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ABSTRACT: In this work, we demonstrated tunable p- and/or n-
type doping of chemical vapor deposition-grown graphene with the
use of protein bovine serum albumin (BSA) as a dopant. BSA
undergoes protonation or deprotonation reaction subject to solution
pH, thereby acting as either an electron donor or an electron
acceptor on the graphene surface layered with denatured BSA
through π-stacking interaction. This direct annealing of graphene
with denatured BSA of amphoteric nature rendered facilitated
fabrication of a p- and/or n-type graphene transistor by modulating
pH-dependent net charges of the single dopant. Following AFM
confirmation of the BSA/graphene interface assembly, the carrier
transport properties of BSA-doped graphene transistors were
assessed by I−V measurement and Raman spectra to show effective charge modulation of the graphene enabled by BSA
doping at various pH conditions. The protein-mediated bipolar doping of graphene demonstrated in our work is simple, scalable,
and straightforward; the proposed scheme is therefore expected to provide a useful alternative for fabricating graphene transistors
of novel properties and promote their implementation in practice.
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■ INTRODUCTION

Graphene, a two-dimensional allotrope of carbon, has
demonstrated great promise for electronic technology and
fundamental physics applications because of its superior
properties.1−3 To fully realize its potential for electronic device
applications, graphene should display both p- and n-type
conductance; it should also have the ability to control the
carrier density in order to provide active functionalities in the
devices. Surface adsorption and edge decoration have been used
to provide p- and n-type doping. Unfortunately, the molecules
used in these processes, such as NH3, alkali atoms, and NO2,
can introduce dimer bonds, which may exert adverse effects on
electronic device operation.4−6 Alternatively, charge-transfer
doping can modulate the carrier density with minimal defects
and impairment of graphene structure. The adsorption of
various organic molecules has been used to dope graphene
films,7−9 but it remains challenging to accurately control the
adsorption coverage and the carrier concentration. Moreover,
many of the existing methods present complications and/or
side effects that limit their applications. For example, different
molecules are required to control the type (hole vs electron)
and concentration of the charge carrier, and the chemical
dopants are toxic and hence not suitable for biological
applications. To address these issues, the use of proteins as a
dopant has been explored by virtue of their pH-dependent
ionization and electrochemical properties. Protein molecules
exhibit either positive or negative net charges following their

ionization at a given pH departing from their isoelectric
points.10 It was shown that protein molecules could interact
electrostatically, when pH and electrochemical potential were
controlled, with various metal- and carbon-based electrodes
including graphene, and the protein molecules subsequently
undergo rearrangement on the electrode surface to form stable
protein−electrode complexes.11−13 Furthermore, protein mol-
ecules atop the electrodes were found to produce voltammetric
peaks attributed primarily to the presence of electroactive
amino acid residues (e.g., Tyr, Trp, and Cys) capable of
providing a charge-transfer channel through their electro-
chemical oxidation.12−16 It is also interesting to note that
denatured proteins largely accounted for higher current values
than the corresponding proteins in native forms when subjected
to electrochemical oxidation on the mercury and/or carbon
electrode,13,17 presumably due to the increased availability of
electroactive hydrophobic amino acid residues at the protein−
electrode interface. Besides, it was shown that a denatured state
of the protein molecule was conducive, via enhanced π-stacking
interaction, to protein layer formation on hydrophobic surfaces
such as mercury, carbon, and graphene.13,17,18 In order to
further explore the potential of exploiting protein as a charge-
transfer modulator in fabrication of protein-doped graphene
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transistor, herein, we report an alternative graphene doping
method where charge is transferred from denatured bovine
serum albumin (BSA) layers to the graphene surface in a pH-
controlled manner. This method has the advantage of
continuous modulation of carrier densities without degradation
of the graphene film. The graphene films used in this work were
prepared by chemical vapor deposition (CVD) and directly
annealed with the SiO2 substrate layered with heat-denatured
BSA to give rise to a novel graphene transistor in graphene/
protein/SiO2 sandwich structure. The effects of charge-transfer
doping afforded by pH-controlled denatured BSA layers on the
performance of BSA-doped graphene transistor were inves-
tigated using Raman spectroscopy and electrical measurement.

■ EXPERIMENTAL SECTION
Heavily p-doped silicon substrates (0.05 ohm cm) with 300 nm SiO2
were cleaned consecutively with acetone, isopropyl alcohol, and
deionized water by ultrasonication for 10 min each at room
temperature. The substrates were then treated with piranha solution
(98% H2SO4:30% H2O2 = 3:1 in volume) for 15 min, followed by
rinsing with deionized water. Each cleansed substrate was placed in 10
mL of various concentrations of BSA (Sigma-Aldrich, USA) dissolved
in 20 mM acetate (pH 3), 20 mM Tris (pH 7), and 20 mM Tris (pH
9) buffers. The solution containing SiO2 substrate was incubated for 6
h at 25 °C for adsorption of native BSA on SiO2 surface or incubated
for 20 min at 95 °C for adsorption of denatured BSA on SiO2 surface
(Figure 1a). For measurement of the thickness of the protein layer,
SiO2 substrate partially coated with photoresistor was incubated with
10 mL of 1 × 10−4 M BSA dissolved in 20 mM acetate (pH 3), 20 mM
Tris (pH 7), or 20 mM Tris (pH 9) for 20 min at 95 °C. Following
BSA deposition, the thickness profile was obtained using an atomic
force microscope (AFM) (INNOVA, Veeco Inc.).
Graphene films were synthesized using the CVD method. A copper

foil was placed in the center of the tube and then heated to 1000 °C in
80 mTorr of H2 flowing at 10 sccm. After reaching 1000 °C, the
sample was annealed for 30 min at the same H2 flow rate and pressure
in order to polish the copper substrate, increase the grain size, and
yield high-quality graphene films.19 CH4 and H2 gases were then
introduced at rates of 20 and 10 sccm, respectively, for 30 min to grow
continuous graphene in a CH4/H2 mixture at a total pressure of 300
mTorr. Finally, the sample was cooled to room temperature in H2
flowing at 10 sccm and 80 mTorr. The monolayer nature of the grown
graphene film was confirmed by AFM and Raman spectra analysis. The
graphene-coated Cu foil was spin coated with a poly(methyl

methacrylate) (PMMA) film and etched by an ammonium persulfate
aqueous solution (40 g/L) overnight. Etching was followed by a 10
min rinse in ultrapure water for cleaning. The PMMA/graphene film
was then placed onto the target substrate and dried in air for 1 h. The
sample was then immersed in cold acetone for 10 min to dissolve the
PMMA. The graphene films were transferred onto denatured BSA-
deposited substrates for further evaluation and subsequent transistor
fabrication. The field-effect transistors (FET) were fabricated by using
photolithography, electron-beam evaporation, and a metal lift-off
process. Ti/Au (5/60 nm thick) source and drain electrodes were
patterned on graphene films. The channel was defined by photo-
lithography, and the surrounding graphene was etched by O2 RIE
plasma at 470 mTorr and 20 W. The channel dimensions of these
transistors are 5 μm in width and 10 μm in length. The fabricated
device structure is shown in Figure 1b. After the fabrication, we
determined their electrical characteristics using a semiconductor
parametric analyzer (Keithley 4200, Keithley Instruments Inc.).

■ RESULTS AND DISCUSSION
The rationale behind the use of bovine serum albumin (BSA)
in the present study for fabrication of graphene transistor is
two-fold: one as a charge modulating dopant in a pH-
dependent manner and the other as an effective interfacial
adhesive capable of annealing heterogeneous surfaces lacking
direct compatibility (e.g., graphene and SiO2) in a structure-
dependent manner (more details will be provided later).18

Proteins consist of long chains of amino acids, but the amino
acid compositions and sequences of individual proteins differ
from one another. Since some of the amino acid residues such
as Arg, His, Lys, Asp, and Glu are differentially protonated or
deprotonated at a given pH when existing in a protein chain, all
proteins including BSA exhibit either positive or negative net
charges at pH values departing from their isoelectric points
(pI). Therefore, a protein molecule can serve as either an
electron donor or an electron acceptor by leveraging the pH at
the time of graphene doping. BSA has a pI between pH 4.7 and
5.2,10 indicating that it is almost neutrally charged at pH 5.
Lowering the pH from 5 to 3 results in BSA becoming
positively charged via protonation of the carboxyl groups (i.e.,
the conversion of −COO− into −COOH) of aspartic and
glutamic acids. Increasing the pH from 5 to 7, on the other
hand, results in BSA becoming net negatively charged due to
the loss of protons from the imidazole groups of histidines.

Figure 1. Schematics of the protein coating process mediated by π-stacking interaction between thermally denatured BSA and the substrate (a),
field-effect transistors (FETs) using BSA-doped graphene (b), and putative alteration of graphene band structure effected by charge transfer from
BSA layers at different pH (c).
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When the pH is raised from 7 to 9, BSA becomes even more
negatively charged because of further loss of protons from the
ammonium groups of lysines (i.e., the conversion of −NH3

+

into −NH2) and from the guanidinium groups of arginines.10,20

This process is summarized in Figure 1c. As a result, the charge
of a BSA layer could be controlled by changing the solution pH.
On SiO2 surface, hydrophobic (siloxane, Si−O−Si) and

hydrophilic (silanol, Si−OH) groups coexist.21 Therefore, BSA
adsorption to SiO2 is likely to be mediated by both
hydrophobic and hydrophilic interactions. On the other hand,
since graphene surface comprising only carbon atoms is
extremely hydrophobic, the abundant presence of hydrophobic
amino acid residues on the exterior of BSA (often triggered by
protein denaturation) allowing for π-stacking interaction
between graphene and protein layers18 is critical for the
adhesive anchoring of protein-coated SiO2 to graphene surface.
This led us to consider first what protein structure (i.e., native
vs denatured) would be more conducive to fabricating the
graphene transistor depicted in Figure 1b. The adsorption of
native and denatured BSA to SiO2 was therefore tested at
various pH conditions to assess structure-dependent binding
behavior of BSA to SiO2. Out of the two most widely employed
protein denaturation methods (i.e., chemical and heat treat-
ment), the heat-denaturation method was used in this study for
BSA denaturation in order to avoid any potential intervening
effect arising from the presence of chaotropic denaturants and
reducing agents often required for chemical denaturation on
hydrophobic interaction between the denatured BSA and the
substrate. Furthermore, in comparison with the chemically
denatured BSA, heat-denatured BSA was found to be superior
for passivating the hydrophobic surface with an almost
complete coverage to give uniform and smooth protein
layers.18 Also, the presence of hydrophobic substrate (i.e.,
SiO2), at the time of thermal denaturation of BSA, allowed
more denatured BSA molecules to preferentially interact via
phi-stacking with the SiO2 surface during a short incubation
period of 20 min while suppressing the self-aggregation
between the denatured BSA molecules. However, when the
incubation time was prolonged for more than 30 min, the
unbound denatured BSA molecules were found to form
insoluble coagulates in solution. Hence, the substrate
passivation with heat-denatured BSA was terminated after 20
min prior to encountering protein aggregates and/or
coagulates. As shown in Figure 2, when native BSA was
bound to SiO2 surface in the acidic pH region (i.e., pH 3),
electrostatic attraction mainly occurred between positively
charged BSA and negatively charged SiO2 surface with the pIs
of BSA and SiO2 being 5 and 1, respectively.22 On the other
hand, native BSA adsorption to SiO2 decreased in the alkaline
pH region (i.e., pH 7 and 9) because of electrostatic repulsion
between negatively charged BSA and SiO2 surface in addition
to the decrease in hydrophobic interaction as a result of

increased hydrophilicity of the protein due to titration of acidic
groups.23 Using the Langmuir model based nonlinear
regression analysis of the adsorption data shown in Figure 2,
maximum binding capacities (Qmax) for the native BSA binding
to SiO2 at pH 3, 7, and 9 were determined to be 0.15, 0.04, and
0.02 mg/cm2, respectively. For the heat-denatured BSA
adsorption, the adsorption isotherms showed a similar trend
as for the native BSA. However, the amount of denatured BSA
adsorbed to SiO2 surface at each pH condition (Qmax at pH 3, 7,
and 9 is 0.36, 0.22, and 0.11 mg/cm2, respectively) was
significantly larger than that for native BSA. This is probably
due to the increased hydrophobic and/or London−van der
Waals interactions between siloxane groups on SiO2 surface and
outwardly relocated bulky hydrophobic amino acid residue
patches populated in denatured BSA following heat treat-
ment.24

As deduced from the binding behavior of native and
denatured BSA on SiO2 surface at varying pH conditions, the
use of denatured BSA would be superior to native BSA in view
of providing a larger pool of protein molecules capable of acting
as electron donors/acceptors on the substrate surface in a pH-
dependent manner. Furthermore, denatured BSA proved to be
more conducive than native BSA to seamless interfacing of
graphene with protein layers on SiO2 with enhanced passivation
efficiency,18 which is critical to avoid severe charge fluctuations
often resulting from unintended localized doping of graphene
surface. On the basis of these 2-fold merits afforded by
denatured BSA as above, it was therefore decided to use the
denatured form of BSA as a charge-modulating dopant and also
as an anchoring agent for assembly of protein-intervened
graphene/SiO2 sandwich structure required for construction of
graphene transistor shown in Figure 1b.
In order to ensure a uniform and complete surface coverage

of both SiO2 and graphene surfaces with protein layers, all
subsequent experiments for preparation of BSA-coated SiO2
were conducted using 10−4 M denatured BSA, which is at least
20 times higher than the dissociation constants (Kd of 5.1, 2.6,
and 2.1 μM) estimated for denatured BSA binding to SiO2 at
pH 3, 7, and 9, respectively (Figure 2). At this elevated
concentration, the amount of denatured BSA adsorbed to SiO2
was significantly higher (0.91 ± 0.04, 0.88 ± 0.02, and 0.75 ±
0.04 mg/cm2 at pH 3, 7, and 9, respectively) than its Qmax
determined previously at each pH condition, indicative of the
formation of multilayered protein matrices. It is reckoned that
the surface density of denatured BSA to form a single layer of
protein molecules with almost complete passivation of the
substrate surface could be approximated to 0.3 mg/cm2 based
on the Qmax determined for denatured BSA binding to SiO2 at
pH 3 (i.e., the most favorable pH condition tested to maximize
protein binding). This implies that denatured BSA molecules at
an initial concentration of 10−4 M stack on one another on
SiO2 surface and undergo layer-by-layer assembly to apparently

Figure 2. Batch adsorption isotherms for native and denatured BSA binding to SiO2 surface at pH 3 (a), 7 (b), and 9 (c). Solid and dashed lines
were fitted using the Langmuir adsorption model. Data are presented as mean ± standard deviation (n = 3).
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give rise to a protein matrix in three-layer configuration at pH
3. It is also interesting to note that the number of protein layers
in the protein matrix formed at pH 7 or 9 is close to three
despite the small Qmax to account for the less efficient formation
of a BSA monolayer of low density at high pH. This is because
stacking of adjacent layers atop the already-formed first layer is
likely to experience less electrostatic repulsion directly exerted
by highly negatively charged SiO2 surface at high pH.
The surface topography of the protein-coated substrate and

the thickness of protein layer were also characterized by AFM
measurement. AFM images of protein-free and BSA-coated
substrates are shown in Figure 3a−d. The values measured for
the RMS surface roughness of bare and BSA-coated SiO2 at pH
3, 7, and 9 were 0.20, 0.51, 0.61, and 0.33 nm, respectively.
These results show that denatured BSA molecules were evenly
layered on the SiO2 substrate. Besides, thicknesses of the BSA
matrices prepared at different pH were very similar to one
another as shown in Figure 3e−g. The estimated three-layer
configuration of the denatured BSA matrix on SiO2 was
confirmed by comparison with the thickness of a protein
monolayer determined by AFM analysis which was found to be
2.39 ± 0.34 nm (data not shown). It is reckoned that
hydrophobic interaction and electrostatic repulsion are
dominant among the denatured protein molecules at a given
pH. Even though the extent of electrostatic repulsion will vary
in a pH-dependent manner, the major interaction experienced
by the denatured protein molecules is of hydrophobic nature
due to the abundance of hydrophobic patches outwardly
exposed on the protein surface upon denaturation. This often
renders the denatured protein molecules prone to aggregation
despite the presence of electrostatic repulsion regardless of pH
and accounts for the similar height of protein matrices on SiO2
despite the pH difference as shown in Figure 3e−g.
In summary, it was confirmed that multilayer denatured

protein matrix could be formed on SiO2 surface using
denatured BSA with more or less the same efficiency in a
broad pH range. Importantly, denatured BSA matrices
assembled on SiO2 at different pH showed no remarkable
differences in view of layer roughness, thickness, and structure,
despite the clearly distinctive binding behavior of denatured
BSA against SiO2 as evidenced by pH-dependent large
variations in Qmax and Kd, when the protein concentration

used for layer formation was dozens-fold higher than Kd values.
This would negate the possibility that topological change in the
protein matrices prepared at different pH per se may directly
affect electrical performance of SiO2-supported graphene
transistor. Furthermore, the use of BSA in denatured form is
critical for efficient adhesion of CVD-grown graphene with
protein-layered SiO2 to fabricate a transistor device.18,25 This is
because hydrophobic amino acid residues actively participating
in π-stacking interactions with graphene surface are readily
available at the exterior of protein upon its denaturation which
would otherwise be mostly buried inside protein globule. The
assembly of uniform multilayered protein matrix on SiO2 in a
pH-independent manner is thus expected to provide a useful
scaffold for stable interfacing of protein-coated SiO2 with
monolayer graphene film and subsequent bipolar doping with
the use of a large amount of matrix-embedded protein
molecules as an adhesive agent as well as electron/hole
generator.
Following fabrication of the graphene transistor device as

shown in Figure 1b according to the procedure detailed in the
Experimental Section, Raman spectroscopy and electrical
measurement were conducted to investigate the effects of
protein-mediated charge-transfer doping on the graphene.
Raman spectroscopy has been shown to be a powerful

technique for monitoring the number of layers, disorder, and
doping of graphene.26,27 The Raman G band is especially
sensitive to doping and provides useful information to
determine whether n- or p-type doping of graphene takes
place. Figure 4a shows the Raman G band profiles of graphene
interfaced with BSA-coated and BSA-free SiO2. For simplicity,
graphene interfaced with BSA-layered SiO2 prepared at pH 3, 7,
and 9 is designated hereafter as BSA-pH3, BSA-pH7, and BSA-
pH9 graphene, respectively; graphene interfaced with bare SiO2
is designated as BSA-free graphene. The frequency of the G
band for graphene is affected by the extent of its interaction
with electron donors or acceptors. While the G band
downshifts for n-doped graphene, it upshifts for p-doped
graphene.8,9 Since denatured BSA molecules are negatively
charged at pH 7 and 9, they work as electron donors. The
Raman G band peak frequencies of BSA-pH7 and BSA-pH9
graphene were measured to be 1580 and 1576 cm−1,
downshifted by 4 and 8 cm−1 from that of BSA-free graphene

Figure 3. AFM images of bare SiO2 (a) and SiO2 layered with denatured BSA at pH 3 (b), 7 (c), and 9 (d). To assess the thickness of protein layers
on SiO2 with reference to bare SiO2 surface at each pH condition, patterned substrate surfaces comprising bare SiO2 next to protein-coated SiO2
region were prepared by photolithography at each pH. The thickness of BSA layer is around 7.5 nm regardless of pH (e−g) when measured along
the horizontal white lines indicated in the AFM images (b−d).
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(1584 cm−1). In contrast, BSA works as an electron acceptor at
pH 3, and the G band frequency of BSA-pH3 graphene was
found to be 1592 cm−1, upshifted by 8 cm−1 from that of BSA-
free graphene. The ratio of the intensities of the Raman 2D and
G bands, I(2D)/I(G), and full width at half-maximum (fwhm)
of the G band also provide useful criteria to determine the
amount of doping. As shown in Figure 4b, the fwhm of G band
values measured for BSA-pH3, BSA-pH7, and BSA-pH9
graphene are 22.22 ± 1.39, 21.84 ± 1.04, and 22.44 ± 1.43
cm−1, respectively, as compared to 20.84 ± 1.26 cm−1 for BSA-
free graphene. The fwhm of the G band was found to increase
for both types of doping, consistent with the trend reported
elsewhere.8 As shown in Figure 4c, the I(2D)/I(G) ratio
obtained from BSA-pH7 graphene exhibited a maximum value
of 3.14 ± 0.44, whereas the ratios for BSA-pH3, BSA-pH9, and
BSA-free graphene were 2.24 ± 0.31, 2.31 ± 0.34, and 2.77 ±
0.32, respectively. The decrease in the I(2D)/I(G) ratio for
both hole and electron doping is consistent with previous
studies8,28 considering that the graphene on SiO2 is slightly p-
doped by ambient adsorbates.29

Figure 5a shows the charge-transfer characteristics (drain
current Id vs gate voltage Vg) of field-effect transistors fabricated

with graphenes with or without BSA. The measurement was
conducted in a vacuum (5 × 10−6 Torr) at room temperature.
We compared the Dirac points (VDirac, the gate voltage
corresponding to the minimum conductivity) of various
graphene transistors to investigate the doping effects by BSA
at different pH. The BSA-free graphene transistors exhibited
almost symmetric I−V curves, with a Dirac point of 4.94 ± 1.21
V. In the presence of BSA layers intervening between graphene
and the SiO2, the Dirac points of the BSA-doped graphene
transistors shifted toward negative or positive voltages depend-
ing on the pH at the time of BSA deposition. BSA-pH3
graphene transistor exhibited p-doped transport behavior with
the Dirac point of 17.4 ± 1.65 V. On the other hand, BSA-pH7
and BSA-pH9 graphene transistors exhibited n-doped transport
behaviors with Dirac points of −5.31 ± 2.83 and −10.27 ± 2.41
V, respectively. In order to calculate the carrier concentration
induced by protein-mediated charge-transfer doping, the
following relationship between the Dirac point (VDirac) and
carrier concentration (n) was used

ν π
=

ℏ| |
+V

n
e

ne
CDirac

F

ox

Using the values of the reduced Planck constant (ℏ = 6.58 ×
10−16 eV·s), Fermi velocity (vF = 1 × 106 m·s−1),2,3 gate
capacitance (Cox = 1.15 × 10−4 F·m−2), and electron charge (e
= 1.6 × 10−19 F·V), the relationship was simplified to

= × + ×− −V n n1.17 10 1.391 10Dirac
7 11

From this equation, the carrier concentration for BSA-free
graphene FET was calculated to be 3.50 × 1011 cm−2 (n0),
presumably via interaction with ambient adsorbates.29 As
shown in Figure 5b, the carrier concentrations induced for
protein-doped graphene FETs with reference to the BSA-free
case (Δn = n − n0) were found to range from −1.1 × 1012 to
0.9 × 1012 cm−2 depending on the pH used for denatured BSA
deposition. This implies that the carrier concentration of
graphene can be controlled by concentration- and pH-
dependent net charge of protein molecules. Carrier concen-
tration should be related to the amount of dopant (i.e.,
denatured BSA molecules intervening between graphene and
SiO2 surfaces) and the amount of charges of varying polarity
available at a given pH. When the protein adsorption onto the
substrate occurs at low concentrations unable to achieve Qmax,
the doping effect should consider the amount of the proteins
adsorbed and available charges at a given pH on the substrate
surface. This is especially important if the protein layer formed
on the substrate exists in a monolayer where Qmax in Langmuir
isotherm specifies the maximum availability of protein to work
as a dopant and thereby to affect carrier concentration.
However, in this study, the amounts of adsorbed proteins on
the SiO2 surface were significantly higher than the estimated
Qmax since protein adsorption was conducted at 10−4 M (i.e., at
least 20 times higher than Kd) as described earlier. In addition,
thicknesses of the denatured BSA matrices formed at different
pH were very similar to one another, indicative of the
availability of similar amounts of denatured BSA regardless of
pH at the interface between graphene and SiO2. This suggests
that Qmax determined for denatured BSA adsorption at different
pH conditions does not specify the maximum carrier doping
concentration. Rather, pH-modulated charge polarity and their
amount are the key players in determining carrier doping
effects. After confirming that BSA-mediated charge-transfer

Figure 4. Raman spectra of BSA-free graphene and graphene layers
doped with denatured BSA at different pH. Individual Raman spectra
of the G band of the graphene layers following their interfacing with
BSA-free and BSA-coated SiO2 are shown with a dotted line to show
pH-dependent Raman shift (a). The fwhm of the G band (b) and the
intensity ratio of the 2D/G band (c) of graphene layers following their
interfacing with BSA-free and BSA-coated SiO2 are shown with error
bars representing the standard deviations for independent measure-
ments repeated three times. Note that the graphene on BSA-free SiO2
was slightly p-doped by ambient adsorbates. The fwhm of the G band
increased and the intensity of the 2D/G band decreased with doping
of graphene.

Figure 5. I−V curves to show electrical performance of the BSA-pH3
(red), BSA-pH7 (blue), and BSA-pH9 (green) graphene FETs with
reference to the BSA-free graphene FET (black) (a). Profile to show
the change in the induced carrier concentrations (Δn) for the
graphene FETs (b). These clearly showed that charge-transfer doping
of graphene with denatured BSA was significantly affected by the pH at
the time of denatured BSA layer assembly.
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doping could effectively modulate the graphene property in
view of doping type and carrier concentration as discussed
above, it is tempting to understand how this protein-mediated
doping may perturb the charge carrier flow. The field effect
mobility was thus estimated using the following equation

μ = ΔL
W C V

g
1

OX ds
m

where L is the channel length (μm), W the channel width
(μm), Cox the gate capacitance (F·m−2), Vds the source-drain
voltage (V), and Δgm the differential transconductance (I·V−1).
The field effect mobility for each graphene transistor was found
to exist between 950 and 1400 cm2 V−1·s−1, indicative of no
apparent significant mobility degradation implicated with
protein-mediated doping. Taken together, these results show
that the use of denatured BSA for graphene doping provides an
effective yet simple strategy to modulate the electrical
properties of graphene without compromising the device
performance.

■ CONCLUSIONS
We demonstrated a novel method to dope graphene using
denatured BSA layered on SiO2 prior to its interfacing with
graphene in order to fabricate an FET in SiO2/BSA/graphene
sandwich structure. Heat-treated BSA was shown to assemble
on SiO2 to give a smooth and thick multilayer protein matrix of
differential charge polarity at varying pH. BSA in denatured
form whose exterior is enriched with hydrophobic amino acid
residues enabled efficient pH-modulated bipolar doping of
CVD-grown monolayer and stable adhesion of the graphene
film to the transistor device by providing a large pool of protein
molecules intervening SiO2 and graphene surfaces. Raman
spectroscopy and electrical analysis confirmed that the
fabricated SiO2/BSA/graphene FET showed the signature
behavior of p- and/or n-doped graphene with varying amounts
of induced carriers subject to pH without compromising
electrical performance often accompanied by postdoping
degradation of field effect mobility. Overall, the use of
denatured protein with simple pH adjustment proved to be a
useful platform technology for bipolar doping of graphene for
modulating electrical properties of graphene. Harnessing other
proteins of diversified properties in place of BSA would also be
promising in view of producing high-quality graphenes of more
diversified properties.
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