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Abstract

We investigated the nature of graphene surface doping by zwitterionic polymers and the
implications of weak in-plane and strong through-plane screening using a novel sample geometry
that allows direct access to either the graphene or the polymer side of a graphene/polymer interface.
Using both Kelvin probe and electrostatic force microscopies, we observed a significant upshift in

the Fermi level in graphene of =~ 260 meV that was dominated by a change in polarizability rather

than pure charge transfer with the organic overlayer. This physical picture is supported by density
functional theory (DFT) calculations which describe a redistribution of charge in graphene in
response to the dipoles of the adsorbed zwitterionic moieties, analogous to a local DC Stark effect.
Strong metallic-like screening of the adsorbed dipoles was observed by employing an inverted
geometry, an effect identified by DFT to arise from a strongly asymmetric redistribution of charge

confined to the side of graphene proximal to the zwitterion dipoles. Transport measurements



confirm n-type doping with no significant impact on carrier mobility, thus demonstrating a route
to desirable electronic properties in devices that combine graphene with lithographically patterned

polymers.
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2D materials, such as graphene and transition metal dichalcogenides (TMDCs), represent an
emerging platform for next-generation electronics!™ and sensor technologies,*” as well as for
examination of new physics involving spintronics and valleytronics.®1° Despite the growing body
of research pointing to the merits of 2D materials, several challenges must be overcome for such
materials to achieve widespread use. First, new strategies must be discovered that both provide
effective electrical modification of the 2D structure and ensure its protection from undesired
impurities such as gases!! and water.'?> Second, the significant differences in properties of 2D
materials relative to bulk structures, such as electrical transport'3 and screening,'# challenge us to
develop new models and characterization techniques to understand the connection between surface

interactions and electronic properties.

An ideal effective strategy for 2D materials doping would provide a substantial change in carrier
density/Fermi level, not hinder electrical transport, and remain stable over time. One prominent
strategy is to coat the 2D materials with an organic overlayer. The key to controlling electronic
properties, such as Fermi energy, band alignment, and carrier density, lies in the interactions
between the organic layer (typically functioning as a charge dopant) and the 2D material. Such

hybrid materials can be divided into a chemical functionalization!>2* (covalent surface
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modification) group and a non-covalent group. Additional approaches to the electronic

2732 and ferroelectric gating.’33° We

modification of 2D materials include substitutional doping
view non-covalent surface modification as an attractive doping strategy without disrupting the
pristine 2D layer, while also providing an opportunity for lithographic patterning and improved
processability.?*?¢  Although ferroelectric gating is attractive for producing addressable circuit
elements, our non-covalent hybrid materials approach is driven by applications where the
additional circuitry needed to produce the forming and coercive fields represents undesired
complexity along with concerns for the stability of the electronic properties of interest. While we
previously reported non-covalent charge doping in graphene using sulfobetaine zwitterions,?*2¢
here we find phosphorylcholine (PC) -substituted polymers, of the type typically employed in

non-fouling coatings,*® to have a remarkable impact on graphene that, as we describe, is chemically

and electronically distinct from typical dopant adsorbates.

Obtaining mechanistic details is crucial to characterizing 2D materials and interfaces, which
stems from the fact that the most common surface techniques lack sufficient depth specificity.
Additionally imperative is to understand how screening within 2D materials evolves in response
to the surrounding environment, and in turn the impact of the surrounding environment on
electrical measurements made on the 2D material (i.e., due to dielectric screening). Unlike 3D
electronic materials, which have electronic properties dictated by bulk structure, 2D materials
properties depend strongly on the nature of the surrounding material with which it comes into
contact. For graphene, charge screening through the thickness of a monolayer is strong due to the
semi-metallic nature of the charge carriers in graphene, resulting in a very short screening length
(effectively on the order of the thickness of monolayer graphene). In-plane screening, however,

contains significant contributions from the out-of-plane electric fields, which are weakly affected



by the surrounding dielectric resulting in a much longer screening length, but are more susceptible
to variations in dielectric constant of this environment.>’3° This combination leads to screening
through the plane of monolayer graphene that is stronger by orders of magnitude than screening
in-plane, with in-plane screening depending closely on the makeup of the support and surface of

graphene devices.’’

Like other 2D materials, electrostatic screening in graphene results from non-local, many-body
Coulombic interactions. Unlike the complete Faradaic screening of ideal 2D metals, the finite
screening of graphene stems from intralayer Coulombic interactions that couple charge density
and polarizability.'*4? In prior work by others, the connection between screening and polarization
in graphene has been studied using substrates such as Si02,3%442 metal oxides as gate
dielectrics®®#? and electrolytic top gates.*? Screening is also tied to a material’s conductivity
which, together with polarizability, is a key performance element for graphene-based bio- and
chemical sensors.* Recent progress in the preparation of polymer-containing graphene devices
includes doping by ultrathin polymer layers**?® and fabrication of free-standing polymer-
supported graphene membranes.** A combination of such strategies, as described here, allowed
for more direct probing of the graphene—polymer interface for the first time without perturbation
associated with the thickness of the organic layer. Previous observations have shown that
overlayer thickness has a complex impact on surface electronic measurements,?® and thus

minimizing this influence is of great interest.

In this work, we employed scanning probe methods to examine polymer-coated graphene
samples from both sides, which generated evidence of a polarization-driven doping mechanism
and an enhanced understanding of screening effects in graphene in response to the surrounding

environment. This insight was gained by employing Electric Force Microscopy (EFM), which



differentiates between changes in surface charge and polarizability due to interactions between the
graphene and polymer. Our results are in accord with DFT calculations, which predicted no charge
transfer between graphene and the PC moiety of the selected polymer zwitterions. Observations
of screening within graphene were obtained by comparing potential measurements made on a
second inverted sample geometry, giving access to the “flip side”, i.e., opposite to the zwitterion
dipoles. The weak charge screening by the surrounding dielectric media was observed at the
depletion region, formed at adjacent regions with and without polymer contact, using Kelvin probe
force microscopy (KPFM). As described, we employed a variety of experimental and theoretical
methods to gain insight into surface dipole interactions as well as key properties that differ from

bulk semiconductor junctions such as 2D screening effects. '3’

The “normal” and “inverted” orientations of a hybrid graphene/organic field-effect transistor
(FET) are illustrated in Figure 1 a,b. The platform features lithographically patterned doped
regions which provides an in situ reference for scanning probe methods, and the opportunity to
examine the behavior at the boundaries of those regions. As the organic overlayer, we selected
poly(methacryloyloxyethyl phosphorylcholine) (PMPC) as a copolymer with methyl methacrylate
and crosslinkable benzophenone methacrylate comonomers (Figure 1¢). Unlike previous hybrid
2D systems which show clear evidence of charge-doping,?=2>4349 we find that the dominant effect
in this PMPC copolymer/graphene system is a change in polarization due to dipole interactions,

i.e., a shift in the Fermi level in response to the PC dipoles (Figure 1d).

Electric force and electric force-gradient scanning probe methods were used to assess the
electronic properties of the polymer-coated monolayer graphene, which was supported on Si/SiO2
substrates. Kelvin probe force microscopy (KPFM) is an electric force method?!=23234349 which

tracks changes in the Fermi level of a material or interface by measuring a contact potential
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Figure 1. Schematic of samples in two measurement configurations: (a) lithographically patterned
polymer (depicted in pink) on graphene in a ‘normal’ orientation; (b) polymer underneath and
graphene facing the probe in an ‘inverted’ orientation’. (c) Chemical structure of the polymer
zwitterion, where R represents benzophenone moieties responsible for photocrosslinking. (d) Work
function distributions of bare and polymer-coated regions of the normal and inverted orientations.
High-quality electrical measurements with a well-defined ground were enabled by evaporating gold
contacts directly onto the graphene.

difference (CPD).>° EFM is sensitive to electric force-gradients,”' 3 enabling measurement of
spatially dependent information about the polarizability and effective surface charge.>* Virtually
all examples of hybrid 2D materials involving non-covalently associated organic overlayers
assume a model in which the organic material acts as an n- or p-type charge dopant.?!-2345-49.53
Although doping of 2D materials involves altering the free carrier density through charge exchange
with a dopant, being able to locally tune carrier density with high spatial precision represents a
major potential advantage for the sharp transitions in carrier density necessary to produce p-n
homojunctions. Polarization in response to polymer dipoles at the graphene surface is predicted
to play a role analogous to an electrolytic gate,*” including a superior capacitance due to the close
proximity of these dipoles to the graphene surface, compared to a typical oxide gate. Such an

approach could be combined with electrical gating to achieve independent control of both the



global carrier density needed for achieving acceptable device performance, and the local carrier
density variation required to create 2D homojunctions and minimize Schottky barriers at metallic
contacts. EFM and KPFM results for this polymer-graphene system together demonstrated that
changes in the Fermi energy derive primarily from image-charge interactions with pendant
zwitterionic moieties on the polymer, with only a small component due to charge doping.
Correlations between experimental results and computer simulations confirm this effect and
suggest further tuning of the electronic interactions could be achieved via control over dipole

orientation, thus obviating the need for charge transfer.

The PMPC copolymer was synthesized by reversible addition-fragmentation chain transfer
(RAFT) copolymerization of MPC with methyl methacrylate (MMA) and a photo-crosslinkable
benzophenone methacrylamide (BPMA) (details are given in section Slof the supporting
information). Use of MMA as a comonomer enhances polymer film formation relative to PMPC
itself, while the cross-linking capabilities of the benzophenone group facilitate production of
negative tone resists. The copolymer had a 42:55:3 molar ratio of [MPC]:[MMA]:[BPMA], as
determined by '"H NMR spectroscopy (Figure S1). The number-average molecular weight of the
copolymer used in our experiments was 19.8 kDa and the polydispersity index (P) was 1.11
(Figure S3). The detailed production of doped samples is given in the supporting information
(sections S3, S4, of S.I.). Briefly, the PMPC copolymer was applied by spin-coating from 2,2,2-
trifluoroethanol onto monolayer CVD graphene supported by a Si/SiO2 substrate. The PMPC
copolymer was then patterned by e-beam lithography. A ‘normal’ orientation sample (Figure 1a)
was prepared by evaporating gold contacts directly onto the graphene layer. An ‘inverted’
orientation (Figure 1b) sample was prepared by casting a polycarbonate membrane over the

patterned sample, then etching the underlying oxide layer with HF; the free-standing membrane



was retrieved and inverted onto a fresh Si/SiO2 substrate (Figure S4), and finally gold contacts

were applied to the graphene evaporative deposition.

Electronic characterization was performed using a combination of KPFM and EFM. In KPFM
measurements, a Ptlr-coated Si probe (AppNano ANSCM-PT, fo ~ 71 kHz) operating in tapping
mode, acquired surface topography in a first pass; the CPD due to capacitive forces between the
sample and the tip were measured in a second pass performed at a lift height of 30 nm, chosen to
minimize short range forces between the polymer dipoles and the tip. Here, CPD is defined as the
work function difference between the probe and the sample (e Vcpp= ®Pprobe-Psample, Where e is the
fundamental charge, and ® is work function). This relationship can also be viewed as tracking the
Fermi level of the sample, where an increase in CPD (i.e., a more positive value), yields an increase
in the Fermi level (i.e., closer to the vacuum level). CPD measurements were converted to work
function values, by measuring a highly oriented pyrolytic graphite standard to calibrate the probe’s
work function. In the EFM measurements, the second pass was used to record the phase shift of
the cantilever and was repeated several times at various tip biases. At each point of the area
scanned, the phase shift vs. tip bias was fit to a quadratic model (Figure S7), where the linear and

quadratic terms encode information on surface charge and polarizability, respectively.>*

Figure 2a,b shows the surface height and calibrated work function for polymer-coated graphene
in the ‘normal orientation’ (polymer overlayer up). KPFM line traces across the polymer boundary
reveal a clear increase in the Fermi level (Figure 1c), corresponding to a work function reduction
of 261 meV relative to bare graphene (by the difference in work function distributions given in
Figure 1d, i.e., n-type doping). We note that there is a contribution to the measured surface

potential due to an interaction between the tip and the dipoles. The strength of these long range
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Figure 2. Maps of (a) normal orientation topography and (b) calibrated work function by KPFM, scale bars
indicate 5 um. (c) Overlaid topography (black, scale left) and work function profiles (red, scale right), taken
from the lines indicated in the KPFM height and work function maps shown in a,b. Maps of (d) inverted
orientation topography and (e) calibrated work function by KPFM, scale bars indicate 25 um In both sample
orientations the low work function region at the left of the figure (b,e) is due to the polymer, and the transition
to lower surface potentials is at the boundary of this region. (f) Work function line scans from b,e showing a
more gradual transition in the inverted sample due weaker screening of out-of-plane electric fields according to
the different dielectric environment. In f, the inverted trace has been shifted and expanded by a factor of 4 in
the y coordinate (the x-coordinate has not been modified), for ease of comparison.

(Coulombic) forces is expected to be small due to the nearly flat dipole orientation that DFT
predicts (as detailed below), in which contributions from the negative and positive end of the dipole
nearly cancel. The strength of these long-range forces has been estimated by performing KPFM
on a polymer film prepared on a different conducting substrate, ITO, but otherwise in an analogous
manner, which yielded a value of ~ 10 meV (Figure S6). Figure 2d,e shows the surface height and
work function for the inverted orientation (graphene side up). In this configuration, Coulombic
interactions between the dipoles and tip are minimized, and dielectric screening of the
graphene/polymer interface by the polymer has been removed, (i.e., where the electric field
between two charged surfaces is attenuated due to the polarization of a dielectric medium). The
measured CPD variation due to polymer coverage is quite small compared to the normal

orientation sample, ~10 meV (Figure S5c¢), which speaks to the strength of the semi-metallic



screening in graphene compared to dielectric screening and interactions between the dipoles and
the tip. The strong screening within graphene masks the interaction between the polymer
zwitterions and the underside of graphene, when measured on the top side. In addition, substrate
effects have been shown to decrease the apparent magnitude of doping molecules at the surface,?

which we believe plays a smaller role relative to the screening in graphene.

The KPFM measurements also presented a unique opportunity to investigate the potential profile
at a 2D p-n junction (determination of carrier profiles shown later). The depletion width across
the polymer-covered to bare portions of graphene was on the order of 1.1 um (Figure 2c, red
curve). Despite the sharp spatial profile of the polymer topography (Figure 2c, black curve), the
potential variation due to the polarization of graphene by the zwitterionic moieties was less
localized. The inverted sample has a depletion width approximately 12 um which is an order of
magnitude larger (Figure 2f). These widths reflect two important aspects of 2D p-n junctions that
differ from that of bulk semiconductors. First, the contact between the two regions forms a line
rather than a plane, which affects charge exchange and the distance dependence of the potential
about this interface.?’” Second, there is a significant out-of-plane electric field generated by the
space charge region formed on either side of this line, which is only modestly screened by the
surrounding dielectric environment when compared to traditional bulk semiconductors.>”>¢38 The
increased width of the inverted orientation, can be attributed to the decrease in the dielectric
constant of the underlying substrate from 3.9 (SiO2 normal orientation) to 2.9 (polycarbonate).
Due to the relative scarcity of depletion width measurements across lateral 2D p-n junctions,
results such as those shown here are valuable for refining theories of electrostatics and for
developing production techniques for devices based on 2D architectures. Future work is planned

to investigate the impact on the depletion width and the associated screening due to the

10



environment using different polymer layers. Such investigations might yield routes to increase the
depletion width to improve photosensor collection, or decrease it to manage resistive losses at

metallic contacts.

In addition to KPFM mapping of the electrochemical potential associated with graphene-
polymer interactions including charge transfer, we employed EFM measurements which provide
the second moment of electric force to map variations in polarizability and surface charge. Our
EFM measurements revealed a statistically significant contrast (5.4 ¢ and 6.7 ¢ for the normal and
inverted samples, respectively) in the polarizability of graphene due contact with the polymer,
which was clearly observable in both the normal and inverted sample orientations (Figure 3 a,b,e).
The surface charge term reveals that in the normal sample, bare graphene is p-type with doping
attributed to interactions with the Si/SiO2 substrate.33°-%! The inverted sample, on the other hand,
experiences a small amount of charge donation from the polycarbonate substrate, resulting in n-
type graphene prior to treatment with the polymer zwitterions. In each configuration, graphene
experiences a modest increase in electron density due to the presence of the polymer as indicated
by surface charge (Figure 3 c,d,f). From the surface charge measurements, a shift in the Fermi
level can be calculated based on the relationship between carrier density and Fermi level according
to Er = hvpy/npm, where E is the Fermi level, vy is the Fermi velocity, and n, is the carrier
density. Using this approach, we determined a work function shift of 24 meV in the normal
orientation sample due to a change in surface charge. This is in stark contrast to the KPFM shift
of 261 meV for the same orientation sample, which implies the presence of an additional dominant
mechanism to account for the total shift in the electrochemical potential. The difference between
the change in surface charge of the two orientations due to the polymer is a product of screening

within graphene and mirrors the results of KPFM which contains a coulombic contribution. The
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Figure 3. Maps of the polarizability obtained through EFM of the (a) normal orientation and (b) inverted samples,
in both cases the PMPC region is on the left and bare region is on the right. Maps of the surface charge of (c) normal
and (d) inverted samples. Scale bars in a-d indicate 2.5 um. Distributions of (¢) polarizability, and (f) surface charge
at the graphene surface of both normal and inverted geometry samples, derived from images a-d. Statistically
significant increases in polarizability are observed for both samples, 5.4 ¢ and 6.7 ¢ for the normal and inverted
samples, respectively. Arrows in e,f indicate the direction and magnitude of changes due to the polymer.

adsorbed surface charge on the underside of the inverted geometry sample is effectively hidden by
the charge carriers in graphene. The combination of small changes in surface charge and an
increase in polarizability leads us to conclude that image-charge formation is responsible for the
Fermi level shift observed by KPFM. This shift due to polarization also fits the conclusions of

DFT modeling (described in the next section).

We modeled the interaction of the dipolar moiety with graphene, considering four different
dipolar orientations (Figure S8) that may be present in the samples produced. Since no attempts
were made experimentally to manipulate the dipole orientation in the samples prepared, the dipoles
should assume the lowest energy configuration in the absence of significant kinetic barriers. The
calculated most stable orientation is shown in Figure 4a, where the pendant group containing the
negatively charged phosphate is nearest the graphene sheet, while the positively charged
ammonium group is located further from the sheet due to a steric effect of the surrounding methyl
groups. Figure 4 highlights the polarization in graphene due to a zwitterionic moiety in the lowest

energy orientation (with respect to surface normal) obtained from DFT calculations. In our
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computational model, we considered the interaction of PC groups with a freestanding 6x6
supercell of a graphene monolayer (Figure 4a). We neglected the polymer backbone in our
computational model for the sake of tractability and, instead, terminated the dipolar moiety with a
methyl group. Our prior work has shown this approximation to yield results that agree qualitatively
with experimental measurements.’*?® Analogous to the familiar problem of a static dipole near a
metal surface,®%* the adsorption of the pendent zwitterion on graphene results in a net dipole

moment with a perpendicular component p; =0.52 D. This total dipole moment is slightly smaller

than the corresponding dipole moment of the isolated moiety frozen at the same adsorption

configuration (u, = 0.65 D) and this difference is attributed to charge redistribution at the

zwitterion/graphene interface. Figure 4b displays the resulting charge redistribution upon
physisorption of the dipolar moiety on graphene, from which we note complementary regions of
charge accumulation (yellow) and depletion (cyan), correlated with the positive and negative ends
of the adsorbed dipole, respectively. This charge redistribution is localized to a few unit cells
proximal to the adsorbed moiety and, importantly, is not accompanied by any net charge transfer,
an effect which EFM measurements confirm is minor compared to polarization effects. The surface
dipole resulting from the adsorbed zwitterion induces a small upshift of the Fermi level of graphene
(i.e., reduced work function) as seen from the upshift of the charge-neutrality point in graphene
(Figure 4c) as well as the differences in the planar-averaged Hartree potentials on the two sides of
the graphene sheet, i.e., with and without the adsorbed PC group (Figure 4d). We note that the
work function on the side without the dipole (Figure 4d) is identical to pristine graphene, in
agreement with the near complete screening of the dipole observed in EFM measurements of
inverted samples. The calculated 100 meV work function decrease is in qualitative agreement with

experiment, although the magnitude is smaller than the measured value (261 meV by KPFM, 227
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meV by transport measurements); quantitative discrepancies might be expected from a lack of
disorder in dipole orientation within the DFT model (see section S7), neglect of the polymer film
and underlying substrate, and accuracy of the DFT exchange-correlation functionals, among

others.

To investigate the implications of the observed graphene polarization due to the presence of
PMPC copolymer, graphene FET devices with three different polymer coverages (fully covered,

partially covered, and no coverage) were fabricated and measured (Figure 5a-c). All three devices
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Figure 4. (a) PC moietiy on monolayer graphene: the tilted adsorption configuration of the pendent group leads
to both transverse () and normal (pu.) components of dipole moment. White, brown, blue, violet, and red
spheres indicate H, C, N, P, and O atoms, respectively. (b) Charge-difference plot for PC adsorbed on a graphene
sheet; yellow/cyan isosurfaces (+5 x 107 ¢/A%) indicate charge accumulation/depletion. (c) Total density of
states (red line) for PC + graphene sheet (PC + Gr) and (blue line) for a bare graphene sheet (Gr). All energies
are reported relative to the vacuum level (0 eV); dotted lines indicate the Fermi level for each system (d) Planar-
averaged Hartree potential along z-direction (normal to graphene sheet) for a graphene sheet with adsorbed PC;
dotted line indicates the position of the Fermi level from which we infer the indicated work functions (®) with
respect to the vacuum potential.

were measured by the four-point probe method to determine the influence of the PMPC copolymer

on graphene’s carrier density and mobility. The charge-neutrality point of the fully covered device

14



was shifted by ~38 V compared to the uncovered device, corresponding to an increase in electron
density of An ~ 2.73 x 1012 e/cm? induced by PMPC copolymer. The location of the charge-
neutrality point changed from a positive gate voltage in the PMPC-free device to a negative gate
voltage in the fully covered device, indicating a change in the majority carriers from holes (p-type)
to electrons (n-type), respectively, in agreement with EFM measurements. The carrier mobility as
a function of gate voltage of the three devices is shown in Figure 5d, peaking at the neutrality point
of each device and relaxing to values of 1100-1400 cm?/Vs. Therefore, we infer that the effects of
PMPC copolymer on carrier mobility are limited, while the impact on the local carrier density is
significant, corresponding to a work function reduction of >200 meV. These values agree well
with KPFM results (261 meV). The significant doping due to polymer coverage, combined with
sufficient localization of carrier density resulted in a p-n homojunction with good mobility.

Further tuning of electronic properties through the modification of dipole orientation, via steric
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Figure 5. Optical micrographs of the (a) fully covered, (b) half covered, and (c) bare graphene devices. The
scale bars in a-c indicate 25 um. (d) Mobility as function of gate bias of the three devices (lower scale) and the
charge carrier density of the bare graphene (upper scale).
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effects to manipulation of side chains,?¢ or electric poling, will provide additional opportunities to

explore the impacts of variation in work function and polarization on device performance.

The results presented here show the efficacy of a 2D materials doping strategy as evaluated by
a combination of scanning probe methods, transport measurements, and modeling techniques. In
these new types of hybrid organic/inorganic 2D material, the electronics are dictated primarily by
an image-charge interaction between the pendant dipolar moieties of the zwitterionic polymer and
graphene; in contrast with observations of other systems?>23?3 in which the electronic properties
are attributed to p- or n-type charge doping. We have shown that zwitterionic polymer overlayers
interact non-covalently with graphene and shift its Fermi energy towards the conduction band (an
effect conventionally associated with n-type doping), independently of minor influences from
charge injection. EFM results unambiguously demonstrate a lack of surface charges required for
the observed shift in Fermi level by a purely charge-doping mechanism. This is further supported
by DFT modeling, which shows that the Fermi level shift derives from an induced dipole at
graphene’s surface that depends on the overlayer dipole orientation. By employing both inverted
and normal configurations, we were able to observe directly by KPFM and EFM the strong
metallic-like screening of the pendant dipole, which decreased the apparent charge and surface
potential in inverted measurements. In contrast, in plane screening was relatively weaker, where
KPFM shows >90% of the variation in electric potential occurs within ~ 500 nm laterally of the
bare-polymer interface in the normal sample and ~10x this distance for the inverted sample, which
we attribute to 2D screening effects which depend on the dielectric environment. In both cases,
extended tails persist for several um, a unique look at a 2D p-n homojunction formed using a
zwitterionic polymer. As a new class of hybrid 2D materials, understanding how electronic

properties depend on the orientation of the surface dipoles suggests exciting new possibilities for
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further tuning by control of dipole orientation (i.e., by electric field poling). The combination of
lithographic patterning and localized electronic modification makes the use of zwitterion-based
resists attractive for device fabrication with feature sizes on the order of tens of nanometers.
Overall, our findings are significant for advancing chemical and biological sensing applications of

graphene, where the electrostatic screening is the central parameter for device performance™®.

Supporting Information

Synthetic methods and characterization of the monomers and polymers; fabrication of devices;
details of KPFM and EFM; and further details of DFT calculations.
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Polarization-Driven Asymmetric Electronic Response of Monolayer Graphene to Polymer
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1. Synthesis of Poly(2-Methacryloyloxyethyl phosphorylcholine-co-methyl methacrylate—
co-benzophenone methacrylamide) or P(MPC-MMA-BPMA)

2-Methacryloyloxyethyl phosphorylcholine (MPC, 97%), methyl methacrylate (MMA, 99%), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTA), and 2,2'-azobisisobutyronitrile (AIBN, 98%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Benzophenone methacrylamide (BPMA) was
prepared as in previous report.! 2,2,2-trifluoroethanol (TFE, 99.9%) was obtained from Oakwood
Products, Inc (West Columbia, SC, USA). Before use, MPC was purified using diethyl ether, MMA was
run through a plug of basic alumina to remove the inhibitor, and AIBN was recrystallized from methanol.
Other materials were used as received. The PMPC copolymer was synthesized via RAFT polymerization
with a molar feed ratio of MPC : MMA : BPMA = 50 (1.71 g) : 47 (0.55 g) : 3 (93 mg). The monomers
were mixed in TFE (11.6 mL) in a 50-mL round bottom flask charged with a magnetic stir bar. CTA (10.9
mg) and AIBN initiator (0.6 mg) were then added, and the reaction mixture was purged with N, for 30
minutes. The reaction was allowed to proceed at 80°C for 18 hours. The resulting copolymer was
precipitated into diethyl ether, centrifuged, and dried under vacuum at room temperature for 24 hours.
Dialysis in deionized water was performed for three days to remove unreacted monomers. The final
product was afforded after freeze-drying (Yield: 72%, TFE GPC with PMMA standards: Mn = 19 kDa, b
=1.11).
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Scheme S1. Preparation of P(MPC-MMA-BPMA) by RAFT polymerization.

S-1



"H NMR (500 MHz) spectra of the polymer products were recorded on a Bruker Ascend™ 500
spectrometer equipped with a Prodigy cryoprobe. Size-exclusion chromatography (SEC, using PMMA
calibration standards) was conducted using an eluent mixture of TFE with 0.02 M sodium trifluoroacetate
at 40 °C on an Agilent 1200 system equipped with the following: an isocratic pump operated at 1
mL/min, a degasser, an autosampler, one 50 mm x 8 mm PSS PFG guard column (Polymer Standards
Service), and three 300 mm x 7.5 mm PSS PFG analytical linear M columns with 7 pm particle size
(Polymer Standards Service), and an Agilent 1200 refractive index detector.

Table S1. Summary of characterization data for prepared POIMPC-MMA-BPMA) random copolymer.

Polvmer Feed Ratio | Actual Ratio® | Yield | M," PDI®
y [MPC]:[MMA]:[BPMA] (%) | (kDa)
P(MPC-MMA-BPMA) 50:47:3 | 42:55:3 7 19.8 | 1.11

a) Determined by "H NMR spectroscopy; b) Estimated by SEC relative to PMMA standards, eluting in TFE
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Figure S1. '"H NMR spectrum of POMPC-MMA-BPMA) (TFE-ds, 500 MHz).
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Figure S2. 3'P NMR spectrum of P(IMPC-MMA-BPMA) (TFE-d3, 500 MHz).
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Figure S3. SEC trace of P(IMPC-MMA-BPMA) eluting in TFE. M, and D were estimated using PMMA
standards.

2. Preparation of E-beam patterned PMPC @ Graphene

Graphene was synthesized by chemical vapor deposition (CVD) method with some adaptations as
described by others.? Following transfer onto a Si/SiO, substrate (300 nm oxide, Siltronix), a solution of
10 mg/mL of PMPC in 2,2.2-trifluoroethanol (TFE) was spin-cast (500 rpm/5 s, 4000 rpm/45 s). The
sample was then patterned by e-beam lithography (EBL), with a dosage of 350;‘762 and subsequently

developed with methyl isobutyl ketone/isopropanol solution (MIBK/IPA 1:3, Micro Chem) for 2 minutes
to remove unexposed regions. The sample was then soaked in IPA (CMOS grade, J.T.Baker) for 30 sec
and dried with nitrogen flow.
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3a. Preparation of normal orientation sample

Following the steps outlined in 2, gold contacts were deposited by electron-beam evaporation through a
mask. The sample and substrate were adhered to a Ni/Fe AFM sample disk with a 2-sided copper tape,
and the contacts were wire-bonded to the sample disk with 6-8 microscopic wire leads.

3b. Inversion of patterned graphene and contact formation

Following the steps outlined 2, a layer of polycarbonate was cast over the sample and baked in 150°C on
a hot plate for 2 minutes. Next, the oxide layer of the underlying Si/SiO, substrate was etched away by
buffered oxide etch (BOE 6:1, J.T.Bakers), leaving a free-standing graphene/PMPC/polycarbonate
membrane floating at the solution’s surface while the oxide-free silicon substrate had sunk to the bottom.
The floating membrane of graphene/PMPC was then collected and thoroughly washed with DI water and
blow-dried with N». The free-floating membrane was then inverted onto a fresh Si/SiO; substrate.

Electrical gold contacts were evaporated onto the sides of the graphene sample through a mask and
sample mounting was then carried out in an analogous fashion to 3a.

PMPC PMPC Casting
patterning p polymer polycarbonate ¢

a = : | ==

£y

Si0, etching ﬂ
with HF

Gold Graphene Flipping on a
Deposition e side on top new chip

Graphene side
on the bottom

Figure S4. Schematic illustration of the flipping process for accurate measurement of the material work
function by KPFM. a) Graphene was transferred on a Si/SiO, chip. b) PMPC polymer was patterned on top of
the graphene. c) Polycarbonate layer was spin-casted on the graphene. d) The oxide layer of the Si/SiO; chip
was etched by HF. e) The polycarbonate-PMPC-Graphene membrane was flipped on a new chip so that the
graphene side was on top. f) A gold electrode was deposited on top on the graphene for grounding purposes.

3c. Preparation of PMPC-covered Devices for transport measurements

CVD-grown graphene was transferred to a Si/SiO, substrate with 300 nm of oxide layer, as in 2.
Graphene was shaped by spin-casting AZ nlof negative resist (Merck), patterned with EBL, developed
with AZ 726 developer (Merck), and then treated with oxygen plasma (20 sccm) for 30s to remove
unwanted graphene. The AZ resist was then removed by soaking in dimethyl sulfoxide (DMSO, Merck)
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at 80°C for 1h. Contacts were formed by first spin-casting PMMA, patterning with EBL and developing
with MIBK. Contacts were then deposited by electron-beam deposition of 3 nm Cr and 70 nm Au, and
finally liftoff was performed in acetone with stirring at 250 rpm. The PMPC solution was spin-cast,
patterned and developed on the chip as described in section 2. The chip was then mounted on a chip
carrier and wire-bonded to it.

4. KPFM of Normal and Inverted patterned PMPC/graphene with contacts

Samples were analyzed using a Dimension Bioscope AFM with a Nanoscope Illa controller, using 2-pass
lift mode AM-KPFM, and with vibration isolation via a Minus K BM-8 platform placed within a Herzan
The Crypt acoustic enclosure. AppNano ANSCM-PT probes were used for all measurements, which
consist of an ~225 mm long Si cantilever that has been coated with Ptlr, resulting in tips with ~30nm
radius and a resonant frequency of ~75 kHz. Measurements were performed with scan sizes of between
10 and 100 mm, at speeds between 0.4 and 1.5 Hz, and with a lift height of 30 nm. Analysis of
topography images was performed in Gwyddion, by performing row alignment and plane subtraction, and
analysis of SPC images by row alignment only or no processing.

Inverted, Topograph
a) pograpny c)
B 4.86+
3 4.84-
4.82
b) Inverted, Work Function — Bare
4.80 —— Polymer
W . TR, 4.84 Underlayer
: "f'-'-.' - -""A.TL" 4:82 % 4.78- eV
o — 4.80
AD =-10.5 meV

Figure S5. (a) Topography and (b) work function maps of the inverted
PMPC@graphene sample, scale bars indicate 5 um. (c¢) Work function distributions
graphene with and without a zwitterionic polymer underlayer. Here graphene is facing
the KPFM probe, and PMPC is underneath.

To demonstrate the observed surface potentials in previous measurements were due to an electronic
interaction between PMPC and graphene, KPFM was performed on PMPC drop cast onto a cleaned ITO
slide. The curved edge of the dried droplet was located, which shows small PMPC features. The bare
portion of the ITO was used for in situ work function calibration (® = 4.78 eV). The effect of PMPC was
determined to be very small, -12 meV.
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Figure S6. Control KPFM measurement of PMPC drop cast on ITO. Topography and calibrated work
function maps (upper left and right, respectively). Line profiles (below left), and work function distributions
(below right).

5. EFM of patterned PMPC/graphene with contacts

The same Dimension Bioscope and ANSCM-PT probes were used for EFM measurements. 2-pass EFM
was performed using a 30 nm lift height, with a bias varied between -8V and +8V applied to the probe
and with a grounded sample. The collection of phase shift images recorded for each sample were
processed in Mathematica, fitting a quadratic function of voltage at each spatial location in the images.
The conventional model?® of tip response to electric field gradients in the z direction is expressed as:

pp—_Q4F__Q(3a, *_ (Vup Vo)
¢ k dz g \z# e — 1 z2

The linear term incorporating the voltage encodes information on density of free charges, and the

quadratic term relates phase-shift to the polarizability of the sample (at the tip resonance frequency). A

representative fit from a point in the PMPC-coated region of the normal orientation is shown in Figure

S7.

Phase Shift (degrees)

d DC bias (V)

-80

Figure S7. EFM Phase shift vs. DC bias taken from the normal orientations sample, with a
quadratic fit and bands indicating 95% confidence interval.



6. Statistical Comparison of EFM Results

Calculation of the two-portion z-statistic* indicates that the change in polarizability was highly significant
in both samples at the 99% confidence level, from values of 5.41 and 6.67 for normal and inverted
samples, respectively. However only in the normal orientation sample was there a significant change in

surface charge as judged by the same two-portion z-statistic, 29.8 for the normal sample but only 0.73 for
the inverted sample.

7. Computational Methods for PMPC/graphene

The Vienna Ab Initio Simulation Package (VASP) was used to perform non-spin-polarized planewave
DFT calculations.>® The projector-augmented wave (PAW) method”® was used to describe the core and
valence electrons, and the generalized-gradient approximation in the Perdew-Burke-Ernzerhof (PBE)
form® was used to describe electron exchange and correlation. Dispersion interactions were taken into
account by applying Grimme’s PBE-D3 corrections.!® The kinetic energy cutoff was set to 400 ¢V and the
Gaussian smearing of 0.05 eV was used for Brillouin-zone integrations. Atomic positions were optimized
using the conjugate-gradient method with a force tolerance of 0.02 eV/A. The graphene sheet was
modelled as a 6x6 supercell with a single adsorbed zwitterionic moiety leading to a nominal surface
coverage of 5.299 x 10" cm™. To avoid spurious interactions between periodic images, at least 15 A of
vacuum was inserted normal to the graphene sheet. Dipole corrections were applied in all calculations
along the direction normal to the graphene sheet.''? The Brillouin zones were sampled with a I-centered
k-point mesh; a 3x3x1 mesh was used for relaxation calculations followed by electronic structure
calculations using a dense 13x13x1 mesh. The density of states were calculated using the tetrahedron
smearing method with Blochl corrections' and the smearing width of 0.1 V.
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Figure S8. (a)-(d) Various orientations of the dipolar pendant moiety on graphene: arrows indicate the
direction of the dipole moment (i) with magnitudes (in Debyes) as indicated; AE is the relative energy of
each of these structures with respect to lowest energy structure in (c). (e)-(h) Planar-averaged Hartree
potential for each of the configurations shown in the panel immediately above; work function shifts (E)
with respect to bare graphene (¢ = 4.24 eV) for each orientation are indicated. (i)-(1) Total density of
states (DOS) plots corresponding to the respective configurations immediately above in panels (a-d);
DOS in red and blue correspond to graphene with and without the adsorbed moiety, respectively, while
dotted lines indicate the Fermi levels for in each case; all energies are reported with respect to the
vacuum level (Eya,e= 0 ¢eV).



8. PMPC/graphene devices transport results

Transport measurements were performed under vacuum using a Montana Instruments cryostation at room
temperature on three devices with different PMPC coverage. The I-V measurements were measured by
the four-point probe method with a Keysight B2912 source measure unit. Using this method, the sheet
conductance, o, for each device can be extracted. The mobility, i, could then be calculated by:!'

g

#:E

where q the elementary electric is charge, and n is the carrier charge density given by:

n= Cg (Vg - VDirac)
q

Here Cy is the gate capacitance, V is the gate voltage, and Vp ;4 1s the voltage at which the conductance
is at its minimum, indicating the Dirac point.
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