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G
raphene, a two-dimensional sp2-
hybridized single layer of carbon
atoms, is a promising candidate

material for use in next-generation electro-
nics that could take advantage of its
unique properties, such as its ambipolar
electric field effects,1 high carrier mobility
(200 000 cm2

3 V
�1

3 s
�1),2,3 anomalous quan-

tum Hall effects,4,5 and massless relativistic
carriers.6 Ever since graphene was first
micromechanically cleaved from graphite
in 2004,1 tremendous research efforts have
focused on a variety of topics in graphene
chemistry, from theoretical studies4�6

to functional device applications.7�10

Graphene doping studies11�16 have been
critical for accurately tuning the properties
of graphene, including the charge carrier
density, electronic energy level, surface
energy, and surface activity, all of which
are fundamental to a diversity of device

applications, such as transistors for logic
circuits,9,17 solar cells,18 capacitors,19 and
sensors.20

Internal chemical doping/modification
methods, including covalent functionaliza-
tion,21 substitutional heteroatom doping,22

and charge transfer doping,23,24 have been
effectively utilized to tailor the electrical
properties of graphene, such as themajority
carrier type and concentration. However,
defect formation in graphitic lattice struc-
tures accompanied by covalent functionali-
zation and heteroatom doping suggests
that charge transfer doping offers a promis-
ing approach to graphene doping. Previous
studies have described successful graphene
doping using a variety of dopants, such as
gasmolecules, organic/organometallic mol-
ecules, polymers, metals, or metal oxides.16

These approaches present opportunities for
advancing doping techniques; nevertheless,
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ABSTRACT A customized graphene doping method was developed involving

stamping using a chemically functionalized rubber lens as a novel design strategy

for fabricating advanced two-dimensional (2D) materials-based electronic devices.

Our stamping strategy enables deterministic control over the doping level and the

spatial pattern of the doping on graphene. The dopants introduced onto graphene

were locally and continuously controlled by directly stamping dopants using a

chemically functionalized hemispherical rubber lens onto the graphene. The rubber

lens was functionalized using two different dopants: poly(ethylene imine) to

achieve n-type doping and bis(trifluoromethanesulfonyl)amine to achieve p-type

doping. The graphene doping was systematically controlled by varying both the contact area (between the rubber lens and the graphene) and the contact

time. Graphene doping using a stamp with a chemically functionalized rubber lens was confirmed by both Raman spectroscopy and charge transport

measurements. We theoretically modeled the conductance properties of the spatially doped graphene using the effective medium theory and found

excellent agreement with the experimental results. Finally, complementary inverters were successfully demonstrated by connecting n-type and p-type

graphene transistors fabricated using the stamping doping method. We believe that this versatile doping method for controlling charge transport in

graphene will further promote graphene electronic device applications. The doping method introduced in this paper may also be applied to other emergent

2D materials to tightly modulate the electrical properties in advanced electronic devices.
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the lack of programmable control over the site-specific
doping level remains an obstacle to themanufacture of
sophisticated graphene electronic device applications.
Custom doping (modulation of the doping level and

position) is necessary for deterministically modulating
the free carrier concentration and expanding the
accessible range of electronic and optical properties.
Exquisite control over the doping level and spatial
position could enable the unprecedented engineering
of sophisticated, translation-ready electronic devices.
In this work, we first demonstrated a locally and
continuously tunable graphene doping method
using stamping with a chemically functionalized poly-
dimethylsiloxane (PDMS) rubber lens. Two types of
dopants were functionalized onto the rubber lenses
to accomplish n-type and p-type graphene doping.
The graphene doping was systematically tuned by
changing both the contact area between the rubber
lens and the graphene channel and the contact time.
Chemical doping by the dopant-modified rubber lens
was confirmed using both Raman spectroscopy and
charge transport measurements. Finally, complemen-
tary inverters were successfully demonstrated by
connecting n-type and p-type graphene transistors
fabricated using the contact doping method. The

simple and effective graphene doping method pro-
posed in this paper will inspire new approaches to
graphene doping for use in electronics applications,
such as designated spot doping or high-performance
graphene logic circuits.

RESULTS AND DISCUSSION

Figure 1a shows a schematic illustration of the
experimental setups used to implement graphene
contact doping using the chemically functionalized
rubber lens. A linear translational controller with a
transparent glass frame was mounted on the probe
station. A glass slidewith a hemispherical PDMS rubber
lens was fixed onto the frame and disposed on top
of the graphene channel of the graphene field-effect
transistor (GFET). The rubber lens with a hemispherical
shape was prepared by casting a single drop of the
PDMS prepolymer onto the glass slide treated with
hydrophobic trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(Supporting Information Figure S1). The vertical posi-
tion of the PDMS lens was precisely controlled using
a translational stage so that the contact area between
the PDMS lens and the graphene channel was
finely tuned according to the position of the glass
frame. Separately, the GFETs were fabricated on the

Figure 1. (a) Schematic illustration of the experimental setup of the contact doping setup using a chemically modified PDMS
lens. The right panel of figure shows optical images of the contact region between the PDMS lens and the graphene channel
(contact area = 10, 30, and 50%). (b) Raman spectra of the pristine graphene (black), graphene contactedwith the unmodified
PDMS lens (red), with the TFSA-modified PDMS lens (green), and with the PEI-modified PDMS lens (blue). The additional peak
around 1450 cm�1 in the blue curve may be attributed to the Raman signals of PEI molecules spectroscopically enhanced by
underlying graphene.7,33 The schematic diagram shows the setup used for the Raman spectroscopymeasurements collected
at the edge of the contact position between the PDMS lens and the graphene.
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octadecyltrichlorosilane (ODTS)-treated SiO2/Si sub-
strate. ODTS was utilized to minimize strong p-doping
effects causedby thepresenceof hydroxyl groupson the
SiO2 surface. After depositing the Au/Cr source�drain
electrodes, single-layer graphene grown by chemical
vapor deposition (CVD) was transferred onto the
substrate, and the channel region was defined by
photolithography and oxygen plasma etching. The
hemispherical PDMS lens, which had been treated
with two types of dopants, was positioned above the
graphene channel in the GFET. Poly(ethylene imine)
(PEI), an amine-rich electron-donating macromolecule,
was used as the n-type dopant,25,26 and bis-
(trifluoromethane sulfonyl)amine (TFSA), an electron-
withdrawing molecule containing highly electro-
negative atoms, was used as the p-type dopant.27,28

Conformal contact between the PDMS lens and
the graphene channel was ensured by implementing
linear displacement along the perpendicular direction,
assisted by the linear position controller. Note that the
PDMS lens can be reused several times by recoating the
dopant solution onto the lens. The optical microscopy
images of the PDMS lens under conditions that yielded
different contact areas with the graphene channel
(10, 30, or 50% of the entire graphene channel area)
are shown in the right panel of Figure 1a.
The doping effects induced by local contact be-

tween the PDMS lens and the graphene channel
were first investigated by Raman spectroscopy.29�31

The Raman spectrum of the pristine graphene (black
curve in Figure 1b) featured an undetectable D band
and a symmetric Lorentzian-shaped 2D band centered
at 2668 cm�1 with a full width at half-maximum of
42 cm�1. The large intensity ratio of the 2D/G (I2D/IG)
bands indicated the presence of high-quality single-
layer graphene.30 This configuration was constructed
by applying the contact doping process to a GFET
(Figure 1), and Raman measurements of the graphene
doped using the PDMS lens were collected using an
inverted transparent glass substrate supporting single-
layer graphene, as shown in the left panel of Figure 1b.
Initially, the Raman spectra of the graphene in contact
with the unmodifiedPDMS lens did not lead to a shift in
the G or 2D band positions (red curve in Figure 1b),
indicating negligible doping effects. The band charac-
teristic of PDMS at 1410 cm�1 appeared in all graphene
samples that had undergone contact with the PDMS
lens.32 The Raman spectra of graphene films that had
been contacted with PEI- and TFSA-modified PDMS
lenses are indicated by the blue and red curves in
Figure 1b, respectively. The G band position of the
pristine graphene (black curve) at 1583 ( 2 cm�1 was
blue-shifted to 1592 ( 1 cm�1 after PEI (blue curve) or
TFSA (green curve) contact doping, whereas the 2D
band at 2672 ( 1 cm�1 was blue-shifted to 2679 (
1 cm�1. The accuracy and reproducibility of contact
doping using the dopant-modified PDMS lens was

confirmed by the observation of significant shifts
in the G and 2D band positions and the obvious
decrease in I2D/IG, consistent with previously reported
results.33,34

A Raman mapping was extracted from the G mode
frequency at the edge of the contact interface between
the PDMS lens and graphene, as shown in the right
panel of Figure 1b. The white dotted line indicates the
physical boundary of the PDMS/graphene contact
interface. The high vibrational frequency is drawn in
bright yellow, and the relatively low frequency is drawn
in dark red, following the scale bar. The G band of
the graphene region that had been contacted with the
PEI- and TFSA-modified rubber lens was bright yellow
(indicating a blue shift), positively affirming the suc-
cessful graphene doping, whereas the graphene re-
gion that had not been contacted with the rubber lens
displayed a dark red color G band that coincided with
the band obtained from the graphene region that
had been contacted with the unmodified PDMS lens.
Importantly, the uniform bright color across the
contact region indicated homogeneous doping via

contact between the graphene and the PDMS lens.35

In addition, chemical analysis of the contact-doped
graphene filmswas performed by X-ray photoemission
spectroscopy, which was compared with the graphene
films doped by tyipical dip-coating (Supporting Infor-
mation Figures S2 and S3).
Raman measurements confirmed the effectiveness

of graphene doping. The dopant-modified PDMS lens
was laminated on the graphene surface. Therefore,
localized continuous graphene doping appeared to
be achievable by controlling the contact area between
the PDMS lens and the graphene channel. Figure 2a,b
shows the transfer characteristics (conductance vs gate
voltage) of the GFETs as a function of the contact area,
which varied from 10 to 50% of the graphene channel
area. The data points were measured after a 10 min
contact time with the PDMS lens at each contact area.
The calculated conductance (solid lines) is also plotted
based on calculations from the experimental data sets.
The transfer characteristics of the GFETs with locally
doped regions were theoretically modeled using the
effective medium theory (EMT).36 A sample without
local doping has a homogeneous density landscape
(i.e., a uniform carrier density throughout the sample)
at a given gate voltage, and the measured sample
conductance displays a typical V shape behavior,
with a minimum conductance at the Dirac voltage.
The conductance of a sample with a locally doped area
displays more complicated features, however, due
to the inhomogeneous density landscape created by
the local doping. Two types of charge carriers with
different densities may be present at a given gate
voltage, leading to a mixed two-component system
(Figure 2c). Thus, the overall density (or gate voltage)-
dependent transport properties are complicated due
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to the complex interplay between the two different
carriers. The transport properties of the complex two-
component system were investigated in the presence
of local dopants by calculating the conductivity using
the EMT, which is an excellent theory for studying the
effective conductivity of nonhomogeneousmedia.36�38

Our physically motivated two-component transport
theory based on the coexistence of two phases of
carriers in a disordered system provided a quantitative
description of the experimentally observed features. For
a nonhomogeneous medium with two different kinds
of carriers, the effective conductivity (σm) is given by

σm� σ1

σm þ σ1
(1� x)þ σm� σ2

σm þ σ2
x ¼ 0

where x is the effective doping area (as discussedbelow)
and σ1 (or σ2) is the conductivity of the undoped
(or doped) area. The conductivity of the homogeneous
region may be calculated from the Boltzmann transport
theory39 and is given by σi = nieμi, where ni and σi,
respectively, are the carrier density and mobility of the
sample (i = 1 and 2 represent the undoped and doped
areas, respectively). Thus, the effective conductivity σm
of a nonhomogeneous graphene surface may be calcu-
lated by solving the above equation self-consistently.
The solid lines in Figure 2a,b plot the calculated

conductance (i.e., σm) as a function of the gate voltage
for different doping contact areas. Note that, as the
contact area was varied, the mobilities in both the
undoped area (μ1) and the doped area (μ2) remained
constant because the density of charge impurities in

each region remained constant and charge impurity
scattering dominated the mobility measurements.38

Thus, xwas calculated by fitting the experimental data.
It can be easily seen that for x = 0 (i.e., in an undoped
sample) we simply have σm = σ1, corresponding to the
conductance minimum and the Dirac voltage in the
undoped area at VG1. As the fraction of the locally
doped area (x) increased, the conductivity curves
increasingly displayed the presence of an additional
feature close to the Dirac voltage of the doping area
(VG2), where VG2 < VG1 for an n-doped sample (the PEI
contact in Figure 2a) and VG2 > VG1 for a p-doped
sample (the TFSA contact in Figure 2b). This new
feature was attributed to the minimum conductivity
(maximum resistivity) at the Dirac voltage (VG2) in the
locally doped area. Because the dopant density in the
locally doped area was irrelevant to x (the fraction of
the doped area), the conductivity minimum at VG2 was
independent of x within the experimental accuracy.
Thus, the new feature appeared at VG2, regardless of
the value of x. Here, the values of VG are directly related
to the carrier density in the graphene channel. For
PEI-contacted samples (Figure 2a), we have VG1 = 4 V
and VG2 =�20 V, which corresponded to a hole carrier
density of 2.8 � 1011 cm�2 and an electron carrier
density of 1.4� 1012 cm�2, respectively. Thus, at a zero
gate voltage, two different carriers (holes in the un-
doped area and electrons in the doped area) coexisted
in the sample. As x increased, the measured conduc-
tance was affected more significantly by the doping
contact area. As the doped area was larger than the

Figure 2. Electrical characteristics of the GFETs doped using the chemically modified PDMS lens. The transfer characteristics
of the GFETs as a function of the contact area using (a) PEI- and (b) TFSA-modified PDMS lenses. (c) Schematic diagram of the
mixed two-component systemcreatedby the local dopingof the PDMS lens. (d) Effective doping area vs contact areabetween
the lens and the graphene channel.

A
RTIC

LE



CHOI ET AL. VOL. 9 ’ NO. 4 ’ 4354–4361 ’ 2015

www.acsnano.org

4358

undoped area, the minimum of the total conductance
shifted toward the conductance minimum, which cor-
responded to the Dirac point of the doped region.
Thus, the conductance minimum moved to the Dirac
voltage (VG2) of the doping area from VG1. Figure 2d
plots the relationship between the effective doping
area (x) and the actual contact area occupied by the
PDMS lens. The variable x represents the effective
fraction of the doped region that yielded σm, which
was calculated by fitting the experimental data using
the EMT model. As shown in Figure 2d, this effective
doping fraction was larger than the actual contact
area.
The introduction of a carrier density into graphene

by the impurities was explored by measuring the time
evolution of the transfer characteristics given different
doping times until the characteristics had reached
saturation. Figure 3a,b shows the time evolution of
the conductance as a function of the gate voltage for a
PEI contact (n-doping) or a TFSA contact (p-doping),
respectively. The time evolution of the transfer curves
wasmeasured for a constant PDMS lens contact area of
30% (x = 0.45). Contact between the PDMS rubber lens
introduced carriers from the PEI (or TFSA) impurities.
The impurity concentration increased over time. We
estimated the induced carrier density from the dopant
impurities by monitoring the Dirac point shift in the
transfer curve. For PEI contact (Figure 3a), the Dirac
point was shifted toward negative gate voltages over
time, indicating electron doping. For TFSA contact
(Figure 3b), the Dirac point shifted toward positive
gate voltages, indicating hole doping. In addition to
the Dirac point shift, we observed a decrease in the
hole (electron) mobility over time for PEI (TFSA)

contact, while the electron (hole) mobility remained
fixed. The increase in the carrier density (or the shift in
the Dirac point) was associated with an increase in
ionized dopants, which directly affected the carrier
mobility. The ionized impurity densities (nimp) in the
doping region were estimated by calculating the
time evolution of the conductance as a function of
the ionized impurity density using the EMT model
(see the solid lines in Figure 3a,b). Figure 3c,d shows
the ionized impurity densities (nimp) and the calculated
mobilities of the doping areas (μ2h and μ2e) as a
function of the contact time. The electron mobilities
of the area doped (μ2e) using PEI contact were calcu-
lated to be a constant value of 1049 cm2

3 V
�1

3 s
�1. The

calculated hole mobilities (μ2h) were inversely propor-
tional to the time (from 950 to 505 cm2

3 V
�1

3 s
�1), as

shown in Figure 3c. On the other hand, for TFSA
doping, μ2h was maintained at 1053 cm2

3 V
�1

3 s
�1,

and the electron mobilities decreased from 551 to
278 cm2

3 V
�1

3 s
�1 over time (Figure 3d). In SiO2, the

mobility and impurity concentration are related ac-
cording to μ = 4.78 � 1015/nimp cm

2/V.40,41 The carrier
mobility was calculated here under the assumption
that scattering occurred due to ionized charged im-
purity centers with a density nimp. We note that the
asymmetry between the electron and hole mobilities
arose from the amplitude of the impurity scattering.
Although changing the sign of the bias voltage does
not affect the concentration of the charged impurities,
it does alter the average distance between carriers
on the graphene layer and the impurities.42,43 Because
the scattering amplitude due to the ionized dopants
depends exponentially on the distance, for example,
the positively charged dopants (after donating

Figure 3. Transfer characteristics of the GFETs as a function of the contact time, between 0 and 6.6 min, using (a) PEI- and (b)
TFSA-modified PDMS lenses (contact area = 30%). (c) Hole mobilities (μ2h) and impurity densities (nimp) in the area doped
using the PEI-modified lens. (d) Electron mobilities (μ2e) and impurity densities (nimp) in the area doped using the TFSA-
modified lens.
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electrons) were not significantly affected by positive
gate voltage; however, a negative voltage decreased
the distance between the carriers and the dopants so
that the scattering amplitude increased, thereby de-
creasing the holes mobility in the system (Figure 3c).
Our observations suggested that the density of the
ionized impurities after donating electrons (or holes)
into the graphene sheet increased over time (t) as
nimp � t1/2, whereas the mobility of holes (or electrons)
decreased inversely with time according to μ � 1/t
(Figure 3c,d).
Precise control over the Dirac voltage in a GFET

enables the fabrication of high-performance comple-
mentary inverters composed of p-type and n-type
GFETs, as is illustrated schematically in Figure 4a. Here,
an n-type GFET based on a graphene channel doped
with PEI (50% contact) was connected to the ground,
while a p-type GFET was connected to the supply
electrode. The p-type GFET was prepared using a
TFSA-modified PDMS lens. The p-channel behavior of
the GFET could be systematically tuned by adjusting
the contact area between the lens and the GFET from
0 to 50%. The GFETs shared the same input (VIN) and
output terminals (VOUT). The corresponding equivalent
circuit diagram is shown in Figure 4b. Figure 4c shows
the transfer characteristics of a single PEI-doped n-type
GFET (contact = 50%) plotted as a gray solid line,

and the transfer characteristics of various TFSA-doped
p-type GFETs are shown as dotted lines (as the contact
area was varied from 0 to 50%), measured separately.
As more TFSA was applied, the curve shifted positively,
indicating that the GFET doping was more p-type
in character. Complementary inverters were formed
based on combinations of these devices, and the
corresponding voltage transfer characteristics, shown
in Figure 4d, shifted in qualitative agreement with the
shift plotted in Figure 4c. The agreement between the
shift trends arose because signal inversion in a com-
plementary inverter occurs at a voltage that yields the
same resistance value for the n-channel and p-channel
of the circuit. This voltage corresponds to the crossover
point between the gray solid line and the colored
dashed lines shown in Figure 4c. Although the separa-
tion between the logical levels (the difference between
the ON and OFF states of the inverter) was relatively
small (0.4 V in this work), the modulation of the
inversion point between ON and OFF states could
be precisely controlled via local and continuous con-
tact doping. It is known that the charge transfer doping
undergoes degradation with time, which changes
the device characteristics (Supporting Information
Figure S4).44,45 Therefore, encapsulating and isolat-
ing the device are necessary to secure the device
stability.

Figure 4. (a) Schematic illustration and (b) circuit diagram of the complementary inverter fabricated by contact doping. (c)
Transfer characteristics of the GFETs doped with PEI (50% contact) and TFSA (0, 10, 30, and 50% contact). (d) Voltage transfer
characteristics of the complementary inverters composed of n-type and n-type GFETs.
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CONCLUSIONS

In summary, locally and continuously tunable
doping of a GFET was demonstrated for the first time
through the use of a chemically modified rubber lens
(PEI to achieve n-type doping and TFSA to achieve
p-type doping). Raman spectroscopy and charge trans-
port measurements confirmed that noninvasive gra-
phene doping using the dopant-modified PDMS lens
could be used to precisely control the doping level of
graphene and, thus, effectively tune charge transport

in the GFETs. The effective medium theory was intro-
duced to theoretically model the transfer characteris-
tics of the GFET prepared with a locally doped region.
Finally, a complementary inverter, which featured a
precisely controlled inversion point, was successfully
fabricated using the contact doping method. This
work represents a significant advance in the field of
graphene electronics research by offering a versatile
doping method that may be useful in other materials-
based devices.

EXPERIMENTAL SECTION
Graphene Growth and Device Fabrication. Large-area graphene

(∼10 cm2) was grown by CVD on a Cu foil (25 μm thick) in a quartz
tube. The growth temperature was maintained at 1000 �C for
30 min under a 10 sccm H2 flow and a 5 sccm CH4 flow. The GFETs
were fabricated by first cleaning a 300 nm thick SiO2/Si substrate
with acetone, isopropyl alcohol, and deionized H2O. An ODTS
monolayer was assembled on the cleaned wafer to minimize
predoping effects due to the presence of hydroxyl groups on the
SiO2 surface. Au/Cr (50nm/5nm) source�drain electrodes (L/W=1)
were thermally evaporated onto the ODTS-modified SiO2/Si sub-
strate in a high-vacuum environment (<10�6 Torr). Graphene sup-
ported by poly(methyl methacrylate) (PMMA) was then transferred
onto thesubstrate, and thePMMA layerwas subsequently removed
using hot acetone (80 �C). The graphene was patterned using
standard photolithography and oxygen plasma etching methods.

A 40 mM PEI (Mw = 10000, Aldrich Inc.) ethanol solution and a
40 mM TFSA (assay 95%, Aldrich Inc.) nitromethane solution were
employed as the n-type and p-type doping solutions, respectively.
The hemispherical PDMS rubber lenses (diameter = 5 mm) were
preparedbycastinga singledropof thePDMSprepolymer (Sylgard
184, Dow Corning) onto a hydrophobic trichloro(1H,1H,2H,2H-
perfluorooctyl)silane-treated glass slide and then cross-linked
at 80 �C for 1 h. The PDMS rubber lens was then transferred to
the glass frame of the stamping setup. Each doping solution was
spin-coated onto the PDMS surface at 2000 rpm for 1 min.

Measurements. Raman spectroscopymeasurementswere col-
lected using a confocal Raman microscope (Alpha 300R, Witec).
Raman mapping studies were conducted using a microxy stage
and a 50� objective lens with a numerical aperture of 0.55. The
graphene surface (100� 100 μm2) in contact with the PDMS lens
was scanned simultaneouslywith an integration timeof 0.3 s and
a scan rate of 3.2 μm/s. The electrical performances of the GFETs
were measured at a probe station under vacuum using Keithley
2182A and Keithley 6517 units. A linear position controller
mounted on the probe station was used to control the contact
area between the PDMS lens and the graphene channel.
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