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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 
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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. 

Keywords: Hybrid 2D materials, KPFM, EFM, charge transfer, polarizability, screening, 

graphene, zwitterion, lithography, FET  

 

2D materials, such as graphene and transition metal dichalcogenides (TMDCs), represent an 

emerging platform for next-generation electronics1–3 and sensor technologies,4–7 as well as for 

examination of new physics involving spintronics and valleytronics.8–10  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 gases11 and water.12  Second, the significant differences in properties of 2D 

materials relative to bulk structures, such as electrical transport13 and screening,14 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 functionalization15–20 (covalent surface 
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modification) group and a non-covalent group.21–26  Additional approaches to the electronic 

modification of 2D materials include substitutional doping27–32 and ferroelectric gating.33–35  We 

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.24,26  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,24,26 

here we find phosphorylcholine (PC) -substituted  polymers, of the type typically employed in 

non-fouling coatings,36 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 
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by the surrounding dielectric resulting in a much longer screening length, but are more susceptible 

to variations in dielectric constant of this environment.37–39  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.37–39 

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.14,40  In prior work by others, the connection between screening and polarization 

in graphene has been studied using substrates such as SiO2,38,41,42 metal oxides as gate 

dielectrics38,42 and electrolytic top gates.42  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.43  Recent progress in the preparation of polymer-containing graphene devices 

includes doping by ultrathin polymer layers24,26 and fabrication of free-standing polymer-

supported graphene membranes.44  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,26 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 
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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.14,37   

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 1c).  Unlike previous hybrid 

2D systems which show clear evidence of charge-doping,21–25,45–49 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 method21–23,25,48,49 which 

tracks changes in the Fermi level of a material or interface by measuring a contact potential 
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difference (CPD).50  EFM is sensitive to electric force-gradients,51–53 enabling measurement of 

spatially dependent information about the polarizability and effective surface charge.54  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.21–25,45–49,55  

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,42 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 

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.�
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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 S1of 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 1H NMR spectroscopy (Figure S1). The number-average molecular weight of the 

copolymer used in our experiments was 19.8 kDa and the polydispersity index (Đ) 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 
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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 PtIr-coated Si probe (AppNano ANSCM-PT, f0 ~ 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 VCPD= )probe-)sample, 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.54 

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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(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 

Figure 2. Maps of (a) normal orientation topography and (b) calibrated work function by KPFM, scale bars 
indicate 5 Pm. (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 Pm 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. 
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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,25 

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 Pm (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 Pm 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.37  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.37,56–58  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 
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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 V and 6.7 V 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.39,59–61  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  𝐸𝐹 = ħ𝑣𝐹√𝑛𝐷𝜋, where 𝐸𝐹  is the Fermi level, 𝑣𝐹 is the Fermi velocity, and 𝑛𝐷 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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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 

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 Pm.  Distributions of (e) 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 V and 6.7 V for the normal and inverted 
samples, respectively.  Arrows in e,f indicate the direction and magnitude of changes due to the polymer.   
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computational model, we considered the interaction of PC groups with a freestanding 6×6 

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.24,26  Analogous to the familiar problem of a static dipole near a 

metal surface,62,63 the adsorption of the pendent zwitterion on graphene results in a net dipole 

moment with a perpendicular component μ⊥ = 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 (μ⊥  = 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.  

7R� LQYHVWLJDWH� WKH� LPSOLFDWLRQV�RI� WKH�REVHUYHG�JUDSKHQH�SRODUL]DWLRQ�GXH� WR� WKH�SUHVHQFH�RI�

303&�FRSRO\PHU��JUDSKHQH�)(7�GHYLFHV�ZLWK�WKUHH�GLIIHUHQW�SRO\PHU�FRYHUDJHV��IXOO\�FRYHUHG��

SDUWLDOO\�FRYHUHG��DQG�QR�FRYHUDJH��ZHUH�IDEULFDWHG�DQG�PHDVXUHG��)LJXUH��D�F���$OO�WKUHH�GHYLFHV�

ZHUH�PHDVXUHG�E\�WKH�IRXU�SRLQW�SUREH�PHWKRG�WR�GHWHUPLQH�WKH�LQIOXHQFH�RI�WKH�303&�FRSRO\PHU�

RQ�JUDSKHQH¶V�FDUULHU�GHQVLW\�DQG�PRELOLW\��7KH�FKDUJH�QHXWUDOLW\�SRLQW�RI�WKH�IXOO\�FRYHUHG�GHYLFH�

Figure 4. (a) PC moietiy on monolayer graphene: the tilted adsorption configuration of the pendent group leads 
to both transverse (μ||) and normal (μ⊥) 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 × 10−4 e-/Å3) 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 (Φ) with 
respect to the vacuum potential.  
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ZDV�VKLIWHG�E\�a���9�FRPSDUHG�WR�WKH�XQFRYHUHG�GHYLFH��FRUUHVSRQGLQJ�WR�DQ�LQFUHDVH�LQ�HOHFWURQ�

GHQVLW\�RI�ο݊ ൎ ʹǤ͹͵ ൈ ͳͲଵଶ�H��FP�� LQGXFHG�E\�303&�FRSRO\PHU��7KH� ORFDWLRQ�RI� WKH� FKDUJH�

QHXWUDOLW\�SRLQW�FKDQJHG�IURP�D�SRVLWLYH�JDWH�YROWDJH�LQ�WKH�303&�IUHH�GHYLFH�WR�D�QHJDWLYH�JDWH�

YROWDJH�LQ�WKH�IXOO\�FRYHUHG�GHYLFH��LQGLFDWLQJ�D�FKDQJH�LQ�WKH�PDMRULW\�FDUULHUV�IURP�KROHV��S�W\SH��

WR�HOHFWURQV��Q�W\SH���UHVSHFWLYHO\��LQ�DJUHHPHQW�ZLWK�()0�PHDVXUHPHQWV���7KH�FDUULHU�PRELOLW\�DV�

D�IXQFWLRQ�RI�JDWH�YROWDJH�RI�WKH�WKUHH�GHYLFHV�LV�VKRZQ�LQ�)LJXUH��G��SHDNLQJ�DW�WKH�QHXWUDOLW\�SRLQW�

RI�HDFK�GHYLFH�DQG�UHOD[LQJ�WR�YDOXHV�RI�����������FP��9V��7KHUHIRUH��ZH�LQIHU�WKDW�WKH�HIIHFWV�RI�

303&�FRSRO\PHU�RQ�FDUULHU�PRELOLW\�DUH�OLPLWHG��ZKLOH�WKH�LPSDFW�RQ�WKH�ORFDO�FDUULHU�GHQVLW\�LV�

VLJQLILFDQW��FRUUHVSRQGLQJ�WR�D�ZRUN�IXQFWLRQ�UHGXFWLRQ�RI�!����PH9���7KHVH�YDOXHV�DJUHH�ZHOO�

ZLWK�.3)0�UHVXOWV������PH9����7KH�VLJQLILFDQW�GRSLQJ�GXH�WR�SRO\PHU�FRYHUDJH��FRPELQHG�ZLWK�

VXIILFLHQW� ORFDOL]DWLRQ� RI� FDUULHU� GHQVLW\� UHVXOWHG� LQ� D� S�Q� KRPRMXQFWLRQ� ZLWK� JRRG� PRELOLW\���

)XUWKHU� WXQLQJ�RI�HOHFWURQLF�SURSHUWLHV�WKURXJK�WKH�PRGLILFDWLRQ�RI�GLSROH�RULHQWDWLRQ��YLD�VWHULF�

Figure 5. 2SWLFDO�PLFURJUDSKV�RI�WKH��D��IXOO\�FRYHUHG���E��KDOI�FRYHUHG��DQG��F��EDUH�JUDSKHQH�GHYLFHV��7KH�
VFDOH�EDUV�LQ�D�F�LQGLFDWH����PP����G��0RELOLW\�DV�IXQFWLRQ�RI�JDWH�ELDV�RI�WKH�WKUHH�GHYLFHV��ORZHU�VFDOH��DQG�WKH�
FKDUJH�FDUULHU�GHQVLW\�RI�WKH�EDUH�JUDSKHQH��XSSHU�VFDOH�� 
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effects to manipulation of side chains,26 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 systems22,23,25 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 Pm, 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 performance43. 

Supporting Information 
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1H NMR (500 MHz) spectra of the polymer products were recorded on a Bruker AscendTM 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 × 8 mm PSS PFG guard column (Polymer Standards 
Service), and three 300 mm × 7.5 mm PSS PFG analytical linear M columns with 7 μm particle size 
(Polymer Standards Service), and an Agilent 1200 refractive index detector. 

 

 

 

Figure S1. 1H NMR spectrum of P(MPC-MMA-BPMA) (TFE-d3, 500 MHz).  
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Table S1. Summary of characterization data for prepared P(MPC-MMA-BPMA) random copolymer. 

Polymer Feed Ratio Actual Ratioa Yield 
(%) 

Mn
b 

(kDa) PDIb [MPC]:[MMA]:[BPMA] 
P(MPC-MMA-BPMA) 50:47:3 42:55:3 72 19.8 1.11 

a) Determined by 1H NMR spectroscopy; b) Estimated by SEC relative to PMMA standards, eluting in TFE 
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2. Preparation of E-beam patterned PMPC @ Graphene 

Graphene was synthesized by chemical vapor deposition (CVD) method with some adaptations as 
described by others.2  Following transfer onto a Si/SiO2 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 𝜇𝐶

𝑐𝑚2 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.   

a

a

31P NMR (500 MHz, TFE-d3)

Figure S2. 31P NMR spectrum of P(MPC-MMA-BPMA) (TFE-d3, 500 MHz). 

20 21 22 23 24 25 26 27 28
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P(MPC-MMA-BPMA)
Mn = 19.8 kDa
Đ = 1.11

Figure S3. SEC trace of P(MPC-MMA-BPMA) eluting in TFE. Mn and Đ were estimated using PMMA 
standards. 
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�

�D��3UHSDUDWLRQ�RI�QRUPDO�RULHQWDWLRQ�VDPSOH�

)ROORZLQJ�WKH�VWHSV�RXWOLQHG�LQ����JROG�FRQWDFWV�ZHUH�GHSRVLWHG�E\�HOHFWURQ�EHDP�HYDSRUDWLRQ�WKURXJK�D�
PDVN���7KH�VDPSOH�DQG�VXEVWUDWH�ZHUH�DGKHUHG�WR�D�1L�)H�$)0�VDPSOH�GLVN�ZLWK�D���VLGHG�FRSSHU�WDSH��
DQG�WKH�FRQWDFWV�ZHUH�ZLUH�ERQGHG�WR�WKH�VDPSOH�GLVN�ZLWK�����PLFURVFRSLF�ZLUH�OHDGV���

�

�E��,QYHUVLRQ�RI�SDWWHUQHG�JUDSKHQH�DQG�FRQWDFW�IRUPDWLRQ�

)ROORZLQJ�WKH�VWHSV�RXWOLQHG����D�OD\HU�RI�SRO\FDUERQDWH�ZDV�FDVW�RYHU�WKH�VDPSOH�DQG�EDNHG�LQ�ͳͷͲι��RQ�
D�KRW�SODWH�IRU���PLQXWHV���1H[W��WKH�R[LGH�OD\HU�RI�WKH�XQGHUO\LQJ�6L�6L2��VXEVWUDWH�ZDV�HWFKHG�DZD\�E\�
EXIIHUHG� R[LGH� HWFK� �%2(� ����� -�7�%DNHUV��� OHDYLQJ� D� IUHH�VWDQGLQJ� JUDSKHQH�303&�SRO\FDUERQDWH�
PHPEUDQH�IORDWLQJ�DW�WKH�VROXWLRQ¶V�VXUIDFH�ZKLOH�WKH�R[LGH�IUHH�VLOLFRQ�VXEVWUDWH�KDG�VXQN�WR�WKH�ERWWRP��
7KH�IORDWLQJ�PHPEUDQH�RI�JUDSKHQH�303&�ZDV�WKHQ�FROOHFWHG�DQG�WKRURXJKO\�ZDVKHG�ZLWK�',�ZDWHU�DQG�
EORZ�GULHG�ZLWK�1����7KH�IUHH�IORDWLQJ�PHPEUDQH�ZDV�WKHQ�LQYHUWHG�RQWR�D�IUHVK�6L�6L2��VXEVWUDWH��

(OHFWULFDO� JROG� FRQWDFWV� ZHUH� HYDSRUDWHG� RQWR� WKH� VLGHV� RI� WKH� JUDSKHQH� VDPSOH� WKURXJK� D� PDVN� DQG�
VDPSOH�PRXQWLQJ�ZDV�WKHQ�FDUULHG�RXW�LQ�DQ�DQDORJRXV�IDVKLRQ�WR��D���

�

�F��3UHSDUDWLRQ�RI�303&�FRYHUHG�'HYLFHV�IRU�WUDQVSRUW�PHDVXUHPHQWV�

&9'�JURZQ� JUDSKHQH� ZDV� WUDQVIHUUHG� WR� D� 6L�6L2�� VXEVWUDWH� ZLWK� ���� QP� RI� R[LGH� OD\HU�� DV� LQ� ���
*UDSKHQH�ZDV�VKDSHG�E\� VSLQ�FDVWLQJ�$=�QORI�QHJDWLYH� UHVLVW� �0HUFN���SDWWHUQHG�ZLWK�(%/��GHYHORSHG�
ZLWK� $=� ���� GHYHORSHU� �0HUFN��� DQG� WKHQ� WUHDWHG� ZLWK� R[\JHQ� SODVPD� ���� VFFP�� IRU� ��V� WR� UHPRYH�
XQZDQWHG�JUDSKHQH��7KH�$=�UHVLVW�ZDV�WKHQ�UHPRYHG�E\�VRDNLQJ�LQ�GLPHWK\O�VXOIR[LGH��'062��0HUFN��

)LJXUH� 6��� 6FKHPDWLF� LOOXVWUDWLRQ� RI� WKH� IOLSSLQJ� SURFHVV� IRU� DFFXUDWH� PHDVXUHPHQW� RI� WKH� PDWHULDO� ZRUN�
IXQFWLRQ�E\�.3)0��D��*UDSKHQH�ZDV�WUDQVIHUUHG�RQ�D�6L�6L2��FKLS��E��303&�SRO\PHU�ZDV�SDWWHUQHG�RQ�WRS�RI�
WKH�JUDSKHQH��F��3RO\FDUERQDWH�OD\HU�ZDV�VSLQ�FDVWHG�RQ�WKH�JUDSKHQH��G��7KH�R[LGH�OD\HU�RI�WKH�6L�6L2��FKLS�
ZDV�HWFKHG�E\�+)��H��7KH�SRO\FDUERQDWH�303&�*UDSKHQH�PHPEUDQH�ZDV�IOLSSHG�RQ�D�QHZ�FKLS�VR� WKDW� WKH�
JUDSKHQH�VLGH�ZDV�RQ�WRS��I��$�JROG�HOHFWURGH�ZDV�GHSRVLWHG�RQ�WRS�RQ�WKH�JUDSKHQH�IRU�JURXQGLQJ�SXUSRVHV��
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DW����&�IRU��K��&RQWDFWV�ZHUH�IRUPHG�E\�ILUVW�VSLQ�FDVWLQJ�300$��SDWWHUQLQJ�ZLWK�(%/�DQG�GHYHORSLQJ�
ZLWK�0,%.��&RQWDFWV�ZHUH�WKHQ�GHSRVLWHG�E\�HOHFWURQ�EHDP�GHSRVLWLRQ�RI���QP�&U�DQG����QP�$X��DQG�
ILQDOO\� OLIWRII� ZDV� SHUIRUPHG� LQ� DFHWRQH� ZLWK� VWLUULQJ� DW� ���� USP�� 7KH� 303&� VROXWLRQ� ZDV� VSLQ�FDVW��
SDWWHUQHG�DQG�GHYHORSHG�RQ� WKH�FKLS�DV�GHVFULEHG� LQ� VHFWLRQ���� �7KH�FKLS�ZDV� WKHQ�PRXQWHG�RQ�D�FKLS�
FDUULHU�DQG�ZLUH�ERQGHG�WR�LW��

�

���.3)0�RI�1RUPDO�DQG�,QYHUWHG�SDWWHUQHG�303&�JUDSKHQH�ZLWK�FRQWDFWV�

6DPSOHV�ZHUH�DQDO\]HG�XVLQJ�D�'LPHQVLRQ�%LRVFRSH�$)0�ZLWK�D�1DQRVFRSH�,,,D�FRQWUROOHU��XVLQJ���SDVV�
OLIW�PRGH�$0�.3)0��DQG�ZLWK�YLEUDWLRQ�LVRODWLRQ�YLD�D�0LQXV�.�%0���SODWIRUP�SODFHG�ZLWKLQ�D�+HU]DQ�
7KH� &U\SW� DFRXVWLF� HQFORVXUH�� $SS1DQR� $16&0�37� SUREHV� ZHUH� XVHG� IRU� DOO� PHDVXUHPHQWV�� ZKLFK�
FRQVLVW�RI� DQ�a����PP� ORQJ�6L� FDQWLOHYHU� WKDW�KDV�EHHQ�FRDWHG�ZLWK�3W,U�� UHVXOWLQJ� LQ� WLSV�ZLWK�a��QP�
UDGLXV�DQG�D�UHVRQDQW�IUHTXHQF\�RI�a���N+]���0HDVXUHPHQWV�ZHUH�SHUIRUPHG�ZLWK�VFDQ�VL]HV�RI�EHWZHHQ�
��� DQG� ���� PP�� DW� VSHHGV� EHWZHHQ� ���� DQG� ���� +]�� DQG� ZLWK� D� OLIW� KHLJKW� RI� ��� QP�� � $QDO\VLV� RI�
WRSRJUDSK\�LPDJHV�ZDV�SHUIRUPHG�LQ�*Z\GGLRQ��E\�SHUIRUPLQJ�URZ�DOLJQPHQW�DQG�SODQH�VXEWUDFWLRQ��DQG�
DQDO\VLV�RI�63&�LPDJHV�E\�URZ�DOLJQPHQW�RQO\�RU�QR�SURFHVVLQJ��

7R� GHPRQVWUDWH� WKH� REVHUYHG� VXUIDFH� SRWHQWLDOV� LQ� SUHYLRXV� PHDVXUHPHQWV� ZHUH� GXH� WR� DQ� HOHFWURQLF�
LQWHUDFWLRQ�EHWZHHQ�303&�DQG�JUDSKHQH��.3)0�ZDV�SHUIRUPHG�RQ�303&�GURS�FDVW�RQWR�D�FOHDQHG�,72�
VOLGH�� �7KH�FXUYHG�HGJH�RI� WKH�GULHG�GURSOHW�ZDV�ORFDWHG��ZKLFK�VKRZV�VPDOO�303&�IHDWXUHV�� �7KH�EDUH�
SRUWLRQ�RI�WKH�,72�ZDV�XVHG�IRU�LQ�VLWX�ZRUN�IXQFWLRQ�FDOLEUDWLRQ��)  ������H9����7KH�HIIHFW�RI�303&�ZDV�
GHWHUPLQHG�WR�EH�YHU\�VPDOO������PH9��

)LJXUH� 6��� �D�� 7RSRJUDSK\� DQG� �E�� ZRUN� IXQFWLRQ� PDSV� RI� WKH� LQYHUWHG�
303&#JUDSKHQH�VDPSOH��VFDOH�EDUV� LQGLFDWH���PP�� � �F��:RUN�IXQFWLRQ�GLVWULEXWLRQV�
JUDSKHQH�ZLWK�DQG�ZLWKRXW�D�]ZLWWHULRQLF�SRO\PHU�XQGHUOD\HU���+HUH�JUDSKHQH�LV�IDFLQJ�
WKH�.3)0�SUREH��DQG�303&�LV�XQGHUQHDWK���
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���()0�RI�SDWWHUQHG�303&�JUDSKHQH�ZLWK�FRQWDFWV�

7KH�VDPH�'LPHQVLRQ�%LRVFRSH�DQG�$16&0�37�SUREHV�ZHUH�XVHG�IRU�()0�PHDVXUHPHQWV�����SDVV�()0�
ZDV�SHUIRUPHG�XVLQJ�D����QP�OLIW�KHLJKW��ZLWK�D�ELDV�YDULHG�EHWZHHQ� ��9�DQG���9�DSSOLHG�WR�WKH�SUREH�
DQG� ZLWK� D� JURXQGHG� VDPSOH�� � 7KH� FROOHFWLRQ� RI� SKDVH� VKLIW� LPDJHV� UHFRUGHG� IRU� HDFK� VDPSOH� ZHUH�
SURFHVVHG�LQ�0DWKHPDWLFD��ILWWLQJ�D�TXDGUDWLF�IXQFWLRQ�RI�YROWDJH�DW�HDFK�VSDWLDO� ORFDWLRQ�LQ�WKH�LPDJHV���
7KH�FRQYHQWLRQDO�PRGHO��RI�WLS�UHVSRQVH�WR�HOHFWULF�ILHOG�JUDGLHQWV�LQ�WKH�]�GLUHFWLRQ�LV�H[SUHVVHG�DV��

ο߮ ൌ െ
ܳ
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ܨ݀
ݖ݀ ൌ െ

ܳ
݇ ቆ

ߙ͵
ସݖ ௧ܸ௜௣

ଶ
െ ݍ

൫ ௧ܸ௜௣ െ ଴ܸ൯
ଶݖ ቇ�

7KH� OLQHDU� WHUP� LQFRUSRUDWLQJ� WKH� YROWDJH� HQFRGHV� LQIRUPDWLRQ� RQ� GHQVLW\� RI� IUHH� FKDUJHV�� DQG� WKH�
TXDGUDWLF�WHUP�UHODWHV�SKDVH�VKLIW�WR�WKH�SRODUL]DELOLW\�RI�WKH�VDPSOH��DW�WKH�WLS�UHVRQDQFH�IUHTXHQF\����$�
UHSUHVHQWDWLYH�ILW�IURP�D�SRLQW� LQ�WKH�303&�FRDWHG�UHJLRQ�RI� WKH�QRUPDO�RULHQWDWLRQ�LV�VKRZQ�LQ�)LJXUH�
6���

)LJXUH� 6��� &RQWURO� .3)0� PHDVXUHPHQW� RI� 303&� GURS� FDVW� RQ� ,72�� � 7RSRJUDSK\� DQG� FDOLEUDWHG� ZRUN�
IXQFWLRQ�PDSV��XSSHU�OHIW�DQG�ULJKW��UHVSHFWLYHO\����/LQH�SURILOHV��EHORZ�OHIW���DQG�ZRUN�IXQFWLRQ�GLVWULEXWLRQV�
�EHORZ�ULJKW���

)LJXUH� 6��� ()0� 3KDVH� VKLIW� YV�� '&� ELDV� WDNHQ� IURP� WKH� QRUPDO� RULHQWDWLRQV� VDPSOH�� ZLWK� D�
TXDGUDWLF�ILW�DQG�EDQGV�LQGLFDWLQJ�����FRQILGHQFH�LQWHUYDO��



S-7 
 

�

���6WDWLVWLFDO�&RPSDULVRQ�RI�()0�5HVXOWV�

&DOFXODWLRQ�RI�WKH�WZR�SRUWLRQ�]�VWDWLVWLF��LQGLFDWHV�WKDW�WKH�FKDQJH�LQ�SRODUL]DELOLW\�ZDV�KLJKO\�VLJQLILFDQW�
LQ� ERWK� VDPSOHV� DW� WKH� ���� FRQILGHQFH� OHYHO�� IURP� YDOXHV� RI� ����� DQG� ����� IRU� QRUPDO� DQG� LQYHUWHG�
VDPSOHV��UHVSHFWLYHO\���+RZHYHU�RQO\�LQ�WKH�QRUPDO�RULHQWDWLRQ�VDPSOH�ZDV�WKHUH�D�VLJQLILFDQW�FKDQJH�LQ�
VXUIDFH�FKDUJH�DV�MXGJHG�E\�WKH�VDPH�WZR�SRUWLRQ�]�VWDWLVWLF�������IRU�WKH�QRUPDO�VDPSOH�EXW�RQO\������IRU�
WKH�LQYHUWHG�VDPSOH����

�

���&RPSXWDWLRQDO�0HWKRGV�IRU�303&�JUDSKHQH�

7KH�9LHQQD�$E� ,QLWLR� 6LPXODWLRQ�3DFNDJH� �9$63��ZDV� XVHG� WR� SHUIRUP�QRQ�VSLQ�SRODUL]HG� SODQHZDYH�
')7�FDOFXODWLRQV�����7KH�SURMHFWRU�DXJPHQWHG�ZDYH��3$:��PHWKRG����ZDV�XVHG�WR�GHVFULEH�WKH�FRUH�DQG�
YDOHQFH� HOHFWURQV�� DQG� WKH� JHQHUDOL]HG�JUDGLHQW� DSSUR[LPDWLRQ� LQ� WKH� 3HUGHZ�%XUNH�(UQ]HUKRI� �3%(��
IRUP��ZDV� XVHG� WR� GHVFULEH�HOHFWURQ� H[FKDQJH� DQG�FRUUHODWLRQ��'LVSHUVLRQ� LQWHUDFWLRQV�ZHUH� WDNHQ� LQWR�
DFFRXQW�E\�DSSO\LQJ�*ULPPH¶V�3%(�'��FRUUHFWLRQV����7KH�NLQHWLF�HQHUJ\�FXWRII�ZDV�VHW�WR�����H9�DQG�WKH�
*DXVVLDQ�VPHDULQJ�RI������H9�ZDV�XVHG�IRU�%ULOORXLQ�]RQH�LQWHJUDWLRQV��$WRPLF�SRVLWLRQV�ZHUH�RSWLPL]HG�
XVLQJ� WKH� FRQMXJDWH�JUDGLHQW� PHWKRG� ZLWK� D� IRUFH� WROHUDQFH� RI� ����� H9�c�� 7KH� JUDSKHQH� VKHHW� ZDV�
PRGHOOHG� DV� D� �î�� VXSHUFHOO� ZLWK� D� VLQJOH� DGVRUEHG� ]ZLWWHULRQLF�PRLHW\� OHDGLQJ� WR� D� QRPLQDO� VXUIDFH�
FRYHUDJH�RI�������î������FP����7R�DYRLG�VSXULRXV�LQWHUDFWLRQV�EHWZHHQ�SHULRGLF�LPDJHV��DW�OHDVW����c�RI�
YDFXXP�ZDV� LQVHUWHG� QRUPDO� WR� WKH� JUDSKHQH� VKHHW��'LSROH� FRUUHFWLRQV�ZHUH� DSSOLHG� LQ� DOO� FDOFXODWLRQV�
DORQJ�WKH�GLUHFWLRQ�QRUPDO�WR�WKH�JUDSKHQH�VKHHW�������7KH�%ULOORXLQ�]RQHV�ZHUH�VDPSOHG�ZLWK�D�ī�FHQWHUHG�
N�SRLQW� PHVK�� D� �î�î�� PHVK� ZDV� XVHG� IRU� UHOD[DWLRQ� FDOFXODWLRQV� IROORZHG� E\� HOHFWURQLF� VWUXFWXUH�
FDOFXODWLRQV� XVLQJ� D� GHQVH� ��î��î��PHVK�� 7KH� GHQVLW\�RI� VWDWHV�ZHUH� FDOFXODWHG� XVLQJ� WKH� WHWUDKHGURQ�
VPHDULQJ�PHWKRG�ZLWK�%O|FKO�FRUUHFWLRQV���DQG�WKH�VPHDULQJ�ZLGWK�RI�����H9��

)LJXUH�6��� �D���G��9DULRXV�RULHQWDWLRQV�RI� WKH�GLSRODU�SHQGDQW�PRLHW\�RQ�JUDSKHQH��DUURZV� LQGLFDWH� WKH�
GLUHFWLRQ�RI�WKH�GLSROH�PRPHQW��ȝ��ZLWK�PDJQLWXGHV��LQ�'HE\HV��DV�LQGLFDWHG��ǻ(�LV�WKH�UHODWLYH�HQHUJ\�RI�
HDFK�RI� WKHVH� VWUXFWXUHV�ZLWK� UHVSHFW� WR� ORZHVW� HQHUJ\� VWUXFWXUH� LQ� �F��� �H���K��3ODQDU�DYHUDJHG�+DUWUHH�
SRWHQWLDO�IRU�HDFK�RI�WKH�FRQILJXUDWLRQV�VKRZQ�LQ�WKH�SDQHO�LPPHGLDWHO\�DERYH��ZRUN�IXQFWLRQ�VKLIWV�� ʔ��
ZLWK� UHVSHFW� WR� EDUH�JUDSKHQH� �ʔ  ������ H9�� IRU� HDFK�RULHQWDWLRQ� DUH� LQGLFDWHG�� �L���O��7RWDO� GHQVLW\�RI�
VWDWHV� �'26�� SORWV� FRUUHVSRQGLQJ� WR� WKH� UHVSHFWLYH� FRQILJXUDWLRQV� LPPHGLDWHO\� DERYH� LQ� SDQHOV� �D�G���
'26�LQ�UHG�DQG�EOXH�FRUUHVSRQG�WR�JUDSKHQH�ZLWK�DQG�ZLWKRXW�WKH�DGVRUEHG�PRLHW\��UHVSHFWLYHO\��ZKLOH�
GRWWHG� OLQHV� LQGLFDWH� WKH� )HUPL� OHYHOV� IRU� LQ� HDFK� FDVH�� DOO� HQHUJLHV� DUH� UHSRUWHG� ZLWK� UHVSHFW� WR� WKH�
YDFXXP�OHYHO��(YDF  ��H9��
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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, 𝜎, for each device can be extracted. The mobility, 𝜇, could then be calculated by:14  

𝜇 =
𝜎

𝑛𝑞 

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

𝑛 =
𝐶𝑔(𝑉𝑔 − 𝑉𝐷𝑖𝑟𝑎𝑐)

𝑞  

Here 𝐶𝑔 is the gate capacitance, 𝑉𝑔 is the gate voltage, and 𝑉𝐷𝑖𝑟𝑎𝑐 is the voltage at which the conductance 
is at its minimum, indicating the Dirac point.  

  

References 
(1)  Kim, J.; Hanna, J. A.; Byun, M.; Santangelo, C. D.; Hayward, R. C. Designing Responsive 

Buckled Surfaces by Halftone Gel Lithography. Science (80-. ). 2012, 335 (6073), 1201 LP – 
1205.  

(2)  Yu, Q.; Jauregui, L. A.; Wu, W.; Colby, R.; Tian, J.; Su, Z.; Cao, H.; Liu, Z.; Pandey, D.; Wei, D.; 
et al. Control and Characterization of Individual Grains and Grain Boundaries in Graphene Grown 
by Chemical Vapour Deposition. Nat. Mater. 2011, 10 (6), 443–449.  

(3)  Kim, J.; Jasper, W. J.; Hinestroza, J. P. Charge Characterization of an Electrically Charged Fiber 
via Electrostatic Force Microscopy. J. Eng. Fiber. Fabr. 2006, 1 (2), 155892500600100200.  

(4)  Montgomery, D. C.; Runger, G. C. Applied Statistics and Probability for Engineers, 6th ed.; John 
Wiley & Sons, 2014. 

(5)  Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy Calculations for Metals and 
Semiconductors Using a Plane-Wave Basis Set. Comput. Mater. Sci. 1996, 6 (1), 15–50.  

(6)  Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab Initio Total-Energy Calculations 
Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54 (16), 11169–11186.  

(7)  Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B 1994, 50 (24), 17953–17979.  

(8)  Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave 
Method. Phys. Rev. B 1999, 59 (3), 1758–1775.. 

(9)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. 
Rev. Lett. 1996, 77 (18), 3865–3868.. 

(10)  Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio 
Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94 Elements H-Pu. 
J. Chem. Phys. 2010, 132 (15), 154104.. 



S-9 
 

(11)  Makov, G.; Payne, M. C. Periodic Boundary Conditions in Ab Initio Calculations. Phys. Rev. B 
1995, 51 (7), 4014–4022. 

(12)  Neugebauer, J.; Scheffler, M. Adsorbate-Substrate and Adsorbate-Adsorbate Interactions of Na 
and K Adlayers on Al(111). Phys. Rev. B 1992, 46 (24), 16067–16080.. 

(13)  Blöchl, P. E.; Jepsen, O.; Andersen, O. K. Improved Tetrahedron Method for Brillouin-Zone 
Integrations. Phys. Rev. B 1994, 49 (23), 16223–16233.  

(14)  Tan, Y.-W.; Zhang, Y.; Bolotin, K.; Zhao, Y.; Adam, S.; Hwang, E. H.; Das Sarma, S.; Stormer, 
H. L.; Kim, P. Measurement of Scattering Rate and Minimum Conductivity in Graphene. Phys. 
Rev. Lett. 2007, 99 (24), 246803.  

 


