLG at Dirac
points. The reason for not significant change in the resistivity of
exfoliated SLG, BLG, and TLG at Dirac point may be due to
the noncovalent attachment of PTSA molecule to the graphene
layers.

Figure 6a shows the changes in charge carrier density (An)
of SLG, BLG, and TLG as a function of PTSA exposure time.
Figure 6a clearly shows the charge carrier density of all SLG,
BLG, and TLG are significantly changed after different period
of PTSA treatment. The changes in charge carrier density (An)
of graphene layers were estimated by using the relation An =
Cg(VDt - VDP)/ ¢, where C, is the gate capacitance ~11S aF/
um? for our Si/SiO, substrate, Vb, is the Dirac point of pristine
SLG, BLG, and TLG, Vp, is the corresponding Dirac point of
graphene layers at different PTSA exposure time, and e is the
electronic charge. The changes in charge carrier density of
graphene layers are related with changes in Fermi level of
graphene layers. Thus PTSA-doping significantly modulate the
Fermi level of graphene layers. Figure 6b shows the mobility of
SLG, BLG, and TLG as a function of the PTSA exposure time.
The mobility of the different graphene layers was obtained
using relation y = (1/C,)(do/dV,) where & (1/resistivity) is the
conductivity of samples and V is the gate voltage. The mobility
of pristine and PTSA -doped SLG, BLG, and TLG were
calculated on the basis of slope fitted to the linear region of
their respective conductivity data. The mobility of SLG slightly
decreases with increasing the PTSA exposure time. The slightly
reduction in mobility may be due to charge impurities as well as
short-range disorders in SLG. However, mobility of BLG and
TLG is not much changed with PTSA doping as shown in
Figure 6b. The reason for not significant change in mobility of
BLG and TLG may be due to interaction of PTSA molecule to
the only top layer of BLG and TLG, and then the scattering
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(c) TLG before and after PTSA treatment for different exposure time.

effect due to the charge impurities may be effectively screened
by the bottom layer of BLG and TLG in comparison to SLG.

4. CONCLUSION

We have investigated the electrical properties of mechanically
exfoliated single-, bi-, and trilayer graphene layers by doping of
PTSA molecules. The charge transport and Raman spectros-
copy measurements suggest that PTSA molecule imposes the n-
doping for all single-, bi-, and trilayer graphene layers. The shift
of G and 2D peak position and intensity ratios for all single-,
bi-, and tri-layer graphene layers are analyzed in terms of
reaction time. The reduction in value of I,;,/I; for SLG, BLG,
and TLG is attributed to the doping of PTSA molecule to the
graphene layers and the reduction of IL,p/I; decreases
significantly with increasing thickness of graphene. The shifting
of Dirac points after doping of single-, bi-, and trilayer
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Figure 6. (a) Change in charge density (An) as a function of PTSA
reaction time for SLG, BLG, and TLG. (b)The electron and hole
mobility as a function of PTSA reaction time for SLG, BLG, and TLG.

graphenes toward negative gate voltage also confirmed the n-
doping. Thus PTSA doping significantly modulates the Fermi
level of graphene layers. The results indicate that chemical
modification is a simple approach to tailor the electrical
properties of graphene layers without degrading electrical
properties much. Molecular doping using PTSA is believed to
be a feasible scheme for modulating the electronic properties of
graphene layers for future graphene-based transparent elec-
tronics.
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