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ABSTRACT 

SCANNING PROBE AND SPECTROSCOPIC INVESTIGATIONS OF 
POLARIZATION-DRIVEN ELECTRONIC INTERACTIONS AT 2D-POLYMER 

INTERFACES 

FEBRUARY 2023 

NICHOLAS T. HIGHT-HUF, B.S., UNIVERSITY OF NEW HAMPSHIRE 

M.S., UNIVERSITY OF CALIFORNIA SANTA BARBARA

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Michael D. Barnes 

My thesis focuses on understanding the changes in electronic properties of two-

dimensional materials produced by surface interactions not limited to charge exchange. 

Recent work from our group demonstrated that both small molecules and polymers can 

function as effective charge dopants for monolayered 2D materials such as MoS2 and 

graphene, changing the Fermi energy by either donating or accepting electron density 

to/from the 2D material.  Additionally, the underlying support material was found to play 

a significant role, where higher dielectric constant supports result in larger magnitude of 

Fermi energy shift of the 2D material because less of the dopant interaction is lost 

polarizing the support.  This work here was motivated by the desire to understand in greater 

detail how electronic properties of 2D materials can be tailored by exploiting different 

types of surface interactions, and how the properties can be characterized in a manner 

which is both specific to the 2D layer, and insightful with respect to the impact of different 

environmental factors.  To this end, two questions were asked: 1) How significant is 

polarization of the 2D layer in determining electronic properties, compared to charge 
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exchange?  2) What is the role of the overlayer and the underlayer (support) in electronic 

properties vs. the determined properties? 

The questions were addressed using two experimental platforms.  In the first, we 

employed a zwitterionic polymer to test the response of graphene to permanent surface 

dipoles.  The interaction was probed using Kelvin probe force microscopy to detect 

changes in the Fermi energy, electrostatic force microscopy to detect changes in surface 

charges and polarizability and was examined from the graphene side and the polymer side 

by employing a unique inverted sample construction along with a normal orientation 

sample.  This allowed us to probe the source of changes in the Fermi energy, disentangling 

dipole effects from those of charge exchange, and to observe the magnitude of electric 

charge screening present in the graphene layer.  In the second platform, we used a polymer 

with perfluorinated linear alkyl side chains to examine the role of fluorine and surface 

dipole formation in the p-doping of MoS2, using a second unfluorinated polymer as a 

control.  In the system, the photoluminescence signatures of three body excited states 

(trions, i.e., charged excitons) were used to unambiguously determine changes in the MoS2 

carrier density which was compared with Kelvin probe force microscopy measurements of 

changes in the Fermi energy.   

Our goal was to elucidate the role dipoles and surface polarization play in the 

electronic properties of 2D materials and provide tools to approach the doping and 

characterization of these materials.  We probed phosphorylcholine containing zwitterionic 

polymer coatings of graphene, and fluorinated polymer coatings of MoS2 using a 

combination of Kelvin probe force microscopy, electrostatic force microscopy, and 

photoluminescence.  Our key findings were that polarization, both due to the presence of 
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surface dipoles or due to dipole formation in response to fluorinated groups, strongly 

influences the Fermi energy and can have a larger impact than the exchange of charge.  We 

found that charge exchange accounted for only about 10% of the 261 meV shift in the 

Fermi energy of graphene due to phosphorylcholine polymers.  Additionally, we found that 

graphene has an astounding electrical ‘opacity’.  When viewing a surface interaction 

through graphene, charge screening within graphene reduces the observed magnitude of 

the interaction by a factor of ~26.  We found that perfluoropolymers are capable of both 

destabilizing trions and shifting the Fermi energy in MoS2, by ~40x more than the 

calculated reduction in charge would predict.  These findings underline the significance of 

surface interactions in driving the electronic properties of 2D materials, particularly those 

involving dipoles, and demonstrate methods of exploiting them to tailor the Fermi energy 

and photoluminescence properties of two prototypical materials in graphene and MoS2.  

Further, the way multiple scanning probe techniques can be incorporated into chemical 

analysis is demonstrated, along with the combination of photoluminescence with scanning 

probe measurements. 
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CHAPTER 1 
 

INTRODUCTION 

1.1 Hybrid Two Dimensional Materials 

Hybrid two dimensional (2D) materials are formed when monolayer (2D) 

substrates, like graphene and transition metal dichalcogenides (TMDCs), are brought into 

contact with organic small molecule or polymer ‘overlayers’, which produces new 

structures with unique electronic properties due to interactions between the two layers.  The 

choice of 2D substrate dictates the general properties, such as semiconducting or semi-

metallic, and the overlayer choice affects key properties such as the Fermi energy (the 

energy available for electrons to do chemical work) and carrier density.  Combinations can 

be selected for different applications such as photodetectors, sensors, and transistors, with 

optimal performance.  Previous research by others has demonstrated how charge exchange 

with an overlayer can be used to modify the carrier density in 2D layers,1–7 affecting other 

properties of interest, but still much is not well understood about the other types of surface 

interactions which should strongly affect the optoelectronic properties, such as dipole and 

polarization effects.  To disentangle the contributions of different effects at the interface, 

not only from the overlayer but also from the underlying support, requires additional 

attention.8,9  

2D materials are a growing class of materials characterized by atomic scale 

thickness in one of their three spatial dimensions.  The dominant character of such 2D 

hybrid materials, is driven by the 2D substrate.  These materials grow in layers that are 

chemically bonded in one plane, but adjacent planes adhere to one another via van der 

Waals forces only.  Monolayer graphene and TMDCs are two of the most researched due 
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to both availability and a number of exceptional properties that vary compared to their bulk 

(3D) varieties.  For instance, carrier mobility in an isolated layer is improved due to the 

restriction of movement to a single plane (rather than a volume) and by the removal of out-

of-plane scattering by vibrational modes.10  The tradeoff is an extreme surface sensitivity 

to charge and electric fields.3,11  In 3D systems, free carriers can travel unaffected through 

the bulk of the material (i.e., far away from the surface), where external charges from ions 

or from electric fields are efficiently screened by the outer layers of the material.12  This 

buffers the internal volume, decreasing the sensitivity to variations in the environment, 

leaving a homogenous medium for electron-electron (and electron-hole) interactions.  In 

the case of a 2D material, electric field interaction is high without a buffering layer, and 

any source of electric fields (including surface charges) leads to shifting of the energy and 

local electron density in response to these fields.13  This effect can be described by the 

surface area to volume ratio of these materials, which is maximal in 2D structures within 

the class of extended molecular solids.  Although it is possible to construct field effect 

transistors (FET) from 2D materials, the surface sensitivity is also beneficial for sensing 

applications, for low levels of gases,13 and picomolar concentrations of analytes in complex 

biological systems.14  The sensitivity to light is also increased compared to the bulk,15,16 

with a specific absorbance high enough for use as photodetectors. 

In order to perform well in devices, 2D materials require some modification to their 

properties.  For instance, graphene has naturally high carrier mobility, but very few carriers 

available to perform tasks such as sensing, and MoS2 is slightly n-type (meaning the Fermi 

energy is slightly higher and closer to the conduction band), but various applications 

require more strongly n-type for performance or even p-type to make p-n junctions.  In 3D 
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(bulk) materials, such doping is accomplished by atom substation or ion implantation, both 

of which have been found to disrupt the lattice when applied to 2D materials.17   

The focus of other research groups covers a variety of applications and approaches.  

Research into MoS2 includes examining transport behavior of AlOx top layers as n-dopants 

to increase the current density of ultrathin transistors by the group of Pop.18 The group of 

Wang followed the chemical vapor deposition Nb p-doping using transport measurements, 

x-ray photoelectron spectroscopy, photoluminescence, and Raman spectroscopy, finding 

substantial shifts in the charge neutrality point and in spectral signatures.19  The group of 

Nah envisions a place for MoS2 in the application of triboelectric power generation by 

combining ferroelectric polymers with MoS2, which were characterized by kelvin probe 

force microscopy, ferroelectric and triboelectric characterization using specialized 

instrumentation.20  Meanwhile, research on graphene includes the covalent modification 

by the grafting of a variety of aromatic ring substituents to surface sites and observing 

changes by x-ray photoelectron spectroscopy, Raman, and transport measurements.21  The 

group of Zhang has demonstrated that although nitrogen substitution of graphene limit its 

use as a conductor, it becomes a highly efficient microwave absorber which they 

characterized through dielectric loss spectroscopy.22 

1.2 Non-Covalent Electronic Modification 

Here, we take a non-covalent surface doping approach to electronic modification, 

in which we apply an organic overlayer consisting of a polymer with side chains 

specifically chosen to elicit electronic changes in the 2D layer by one of several 

mechanisms.  Previous work has used this approach for the n-type doping of graphene,1,7,23 

and both n- and p- type doping in MoS2,3–7 all through the exchange of charge with the 



 

 4 

organic overlayer.   In one investigation involving polymeric tetrathiafulvalene (TTF) 

coatings of monolayer MoS2, Kelvin probe force microscopy (KPFM) was used to probe 

electronic interactions with monolayer MoS2, finding significant n-type doping via charge 

injection into the MoS2.4  Density functional theory (DFT) calculations correctly predicted 

the sign of the doping, but overestimated the magnitude by a factor of ~6.  Later work with 

small molecules and multiple support substrates helped illuminate the reason for the 

differences between experiments and theory.6  Because calculations scale as the number of 

atoms cubed, the interactions were modeled between a TTF monomer and MoS2 in a 

vacuum (i.e., without a supporting substrate).  The KPFM technique used to experimentally 

determine changes in the MoS2 work function, measures the electric forces between the 

cantilever and a ground plane, which in this experiment is below the support substrate as 

is typical, and so necessarily includes contributions from this support.  This follow-up work 

found a substantial difference between the KPFM measured change in work function on 

SiO2 and sapphire, of 0.27 eV and 1.24 eV, respectively.  In this case the increased 

dielectric constant of the sapphire substrate compared to SiO2 (11.9 vs 3.9, respectively), 

is manifest as an increased work function shift due to the proportionally smaller 

polarization of the dielectric support in response to the intermolecular dipoles created by 

charge exchange between the overlayer and the underlayer.  In the limiting case of a 

monolayer in a vacuum, there is no support to polarize and the interaction between the TTF 

and MoS2 is unscreened.  This illustrates the importance of the environment, which 

includes not just the overlayer but also the underlying support, both by affecting doping 

but also by affecting the measurement geometry in KPFM measurements. 
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1.3 Scientific Approach 

In this thesis, I describe our approach to these two questions by examining the 

fundamental interactions at the surface of two prominent monolayer materials, graphene 

and MoS2, to discern which interactions can be leveraged to control optoelectronic 

properties such as Fermi energy, electron-electron screening, and emission characteristics.  

Chiefly examined is the role of charge exchange versus polarization (i.e., a shifting of 

electron density within the monolayer rather than between the monolayer and its 

environment) by molecules at the surface.  These are further broken down into dipole 

interactions, and electronegative surface interactions, both approached experimentally in a 

manner designed to minimize exchange of charge.   

The work in this dissertation relies on two types of scanning probe methods, both 

based on tapping mode AFM, which acquire electronic information about the 2D material.  

The first is Kelvin probe force microscopy (KPFM), which measures electric forces 

between a microscopic cantilever and the sample and can be used to assess changes in the 

Fermi level of the system.24  In the context of work performed here, a 2D material on a 

support substrate can be compared to the same material with a specific coating, and changes 

in the Fermi level can be assessed.  This technique is complemented in the first publication, 

by the use of electrostatic force microscopy (EFM), which is a related scanning probe 

method that instead measures electric force gradients which contain information about the 

surface charge and polarizability of the sample being measured.25  Although more rich in 

information content, EFM relies on multiple passes, and can be time intensive to acquire.  

This information is complementary to the information gathered by KPFM, since the 

measured forces have a contribution from surface charge, it is then possible to gain insight 
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into the mechanisms affecting the change in Fermi energy through the comparison with 

EFM.   

Dipole interactions with 2D substrates were investigated by employing the 

permanent molecular dipoles of zwitterionic molecules.  The dipole, composed of 

positively and negatively charged atomic centers separated by several chemical bond 

lengths, is robust with respect to its strength (a function of absolute charge, and the 

separation between those charges) due to its incorporation in a stable molecule.  To best 

control the stability of the coatings formed, the zwitterions are incorporated into a polymer.  

What we would like to understand is how graphene polarization in response to an external 

dipole affects materials properties such as Fermi energy, screening, and carrier mobility, 

and how dipole orientation might be used to control this interaction.  We found significant 

changes in the Fermi energy of 2D graphene treated with the dipole containing polymer, 

with minimal charge transfer.  This shift in energy level is described by an electric field 

effect, independent of changes in surface charge.  Because work determining the impact of 

polarization on properties such as screening and carrier transport is lacking, we felt it 

imperative to include device transport measurements which showed no degradation in 

carrier mobility, which confirms we are not creating localized defects that would impair 

carrier transport.  This is an important illustration of how the balance of forces in 2D 

materials differs from that of 3D materials and underscores the importance of 

characterization by multiple complimentary techniques.   

To understand the short-range electrostatic influence of strongly electronegative 

molecules at the surface of 2D materials, we examined 2D MoS2 coated with a fluorinated 

polymer.  Fluorinated groups are found in a variety of p-type charge dopants,3,26–29 but the 
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fluorination in these cases serves to enhance electron withdrawing character of atomic 

centers like sulfur, capable of supporting additional charges.  We instead chose 

perfluorinated linear alkanes, as a way to investigate the impact of fluorine using a 

chemically simple moiety without any clear centers for charge exchange.  These moieties 

were incorporated into a polymer with a methacrylate backbone to improve the application 

and the quality of the coatings.  In monolayer MoS2, a reduction in screening compared to 

bulk material leads to interesting behavior of photogenerated charge carrier dynamics 

visible in the photoluminescence.12,30  The binding energy in three body complexes, known 

as trions, is significant, rendering their signatures visible even at room temperature.3,11,31,32  

Further, their populations depend in a linear fashion on the density of the majority charge 

carriers, which makes them useful for probing changes in carrier density due to extrinsic 

factors.11,32  Because the photoluminescence is not present from typical support substrates, 

and also from overlayers chosen here, it becomes specific to the monolayer and 2D 

characterization.  To understand how charge exchange and dipole effects from 

electronegative groups at the surface of MoS2 impact properties like Fermi level, we paired 

PL spectroscopy with KPFM measurements.  We found very modest changes in carrier 

density, but strong electrostatic effects which shifted the Fermi energy between 40x and 

60x more than would be expected based on the carrier density variations dues to the 

coatings applied to the surface.  We reasoned that the electronegative perfluorinated groups 

shift electron density within the MoS2 layer, forming dipoles at the surface, and these 

dipoles are responsible for shifts in the Fermi energy.  Further, by analysis of the trion and 

exciton emission, we found clues about the screening behavior within the MoS2 layer, 
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which makes this type of PL spectroscopy extremely powerful for characterizing 2D 

TMDCs.  
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CHAPTER 2 
 

EXPERIMENTAL METHODS 

2.1 Kelvin probe force microscopy 

Kelvin probe force microscopy (KPFM) is a scanning probe technique which is a 

variation of atomic force microscopy.  In tapping mode atomic force microscopy, a 

microscopic cantilever is scanned across a sample line by line, to create a height image.  

The AFM system consists of scanner, which contains the electronics necessary to position 

and scan the cantilever and sense its movement.  A stepper motor is used for gross 

positioning, and piezoelectric elements are used to control the scanning movements in the 

x-y plane and height adjustments in the z-axis.  An additional piezoelectric element is used 

to vibrate the cantilever at close to its resonant frequency.  Sensing of the cantilevers 

movements is accomplished by aligning a laser at the top side of the cantilever and 

recording the reflected signal on a four-quadrant photodetector wired to give two signals, 

one which is positive in the upper two quadrants, and negative in the lower two (vertical), 

and a second which is positive in the right two quadrants and negative in the left two 

(horizontal).  Because the cantilever is oscillating, the position of the reflected laser spot 

on the photodetector also oscillates in the vertical direction.  When the photodetector is 

adjusted so this oscillation takes place at 0 in the horizontal with a midpoint at 0 in the 

vertical, we say it is centered, and the cantilever oscillation amplitude is proportional to the 

RMS signal from the vertical channel.  With a constant amplitude excitation from the piezo 

element at close to the resonance frequency of the cantilever, the cantilever’s oscillation 

amplitude will be approximately constant when the cantilever is in free space.  When the 

cantilever is lowered towards the sample surface, when it is in close proximity van der 
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Waals reduce the oscillation amplitude.  In order to acquire an image, a setpoint is chosen 

which corresponds to an amplitude slightly lower than that in free space, the sample area 

is scanned, and a feedback loop applies a voltage to the z-piezo to raise and lower the 

cantilever maintain a constant amplitude.  With proper calibration, the record of the amount 

needed to raise or lower the cantilever at each point corresponds to a height image of the 

area scanned. 

In the work performed here, KPFM it is implemented as a two pass techniques 

where in a first pass topography is acquired after which the cantilever is raised to a 

predetermined height where it is kept while it retraces the topographical features in the first 

past, this time acquiring information about the forces between the cantilever and the 

sample.  In this technique, a metal coated cantilever is used, and during the lifted 2nd pass 

a constant amplitude AC voltage at the resonance frequency w is applied to the piezo and 

cantilever which causes it to oscillate.  A lock-in amplifier keeps track of the cantilever 

oscillation amplitude which is affected by long range electrostatic forces according to: 

𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

1
2

(𝑉𝑉𝑀𝑀𝐸𝐸𝑀𝑀 − 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶)2                                        (2.1) 

where C is the capacitance, z is the vertical coordinate, the modulation voltage is given by 

VMod = VDC+VACsin(ωt), and the contact potential difference is given by VCPD = 

𝛷𝛷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝛷𝛷𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠
𝐸𝐸

, where 𝜱𝜱 is the work function of either the probe or the sample and e, is the 

charge on an electron.  This electrostatic force has a component at the AC waveform 

frequency: 

𝐹𝐹𝜔𝜔 =
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑉𝑉𝐶𝐶𝐶𝐶 − 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶)𝑉𝑉𝐴𝐴𝐶𝐶 sin(𝜔𝜔𝜔𝜔)                                            (2.2) 
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At every point in the scan, the KPFM lock-in amplifier tries to nullify the electrostatic force 

at w by applying a DC bias VDC, which occurs when VDC = -VCPD.  By this method, a map 

of the samples CPD is acquired, which can be calibrated to produce a map of work function.  

To do this, the tip work function is determined by scanning a calibration standard with a 

well-defined work function, in this work freshly cleaved highly oriented pyrolytic graphite 

was used. 

Electronic characterization was performed using a combination of KPFM and EFM 

(Dimension Bioscope, Nanoscope IIIa with Extender module, Nanoscope software version 

3.5).  In KPFM measurements, usinga 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= Φprobe-Φsample, where e is the fundamental charge, and 

Φ 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 the SPC of highly oriented pyrolytic graphite (HOPG), 

and using a value of 4.65 eV for HOPG,33 to calibrate the probe’s work function.  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.  KPFM 

images were used to form distributions by first removing grain boundaries, by generating 
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a mask to exclude those data points.  The work function of the tip was established by 

measuring  

 

2.2 Electrostatic Force Microscopy 

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 2.1), where 

the linear and quadratic terms encode information on surface charge and polarizability, 

respectively.25  The phase shift is given by: 

∆𝜑𝜑 = −
𝑄𝑄
𝑘𝑘
𝑑𝑑𝐹𝐹
𝑑𝑑𝜕𝜕

= −
𝑄𝑄
𝑘𝑘
�

3𝛼𝛼
𝜕𝜕4

𝑉𝑉𝐸𝐸𝐸𝐸𝑡𝑡
2

− 𝑞𝑞
�𝑉𝑉𝐸𝐸𝐸𝐸𝑡𝑡 − 𝑉𝑉0�

𝜕𝜕2
�                         (2.3) 

where Q is the cantilever Q factor, k is the cantilever spring constant, α is the molecular 

polarizability, q is surface charge, V are for the potential, and z is a distance between 

sample and tip.  A representative fit from a point in the PMPC-coated region of the normal 

orientation is shown in Figure 2.1. 

Figure 2.1: EFM Phase shift vs. DC bias taken from the normal orientations sample, 
with a quadratic fit and bands indicating 95% confidence interval. 

 



 

 13 

 

2.3 Photoluminescence Spectroscopy 

2.3.1 Description and Setup 

Photoluminescence (PL) spectroscopy is the measurement of electronic transitions 

starting with an excitation provided by light with an energy larger than that of the transition 

and followed by the observation of the emission of light.  The emission contains 

information about how the environment affects the electronic properties which is evident 

in the number, energy, and appearance of the observed transitions. 

PL spectra were collected using an inverted microscope (Nikon TE 2000) in an epi-

illumination configuration.  Excitation from a 488-nm argon ion laser (National Laser 

H800NAL) was directed through an objective (Zeiss Plan NeoFluar 20x, 0.5 NA) via a 

dichroic mirror (Semrock Di02-R488), resulting in a power density of ~150 mW/cm2 at 

the sample plane. Sample fluorescence was collected back through the objective and 

filtered by the same dichroic element followed by a long pass filter (Semrock Edge Basic 

488) and was analyzed by a spectrometer with a 300 groove/mm diffraction grating 

(Princeton Instruments SP2300, and Pixis 100). A blank Au/Ti/SiO2/Si substrate was 

measured with the same settings and used to background subtract acquired spectra images. 

Ambient temperature during the measurements was 22 +/–2 ºC, regulated at the room level 

and with no additional control. 
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2.3.2 Data Fitting 

Data fitting was performed in Mathematica by employing NonlinearModelFit with 

a test function consisting of two Lorentzian components for the A and B excitons, and the 

convolution of a Lorentzian with a decaying exponential for the trion component, with the 

overall form given by: 

 𝐼𝐼(𝐸𝐸) = �
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where subscripts 1,2,3 indicate parameters pertaining to the trion, A, and B excitons, 

respectively, Ax are scaling parameters, Γx are width, Etr,x are the peak positions, E is the 

photon energy, and ε is a mixing parameter. 

2.3.3 Calculation of Electron Density 

Trion emission is proportional to the trion population in MoS2, which form 

according to the reaction Ex + e-  Tr, where Ex is an exciton and Tr is a trion.  The fact 

that this reaction takes electron as a reactant can be used to relate trion population to 

electron density, employing the mass action law for trions:11   

𝑁𝑁𝑋𝑋𝑛𝑛𝐸𝐸𝐸𝐸
𝑁𝑁𝑋𝑋−

= �
4𝑚𝑚𝑋𝑋𝑚𝑚𝐸𝐸

𝜋𝜋ℏ2𝑚𝑚𝑋𝑋−
� 𝑘𝑘𝐵𝐵𝑇𝑇𝐸𝐸𝑇𝑇𝑇𝑇 �

−𝐸𝐸𝑏𝑏
𝑘𝑘𝐵𝐵𝑇𝑇

�                                                        (2.5) 

where me (0.35m0), mX (0.8m0), and mX- (1.15m0),12 are the effective masses of the 

electron, exciton, and negative trion, respectively, and m0 is the free electron rest mass.  

NX, NX- and nel are the exciton, trion, and free electron population densities, and Eb is the 
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trion binding energy.  The PL intensities of trion and exciton can be expressed in terms of 

their respective populations are as follows: 

𝐼𝐼𝑋𝑋 = 𝐴𝐴𝛾𝛾𝐸𝐸𝑒𝑒𝑁𝑁𝑋𝑋                                                         (2.6) 

𝐼𝐼𝑋𝑋− = 𝐴𝐴𝛾𝛾𝐸𝐸𝐸𝐸𝑁𝑁𝑋𝑋−                                                      (2.7) 

where γex and γtr are the radiative decay rates of excitons, and trions, respectively, and A is 

a constant related to experimental collection efficiency.3  The ratio of trion PL intensity 

(Equation 2.7, from deconvolution) to total PL intensity (sum of trion and exciton 

intensities, Equations 2.6 and 2.7), can then be combined with Equation 2.5 to determine 

the electron density,  
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where we used the value for 𝛾𝛾𝑡𝑡𝑝𝑝
𝛾𝛾𝑠𝑠𝑒𝑒

 of 0.15.3   
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CHAPTER 3 
 

Polarization-Driven Asymmetric Electronic Response of Monolayer Graphene to 
Polymer Zwitterions Probed from Both Sides 

3.1 Introduction 

In this work, we investigated the fundamental interactions between molecular 

dipoles and graphene as a possible route to a tunable dopant.  Employing a new polymer 

with pendant zwitterionic arms synthesized by collaborators, that were predicted to interact 

with graphene without exchanging charge.  We also investigated screening phenomena as 

central electronic property, using two forms of scanning probe microscopies and two 

different sample constructions that allowed us to view the polymer-graphene interface from 

the graphene side and the polymer sides.  While we previously reported non-covalent 

charge doping in graphene using sulfobetaine zwitterions,7,23 here we find 

phosphorylcholine (PC) -substituted  polymers, of the type typically employed in non-

fouling coatings,34 to have a remarkable impact on graphene that, as we describe, is 

chemically and electronically distinct from typical dopant adsorbates.   

Although doping of 2D materials involves altering the free carrier density through 

charge exchange with a dopant, we posit that an overlayer that only polarizes the 

underlying graphene might enable locally tuned carrier density with high spatial precision.  

Such control represents a major potential advantage for the sharp transitions in carrier 

density necessary to produce p-n homojunctions.  A similar situation to the polarization in 

response to polymer dipoles at the graphene surface, is found at an electrolytic gate,14 

which offers a superior capacitance due to the close proximity of the dipole layer to the 

graphene surface, compared to a typical oxide gate.  The approach described here could be 

combined with electrical gating to achieve independent control of both the global carrier 
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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. 

Additionally imperative is to understand how screening within 2D materials 

evolves in response to the surrounding environment, and how this environment impacts 

various 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 are entirely surface which means their properties depend strongly on the chemical 

and electrical conditions at their surface.  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).  The screening between two points in the same plane, 

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

weakly affected by the surrounding dielectric.  This results in a much longer screening 

length, and also a higher sensitivity to variations in the dielectric constant of this 

environment.35–37  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.35–37 

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.38,39  In prior work by others, the connection 
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between screening and polarization in graphene has been studied using substrates such as 

SiO2,14,36,40 metal oxides as gate dielectrics14,36 and electrolytic top gates.14 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.41  Recent progress in 

the preparation of polymer-containing graphene devices includes doping by ultrathin 

polymer layers7,23 and fabrication of free-standing polymer-supported graphene 

membranes.42  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,7 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, (Figure 3.1 a,b) which generated evidence of a 

polarization-driven doping mechanism and provided information about how screening in 

graphene evolves in response to the surrounding environment.  This insight was gained by 

employing Electric Force Microscopy (EFM), which in measuring the response of 

graphene due to a polymer, differentiates between changes in surface charge and changes 

Figure 3.1:  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. 
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in polarizability.  Our results are in accord with DFT calculations performed by 

collaborators, 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 (Figure 

3.1b).  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.35,38   

3.2 Methods (brief) 

The platform we selected includes monolayer graphene as an underlayer, and 

poly(methacryloyloxyethyl phosphorylcholine) (PMPC) as a copolymer with methyl 

methacrylate and crosslinkable benzophenone methacrylate comonomers, as a dipole-rich 

organic overlayer.  Samples were fabricated by collaborators in “normal” and “inverted” 

hybrid graphene/organic field-effect transistor (FETs) arrangements (Figure 3.1 a,b), to 

examine dielectric screening by the organic overlayer and metallic screening through the 

graphene layer.  Lastly, this platform features lithographically patterned polymer-doped 

regions to investigate surface doping and additionally allowing an in-situ reference for 

scanning probe methods, and the opportunity to examine the in-plane screening at the edges 

of those regions.  In contrast to the clear evidence of charge-doping2,4,6,23,43–48 seen in 
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previous hybrid 2D systems, here we find that dipole interactions drive the Fermi level 

shift in the PMPC copolymer/graphene system via a polarization effect. 

We employed two complementary scanning probe methods to measure the 

electronic properties of polymer-coated monolayer graphene on Si/SiO2 support substrates. 

Kelvin probe force microscopy (KPFM) tracks changes in the Fermi level of a material or 

interface2,4,6,43,47,48 by measuring a contact potential difference (CPD).24  EFM 

measurements contain information about the polarizability and effective surface charge of 

a sample,49–51 by measuring changes in the cantilever phase as a function of tip bias.25 

Collaborators used DFT to simulate the interaction of PC groups with a 

freestanding 6×6 supercell of a graphene monolayer (Figure 3.2).  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.7,23  

We modeled the interaction between graphene and the PC moiety, making calculations for 

four different dipole orientations (Figure 2) to cover the range expected in the samples for 

experimental measurements.  In the samples, we expect the dipole orientation to follow a 

gaussian distribution in orientation angle, with an average that reflects the lowest energy 

Figure 3.2:  (a)-(d) Various orientations of the dipolar pendant moiety on graphene: 
arrows indicate the direction of the dipole moment (μ) with magnitudes (in Debyes) 
as indicated; ΔE is the relative energy of each of these structures with respect to 
lowest energy structure in (c). 
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configuration (in the absence of significant kinetic barriers).  The calculated most stable 

orientation is shown in Fig, 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 3.2c highlights the polarization in graphene due to a zwitterionic moiety in the 

lowest energy orientation (with respect to surface normal) obtained from DFT calculations.   

We investigated the transport characteristics of the hybrid polymer-graphene system by 

constructing FET devices with three different polymer coverages (fully covered, partially 

covered, and no coverage) (Figure 3.3).  Four-point probe measurements were made by 

collaborators on these devices to confirm the doping effects seen by KPFM and EFM and 

determine if the PMPC copolymer had any deleterious effects on the carrier mobility. 

 

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. Transport 

Figure 3.3:  Optical micrographs of the (a) fully covered, (b) half covered, and 
(c) bare graphene devices. The scale bars in a-c indicate 25 µm.   
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measurements confirmed doping and provided strong evidence that the mechanism doesn’t 

produce defects which hinder device performance.  

3.3 Results and Discussion 

3.3.1 KPFM 

 
KPFM area scans of the ‘normal orientation’ (polymer overlayer up), including the 

surface height and calibrated work function are presented in Figure 3.4 a,b.  A 

representative line scan from the same image shows a clear increase in the Fermi level 

which corresponds to the polymer boundary (Figure 3.4c), which is equivalent to a work 

function reduction of 261 meV relative to bare graphene (determined was determined 

statistically by the difference in work function distributions given in Fig, 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.  However, the strength of these long range 

(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 magnitude of this contribution is estimated to be ~ 10 

meV, by making analogous KPFM measurements of a PMPC copolymer film prepared on 

a different conducting substrate, ITO. 

The analogous KPFM area scans (surface height and work function) of the inverted 

orientation (graphene side up) in Figure 3.4 d,e, show key differences compared to the 

normal orientation sample.  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 
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surfaces is attenuated due to the polarization of a dielectric medium).  The most striking 

feature of the measurements is the strength of the semi-metallic screening in graphene, 

which reduces the change in work function as observed in this orientation to ~10 meV.   

This indicates the magnitude of semi-metallic screening in graphene is much larger than 

the dielectric screening due to the polymer overlayer (in the normal configuration) and 

interactions between the dipoles and the tip.  We note that there are additional substrate 

effects due to the change in substrate from SiO2 to polycarbonate in the inverted sample, 

which are expected to decrease the apparent magnitude of doping molecules at the surface,6 

Figure 3.4:  Maps of (a) normal orientation topography and (b) calibrated work 
function by KPFM, scale bars indicate 5 µm. (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 µm 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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but we believe this plays a smaller role relative to the screening in graphene due to the 

small change in dielectric constant between the two substrates. 

These KPFM measurements also presented a unique opportunity to investigate the 

depletion width across a 2D p-n junction (determination of carrier profiles shown later).  

The depletion region was characterized by a profile which tells us that despite the sharp 

spatial profile of the polymer topography (Figure 3.4 c black curve), the potential variation 

due to the polarization of graphene by the zwitterionic moieties was less localized. The 

depletion width across the polymer-covered to bare portions of graphene in the normal 

sample was on the order of 1.1 mm (Figure 3.4 f , red curve), and an order of magnitude 

higher in the inverted sample ~ 12 mm (Figure 3.4 f , red dashed curve).  These figures are 

representative of two important aspects of 2D p-n junctions that differ from that of bulk 

semiconductors.  First, charge exchange between two regions is limited by their 

intersection which forms a line rather than a surface as in 3D junctions,35 causing the 

potential profile to vary more gradually. Second, compared to 3D materials, there is greatly 

reduced screening of the significant out-of-plane electric field generated by the space 

charge region at this line interface.35,52–54  We reason 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).  The results such 

shown here are valuable for refining theories of electrostatics and for developing 

production techniques for devices based on 2D architectures, especially in light of the 

scarcity of depletion width measurements across lateral 2D p-n junctions.  Future work 

might include investigating the impact on the depletion width and the associated screening 

due to the environment using different polymer layers.  Such investigations might yield 
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routes to increase the depletion width to improve photosensor collection or decrease it to 

manage resistive losses at metallic contacts. 

3.3.2 EFM 

In addition to KPFM mapping of the graphene-polymer interactions, we employed 

EFM measurements to map variations in polarizability and surface charge.  We found a 

statistically significant contrast (5.4 σ and 6.7 σ for the normal and inverted samples, 

respectively) in the polarizability of graphene due contact with the polymer, which can be 

observed (Fig) 3.5 a,b,e.  Surface charge show that bare graphene is p-type (in the normal 

sample) due to charge extraction to the Si/SiO2 substrate.37,55–57  and slightly n-type (in the 

inverted sample) due to charge donation from the polycarbonate.  In both cases, the electron 

density of graphene has a modest increase due to the presence of the polymer as indicated 

Figure 3.5.  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 µm.  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 σ and 6.7 σ 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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by surface charge (Fig 3.5 c,d,f).  We can calculate the Fermi level shift from these changes 

in carrier density by employing the relationship between carrier density and Fermi level 

according to  𝐸𝐸𝐹𝐹 = ħ𝑣𝑣𝐹𝐹√𝑛𝑛𝐶𝐶𝜋𝜋, where 𝐸𝐸𝐹𝐹 is the Fermi level, 𝑣𝑣𝐹𝐹 is the Fermi velocity, and 

𝑛𝑛𝐶𝐶 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 differs to the 

KPFM shift of 261 meV (also for the normal sample) by an order of magnitude, which 

implies a different mechanism dominates this shift in Fermi level.  We note the differences 

in the magnitudes of change in surface charge from the polymer observed in the two 

orientations, is a product of screening within graphene and mirrors the results of KPFM 

which also contains a coulombic contribution. The 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). 

3.3.3 Density Functional Theory 

DFT calculations examined the dipole interaction which is analogous to a static 

dipole near a metal surface,58,59 where here 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 dipole moment of the isolated moiety (μ⊥ 

= 0.65 D), where the decrease can be attributed to charge redistribution at the 

zwitterion/graphene interface.  The charge redistribution upon physisorption of the dipolar 

moiety on graphene is shown in (Figure 3.6 b), with regions of charge accumulation 
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(yellow) and depletion (cyan), in response to 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 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 3.6 c) 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 

Figure 3.6: (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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group (Figure 3.6 d). We note the near complete screening of the dipole as evidenced by 

the work function of the side without the dipole (Figure 3.6 d) which is identical to bare 

graphene, which further supports the strong screening effect seen in EFM measurements 

of inverted samples.  The work function decrease calculated by DFT of 100 meV is in 

qualitative agreement with experiments (261 meV by KPFM, 227meV by transport 

measurements); quantitative discrepancies might be expected from a lack of disorder in 

dipole orientation within the DFT model, neglect of the polymer film and underlying 

substrate, and accuracy of the DFT exchange-correlation functionals, among others.  

Device Transport Measurements 

3.3.4 Transport Measurements 

Transport measurements examined several properties of PMPC copolymer coated 

graphene devices on SiSiO2 substrates (Figure 3.3).  Changes in functional carrier density 

due to the polymer were observed by a shift in the charge-neutrality point (Dirac point) of 

~38 V compared to the uncovered device, corresponding to an increase in electron density 

of ∆𝑛𝑛 ≈ 2.73 × 1012 e-/cm2 induced by PMPC copolymer (Figure 7). The majority carriers 

change from holes (positive gate voltage, p-type) to electrons (negative gate voltage, n-

type), in the bare and polymer coated devices, respectively, which agrees with the surface 

charge measurements by EFM.  Importantly, the carrier mobility was preserved for devices 

with polymer coatings, where all devices had similar values of 1100-1400 cm2/Vs (Figure 

3.7).  Therefore, while the effects of the PMPC copolymer on carrier mobility are limited, 

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 
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carrier density resulted in a p-n homojunction with good mobility.  Further tuning of 

electronic properties through the modification of dipole orientation, via steric effects to 

manipulation of side chains,7 or electric poling, will provide additional opportunities to 

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

 

3.4 Conclusions 

Using dipole interactions as a strategy to dope 2D materials was demonstrated using 

a novel zwitterionic polymer, scanning probe methods, transport measurements, and 

computational modeling techniques.  In such dipole-driven hybrid 2D materials, 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 

Figure 3.7:  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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other systems4,6,43 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.  

The magnitude of charge exchange was evaluated experimentally using EFM, which 

unambiguously demonstrates a lack of surface charges required for the observed shift in 

Fermi level by a purely charge-doping mechanism.  The insight gained from DFT is that 

charge exchange isn’t required and instead predicts a Fermi level shift due to an induced 

dipole at the surface of graphene that depends on the overlayer dipole orientation. Using 

two sample configurations (normal and inverted), we experimentally observed the strong 

metallic-like screening of the pendant dipole, which decreased the apparent charge and 

surface potential in inverted measurements.   

We also observed weaker 2D screening effects in the plane of graphene due to the 

dielectric environment, 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.  In both cases, extended tails persist for several 

m, 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 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 
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applications of graphene, where the electrostatic screening is the central parameter for 

device performance41. 
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CHAPTER 4 
 

Stabilization of Three-Particle Excitations in Monolayer MoS2 by Fluorinated 
Methacrylate Polymers 

4.1 Introduction 

Three-particle excited states (trions) are unique in two-dimensional (2D) MoS2 and 

structurally related TMDCs due to the significant association energy (on the order of 30 to 

40 meV) between the exciton (bound electron and electron hole pair) and the additional 

charge.32 This binding energy reflects trion stabilization by both intrinsic and extrinsic 

factors and so is a window into the Coulombic many-body interactions which dictate 

fundamental optoelectronic properties of the 2D material.  Because monolayer TMDCs 

like MoS2 are sensitive to the environment,60–63 having a tool to monitor optoelectronic 

properties is of great interest for those that wish to employ them in next-generation devices.  

Observations of trion behavior by photoluminescence (PL) spectroscopy lend quantitative 

insights into band structure,3,11,31,32 in-plane and out-of-plane electronic screening,64 

vibrational excitations,65–67 and transport properties.68,69 A growing body of research 

describes the impact of fundamental materials properties (i.e., intrinsic factors), such as 

carrier density which can be modulated in a field-effect transistor arrangement,11,32,70,71 and 

variations in crystal structure.72 Although the impacts of interactions with the surroundings 

(i.e., extrinsic factors) on trion behavior such as substrate,62,65,73 defects,74–76 strain,67,77,78 

gases,60 and chemical (surface) doping3,79,80 have been investigated extensively, the 

connection between p-type dopants81 (particularly polymeric versions) and trion behavior 

is relatively unexplored. 
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Researchers have found trions in TMDCs to be useful for characterizing doping 

due to the inherent connection between carrier density and trion PL intensity.11,31,32  Trions 

are formed when either an excess electron or an excess hole becomes bound to a 

photogenerated electron-hole pair (i.e., an exciton).  In most semiconductors, the trion 

binding energy is so low that their existence is transient and becomes significant only at 

very low temperatures.  However, MoS2 possesses a large trion binding energy which 

makes these states long lived with significant emission even at room temperature, 

permitting characterization via PL spectroscopy.  The PL contains peaks due to emission 

from both excitonic and trionic species, which are proportional to their respective 

populations.  Although at low temperatures distinct peaks corresponding to emission from 

excitons and trions are apparent, at room temperature a single emission feature is observed 

due to homogeneous broadening of both peaks.  Deconvolution of room-temperature PL 

into excitonic and trionic contributions is aided by the characteristic asymmetric shape of 

the trion peak.  In particular, on the low-energy side of the trion peak, intensity decreases 

more gradually in an exponential fashion.  This shape results from the electron recoil 

process during which an electron and hole recombine emitting a photon with a decreased 

momentum (compared to two body excitonic recombination) to account for the momentum 

in the remaining third charge.32  Information from these peaks can then be related to the 

electron population (i.e., the carrier density) using a collisional model of trion formation, 

vide infra experimental section. Such a model has been established using electrical gating 

experiments, and demonstrated to be robust for probing changes in carrier density due to 

extrinsic factors such as adsorbed dopants, making this method optical characterization 

valuable for probing variation in carrier density to intrinsic and extrinsic factors in general.9  
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In addition, aspects such as the trion binding energy can also be evaluated from these PL 

spectra, which has proved a useful probe of carrier density.82  Combined with the previous 

technique which relates the relative intensity of trion emission to carrier density, 

observations of the trion binding energy can be used to rationalize changes in effective 

screening in the material due to doping, a key consideration for sensors and for identifying 

charged impurities or inhomogeneities in the material which affect transport. 

In this work we investigated the stabilization of trions in 2D MoS2 by its contact 

with fluorinated and non-fluorinated methacrylate-based polymer coatings, using PL 

spectroscopy to determine changes in trion population, carrier density, and trion binding 

energy, and correlating results with KPFM measurements of the Fermi level.  We 

specifically probed whether polymers with strongly electronegative fluorinated pendent 

groups produce a significant increase in the excitonic emission of MoS2 by inhibiting trion 

Figure 4.1:  Chemical structures of PTDFOMA and POMA, and the 2D MoS2 sample 
configuration. 
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emission.  To test this, two polymers were prepared by collaborators, namely 

poly(1H,1H,2H,2H-tridecafluoro-n-octyl methacrylate) (PTDFOMA) and poly(n-octyl 

methacrylate) (POMA), as shown in Figure 4.1, which differ only by the presence of 

fluorine atoms in the sidechains of the former. Monolayer MoS2 samples were prepared 

with either of the two polymers (Figure 4.1).  Using PL and KPFM measurements, we 

observed that perfluorinated PTDFOMA films decreased the trion binding energy and 

increased the ratio of exciton-to-trion emission from monolayer MoS2, while the non-

fluorinated POMA led to an opposite n-doping effect. 

4.2 Methods (brief) 

We selected monolayer MoS2, an electron-rich (n-type) 2D material with unique 

2D PL properties, as the basis for a platform to test the efficacy of perfluorinated alkanes 

as potential p-dopants, that we hypothesized would inhibit charge exchange.  We 

developed a methacrylate-based polymer with linear alkyl side chains, both in a 

perfluorinated version and in an unfluorinated version as a control, as a way to improve the 

coating quality, stability, and ease of application.  Samples were fabricated by spin-coating 

the polymers onto MoS2 samples on Au/Ti/SiO2/Si substrates.  Samples with and without 

polymer coatings were examined, as well as a blank Au/Ti/SiO2/Si substrate. 

We employed photoluminescence to investigate the evolution of electronic 

properties due to polymer coatings.  Photoluminescence intensity contains information 

about the number, energy, and stability of excitations produced in a material.3,11,31,32  

Monolayer MoS2 is exceptional in that not only are 2-particle excitations visible, but also 

3-particle excitations (trions), which lends PL analysis to examination of both electron 

density and screening effects in this material (see Chapter 2.3.3 for details of the analysis). 
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To fit the trion component, we employed the following analytical lineshape function 

discussed by Christopher et al.,32 which is the result of a 1st order series approximation of 

the convolution integral, prior to integration: 

𝐼𝐼(𝐸𝐸) =
𝛤𝛤
𝜋𝜋

 
1

(𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐸𝐸)2 + 𝛤𝛤2
 �1 +

2𝜀𝜀(𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐸𝐸)
(𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐸𝐸)2 + 𝛤𝛤2

�                                (1) 

where Γ is the Lorentzian width parameter, Etr is the zero-momentum transition energy, E 

is the emission energy, and ε is a parameter which controls the amount of exponential 

character (see Chapter 2.3.2 for details of fitting). 

To complement information gathered through PL observations, we employed 

Kelvin probe force microscopy (KPFM), which can be used to examine the Fermi level of 

a system, and its evolution due to extrinsic factors.4,6,24,43 Here we use it to measure changes 

in the Fermi level in a fashion that responds to carrier density, dielectric, and dipole effects, 

in order to differentiate the mechanisms that give rise to changes in PL spectra and material 

electronics. 

4.3 Results and Discussion 

4.3.1 Photoluminescence 

To understand the PL intensity profile seen in Figure 2 a, and quantitatively 

compare differences in shape the PL spectra from bare MoS2, POMA-coated MoS2, and 

PTDFOMA-coated MoS2, were decomposed into peaks attributed to emission from 

excitonic and trionic states (Figure 4.2 b).  The appearance of the intensity profile was 

influenced by not only by the relative weights of these two components, but also by their 

positions, which were used to evaluate the trion binding energy by taking the difference 
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between exciton and trion peak maxima.  In bare MoS2, excitonic emission is responsible 

for the majority of PL intensity.  However, in POMA-coated MoS2 trion and exciton peak 

areas are comparable, which explains the redshift of the total PL (given the trion peak is at 

lower energy).  PTDFOMA-coated MoS2 had a reduced contribution from trion emission 

to the total PL intensity compared to bare MoS2, leading to a blueshift and a narrowing of 

the total emission envelope.  Changes in the excitonic peak were more subtle but contained 

valuable information about the electronic impact of the coatings.  In both coated samples 

the excitonic emission is broader (Figure 4.3 a), which may indicate an increased radiative 

decay rate and thus increased lifetime broadening.  In the POMA-coated sample, excitonic 

emission is decreased due to competition with trion emission.  Under normal conditions, 

2D MoS2 has excess electrons which favor the formation of negative trions (i.e., an exciton 

Figure 4.2.  (a) Fits to PL data without normalization.  (b) Fit curves of 
overall PL (black) exciton component (blue) and trion component (red) 

overlaid on raw data. 
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with an additional bound electron).  Thus, as electron density increases, the probability of 

excitons forming trions prior to emission increases. 

The ratios of trion peak area to total PL area can be related to the free carrier density 

in the 2D MoS2 samples, examined here using the analysis of Mouri3 and Ross11 that 

employs the mass action law associated with trion formation and decay. We found that 

carrier density decreased from a nominal density of 2.12 × 1013 e-/cm2 in bare MoS2 to 1.42 

× 1013 e-/cm2 due to PTDFOMA coating (p-doping) and increased to 2.60 × 1013 e-/cm2 

due to POMA treatment (n-doping), as shown in Figure 4.3 b.  The observation of p-doping 

in PTDFOMA is attributed to the strong electronegativity of the perfluorinated moieties.  

The decision to include POMA as a control coating followed our hypothesis that POMA 

would show no significant effects on electron density, which was based on the limited 

experimental evidence available63 showing doping effects from polymers with weakly 

electron donating/withdrawing groups.  Due to the lack of electron-donating ability of 

linear alkanes, we reason that any donation is more likely to come from the carbonyl groups 

in the polymer backbone.7 

 

Figure 4.3: (a) Fits to PL data, including contributions from exciton and trions. 
(b) Trends in binding energy and carrier density in bare and polymer-treated 
samples. 
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The observed changes in the trion binding energy (i.e., differences in exciton and 

trion peak positions) were significant, with an increase for the POMA-coated samples (38.4 

meV vs. 34.8 meV for bare MoS2), and a decrease for the PTDFOMA-coated samples (32.4 

meV) are summarized in Figure 4.3 b.  Although shifts in the binding energy were expected 

based on changes in carrier density,82 and changes in dielectric environment above MoS2 

from air to polymer,83 we also observed a strong effect from the polarization of MoS2 by 

the polymer coatings which alter in-plane screening.30,84 While binding energy increases 

with carrier density, which fits the extracted changes in carrier density, both samples should 

experience a binding energy decrease from an increased environmental dielectric constant 

compared to air, due to the polymer coatings.  However, the deviation from the carrier 

density trend for both polymers is positive rather than negative, which we attribute to 

stronger polarization effects which overwhelm dielectric effects (Figure 4.4).  

 

 

Changes in the shape of the trion peak are pronounced (Figure 4.3 b), with the low 

energy tail becoming more prominent for POMA-coated samples, and less prominent for 

PTDFOMA-coated samples.  These changes can be accounted for by comparing the 

parameter ε, which controls the contribution from the low-energy tail portion of the fit 

function.  POMA causes an increase in in the parameter e of +74.8%, where PTDFOMA 

Figure 4.4: The strongly electronegative fluorinated groups in PTDFOMA form 
surface dipoles with MoS2 by attracting electron density from the sulfur atoms. 
Surface dipoles between POMA and MoS2 form, following electron donation 
from oxygen to the sulfur atoms. 
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causes a decrease of -11.0% compared to bare MoS2.  In POMA-coated samples, this 

increased tail character can be rationalized in terms of a decreased screening radius (i.e., 

stronger screening within the plane of MoS2 ), which implies a decreased trion size, and an 

increased screening radius and trion size due to PTDFOMA.30,32,84 The trion emission 

maximum is redshifted by an increase in ε, but also from an increase in Γ (possibly due to 

increased lifetime broadening), both of which contributed to an increased trion binding 

energy in POMA and with the opposite behavior leading to a decreased trion binding 

energy in PTDFOMA.  We note that there are other contributions to the renormalization of 

the binding energy, such as the surrounding dielectric environment31 and interactions with 

defects,11,74 which are not quantitatively examined here. 

4.3.2 KPFM 

KPFM area scans of the samples were performed to assess film quality, in terms of 

topographical features such as surface coverage and roughness, and also to determine 

changes in the work function of MoS2 for comparison to PL results.  Scans under ambient 

condition revealed bright colored (i.e., higher Φ) lines in the work function maps (Figure 

4.5 a), which were interpreted as grain boundaries and removed from the analysis.  The 

work function is shifted by the application of polymer films from a nominal value of 4.9 

eV for bare MoS2 (on Au/Ti/SiO2/Si) to 5.3 eV by PTDFOMA treatment (p-doping), and 

4.6 eV by POMA treatment (n-doping), as illustrated in Figure 4.5 b.  Although the 

directions of these shifts agree with PL analysis, their magnitudes are substantially larger, 

which indicate significant p- and n-doping effects from PTDFOMA and POMA, 

respectively. 
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To gain more perspective on the significance of these findings, we predicted the 

shift in the Fermi level by employing the parabolic band approximation to express the 

difference between the Fermi level and the conduction band edge:85 

𝐸𝐸𝐹𝐹 − 𝐸𝐸𝐸𝐸 = 𝑘𝑘𝑏𝑏𝑇𝑇 ln �𝐸𝐸𝑇𝑇𝑇𝑇 �𝑛𝑛 𝑔𝑔2𝐶𝐶𝑘𝑘𝑏𝑏𝑇𝑇� � − 1�                                              (2) 

where Ec is the conduction band energy, kb is Boltzmann’s constant, n is the sheet carrier 

density, and g2D is the 2D density of states at the band edge. Using the carrier densities 

determined by the PL measurements, we predicted shifts in the Fermi level of ~ -10 meV 

for PTDFOMA (towards the valence band), and ~ 5 meV for POMA (towards the 

conduction band). 

The differences between the shifts measured by KPFM and those predicted from 

changes in carrier density as determined by PL were ~ 40× and 60× for PTDFOMA and 

Figure 4.5.  (a) KPFM height (left column) and surface potential (right column) 
images from PTDFOMA-coated, bare and POMA-coated MoS2 samples.  The 
height scale indicated by the color bar is 15 nm for all samples.  (b) Work function 
distributions from KPFM measurements which show n-type doping by POMA and 
p-type doping by PTDFOMA.  The lighter color (higher work function) lines in the 
KPFM images are breaks in the MoS2 monolayer where the underlying gold 
substrate is exposed.  Work function distributions in (b) do not include these 
exposed gold regions. 
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POMA, respectively.  We attributed these discrepancies to significant dipole interactions 

which formed at the 2D-polymer interface and produced an additional, substantial shift in 

the Fermi energy, which dwarfs the effect of charge exchange between MoS2 and the 

polymers.7,86–88  This substantial shift in the Fermi energy reflects the powerful role that 

differences in electronegativity play in dipole formation that modifies the electronic 

environment of the 2D-polymer interface. 

Overall, our findings reinforce the importance of polarization effects on the 

Coulombic many-body interactions that govern the optoelectronic properties of 2D MoS2 

and demonstrate an approach to quantitatively disentangle contributions from carrier 

density changes by using a combination of PL and KPFM.  A similar approach would be 

useful to investigate quantitative aspects and mechanistic details pertaining to the surface 

modification of TMDCs in general by a variety of polymeric and non-polymeric coatings, 

the results of which will be pertinent to 2D materials device applications. 

4.4 Conclusion 

Our principal finding was that fluorinated polymers (in the form of methacrylate 

polymers with linear perfluorinated side chains) cause significant changes to the trion 

signatures in the PL spectra of monolayer MoS2, when applied as thin-film coatings.  By 

examining the trion emission relative to exciton emission, we calculated modest changes 

in electron density which are similar and magnitude but opposite in sign to a non-

fluorinated control polymer (-0.70 × 1013 e-/cm2 due to PTDFOMA and 0.48 × 1013 e-/cm2 

due to POMA).  Effects of these polymers on the charge screening felt by carriers within 

MoS2 were assessed by comparing with changes in binding energy of ~ -2 and 4 meV for 

PTDFOMA and POMA, respectively.  These carrier density changes were used to calculate 
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shifts in Fermi level, which were compared to direct measurements of these shifts by 

KPFM.  We found KPFM shifts were between 40 and 60x larger, which is interpreted as 

strongly dipole-driven based on the insufficient changes in carrier density needed to 

achieve such shifts.  From this, we conclude that contact of the perfluorinated sidechains 

with MoS2 results in the observed changes in electron density and Fermi level. Thus, the 

strong effects on trion stabilization by perfluorinated and non-fluorinated methacrylate 

polymers arise from both charge exchange and dipole effects, as deduced by KPFM 

measurements.  This demonstrates the sensitivity of trion stabilization to factors that 

influence the electronic properties of devices based on TMDCs, such as carrier density and 

polarization.  We have additionally shown the utility of perfluorinated polymer coatings as 

p-type dopants of MoS2, and their contrasting electronic impact to that of a non-fluorinated 

analogue.  Future work will broaden the scope of polymer and TMDC compositions studied 

in this manner. 
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CHAPTER 5 
 

Conclusions and Future Directions 

5.1 Conclusions 

The goal of our work was to probe the surface interactions at 2D substrates, to better 

understand how different mechanisms contribute to the electrical and optical characteristics 

and demonstrate methods capable of enhanced sensitivity specific to 2D substrates.  The 

underlayers, (i.e., the 2D substrates) were chosen to reflect different chemical 

characteristics.  Graphene was chosen partially as a semimetallic example of a 2D 

substrate, but also because as a single atom thick material made entirely of carbon, it is 

easier to treat conceptually in terms of inter and intramolecular interactions which 

expediate calculations and modeling.  MoS2 was chosen as a prototypical semiconducting 

2D substrate, but also because it has a unique PL signature which could be leveraged in its 

analysis.  The overlayers were chosen to investigate specific types of surface interactions.  

Polymeric overlayers were chosen as a basis for investigations because they form high-

quality coatings, and they improve processing.  Specific polymers were engineered with 

side groups to test specific aspects of the surface interactions such as dipole interactions 

and surface dipole formation in the presence of fluorinated groups.  In both cases, the 

polymers were designed to exclude charge donating and charge accepting centers, so as to 

focus on permanent and spontaneous dipole effects independent of the movement of 

charges between polymer and 2D substrate.  This is in contrast with previous work which 

has focused on maximizing and controlling charge exchange with surface 

dopants.2,37,47,89,4,6,43,45,48,90  Our research was aimed at answering two main questions: 1) 
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When considering the different effects of different types of surface interactions with 2D 

substrates, how significant is polarization in terms of the resulting modified optoelectronic 

properties?  2) What is the role of the overlayer and the underlayer (support) in the 

optoelectronic properties vs the determined properties?  These questions were addressed 

using a zwitterionic phosphorylcholine polymer, which contains a permanent dipole in the 

zwitterionic pendant group, a polymer with a linear perfluorinated linear alkyl pendent 

group, and a control polymer with non-fluorinated linear alkyl pendant group, all with a 

methacrylate backbone.  Multiple experimental techniques were used to address these 

interactions, including Kelvin probe force microscopy, electrostatic force microscopy, and 

photoluminescence spectroscopy.  Several features of the samples permitted access to 

additional information, including patterning of the zwitterionic polymer which provided an 

in-situ reference via polymer covered and bare portions of the 2D substrate in the same 

measurement frame, and the construction of inverted samples which provided a unique 

look at the electrical properties of the flip side of the 2D substrate (i.e., opposite the 

polymer surface treatment).  Our investigations indicate that 2D materials in general 

(including semiconducting and semimetallic), are susceptible to strong shifts in the 

electronic energy levels from local electric fields generated by polarizing surface 

interactions.  Additionally, this polarization produces pronounced changes in the many-

body dynamics of free carriers in MoS2, which is evidenced by a shift in the 

photoluminescence spectrum. 

In our investigation of PMPC on graphene, we found a significant shift in the Fermi 

energy of graphene using KPFM.  Comparing the patterned and unpatterned regions, we 

observed a work function decrease of 261 meV (i.e., a more positive Fermi energy, the n-
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type direction).  This substantial shift was largely masked when the same measurement 

was performed on the inverted sample, where we observed a work function decreases of 

just 10 meV, due to powerful screening within the graphene layer by the plentiful metallic 

free carriers.  These shifts were further analyzed by performing EFM on the same samples, 

from which we see subtle changes in surface charge induced which can only account for 

24 meV of the 261 meV change.  This discrepancy is understood by DFT calculations 

which indicate orientation-dependent dipole interactions strongly polarize the graphene, 

which shifts the Fermi energy by approximately 100 meV for the calculated lowest energy 

orientation of the monomeric form of phosphorylcholine.  Transport measurements 

indicated a shift in Fermi energy of over 200 meV, in agreement with KPFM and DFT, and 

importantly shows a preservation of carrier mobility, which is between 1100 and 1400 

cm2/Vs for fully, partially, and uncovered samples. 

In our investigation of fluoropolymers on graphene, we exploited fitting of the PL 

data using a mass action law for trion formation, from which we determined a change in 

the carrier density of -0.70 × 1013 e-/cm2 due to the fluorinated polymer PTDFOMA and 

0.48 × 1013 e-/cm2 due to unfluorinated control polymer POMA.  Although these changes 

were significant, using them to estimate the shift in Fermi energy underestimates the value 

determined independently by KPFM, by a factor of 40 and 60x, respectively.  This 

demonstrates the shift in energy is derived primarily from the formation of spontaneous 

surface dipoles in response to the electronegative fluorine groups of the fluorinated 

polymer, and the methacrylate groups of the unfluorinated polymers.  We additionally 

observed decreased trion stability for PTDFOMA coated samples, and in increase in 

POMA coated samples, of -2 meV and 4 meV, respectively.  These changes are significant 
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with respect to the typical binding energies seen in MoS2 of ~ 25-35 meV, which also affect 

the lifetimes and thus the brightness of the trion states.  This combination of 

characterization techniques allowed us to probe discern spontaneous dipole formation is 

responsible for robust changes in Fermi energy, and in the relative populations of 2- and 

3-body excited states which govern the photoluminescent properties of TMDCs. 

5.2 Future Directions 

(1) Orientational control of zwitterionic groups:  DFT has calculated86 what we might have 

predicted, which is an interaction sign and strength that depends on the orientation of the 

zwitterion dipole with respect to the surface normal.   Although some initial work has been 

performed to investigate the use of different substituents to exert a steric influence on the 

dipole orientation,7 this approach requires a redesign of the polymer for applications that 

require different shifts in work function.  Instead, we envision the ability to align the 

dipoles with an electric field, which has the flexibility to apply different electric field 

strengths and polarities to modify the magnitude and direction of the dipoles, respectively. 

Figure 5.2:  Electrode arrangement illustrating 
the torque developed on the dipolar 
phosphorylcholine moieties. 
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However, the major obstacle to reorientation once the field has been removed is only a 

modest one even in a solid polymer film, namely the rotation around bonds.  This barrier 

might be modified by incorporating crosslinkable groups proximal to the zwitterionic 

moiety, such that reorientation via exposure to an electric field can be preserved by either 

sequentially or simultaneously crosslinking to inhibit rotation away from the new 

conformation.  On the other hand, having an appropriately moderate barrier could be 

advantageous towards applications that require switchable polarization such as 

ferroelectrics, which is another emerging area of research in 2D materials.29,91–94  

Quantifying the barrier to rotation can be done via dielectric spectroscopy,95 which then 

might be tuned by changing the length and flexibility of the zwitterionic substituents or by 

modifying the backbone of the polymer to achieve a different glass transition temperature.  

A distribution of orientations can be inferred by KPFM results, or more directly probed 

with a technique such as NEXAFS (Near Edge X-ray Absorption Fine Structure).96 

(2) Broadening the role of fluorinated groups in surface dopants:  Deepening the way we 

think about fluorine drives interactions between organic molecules and 2D substrates by 

examining a more diverse array of fluorinated polymers. We have shown that the presence 

of fluorine offers a powerful driving force for the modification of optoelectronic properties 

of 2D materials, how can compounds be engineered to best leverage it?  Can combinations 

of fluorine and zwitterionic groups be used to give switchable dopants that are nominally 

p-type?  We envision examining the net interactions with other types of functional groups 

to gain more insight into fluorine chemistry with respect to polymer conformations, and 

surface interactions.  
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