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ABSTRACT: Two-dimensional (2D) materials are believed
to hold signiﬁcant promise in nanoscale optoelectronics.
While signiﬁcant progress has been made in this ﬁeld over
the past decade, the ability to control charge carrier density
with high spatial precision remains an outstanding
challenge in 2D devices. We present an approach that
simultaneously addresses the dual issues of charge-carrier
doping and spatial precision based on a functional
lithographic resist that employs methacrylate polymers
containing zwitterionic sulfobetaine pendent groups for noncovalent surface doping of 2D materials. We demonstrate
scalable approaches for patterning these polymer ﬁlms via electron-beam lithography, achieving precise spatial control over
carrier doping for fabrication of high-quality, all-2D, lateral p−n junctions in graphene. Our approach preserves all of the
desirable structural and electronic properties of graphene while exclusively modifying its surface potential. The functional
polymer resist platform and concept oﬀers a facile route toward lithographic doping of graphene- and other 2D materialbased optoelectronic devices.
KEYWORDS: graphene, doping, p−n junction, psbma, interface, zwitterion
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Graphene is a special case of a zero-bandgap 2D semiconductor that poses challenges for nanoscale electronics while
simultaneously aﬀording scientiﬁc and technological opportunities. Numerous modern electronic devices utilize semiconductors as their basic building blocks and cannot be
fabricated with gapless graphene. Nonetheless, the unique
electronic properties of graphene allow for emerging device
architectures beyond traditional semiconductor electronics.2
For example, analogous to wave-guiding in ray optics, p−n
junctions in graphene can guide ballistic carrier currents;3 this
functionality exploits the unusual angle-dependent conductance
of graphene junctions to achieve phenomena such as electron
focusing and collimation.4,5 In some cases, ballistic graphene
devices operate in a manner similar to analog electronic
multiplexers.2,6,7 Graphene p−n junctions also display unusual
light-matter interactions including the photo-thermoelectric

wo-dimensional (2D) materials exhibit important
physical and electronic properties and are poised to
beneﬁt optoelectronic technologies and emerging
electronic device paradigms. Due to their relatively high carrier
mobilities and long-term environmental stability, 2D electronic
materials are promising alternatives to organic semiconductors
in the ﬁelds of printable and ﬂexible electronics.1 While much
progress has been made in the fabrication of 2D-materials based
devices, the ability to exercise precise spatial control over
majority carrier type and concentration remains an outstanding
challenge that must be overcome for engineering integrated
circuits and systems. In this work, we design a hybrid polymer−
graphene platform for carrier doping of graphene via
noncovalent adsorption of functional polymer thin ﬁlms. We
demonstrate scalable approaches for patterning these polymer
ﬁlms via electron-beam lithography, achieving precise spatial
control over carrier doping for fabrication of lateral
homojunctions. Our approach preserves all of the desirable
structural and electronic properties of graphene, while
exclusively modifying its surface potential, and oﬀers a facile
route toward lithographic doping of graphene-based devices.
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Figure 1. Chemical structure of poly(sulfobetaine-co-methyl)methacrylate used in this work (i.e., P(SBMA-co-MMA) (a), and its patterning
process with electron beam and the resulting shift in chemical potential (b). Dose and resolution calibration charts optimized to 100 nm
features (c) and atomic force micrograph of lines deﬁned on PSBMA-co-PMMA resist with 30 keV electron beam (d) with its cross-section
along the white line shown in topographic map (e).

eﬀect8 and self-driven, bias-free photocurrents.9 Thus, there is
signiﬁcant interest in developing precise and scalable methods
for area-selective carrier doping of graphene for realizing novel
2D optoelectronic devices.
In this work, we present a hybrid graphene−functional
polymer (hard−soft materials) platform that simultaneously
addresses the dual issues of carrier doping and scalable device
processing. Speciﬁcally, we exploit the extreme sensitivity of
graphene to its immediate environment and engineer suitable
zwitterionic polymers that induce appreciable surface potential
shifts in graphene via adsorbed interfacial dipoles. A key feature
of these polymers is that the zwitterionic moieties are
incorporated as pendent groups attached to poly(methyl
methacrylate) (PMMA) backbones, rendering them amenable
to patterning via electron-beam lithography. We note that other
molecules10 and polymers (e.g., poly(4-vinylpyridine) and
poly(vinyl chloride)11) have been utilized in the past for
doping graphene, with complementary doping achieved via
rubber-stamping of bis(triﬂuoromethanesulfonyl) and poly(ethylene imine).12 The key innovation in our work is the
development of lithographically processed polymer dopant that
can be directly patterned on the target undoped material for
achieving carrier density control at high spatial resolution.

function of ITO, Au, Al and graphene (by 1.09, 1.52, 0.36, and
1.64 eV, respectively),14 which motivates the use of these
polymers to design functional lithographic resists. Moreover,
the zwitterion concentration is an important knob for adjusting
the PSBMA-induced work-function shift and therefore is a
strong motivator for applying our copolymer method of
doping.14 Brieﬂy, the zwitterionic P(SBMA-co-MMA) was
synthesized by conventional (azo-alkane initiated) free radical
polymerization in triﬂuoroethanol (TFE), as shown in Figure 1.
Monomer conversion, monitored by 1H NMR spectroscopy,
after 6 h at 70 °C approached 60−70% matched the targeted
feed ratio. The molecular weight of the polymer was 54 kDa, as
estimated by gel permeation chromatography (GPC) in TFE,
and the polydispersity value was ∼1.4. The solution
processability of the polymer is pertinent to the design and
implementation of resists for lithographic patterning. Sulfobetaine imparts solubility to the PMMA copolymer in salt water,
TFE, and polar aprotic solvents such as N-methyl pyrollidone
(NMP). This advantageous solubility, coupled with high
molecular weight, makes this polymer an excellent candidate
for lithographic processing on substrates.
The synthesized copolymer with a 1:1 ratio of SBMA/MMA
ratio was optimized as a solution-processable positive tone
resist with respect to exposure dosage (30 keV e-beam) and
development conditions to achieve patterned functional ﬁlms of
80 nm thickness and 200 nm line width and pitch (Figure 1b).
Figure 1c displays an atomic force micrograph of a patterned
resist showing sharp topography maps of 10 μm long lines of
200−300 nm width and pitch. The level of spatial resolution
achieved with our resist is comparable to that of commercial
PMMA resists when processed with the same beam energy and
resist thickness; the key diﬀerence is that our P(SBMA-coMMA) photoresist is a functional resist that can n-dope
graphene.
The doping eﬀect of the PSBMA-co-PMMA photoresist on
graphene was studied by Raman spectroscopy. Figure 2a

RESULTS AND DISCUSSION
Noncovalent adsorption of dopant moieties is an attractive
approach for modulating the electronic properties of 2D
materials while preserving their overall structural integrity and
purity and therefore provide signiﬁcant advantages over ion
implantation methods.13 Here, we employ methacrylate
polymers containing zwitterionic sulfobetaine (SB) pendent
groups for contact with graphene. The SB moiety incorporates
a sulfonate anion and ammonium cation with a net dipole
moment of 15.2 D, as estimated from density functional theory
(DFT) calculations. Prior studies by Emrick and co-workers
showed that PSBMA thin ﬁlms signiﬁcantly reduced the work
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Measurements of gate-resolved conductivity of graphene
ﬁeld-eﬀect transistors (FETs) provide precise values of the
average carrier density induced by the functional polymer in the
graphene monolayer. Speciﬁcally, the average carrier density, n,̅
is given by n̅ = Cg[Vg − VCNP]/e, where Cg is the gate
capacitance and Vg and VCNP are the gate and neutrality point
voltages, respectively. We prepared a series of ﬁve FETs on a
single-monolayer of CVD graphene (Figure 3a): two devices
were unexposed by lithography and therefore remained coated
with the functional polymer dopant, two devices were exposed
and developed to measure transport in the bare graphene
region, and one device spanned the functionalized and bare
graphene regions eﬀectively measuring transport across a
homojunction. Control experiments were also performed on
bare- and PMMA-coated graphene devices to conﬁrm the
absence of unintentional, process-related doping eﬀects from
PMMA (see the SI for details). In comparing the chargeneutrality voltage (Figure 3), we observe a shift of ∼20 V (over
285 nm of Si/SiO2) between the coated and uncoated devices.
This shift in the charge neutrality point of graphene induced by
the P(SBMA-co-MMA) resist corresponds to a doping level of
1.35 × 1012 cm−2 and a Fermi-level shift determined by
ϕ = sin(Vg − VCNP)ℏvF π |n ̅ | where νF = 106 m/s is the Fermi
velocity of carriers in graphene and n̅ is the eﬀective doping
level.18 Furthermore, comparing the device characteristics of
the bare FETs versus the polymer-coated ones (see Figures S2
and S3) reveals two important conclusions: (i) our surface
functionalization method produces uniform carrier doping over
the polymer-coated regions and (ii) the ﬁeld-eﬀect mobility of
charge carriers is barely aﬀected upon surface functionalization,
which indicates negligible introduction of charged impurities
from the polymer ﬁlm.
The ability of P(SBMA-co-MMA) to produce lateral
graphene homojunctions is seen in the device characteristics
in Figure 3d that show the distinct I−V signature of a p−n
junction. We attribute the formation of this p-n homojunction
to the potential shift induced within the polymer-coated
graphene region by the SB molecular dipole moment. From

Figure 2. Optical micrograph of a graphene−PSBMA hybrid (a);
Raman mapping of the G-peak (b) scanned over marked area in (a)
and representative spectra from the bare (blue) and PSBMAcovered areas (red).

displays an example of the polymer photoresist applied by spin
coating to a 40 μm × 10 μm monolayer of CVD-grown
graphene (on Si/SiO2), patterned by e-beam writing, then
developed with solvent to coat only the right half of the ﬂake.
Thereafter, local chemical potential shifts of graphene in the
polymer-coated and bare regions were inferred by mapping the
optical phonon (G-mode) energy via Raman spectroscopy. The
Raman G peak of graphene arises from bond stretching of all
pairs of sp2 atoms and is a signature of the number and quality
of layers, doping level, and conﬁnement.15,16 Parts b and c of
Figure 2 display a Raman map of the entire graphene
monolayer as well as individual line scans taken along the
length of the monolayer from which we observe a clear shift in
the G-peak frequency from 1589 cm−1 in the uncoated region
to 1593 cm−1 in the polymer-coated part; the frequency shift
clearly results from the resist pattern. This shift in the optical
phonon energy indicates a change in carrier concentration with
respect to the neutrality point.17 However, these dopinginduced shifts do not shed light on the carrier type; to glean
this information, we turn to transport measurements.

Figure 3. (a) Optical micrograph of hybrid graphene−PSBMA device consisting of monolayer graphene partially covered with PSBMA (green
region). (b) Gate-resolved I−V curves taken from the PSBMA-covered and bare regions of the device (yellow and blue lines, respectively).
(c−e) I−V curves of the three central devices shown in the optical micrograph namely, the PSBMA-covered device (C1), the p−n junction
(C2), and the bare device (C3).
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Figure 4. (a) Charge-transfer plot for a sulfobetaine (SB) pendent group on a graphene sheet; yellow/cyan isosurfaces (±3 × 10−3 e/Å3)
indicate charge accumulation/depletion. (b) Side view of SB group on graphene sheet: the tilted adsorption conﬁguration of the pendent
group leads to both transverse (μ∥) and normal (μ⊥) components of the surface dipole. (c) Total density of states of a bare graphene sheet
(Gr) and of a graphene sheet with an adsorbed SB pendent group (Gr + SB). All energies are reported relative to the vacuum level (0 V);
arrows indicate the location of the charge-neutrality point of graphene that is seen to shift toward higher energies upon adsorption of the SB
group. (d) Planar averaged Hartree potential along z-direction (normal to graphene sheet) for bare graphene (Gr) and a graphene sheet with
adsorbed SB (Gr + SB); the oscillations in the potential for the latter case are due to the adsorbed SB group, which is indicated schematically.
Dotted lines indicate the position of the Fermi level from which we infer the indicated work functions (φ) with respect to the vacuum
potential. The plots in (c) and (d) are shifted arbitrarily relative to each other for clarity. (Atom colors: C, brown; S, yellow; N, blue; O, red;
H, white).

basic electrostatics,19 the shift in surface potential of polymerqD
coated graphene is Δϕ = − ε ε , where D = ρμ⊥ is the dipole

within the graphene monolayer. The charge redistribution
within the graphene monolayer is fairly localized, extending but
a few unit cells beyond the adsorbed SB group, and is clearly
not long-ranged. On average though, the induced positive and
negative charges within the graphene sheet cancel each other,
and unlike our previous work on TTF pendent groups
adsorbed on MoS2,22 there is no net charge transfer between
graphene and SB. The bonding mechanism between the SB
pendent group and the graphene sheet is thus primarily via
noncovalent and localized charge-transfer interactions.
We further observe from Figure 4b that the S and N atoms
are at slightly diﬀerent heights from the graphene sheet in the
adsorbed conﬁguration. This surface dipole may be further
decomposed into components transverse and normal to the
graphene sheet. The transverse components of the dipoles of
randomly adsorbed SB pendent groups will, on average, cancel
out and contribute only to short-range scattering mechanisms;
the normal components are, however, additive leading to a net
dipole moment normal to the graphene sheet (μ⊥ = 4.7D). This
surface dipole induces a shift in the charge-neutrality point of
the graphene sheet toward the vacuum level as seen from the
density of states plot in Figure 4c. Correspondingly, the planaraveraged DFT local potential in Figure 4d shows a reduced
work function of the graphene sheet on the side with the
adsorbed SB moiety (ϕ = 3.32 eV) relative to the side without
the surface dipole (equivalently, the bare graphene sheet; ϕ =
4.24 eV). While the DFT calculation does not take into account
dielectric screening from the substrate and polymer ﬁlm, as a
ﬁrst approximation the work function shift, ΔϕDFT = 0.92 eV,
may be renormalized simply by the eﬀective dielectric constant
of the embedding medium, εeff ≈ 4, which leads to a predicted
work function shift of Δϕpredicted = 0.23 eV. This excellent

0 eff

moment per unit area of polymer−graphene interface, ρ is the
area density of dipoles at the polymer−graphene interface, μ⊥ is
the component of the zwitterion molecular dipole moment
normal to the graphene sheet, and εeff is the eﬀective dielectric
constant of the embedding medium (SiO2 and polymer)
deﬁned by εeff = [εSiO2 + εpolymer]/2. Speciﬁc to our case, the
functional resist contains 0.16 M units of zwitterions
corresponding to an area density of ρ ≈ 2.1 × 1013 cm−2 at
the polymer−graphene interface. With the measured Fermi
level shift of Δϕ ≈ 0.2 eV and an eﬀective dielectric constant of
εeff ≈ 4, we arrive at an estimate of μ⊥ ≈ 10D for the molecular
dipole moment of adsorbed SB moieties.
To further understand the physical and electronic
interactions between the polymer thin ﬁlm and graphene, we
performed ﬁrst-principles density functional theory (DFT)
calculations using the Vienna Ab Initio Simulation Package
(VASP).20,21 While it is impractical to model the adsorbed
polymer chains in their entirely, important insights can be
gained by considering the key components of the system,
namely, the SB pendent group and the graphene sheet. Our
computational model thus consists of a 6 × 6 graphene
supercell on which we adsorb the SB pendent groups. As seen
from Figure 4a,b, the SB moiety adsorbs in a ﬂat
conﬁgurationinteracting with the graphene sheet via the
terminal sulfate and methyl groupswith a calculated binding
energy of 0.92 eV, indicative of a stable polymer−graphene
interface. Figure 4a displays the transfer of charge between the
SB pendent group and the graphene sheet; as expected, the
oppositely charged ends of the zwitterionic moiety induce
corresponding regions of electron accumulation and depletion
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Linkam Scientiﬁc Instruments). Raman spectra were measured using a
Raman microscope (LabRAM HR Evolution, HORIBA Scientiﬁc)
with a 532 nm laser. Mapping data were ﬁt to Lorentzian functions
using a custom Matlab script.
Electrical Measurement. Samples were wire bonded to a ceramic
leadless chip carrier and then placed and measured in a vacuum
chamber (Montana Instruments) for measurements using a Keithley
2540 or Keysight B1500A. All presented data were collected at room
temperature.
Computational Data. Non-spin-polarized, planewave DFT
calculations were performed using the Vienna Ab Initio Simulation
Package (VASP).20,21 The core and valence electrons were treated
using the projector-augmented wave method.21,24 The Perdew−
Burke−Ernzerhof (PBE) generalized-gradient approximation was used
to describe electron exchange and correlation.25 van der Waals
interactions were approximated via the zero-damping DFT D3 method
of Grimme et al.26 From convergence studies, a kinetic energy cutoﬀ of
400 eV was chosen. Electronic convergence was accelerated with a
Gaussian smearing of 0.01 eV for relaxation calculations; the Blöchl
tetrahedron method27 was used thereafter for calculating density of
states and the local potential. All systems had between 12 and 15 Å of
vacuum normal to the graphene layer to prevent spurious interaction
between images. Dipole corrections were applied normal to the
graphene monolayer along the vacuum direction. Atomic positions and
in-plane cell dimensions were relaxed with a force tolerance of 0.02
eV/ Å. For relaxation calculations, the Brillouin zone was sampled with
a 3 × 3 × 1 Γ-centered k-point mesh, determined to be suﬃcient from
convergence studies. For single-point electronic structure calculations,
after relaxation, the Brillouin zone was sampled with a 13 × 13 × 1 Γcentered k-point mesh.

quantitative agreement between theory and experiment bolsters
the view of purely noncovalent electrostatic interactions
between the functional polymer and graphene. An immediate
consequence of this electrostatic picture of polymer−graphene
interactions is that the zwitterion concentration can be tuned a
priori to induce desired Fermi level shifts in graphene, which
will be studied elsewhere.

CONCLUSIONS
In conclusion, we have demonstrated a scalable and precise
approach for fabricating hybrid polymer−graphene nanoscale
devices. Beyond graphene, the ability to dope other 2D
materialsincluding semiconductors such as transition-metal
dichalcogenides and phosphorene, among othersin a
controlled manner can be pivotal for the development of
nanoscale optoelectronic devices. The patterning and synthetic
methods developed in this work can be extended more
generally to other 2D materials and, in conjunction with
polymer dielectric substrates, could oﬀer a path towards lowpower, ﬂexible 2D-materials-based electronics.
METHODS
Graphene Synthesis and Device Fabrication. Graphene was
transferred to p-type silicon wafer with 285 nm oxide layer. The
graphene was synthesized by CVD as described by others with some
adaptations (ref 23). For graphene transfer, the copper was etched by
ammonium persulfate (Merck, >98%). The graphene layer was formed
into the desired shapes using AZ nLOF 2020 negative tone resist
followed by oxygen plasma etch. On the top of the graphene bar, six
electrodes (Ti/Pd 5/55 nm) were patterned by electron-beam
lithography using PMMA and metallized by electron-beam evaporation followed by lift oﬀ.
PSBMA−PMMA Copolymer Synthesis and Characterization.
Sulfobetaine methacrylate, methyl methacrylate, 2,2-azobisisobutyrylnitrile, and methanol were purchased from Aldrich. 2,2,2Triﬂuoroethanol was purchased from TCI chemicals. AIBN was
recrystallized from toluene and MMA was run through a plug of basic
alumina to remove the inhibitor before use. All other reagents were
used as received.
Polymer Synthesis. Into a 25 mL round-bottom ﬂask were added
SBMA (1.0 g, 3.6 mmol), MMA (0.36 g, 3.6 mmol), and AIBN (7.0
mg, 0.045 mmol) in TFE (14 mL). The solution was degassed under
nitrogen atmosphere for 30 min and then heated to 70 °C in an oil
bath. The mixture stirred at 70 °C for 6 h and then was quenched by
exposure to ambient atmosphere. The resulting solution was
precipitated into methanol, and the solid was collected by
centrifugation and then was washed several times with methanol.
The solid was then dried under vacuum and lyophilized to remove
excess water. Yield: 0.75 g, 55%. The molecular weight of the polymer
was 54 kDa, measured by gel permeation chromatography (GPC) in
TFE, with polymer dispersity of 1.4. Spectroscopic data are given in
the SI.
Patterning of PSBMA−PMMA copolymer. A solution of 10 mg
PSBMA−PMMA copolymer was dissolved in 1 mL of TFE. The
solution was stirred for 72 h at room temperature before use. The
sample was spin-coated with the solution (500 rpm/5 s, 3000 rpm/45
s) and baked for 2 min at 120 °C on a hot plate. The polymer was
exposed to a 30 kV e-beam (VEGA3, Tescan) with a dosage of 1200
μC/cm2 and developed in preheated NMP (100 °C) for 3 min (for a
clean silicon substrate) or 1 min (for a silicon/graphene substrate)
followed by 30 s in air (allowing the sample to cool down gradually),
soaked for 30 s in IPA, and blow-dried by nitrogen ﬂow.
AFM Measurement. Data were collected using a Bio FastScan
AFM (Bruker, AXS, Santa Barbara, CA).
Raman Characterization. Silicon wafers containing graphene or
patterned graphene (10 μm windows of the PSBMA−PMMA
copolymer) were placed in a vacuum chamber (HFS600E-PB4,
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