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Graphene is a promising material for use in microelectronics, due to its high 

mobility, operating frequency, and good stability.  These characteristics are governed by 

charge carrier transport and charged impurity scattering effects, the latter of which are 

caused by adventitious doping from both the ambient and semiconductor fabrication 

processes. A variety of chemical interactions between graphene and both its defects and 

charged impurities influence the electrical properties. This dissertation focuses on the 

chemical interactions between polar molecules and the impurities and defects on 

graphene. The monatomic thickness of the graphene monolayer renders interfacial 

charged impurities located at the graphene/substrate interface susceptible to the dielectric 

environment surrounding graphene. Our group has shown that the electrical properties of 

graphene devices are improved upon coating with fluoropolymers or exposure to gas-

phase polar organic vapors. These improvements include reduction of the Dirac voltage, 

increased mobility, and decreased residual carrier density. We attribute these changes to 

screening by polar molecules of fields induced by charged impurities/defects in or near 

the active layer. The magnitude of the changes produced in the graphene device 

parameters scales well with the dipole moment of the delivered vapor molecules.  These 

effects are reversible, a unique advantage of working in the vapor phase.  The changes 
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observed upon polar molecule delivery are analogous to those produced by depositing 

and annealing fluoropolymer coatings on graphene. We attribute these changes to similar 

charge screening phenomena. Quantum mechanical modeling showed that polar 

molecules interacted more strongly with impure or defective graphene than with pristine 

graphene. Molecular mechanics simulations revealed more insight into how polar 

molecules interact with two types of charged impurities atop graphene. Polar molecules 

both displace and electrostatically screen charged impurities to reduce the electrostatic 

potential profile in the plane of graphene. These computational observations correlate 

well with our experimental results to support our hypothesis that polar molecules can act 

to screen charged impurities on or near monolayer graphene. Such screening favorably 

mitigates charge scattering, improving graphene transistor performance. Our 

understanding of charged impurity screening methods can further be applied to graphene 

nanoribbons and other 2D materials. 
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Chapter 1: Introduction 

Ever since theoretical descriptions of its band structure in 1947 [1], graphene has 

captured the attention and imaginations of scientists and engineers due partly to its 

importance as both a model 2-dimensional (2-D) system [2, 3] and as a model massless 

Dirac fermion system [4]. Another significant part of graphene’s importance lies in its 

bevy of unique and desirable predicted properties. High mobility, carrier velocity, and 

operating frequency, atomic-layer thickness, and good stability are among the numerous 

characteristics which have been studied both theoretically and experimentally after the 

isolation of graphene by Geim and Novoselov in 2004 [2-12]. These characteristics make 

graphene very favorable for use in field-effect transistors (FETs) and radio frequency 

(RF) devices [13-29]. However, much work needs to be done with regard to both scaling 

up graphene production and integration into existing semiconductor manufacturing 

processes [28, 30, 31]. Such processing incorporates defects and impurities in graphene, 

which are charged, resulting in a degradation of electrical characteristics [9, 11, 26, 32-

51]. Various groups, including ours, have reported methods that have been successful at 

mitigating the effects of these impurities and defects [22-27, 43-45, 48, 49, 52-64] in an 

attempt to restore some of graphene’s favorable electrical properties toward their 

theoretical levels. In-depth study of the chemical processes behind the mitigation of the 

effects of charged impurities and defects on graphene is important, so that this material 

may be better employed in microelectronics. Our recent computational studies focused on 

two of the most prevalent categories of impurities [65]. Additionally, graphene 

nanoribbons should also be studied both because of their technological promise and 

because they possess substantially higher concentrations of charged defects and 

impurities. These studies are also applicable to other 2D materials. 
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Two-dimensional materials such as graphene are, in many ways, ideal for the 

study of impurities and defects since these features can be easily accessed.  In 

comparison, the defects/impurities are mostly buried and difficult to access in bulk three-

dimensional materials. This aspect of the problem allows a more clear demonstration of 

the effects of many reversible chemical treatments on graphene device behavior. In turn, 

demonstration of these effects enables a clearer understanding of impurity/defect-related 

phenomena. Other groups have also reported on similar experiments. 

1.1 GRAPHENE BACKGROUND 

Graphene is an atomically-thick, 2-D sheet of carbon atoms which, when stacked 

with other graphene sheets, comprises the more commonly known material, graphite. 

Graphite is a crystalline form of carbon which occurs naturally. It has found many uses 

throughout history as a refractory material in furnaces and high-temperature molds, as a 

lubricant, and in pencils. The latter two uses exemplify the weak van der Waals bonding 

between layers of graphene, which allow them to easily slide past and separate from each 

other. This ease of separation of graphene sheets in graphite lead to the historic 

exfoliation of few layer, and then monolayer graphene by Geim and Novoselov [2, 3]. 

Contrary to the bonding between sheets, however, the carbon atoms which make up the 

honeycomb lattice of monolayer graphene are bonded together in an sp
2
 fashion, with 

average bond lengths of 0.142 nm [1, 6, 31, 66]. Figure 1.1 shows both a model and an 

AFM image of a monolayer graphene sheet. 
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Figure 1.1: a) Model of a graphene sheet. b) AFM image of monolayer graphene (red-

orange) atop SiO2 (dark brown), from Ref. [2]. 

1.1.1 Electronic Structure 

In the covalent, sp
2
 bonding scheme of graphene, the 2s orbital combines with the 

2px and 2py orbitals of each carbon atom to form three sp
2
 hybrid orbitals. The electrons 

in the planar nodes of these hybrid orbitals allow each carbon atom to directly bond to its 

three neighbors by strong, in-plane σ bonds, as shown in Figure 1.2a. These bond angles 

are 120°. The remaining electron in the perpendicular, out-of-plane 2pz orbitals form a 

fourth bond between carbon atoms, the π bond [6, 67]. The electrons in 2pz orbitals of 

carbon atoms are relatively delocalized, and hybridize together to form bonding π 

molecular orbitals and antibonding π
*
 molecular orbitals (Figure 1.2b). The π orbitals are 

at lower energy, are filled with electrons and form the highest occupied molecular orbital 

(HOMO). The electron-deficient, higher energy π
*
 orbitals form the lowest unoccupied 

molecular orbital (LUMO). 
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Figure 1.2: a) Carbon atom sp
2
 orbital hybridization scheme. b) Hybridization of 2pz 

orbitals to form π bonds between two carbon atoms. Adapted from Ref. [68] 

and Ref. [69]. 

Popov and others found that graphene is uniquely aromatic when considered in 

finite molecular sizes. Its π-electrons are pairwise localized to each hexagon ring (63). 

Zubarev and co-workers expounded on this idea, describing the delocalization of 

graphene π-electrons as having greater complexity than traditional descriptions of 

aromaticity, where a finite graphene sheet develops “finite-size domains of perturbed 

bonds” in response to a perturbation of the π-electron system (64). Nevertheless, 

graphene’s π-electrons can best be described as delocalized, resulting in excellent 

electrical conductivity and high mobilities. 

As this hybridized molecular orbital model is extended from bonding between 

adjacent carbon atoms out to a delocalized π cloud of electrons shared amongst the many 

carbons atoms of a solid material, the HOMO and LUMO nomenclature translates to that 

of valence and conduction bands, respectively (Figure 1.3). (The author finds that Ishii 

and coworkers present one of the best and most cohesive general descriptions of 

electronic structure from the single hydrogen atom up to a molecular solid [70]. Although 
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their description is not intended to accurately describe a system such as graphene 

specifically, that paper was a watershed for the author in mentally connecting traditional 

chemistry models of electronic structure to the band structures common to electrical 

engineers.) 

 

Figure 1.3: Electronic band structure of graphene, showing conduction and valence 

bands touching at the Dirac points around first Brillouin zone. From Ref. 

[71]. 

Electrical conductivity takes place when a perturbation of this system, such as 

energy input from the surroundings in the form of heat or applied voltage, causes 

electrons to move from the valence to the conduction band. Where there is energetic 
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separation between the two bands, this separation is called the bandgap. Materials 

classified as metals have no bandgap, and are thus highly conductive. Insulators, on the 

other hand, have such a large bandgap that they are usually not conductive. Materials 

classified as semiconductors have a bandgap of intermediate size, where addition of 

energy can promote electrons across the gap to cause conduction. Hence, semiconductor 

materials are used in transistors and other microelectronic devices, where the additional 

energy may be supplied in the form of an applied voltage.  

Uniquely, the conduction and valence bands of graphene just meet at certain 

points in reciprocal space, earning graphene the title of zero-gap semiconductor or semi-

metal. These points where the bands meet at zero energy are called K- or K’-points, and 

lie at the corners of the first Brillouin zone in reciprocal space (Figure 1.3) [12, 47, 67, 

72]. Being the primitive unit cell of reciprocal space, the Brillouin zone is where the band 

structure of graphene, aka the electronic dispersion, may be graphed. In contrast to the 

electron dispersions of other 2-D systems, the band dispersions of graphene on either side 

of the K- and K’-points, or Dirac points, are linear (Figure 1.4). This figure also 

illustrates the electron-hole symmetry of graphene. 
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Figure 1.4: Close-up illustration of linear electronic dispersion and electron-hole 

symmetry of graphene at the K point. From Ref [73]. 

The linear dependence of electron energy on the wavevector is similar to that of a 

massless, relativistic particle. Because the electrons traveling through graphene behave as 

massless quasiparticles best described by the Dirac equation, the charge carriers of 

graphene, electrons and holes, are called Dirac fermions [4, 74, 75]. The band structure 

described above is largely responsible for the extraordinary thermal and electrical 

conductivity of graphene.  

1.1.2 Transport Physics 

The electrical transport properties of graphene are one of its most significant and 

interesting features. Important properties of graphene physics include its zero-band gap, 

extraordinarily high charge carrier mobility values, and sub-micrometer ballistic transport 

[2-4, 6, 67]. As described in the previous section, the band structure of graphene is 

unique, with conduction and valence bands intersecting at zero energy only at the Dirac 

points. For this ideal case, the Fermi level (EF) of graphene is found at zero energy as 
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well, and the density of states disappears [12, 76]. However, experimentally, graphene 

exhibits a Fermi level shifted from equilibrium and nonzero conductivity at the Dirac 

point, usually around 4𝑒2/ℎ [6, 67, 76]. In the context of a graphene field-effect 

transistor (GFET), this finite minimum conductivity makes the current in the device 

difficult to completely turn off. Logic devices require that the ratio of on-current to off-

current (on/off ratio) be in excess of 10
4
-10

6
 [77]. An alternative use for graphene is in 

radio frequency (RF) devices, where on/off ratio is less important [14, 15, 19, 21, 29, 78-

82]. 

Another extraordinary property of graphene is its high mobility, the speed at 

which an electron or hole moves through a material under the pull of an electric field, 

with some theoretical calculations as high as 10
6
 cm

2
/V

−1
s

−1
 [83]. The high mobility of 

charge carriers is due to their having zero effective mass. Experiments at room 

temperature with suspended graphene have achieved a mobility value of 200,000 

cm
2
/V

−1
s

−1
 with carrier concentration of 2x10

11
 cm

-2
 [10], while more recent experiments 

using hexagonal boron nitride (hBN) substrates have claimed a record hole mobility of 

350,000 cm
2
/V

−1
s

−1
 below room temperature [84]. However, in most as-fabricated 

graphene devices, the mobility is limited by scattering sources, such as surface phonons, 

charged impurities, and defects. Electron-hole puddles have also been cited as the cause 

of lower than expected mobility values for graphene samples.  Yet, it is unlikely that the 

puddles are the dominant, and certainly not the only source of charge carrier scattering in 

graphene samples (68). Our group has focused on charged impurities and defects as 

important sources of charged scattering. 
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1.1.3 Charged Impurities and Defects 

Many of the important and favorable qualities of graphene transport physics were 

discussed above. However, given the vigorous and ongoing debates over exact details of 

graphene transport in theoretical versus experimental results, low temperature versus high 

temperature, suspended versus on-substrate, and other specific cases, it is important to 

qualify the particular situation in which graphene will be described here. The focus here 

will be on experimental graphene that was produced via a chemical vapor deposition 

(CVD) growth process on copper substrate [64, 85]. The graphene is transferred onto 

SiO2/Si substrates using a wet transfer process [43, 44, 64, 85-88]. This method is one of 

the most commonly used in the fabrication of graphene based FET devices, and has seen 

much improvement in recent years [64, 89-91].  The types of devices discussed here have 

exposed graphene, which is open to access by capping layers or vapors. Thus, 

contamination of the sample by charged impurities and defects such as adsorbed or 

trapped oxygen and water, residue from the transfer, or trapped ions and substrate defects 

are significant contributions to disorder [32, 37, 41, 53, 55, 57, 63, 92-101]. Specifically, 

scattering of charge carriers is an important mechanism by which charged impurities and 

defects degrade electronic transport in graphene.  

The fine structure constant α, as described by Das Sarma and co-workers, 

provides a good reference point from which to understand how it might be possible to 

reduce charge scattering in graphene [39]. Figure 1.5 illustrates how increasing the 

dielectric constant values (κ𝑥) for the environments above and below graphene can 

reduce α. 
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Figure 1.5: Schematic illustration of dielectric layers on either side of a graphene 

monolayer. The dielectric value of each layer controls the interaction 

strength. From Ref. [39]. 

Das Sarma and co-workers reported that a smaller α value results in increased 

Coulombic scattering- limited mobility. Their work, and similar work by other groups, 

offers insight into how to improve graphene’s electrical properties. Polar molecules can 

help in two possible ways. The first way involves partial neutralization of charged 

impurities by polar molecules, and the second way involves the alignment of the polar 

molecules into a dipole layer, which increases the κ around graphene, decreasing α to 

produce the improvements mentioned above [39, 102, 103].  Such alignment is driven by 



 11 

the total energy of the system which would be minimized in this configuration, and is 

aided by the polarizability of graphene [104-107].  

While a variety of other scattering sources, such as phonons and surface 

corrugations, do affect the conductivity (σ) of graphene, scattering by charged impurities 

(CI) affects the conductivity, dependent on the charge carrier density (n), according to the 

Equation 1 described by Fuhrer and co-workers [36, 37]. 

 
imp

CICI
n

n
eCn        [1] 

CCI is a constant of value 5 x 10
15

 V
-1

s
-1

. Figure 1.6 shows their experimental results from 

doping graphene FETs with potassium ions. As the impurity doping concentration 

increased, the mobility values decreased. Their results also supported theoretical 

predictions that the conductivity has a linear relation to gate voltage when charged 

impurity scattering is the dominant scattering mechanism.  
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Figure 1.6: Conductivity vs gate voltage plots for pristine (black curve) and potassium-

doped (color curves) graphene devices at low temperature in vacuum. From 

Ref. [36]. 

Charge carriers in graphene undergo ballistic transport until deflected either by charged 

impurities (long-range scattering) or by one another (short-range scattering). More 

specifically, charged impurities and defects act to scatter charge carriers in graphene by 

influencing the two mechanisms of Coulombic, long-range scattering and short-range 

scattering.  Coulombic, long-range scattering shortens the mean free path for charge 

carriers, and this is observed in lower-than-predicted mobility values. Scattering by 

charged impurities and defects may also cause shifts in the Dirac point (charge-neutral 

point) voltage of measured current versus gate voltage curves (Id-Vg) [32, 34, 45, 108-
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110]. Dirac voltage shifts are problematic both in that they represent non-ideal behavior 

of graphene and in that a device with a significantly shifted Dirac point voltage would be 

more difficult or less efficient to operate as a normal transistor. Hysteresis in such Id-Vg 

curves is another observable, unfavorable electrical characteristic that indicates charge 

scattering or changes in charge carrier density due to charged impurities in the form of 

adsorbed water or other polar molecules [32, 41, 94, 100]. 
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Chapter 2:  Work to Mitigate Charge Scattering 

Having recognized the challenges which graphene’s susceptibility to charged 

impurities and defects presented to the future of graphene microelectronics, work on new 

methods of improving key performance metrics in graphene devices is of great 

importance. Such methods would need to interface with existing microelectronics 

industry processes and equipment. Covalent modification chemistry does not adequately 

meet this condition, and such functionalization may suppress graphene charge carrier 

mobility by interrupting the sp
2
 hybridized bond structure of graphene [55]. 

2.1 VACUUM SUBLIMATED THIN FILMS 

Instead, Ha et al. used vacuum sublimation to deposit semiconducting organic 

capping layers onto a bottom-gate, graphene FET [23]. Thin films of both α-

sexithiophene (α-6T) and hexadecafluorocopperphthallocyanine (F16CuPC) were 

employed as capping layers atop the graphene.  The inset of Figure 2.1 shows the basic 

chemical structure of F16CuPC. While both organic materials improved the measured 

electrical characteristics of the graphene device in air, the authors noted that the 

fluorinated organic material, F16CuPC, had particularly favorable effects. The authors 

observed significant improvements to the on/off current ratio, Dirac voltage point, and 

field-effect mobility of the graphene device treated with the F16CuPC. These 

improvements to electrical characteristics stand in stark contrast with other prior attempts 

to place additional layers atop a graphene device.  Figure 2.1 shows the results of testing 

a graphene FET with F16CuPC capping layer in air. The fluorinated organic material 

significantly improved the on/off current ratio, a key metric for transistor performance in 

terms of high speed and low leakage current. The Dirac peak voltage, where resistance is 
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a maximum and conductivity is a minimum, is also shown in Figure 2.1 as significantly 

positive when measured on the initial bare graphene device. This indicates some residual 

doping of the graphene by impurities and defects. However, upon capping with F16CuPC, 

the Dirac peak shifts back toward the ideal graphene Dirac voltage of zero gate voltage. 

Ideally, the Dirac voltage should be at zero volts and the minimum conductivity (at the 

Dirac point) should be as small as possible. The diffusive transport model used to extract 

values for both field-effect mobility and residual carrier density at the minimum 

conductivity point is also plotted in Figure 2.1, and gives a good fit to the experimental 

data. In addition to the improvements to electrical characteristics listed above, the authors 

also calculated that F16CuPC both significantly increased the mobility and reduced the 

residual carrier density at the minimum conductivity point. 
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Figure 2.1: Total resistance as a function of gate voltage for a graphene FET before and 

after capping with F16CuPC, diffusive transport model fitting, and, inset, 

the basic chemical structure of F16CuPC. From Ref. [23]. 

2.2 FLUOROPOLYMER COATINGS 

Ha and co-workers’ work with F16CuPC  led to further study the effect of other 

fluorinated materials on graphene, as described in work published in References [26, 43, 

44]. The authors chose to employ the fluoropolymers CYTOP
®
 and Teflon-AF. The 

fluoropolymers were deposited as a thin film directly on top of the graphene layer of a 

FET via spin-coating methods, with subsequent annealing. Figure 2.2 shows the effect of 

a spin-coated thin film of the CYTOP
®
 on the transfer characteristics of a graphene FET, 

with improvements to electrical characteristics similar to those previously observed with 

a capping layer of the fluorinated organic molecule F16CuPC. The CYTOP
®
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fluoropolymer capping layer significantly reduced the off-state current at the Dirac 

voltage point (red curve), seen as a large increase in maximum measured resistance 

compared to that of the bare graphene device (black curve). Remarkably, after removal of 

the CYTOP
®
 layer, the measured characteristics of the graphene device appear to return 

toward their initial values (blue curve, Figure 2.2a). In the experiments, the authors did 

not achieve complete removal of the fluoropolymer from the graphene, which may 

account for the incomplete reversion of the characteristics. More importantly, this 

degradative reversion in electrical characteristics indicates that the impact of the 

CYTOP
®
 layer upon graphene is caused by a reversible interaction. The on/off ratio is 

critical for graphene FET operation, and significant improvement in the ratio is shown 

more clearly as a sharpening of the graphene+ CYTOP
®
 peak versus the peak for 

graphene alone in Figure 2.2b, a plot of normalized resistance versus gate voltage. 

Additionally, the improvements caused by CYTOP
®
 are much better than those caused 

by capping with pentacene, and sharply contrast the degradative effects of a SiO2 capping 

layer. 
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Figure 2.2: a) Reversible effects of a fluoropolymer film on the total resistance as a 

function of gate voltage for a graphene FET. b) Effects of a fluoropolymer 

film on the normalized resistance as a function of gate voltage, showing 

improved on/off ratio. c) Mobility and residual carrier concentration as a 

function of temperature for a graphene FET. d) Improved mobility and 

residual carrier concentration as a function of temperature for a 

fluoropolymer-capped graphene FET. From [43]. 

CYTOP® also caused great improvement in graphene’s temperature-dependent 

charge carrier mobility. In comparing Figure 2.2d (CYTOP®-coated graphene FET) with 

Figure 2.2c (bare graphene FET), note that the scattering-limited mobility with 

CYTOP®-coating is higher than that of the bare graphene device at all measured points. 

Further, the mobility in Figure 2.2d is shown to continuously increase as temperature 

decreases, instead of plateauing as in Figure 2.2c. Concurrent with improvements to 
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mobility, CYTOP® caused significant temperature-dependent reduction in residual 

carrier concentration, also shown in Figures 2.2c and 2.2d. Ha et al. attributed these 

improvements to a reduction in short range scattering, which lowers the value of the 

residual carrier concentration [39]. Residual carrier concentration is a metric related to 

the concentration of impurities in or around the graphene. Additionally, the authors 

observed that increased annealing temperatures gave greater impact of the fluoropolymer 

to device characteristics, and they attributed that effect to a reorganization of the C-F 

bond dipoles atop the graphene. Finally, the apparent return of the pre-fluoropolymer 

electrical characteristics of graphene further indicate that the actions of the fluoropolymer 

upon graphene are of a noncovalent, reversible nature [43]. 

Continuing the work of employing polar fluoropolymers to improve graphene 

device electrical characteristics, Ha et al. observed the significant favorable shift in the 

Dirac voltage peak for graphene FET devices upon capping and annealing with CYTOP® 

and Teflon-AF fluoropolymer layers shown in Figures 2.3a and 2.3b. Before 

fluoropolymer deposition, the bare graphene devices exhibited a very positively-shifted 

Dirac voltage peak position, due to doping effects from charged impurities and defects 

which incorporate in and around the graphene from both the wet transfer process and the 

substrate. Asymmetry between electron and hole transport is also evident. Upon coating 

with CYTOP® and gradual annealing in nitrogen atmosphere from 30°C to 180°C, or 

coating with Teflon-AF and gradual annealing in nitrogen atmosphere from 30°C to 

300°C, the authors observed dramatic, favorable shifts in the Dirac voltage peak position 

from the very positively-shifted initial state toward nearly zero gate voltage. Having now 

observed such movement of the Dirac voltage peak by several different fluorinated 

organic molecule/polymer capping layers, the authors attributed the favorable Dirac 

voltage shifts to mitigation by the polar C-F bonds of the molecules/polymers of the 



 20 

Coulombic charge scattering effects of charged impurities and defects around graphene. 

Electron and hole transport became more symmetric. Again, they reported improvement 

in mobility concurrent with decrease in residual carrier concentration, and Figure 2.3c 

shows significant improvement to the on/off ratio for fluoropolymer-coated graphene 

FETs. 

 

 

Figure 2.3. Favorable shift in Dirac voltage peak for graphene FETs upon application of 

a) CYTOP® and b) Teflon-AF fluoropolymers. c) Improvements to on/off 

ratio for graphene FET upon coating with fluoropolymers. From [44]. 

In further studies with fluoropolymers on graphene devices, Ha et al. observed 

changes to a greater variety of devices that indicate the favorable effects of polar, C-F 

bonded materials are of a widely applicable nature [26]. As shown in Figures 2.4a and 

2.4b, treatment with fluoropolymers can significantly improve the Dirac peak of a 

graphene FET, regardless of p- or n-doping from charged impurities and defects (red 

curves). The authors attributed the adaptability of the fluoropolymer’s interactions with 

either p-type or n-type charged impurities and defects to self-organization of the dipolar 

C-F bonds upon heat treatment (annealing). Again, the improvements to the device 

electrical characteristics exhibit reversible behavior upon removal of the fluoropolymer 

(blue curves), indicating a noncovalent, reversible interaction. They also reported the 

highest on/off ratio at room temperature for CVD-grown graphene at the time, indicated 
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in Figure 2.4c. The greatest improvements to electrical characteristics were observed for 

devices where the graphene was capped on both sides by fluoropolymer further. This 

observation supports the assessment that charged impurities and surface defects of the 

substrate are significant causes of scattering for charge carriers in graphene. The results 

also support the assessment that the polar nature of fluoropolymers mitigates that 

scattering to improve charge transport in graphene, which manifests as measurable 

improvements to electrical characteristics. Additionally, the authors observed that the 

hydrophobic nature of the fluoropolymers used in the experiments serves to protect the 

capped graphene devices from water, another common contaminant known to frequently 

degrade device characteristics [26, 32, 41, 94, 100]. 

 

 

Figure 2.4. Reversible effects of fluoropolymer in favorably shifting the Dirac voltage 

for both a) p-doped and b) n-doped graphene FET. c) Improved electrical 

characteristics of fluoropolymer-capped graphene FET include on/off ratio 

and Dirac peak voltage. From [26]. 

It is also important to note that, as shown in Figure 2.5, Ha et al. have observed 

these improvements for 30 different graphene FET samples [44].  While these devices 

were fabricated at different times in different batches, they all exhibit improved mobility 

and favorable Dirac voltage shifts toward zero gate voltage upon capping with the 

fluoropolymer CYTOP
®
. Such statistical analysis is important because measured results 
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can quantitatively vary from device to device, so it is best to check for repeatable results 

over a large number of devices. Figure 2.5 shows that, while the quantitative results do 

vary from sample to sample, the qualitative effects of the fluoropolymer on the graphene 

FETs’ electrical characteristics are uniform. 

 

 

Figure 2.5. a) Mobility values and b) Dirac peak voltages before and after 

fluoropolymer coating for 30 different graphene FET samples. From [44]. 

In addition to the work on graphene, Ha et al. also observed improvements to 

other 2-D materials by treatment with fluoropolymers, such as increased drain current, 

mobility, and transconductance in reduced graphene oxide, and improved on/off current 

ratio in MoS2 [26].  Kim and co-workers reported significantly increased air-stability 

over time with black phosphorous [111]. These results with fluoropolymers and a variety 

of 2-D materials hold great promise for this method to be both practical and impactful in 

developing the full potential of graphene and other 2-D materials in the microelectronics 

industry. 
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2.3 SAMS AND OTHER COATINGS 

Other groups have achieved improvements to graphene device characteristics via 

coating methods such as treatment with various self-assembled monolayers (SAMs). 

Park, et al. fabricated graphene FETs on SiO2/Si substrates, with and without SAM layers 

between the graphene and SiO2 [95]. They used two types of SAMs: γ-

aminopropyltriethoxysilane (APS), having -NH2 end groups, and octadecyltrichlorosilane 

(OTS), with –CH3 end groups. Figure 2.6 shows the transfer characteristics of graphene 

FETs measured with graphene on bare SiO2, where the position of the Dirac point voltage 

(point of minimum conductivity) indicates p-doping from charged impurities and defects 

at the graphene/SiO2 interface. In contrast, placing an OTS layer between the graphene 

and substrate resulted in a significant negative shift of the Dirac peak position. This is 

indicative of reduced p-doping, which can be attributed to separation of the graphene 

from the p-doping SiO2 surface impurities and defects. Further, the authors mention the 

lack of electronic interaction between graphene and the –CH3 end groups. Finally, the 

APS layer separating graphene and the substrate caused a dramatic negative shift of the 

Dirac point position, due to a combination of separation from p-doping impurities on the 

SiO2 surface and the n-doping behavior of -NH2 end groups. These results are 

comparable to our groups’ results with fluoropolymer coatings on graphene FETs. 
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Figure 2.6: Drain current (ID) as a function of gate voltage (VG) for graphene FETs on 

SAM-modified SiO2/Si substrates identified by respective end group (CH3 

and NH2). SiO2 label represents untreated SiO2 surface. From Ref. [95]. 

Similarly, Akinwande and co-workers coated both graphene alone and graphene and 

underlying substrate with HMDS [49]. Upon comparison with graphene-on-SiO2 device 

characteristics, they found significant improvement to graphene device mobility values, 

reduction in residual carrier concentration, and favorable shifts in Dirac voltage peak 

(Figure 2.7).  The authors also attributed the observed improvements to the polar nature 

of the HMDS molecules acting to both enhance the dielectric screening and mitigation of 

charged impurities via a reduction of the dimensionless fine structure constant. It is also 

important to note that the hydrophobic methyl groups of the HMDS molecules which 

contact the graphene separate or block the graphene from any adsorbed impurities on the 

substrate or in the air.  
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Figure 2.7: Statistics for graphene devices showing improvements to a) electron 

mobility, b) hole mobility, c) residual carrier concentration, and d) Dirac 

voltage upon application of HMDS. From Ref. [49]. 

In their studies on alkyl phosphonic acid-based self-assembled monolayers, 

Cernetic and co-workers reported improvement to graphene device mobility, favorable 

shifts in Dirac voltage peak, and reduction in hysteresis [57]. They partly attributed these 

improvements to reduction of defects/charge trap states in the layer immediately 

underneath graphene. Many other groups using SAMs report similar improvement to 

graphene device electrical characteristics, where the dipole moments of a variety of SAM 

molecules cause shifts in the Dirac voltage peak position and improve the mobility 
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relative to those of graphene-on-SiO2 devices [53, 55, 58, 61, 62, 112] All of these groups 

also acknowledge the significant detriment to graphene transport caused by scattering 

from charged impurities and defects at the substrate. 
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Chapter 3:  Vapor-phase Polar Molecules and Charge Scattering on 

Graphene 

3.1 INTRODUCTION 

 Graphene, a 2-D hexagonal lattice of sp2-bonded carbon atoms, is an attractive 

material for microelectronics applications, given such favorable electrical characteristics 

as high mobility, operating frequency and good stability [6, 10, 12, 19, 24, 30, 46, 85, 86, 

113-115]. The characteristics are governed by graphene transport physics, of which 

electron-hole transport symmetry, Dirac point voltage, and charged impurity effects are 

key factors [10, 36, 39, 43, 44, 46, 47, 113]. 

Theoretical calculations predict extremely high carrier mobility for pristine, 

intrinsic graphene, which is, when ungated, free of doping. Graphene has no band gap, 

and, instead, the bands meet at the charge neutral Dirac point [47, 72]. In reality, 

adventitious doping is very difficult to avoid during normal semiconductor fabrication 

processes [4, 47]. Generally, experimentally realized graphene is deemed extrinsic, 

having some amount of free carriers induced by doping from charged impurities and 

defects, which are present either at the graphene/substrate interfaces or within close 

proximity to the interfaces [4, 28, 33, 42, 47, 113]. Such impurities can include, among 

others, adsorbed water or oxygen, residues left over from the wet transfer of graphene to 

the substrate, ions trapped between the graphene and substrate, and dangling bonds from 

the SiO2. Impurities affect the electronic transport of graphene by the two principal 

mechanisms: short-range scattering and Coulombic, long-range scattering [11, 39, 47, 72, 

74]. It is widely agreed that long-range scattering by impurities plays the dominant role in 

graphene transport for most experimental conditions, given that many as-fabricated 

samples possess a high concentration of charged impurities [10, 28, 33, 40, 42-44, 46, 47, 

116]. Thus, it is imperative for the advancement of graphene microelectronics technology 

*Contains material previously published in Reference [45]. I contributed vapor 

testing, analysis, and writing. 
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that methods be developed for mitigating the charge scattering effects of any possible 

charged impurities and defects. 

Previous work has shown that the dielectric environment surrounding the 

graphene is an important determinant of the transport properties.  The prior work 

included solid dielectrics and liquid dielectrics, which were both shown to have a major 

influence on transport properties [39, 40, 43, 44, 116]. In working towards improvement 

of graphene electronics by mitigating charged impurity effects, our group has shown that 

the use of a fluoropolymer thin film atop a graphene monolayer favorably altered the 

electrical properties of the graphene field-effect transistor (FET), enhancing mobility 

while reducing both carrier concentration and the magnitude of the Dirac voltage [43, 

44]. It was hypothesized that a possible cause of such electrical property improvements is 

the neutralization or screening of charged impurities and defects by electrostatic- or van 

Der Waals-type interaction with the dipoles of fluoropolymer C-F bonds. Upon observing 

that higher annealing temperatures lead to both better molecular ordering in thin films 

and improved electrical properties, it was also suggested that the self-organization of the 

fluoropolymer C-F bonds atop the graphene alters the local dielectric environment [43, 

64, 117, 118]. It is expected that modification of the dielectric environment adjacent to 

graphene will alter the dimensionless coupling constant (also known as the effective fine-

structure constant), ɑ, of the graphene system [36, 39]. While the discussion by. Newaz, 

et. al. of various dielectrics surrounding graphene included various effects unique to the 

liquid phase, including the formation of an electrical double layer and the ever-present 

charged ions in solution, we emphasize that our experiments do not involve device 

measurements in liquid media [40]. Indeed, in contrast to liquid-phase experiments, our 

group was able to exert greater control over the extent to which the polar molecules and 

bonds of the fluoropolymer thin films organize atop the graphene via annealing 
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experiments. Both the charged impurity neutralization by molecular dipoles and dielectric 

environment modification aspects of our hypothesis directly influence the 

aforementioned electrical characteristics of a graphene FET, and will be discussed in this 

work. However, the chemical and structural complexities of the fluoropolymer 

film/graphene system, which include variables such as the degree and orientation of 

polarization interactions between graphene and the C-F fluoropolymer bonds, complicate 

the precise identification of the physical phenomena involved in the observed electrical 

improvements. Polar small molecules such as ethanol, with well-defined dipole moments, 

are excellent model systems to help study the effect of such materials on graphene 

properties. The experimental advantages of using vapor-phase polar molecules as 

opposed to applying thin films of polar molecules/polymers include easy application, 

easier removal in the form of simple evaporation in ambient, and in situ reorientation of 

the vapor molecules’ dipoles around charged impurities and defects (as opposed to 

annealing of thin films). As early as 2007, Schedin and co-workers were able to detect a 

variety of polar vapor molecules adsorbed on graphene [119]. As shown in Figure 3.1, 

they measured changes in resistivity of a graphene device upon separate adsorptions of 

ammonia (NH3), carbon monoxide (CO), water (H2O), and nitrogen dioxide (NO2) 

molecules. NH3 and CO caused positive changes to resistivity, while H2O, and NO2 

caused negative changes. The authors attributed these positive and negative valued 

changes to electron and hole doping, respectively, of graphene from the molecules.  
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Figure 3.1: Changes in resistivity as a function of time exposed to various polar gases 

for a graphene sensor device. After initial time in vacuum in region I, the 

device was exposed to gases in region II. The chamber was evacuated in 

region III, and the device was annealed in region IV. From Ref. [119]. 

Romero et al. studied adsorption and desorption of NH3 on a graphene device in 

great detail [120]. Instead of measuring changes in resistivity, they observed shifts in the 

Dirac voltage peak upon exposure of the graphene device to ammonia. They reported 

significant p-doped device behavior in ambient, which was reversed by high-temperature 

annealing in vacuum. They attributed the prior p-doped behavior to adsorption of O2 

molecules from ambient. Figure 3.2 shows how NH3 adsorption and desorption cycles 

affect the position of the Dirac peak. Upon exposure of the vacuum-annealed graphene 

device to NH3, the device exhibited a negative shift in Dirac peak position. The Dirac 

peak position shifted back positively after vacuum-annealing. 
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Figure 3.2: Resistance as a function of gate voltage for NH3 exposure–desorption cycles 

one through three. The solid curves were measured before exposure, the 

dotted curves were measured after desorption, and the dashed curves were 

measured after vacuum-degassing at high temperature. From Ref. [120]. 

Thus, vapor phase molecules are very helpful in studying trapping and transport 

phenomena and help clarify the chemical physics of a graphene system. 

3.2 EXPERIMENTAL 

Our graphene device fabrication begins with monolayer graphene grown via 

chemical vapor deposition on copper foil [86]. Next, poly(methyl methacrylate) is used to 

transfer a square centimeter-sized piece of graphene onto thermally-grown SiO2 (285 nm 

thick, on heavily-doped Si wafer) via a wet transfer method described in previous work 

[43, 44, 86]. Oxygen plasma reactive ion etching was used to define the active channel 

region to ensure device isolation as shown in Figure 3.1. Source and drain contacts are 
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patterned by e-beam lithography to give a channel W/L of 60/1 um. Ti/Pd (3/50 nm) 

contacts are e-beam evaporated to complete the top contact, bottom gate graphene FET. 

Figure 3.1a shows a cross-sectional schematic of the completed graphene FET.  

Our basic experimental setup for ambient, room temperature testing of graphene FET 

devices under exposure to various polar solvent vapors is shown in Figure 3.1b. After 

saturating a piece of filter paper with a few drops of the desired reagent-grade liquid 

solvent, we roll the paper into a cylindrical shape and place it in a syringe. This syringe is 

connected to a nitrogen gas line, and pressure is supplied by a Manostat Vera peristaltic 

pump with variable flow rates. The tip of the syringe is placed within close proximity to 

the graphene FET channel surface, where the graphene FET is secured atop the vacuum 

chuck of a Cascade Microtech probe station, which is open to the air. Electrical 

characterization is carried out with an Agilent 4155C semiconductor parameter analyzer 

and Agilent EasyEXPERT software. Additional details of the measurement setup can be 

found in prior published work by our group [121]. 

 

 

Figure 3.1: a) Schematic cross-section and b) optical image of graphene FET device, 

showing the channel and introduction of polar vapors. 
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3.3 RESULTS AND DISCUSSION 

The electrical characteristics of our graphene FET in ambient, along with 

normalized results for exposure to nitrogen, isopropyl alcohol (IPA), ethanol, and acetone 

vapors are shown in Figure 3.2a. Initially, the Dirac peak of the as-fabricated graphene 

FET is observed at around +40 V, primarily due to adventitious doping of graphene by 

charged impurities and defects [4]. Figure 3.2b shows a clear relation between dipole 

moment of impingent polar vapor molecule and resultant Dirac voltage shift. Dipole 

moment data for the vapors used in the experiment were obtained from “Selected Values 

of Electric Dipole Moments for Molecules in the Gas Phase” [122]. It was determined 

that the chemical property which best explains the results of our experiments is dipole 

moment. Figure 3.2c displays initial graphene FET values of both hole (a) and electron 

(b) mobility of 748 and 649 cm
2
/Vs, respectively. Note that the initial mobility values are 

rather low due to the significant presence and large possible variety of charged impurities 

and defects present in and around the graphene layer of our samples. Also shown is the 

initial carrier concentration of 6.21x10
11

 cm-2 (Figure 3.2d). We used the fitting model 

described by Kim et al. to calculate both μ and N0 [114]. Figure 3.2a shows that the 

exposure of our graphene FET to various polar analyte vapors results in a significant shift 

in the Dirac voltage toward zero.  Figure 3.2b illustrates the dependence of the downshift 

in the Dirac voltage on the magnitude of the dipole moment of impingent analyte type.  

Both IPA and ethanol have roughly the same dipole moment, while acetone is 

significantly more polar. These changes are consistent with nearly complete 

neutralization or screening of charged impurities and defects by electrostatic or van der 

Waals interaction with the polar analytes used.  
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Figure 3.2: a) Plot of normalized resistance as a function of gate voltage for a graphene 

FET in ambient under various analyte exposure conditions. Plots of b) Dirac 

voltage shift, c) electron and hole mobilities, and d) residual carrier 

concentration as a function of theoretical dipole moment of each polar 

vapor. 

On the other hand, Figure 3.2 and Figure 3.3 illustrate that molecules with no 

dipole moment, such as nitrogen (N2) and hexane, have no observable effect on measured 

device characteristics While data shown in Figure 3.3 was measured on a different device 
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than that in Figure 3.2, it supports our hypothesis that the dipole moment of impingent 

vapor molecules is the distinguishing factor for improvement of graphene FET device 

characteristics. The graphene mobility values are observed to increase with increasing 

dipole moment of impingent solvent molecule. These results are shown alongside the 

initial mobilities in Figure 3.2c. Simultaneously, N0 is observed to decrease with 

increasing dipole moment. As discussed below, mobility and carrier concentration are 

directly influenced by charged impurities. 

 

 

Figure 3.3: Plot of normalized resistance as a function of gate voltage for a graphene 

FET in ambient under exposure to air only, hexane, and acetone vapors. 

It should be noted that, as shown in Figure 3.4, there is significant percent 

difference in measured values for graphene FETs exposed to various vapors. The 

significant percent difference shown here is not of great importance, given such factors as 

all devices having different initial Dirac voltages, different widths/lengths of graphene 

channels and different dielectric thicknesses. Indeed, significant variation in initial 
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measurements from device to device was also seen in Figure 2.5. Further, the small 

sample size (3-4 devices measured per data point) does not lend much statistical weight 

to the percent difference. However, our interpretation of these results is primarily a 

qualitative one, and remains consistent with previous results from work using 

fluoropolymers. 

 

Figure 3.4: Plot of percent difference in Dirac voltage shifts due to exposure to various 

vapors, shown as error bars. 

In a display of reversibility remarkably similar to that seen in previous work by 

our group on fluoropolymer coatings, Figure 3.5 shows that, after turning off the flow of 

acetone vapor, the Dirac voltage begins to shift back towards the positive value observed 

before polar analyte exposure. This behavior is consistent with the hypothesis that, after 

the flow of acetone to the graphene has stopped, acetone molecules previously adsorbed 

to the graphene surface gradually desorb as time passes, and cease to screen or neutralize 
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the fields from charged defects. (We would expect that, in comparison to acetone, other 

polar molecules would have varying rates of desorption from the defect and impurity 

sites in our graphene. This would be a diffusion-limited or electric field dependent 

behavior.) Thus, the electric fields of charged impurities and defects may again act to 

scatter charge carriers, and this is observed in the form of increasingly positive Dirac 

voltage shifts (Figure 3.5b), reduced mobilities (3.5c), and increased carrier concentration 

(3.5d). Nitrogen is shown to cause no significant shift in the measured graphene FET 

electrical characteristics. The apparent reversibility of the interaction between polar 

molecules and graphene indicates that the nature of this phenomenon is not one of 

electron transfer, but rather one of charge-screening or neutralization of charged 

impurities. The reversible charge-screening or neutralization effects of polar vapors are 

analogous to those brought about by the application and subsequent removal of a 

fluoropolymer thin film on graphene observed in previous work [43, 44]. 
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Figure 3.5: a) Plot of normalized resistance as a function of gate voltage showing return 

of Dirac peak to original position over time after stopping exposure to 

acetone vapor. Plots of b) Dirac shift magnitude, c) electron and hole 

mobilities, and d) residual carrier concentration as a function of total elapsed 

time after acetone vapor flow was stopped. 

It is possible that the vapor-phase acetone molecules form a non-uniform layer 

atop the graphene, self-organizing into an inhomogeneous dielectric layer under the 

influence of the electric field generated by charged impurities and defects so as to 
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neutralize the charged impurities via electrostatic interaction. The present experiment 

does not provide insight on such a detailed extent of characterization, because we 

conducted these experiments in ambient air. Nevertheless, forming a much higher-κ 

dielectric environment than that made up by the now-displaced ambient air, the acetone 

layer decreases the dimensionless coupling constant ɑ as discussed by Jang, et al [39]. 

Others have also postulated that high-κ dielectrics could play a role in screening 

Coulombic impurity scattering. Again, we point out the simple, but paramount difference 

in phase of media (liquid versus vapor) used to modify the graphene environment 

between our experiments and those described in Newaz, et. al [40]. Additional work is 

underway to confirm if indeed this dielectric mechanism is acting in conjunction with 

other impurity neutralization mechanisms to improve graphene FET characteristics.  The 

evidence for impurity neutralization is, however, very clear.  As mentioned above, the 

present vapor-phase experimental design is a simpler system than the fluoropolymer thin-

film-capped graphene FET reported previously by our group. Instead of the multitude of 

C-F bonds oriented first, along the fluoropolymer backbone, and second, according to 

reorganization of the thin film during annealing, vapor phase molecules from analytes of 

high purity (99%+) and known dipole moment are expected to be free to adopt the 

optimal conformation atop the graphene so as to affect the greatest extent of charged 

impurity neutralization at room temperature (annealing being unnecessary). Additionally, 

“in situ” changes in relative local concentration/dissipation of polar analyte molecules 

from the graphene surface can be observed in real time, unlike the fluoropolymer capping 

method, which requires separate processes to deposit and remove the thin film. It should 

be noted, however, that the fluoropolymer capping method does hold great potential as a 

practical method for mitigating thee detrimental effects of charged impurities on 
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graphene transistors, and has also been shown to improve the reliability and operating 

lifetime of graphene FETs [24, 64]. 

Similar results for vapor-phase modification of graphene were recently reported 

by Ago and co-workers, who used both vapor-deposition and spin-coating methods to 

adsorb polar piperidine molecules on the surface of graphene devices [123]. For both 

methods, the authors reported significant favorable shifts in the Dirac voltage peak and 

increased mobility. Figure 3.6a shows the significant shift in Dirac voltage peak position 

for a graphene FET in “pristine” condition, showing significant p-doping behavior.  

Figure 3.6b shows the greatly n-shifted Dirac peak position upon exposure to greatest 

tested concentration of piperidine. The blue and red curves are backward and forward 

sweeps, respectively. Dotted and solid lines in Figure 3.6b are data collected before and 

after vacuum anneal, respectively. They also attributed the interaction between piperidine 

and graphene to be a noncovalent one, just as we concluded in our own experiments. 
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Figure 3.6: Plots of resistance as a function of gate voltage for a graphene FET in a) 

pristine condition and b) with exposure to piperidine. Right side images are 

SEM images of graphene area, showing darkening upon exposure to 

piperidine. From Ref. [123]. 

 

The clarity of our vapor-phase experimental results, supported by strong 

agreement with data gathered from previous work and vapor-phase work from Ago, et 

al., affords strong evidence that the simple act of bringing polar molecules into contact 

with graphene and possibly other 2-D materials can act to improve the electrical 

characteristics of the system by their electrostatic or van Der Waals interaction with 

charged impurities and defects.  The two principal mechanisms by which charged 

impurities affect graphene transport, long- and short-range scattering, are pivotal in 

understanding our experimental results. Long-range scattering of charge carriers by 

impurities is the dominant mechanism limiting mobility in graphene at high carrier 
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concentrations. Polar vapors evidently act to screen the Coulombic interaction between 

charged impurities and carriers, mitigating long-range scattering [33, 36, 39]. 

Simultaneously, polar vapors decrease both the minimum conductivity and N0, which are 

determined by short-range scattering [39, 43, 72]. 

3.4 SUMMARY 

In conclusion, we have shown that polar vapors delivered to graphene FETs result 

in favorable changes to the Dirac voltage, mobility, and residual carrier concentration.  

The magnitude of the Dirac voltage is greatly reduced, the mobilities of both holes and 

electrons are increased, and the residual carrier concentration is decreased. The 

magnitude of these changes tracks with the dipole moment of vapor molecule used. These 

changes, along with their reversibility upon vapor molecule desorption, are analogous to 

previous work on graphene FETs coated with films of various polar fluoropolymers. The 

evidence strongly suggests that polar groups significantly screen the fields of charged 

impurities (but, do not transfer electrons), which improves mobility due to a reduction in 

charged impurity scattering. Alteration of the dielectric environment surrounding the 

graphene monolayer may also reduce the fine structure constant of graphene, contributing 

to the observed improvements. 
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Chapter 4:  Computational Modeling of the Interactions of Pristine and 

Impure/Defective Graphene with Polar Molecules 

4.1 INTRODUCTION 

Graphene, graphene nanoribbons, and other emerging 2-D materials show great 

promise for use in a variety of microelectronics applications [6, 10, 12, 32, 36, 47, 72, 

113, 124-127]. However, due to scattering effects from impurities and defects which 

incorporate in and around the materials during growth, handling, and device fabrication 

processes, graphene and similar materials exhibit transport metrics well below theoretical 

limits [9, 11, 26, 32-36, 38-45, 74, 128, 129]. Specifically, long-range, Coulombic 

scattering is the dominant scattering mechanism in the graphene layer of microelectronic 

devices fabricated via the popular CVD graphene growth and wet-transfer to substrate 

method [10, 28, 29, 33, 34, 40, 42, 43, 46, 47, 50, 116, 130]. Measured graphene device 

properties such as charge carrier mobilities, conductivity, and on/off ratios are much 

lower than predicted in theoretical calculations. Thus, it is imperative that we learn how 

best to mitigate the effects of charged impurities and defects on graphene and similar 2-D 

materials. 

Previous work by our group has shown that fluoropolymer capping layers provide 

dramatic improvements to the electrical characteristics of graphene devices [26, 43, 44]. 

It was found that the fluoropolymers returned the Dirac voltage toward zero gate voltage, 

whether the Dirac peak was positively or negatively shifted. In many cases, the 

magnitude of the shift was large (>50 V). At the same time, both electron and hole 

mobility values increase and residual carrier concentration decreased. It was 

hypothesized that these improvements were due both to the polar fluoropolymers’ 

screening of charged impurities and defects at the graphene monolayer and to a change in 

the dielectric environment around graphene. We followed these experiments with model 

*Contains material previously published in Reference [65]. I contributed simulation, 

coding, analysis, and writing. 
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experimental studies using polar, vapor-phase molecules delivered to a graphene device 

surface [45]. These molecules also acted to mitigate the effects of charged impurities 

present at the graphene/substrate or graphene/air interface(s), thus improving key 

electrical characteristics of the devices. We attributed this mitigation to electrostatic 

interaction between the dipoles of the polar vapor molecules and the charged impurities. 

The reversible nature of the improvements to the device upon removal of the 

fluoropolymers or dissipation of the polar molecules supported our hypothesis that the 

effect was caused by electrostatics, as opposed to covalent bond formation or some other 

electronic interaction. 

4.2 QUANTUM MECHANICAL STUDIES 

We sought to better understand how polar molecules interact with graphene, both 

pristine and with impurities and defects. To model the electronic interactions between 

these molecules, we used quantum mechanical chemistry Gaussian 09 [131] and 

GaussView [132] software  on both our own simulation desktop computer and the Texas 

Advanced Computing Center Lonestar 4 cluster. We acknowledge the Texas Advanced 

Computing Center (TACC) at The University of Texas at Austin for providing HPC 

resources that have contributed to the research results reported within this dissertation. 

(URL: http://www.tacc.utexas.edu.) A number of papers in the literature concern the 

interactions of small molecules on various types of graphene, with a general consensus 

that density functional theory (DFT) methods offer a good compromise between 

computational accuracy and efficiency. DFT is a quantum mechanical method which uses 

functions of functions, also known as functionals, to compute the total energy of an 

atomic system given in terms of electron density [133]. Leenaerts, et al. used DFT 

methods to perform first-principles calculations for adsorption energy (Ea) and charge 

http://www.tacc.utexas.edu/
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transfer (ΔQ) of NH3, NO2, nitric oxide (NO), CO, and H2O on a graphene sheet [98]. 

Table 4.1 provides a summary of their results. 

 

 

 

Adsorbate Theory Expt.  

Ea 

(meV) ΔQ (e) 

H2O Acceptor Acceptor 47 −0.025 

NH3 Donor Donor 31 0.027 

CO Donor Donor 14 0.012 

NO2 Acceptor Acceptor 67 −0.099 

NO Donor 
 

29 0.018 

Table 4.1: Summary of Leenaerts, et al. DFT results. From Ref. [98]. 

The theoretical results concerning the donor/acceptor relationship between the molecules 

and graphene are in good agreement with the experimental results of Schedin and 

coworkers [119]. NO2 exhibits both the strongest adsorption on graphene and the greatest 

amount of charge transfer from graphene. The strongest donor of charge to graphene is 

NH3, which also shows the strongest adsorption on graphene among donor molecules. It 

should be noted that the generalized gradient approximation (GGA) of Perdew–Burke–

Ernzerhof [134] used by Leenaerts, et al. tends to underestimate binding energies, so we 

would expect appreciably stronger adsorption of polar molecules on graphene in 

experimental results. Ray also used DFT to simulate adsorption of CO, carbon dioxide 

(CO2), NH3 and NO2 on a graphene [135]. However, he used the local density 

approximation (LDA) [136], which tends to overestimate binding energy, and simulated 
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adsorption on a graphene transistor. The results are summarized (approximately) in Table 

4.2. 

 

Adsorbate Theory 

Ea 

(meV) 

NH3 Donor 240 

CO Donor 130 

CO2 - 320 

NO2 - 320 

 

Table 4.2: Summary of Ray DFT Results. From Ref. [135]. 

It is evident that LDA-calculated adsorption values of polar molecules on 

graphene are much greater than those calculated with GGA methods. According to 

Umadevi and Sastry, who also studied adsorption on graphene, adsorption strengths for 

small molecules below 5 kcal/mol (220 meV) can be classified as physisorption [104], 

where the electronic structure of the involved molecules is not greatly perturbed. They 

classify adsorption strengths for small molecules above 12 kcal/mol (520 meV) as 

indicative of chemisorption, where the electronic structure may be strongly perturbed as 

chemical bonds are formed. Polarizability and a variety of other effects must also be 

considered when describing adsorption process, but these two sets of adsorption energy 

values provide a range of values against which we may compare our own calculations for 

validity. From comparison of the adsorption energy values between these two tables, it is 

obvious that the computational methodology plays a significant role in the quantitative 

result of the system under study. 
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We used a variety of combinations of exchange-correlation functionals and basis 

sets available in Gaussian 09 to calculate optimized energies for single molecules. 

calculated the results reported here using the functional known in Gaussian as PBEPBE 

with the 6-31G(d,p) basis set. In the Gaussian 09 nomenclature shown here, keywords 

represent each functional and basis set, where the first three letters represent the exchange 

functional, the next three letters represent the correlation functional, and the number and 

letter keyword following the forward slash represents the basis set. For example: 

PBEPBE/6-31G(d,p) represents the 1996 functional of Perdew, Burke and Ernzerhof for 

exchange [134], the 1996 gradient-corrected functional of Perdew, Burke and Ernzerhof 

also for correlation [134], and the split-valence basis set of Pople’s notation [137], with 

additional polarization functionals. For further details and references on methods and 

basis sets, see Gaussian documentation. 

 While there has been much study of molecular adsorption on perfect graphene 

monolayers, such pristine graphene is never found in as-fabricated graphene devices due 

to scattering effects from impurities and defects which incorporate in and around 

graphene during growth, handling, and device fabrication processes. Thus, it is important 

to study molecular adsorption on both pristine graphene and graphene with impurities and 

defects. Early DFT simulation work by Ao, et al. showed that CO chemisorbs more 

strongly to Al-doped graphene than to pristine graphene [138]. They reported a large 

conductivity change in Al-doped graphene after CO adsorption. Zhang and coworkers 

also performed LDA DFT calculations of small gas molecules on pristine, B-doped, N-

doped, and defective graphene sheets [139]. They reported that CO, NO, NO2, and NH3 

all adsorb more strongly on doped or defective graphene than pristine graphene. They 

also reported a B-doped graphene gas sensor to be two orders of magnitude more 

sensitive than a pristine graphene sensor. 
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 We performed our own studies using Gaussian software on adsorption of small 

gas molecules on both pristine graphene and graphene with impurities (dopants) and 

defects. Figure 4.1 shows some of the graphene small molecules and periodic structures 

used in the simulations. Coronene has been described as the smallest molecule that 

reasonably approximates graphene [140-142], and is shown in Figure 4.1a. We used 

coronene as an abbreviated form of graphene (GA) that is computationally less 

expensive, as compared to a slightly larger graphene-like molecule (G70) shown in 

Figure 4.1b, and a graphene sheet with periodic boundary conditions (GPBC) shown in 

Figure 4.1c. Also shown are GA with a single carbon atom vacancy defect (GAV) in 

Figure 4.1d, and GA with a Boron atom dopant (GAB) in Figure 4.1e. Similar defective 

and B-doped variations of G70, and B-doped GPBC were also studied (not shown). 

 

Figure 4.1: Graphene models used including a) coronene aka GA, b) G70, c) periodic 

boundary graphene sheet GPBC, d) GA with vacancy aka GAV, and e) GA 

with Boron dopant, aka GAB. 
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After calculating energies of various small molecules and graphene models alone, 

we placed the small molecules near each graphene model in GaussView, and optimized 

geometries to calculate binding energies (using the GGA DFT PBEPBE/6-31g(d,p) 

functional and basis set) according to Equation 4.1: 

𝐸𝐵 = 𝐸(𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒+𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒) − 𝐸𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 − 𝐸𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒    [4.1] 

Where 𝐸(𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒+𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒) is the total energy of the molecule atop the graphene model, 

and 𝐸𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 and 𝐸𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒 are the separate energies of the graphene model and 

molecule, respectively. 

Figures 4.2a and b show an example of fluoromethane (CH3F) atop GA and GAV 

in GaussView. Given our group’s experimental results obtained using fluorinated 

molecules such as F16CuPC and CYTOP
©

 on graphene, we considered the small CH3F a 

good fluorinated molecule with which to begin our computational investigations.  After 

optimization, the pristine GA molecule shows no visible structural change in reaction to 

CH3F, and the binding energy is calculated at -0.07 eV. This energy is indicative of a 

very weak interaction. After optimization of CH3F atop GA with a vacancy, however, the 

GAV molecule exhibits significant torsion in response to the CH3F molecule, and one of 

the GAV carbon atom nearest the vacancy appears to have formed (presumably partial) 

sp
3
 bonds to its neighboring atoms. We calculated a binding energy of -1.1 eV for this 

system, which is over an order of magnitude greater in binding strength compared to 

CH3F atop pristine GA. 
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Figure 4.2: GaussView models of CH3F on a) GA and b) GAV after optimization. 

Another graphene impurity we considered was a Boron dopant in the GA lattice. Figures 

4.3a and b show the GaussView models of ammonia (NH3) atop GA and GAB. After 

optimization, the Hydrogen atoms of NH3 are 3.10 Angstroms (Å) from the pristine GA 

molecule, the pristine GA molecule shows no visible structural change in reaction to 

NH3, and the binding energy is calculated at -0.083 eV. Again, this energy is indicative of 

a weak interaction. After optimization of NH3 atop GAB, however, the Boron atom in the 

GAB molecule appears to be pulled out of the plane toward the Nitrogen atom of the NH3 

molecule, the separation between these two atoms is 1.77 Å, and the binding energy is 

calculated at -0.288 eV. This is a significantly stronger binding energy for NH3 

toward GAB than pristine GA. 
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Figure 4.3: GaussView models of NH3 on a) GA and b) GAB after optimization. 

The results of similar calculations of binding energies are shown in Figure 4.4. It is 

evident that polar small molecules have greater interaction strength with defective or 

impurity-containing graphene models than with pristine graphene models. Vacancy-

containing graphene models have, by far, the strongest interactions with polar small 

molecules. 
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Figure 4.4: Binding energies calculated at PBEPBE/6-31G(d,p) level for various polar 

molecules and pristine, vacancy defective, and B-doped GA models. 

While, for all cases, the strongest binding takes place between the various polar 

molecules and GAV, the structural changes observed in the graphene model varies with 

the type of polar molecule. CH3F and ethanol (EtOH) caused both apparent twisting and 

structural “repair,” in that the carbon atom nearest the vacancy of the GAV appears to 

have formed (presumably partial) sp
3
 bonds to its neighboring atoms. On the other hand, 

molecules such as NH3 and H2O did not appear to alter the structure of GAV aside from 

twisting. It should be noted that the electronic structure of graphene would not be ideal 

for graphene with a vacancy either present or repaired (sp
3
 bonds formed), as compared 
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to the unperturbed, all-sp
2
 structure of theoretical pristine graphene. Nevertheless, our 

calculations are in qualitative agreement with the literature that small, polar molecules 

have a greater strength of interaction with impure or defective graphene than with pristine 

graphene. The former is the state of graphene most likely to be found in fabricated 

graphene devices tested in air at room temperature, as is the case in most of our group’s 

experiments. 

In addition to interaction strengths and structural changes, the electronic 

interactions between polar molecules, impurity ions such as sodium, and graphene-like 

molecules such as GA are also of interest. First, a comparison of the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy 

levels between pristine GA, vacancy-containing GAV, and Boron-doped GAB is shown 

in Figure 4.5. Compared to pristine GA, GAV has significantly raised HOMO and 

lowered LUMO levels, giving it a much smaller bandgap of about 0.121 eV. The 

bandgap of GAB, 1.50 eV, is also smaller than that of GA.  This data shows that the 

introduction of a vacancy-type defect into the GA lattice greatly changes the electrical 

characteristics of the GA molecule, which we use here to model, with computational 

efficiency, a much larger graphene sheet system. 
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Figure 4.5: HOMO/LUMO energy levels for GA, GAV, and GAB. Inset: Respective 

bandgaps. 

We also calculated the effects of a variety of polar molecules on the HOMO/LUMO 

levels for GA, as shown in Figure 4.6. H2O, NH3, and EtOH all slightly lower both 

HOMO and LUMO levels for GA, while CH3F slightly raises both. A sodium atom, on 

the other hand, significantly raises the HOMO and LUMO, with an increase of 

approximately 1.72 eV in the HOMO level. This change in the HOMO level is over an 

order of magnitude greater than that that of the polar molecules, and helps to illustrate 

how metal ion-type impurities can greatly alter the electronic properties of graphene, just 

as they are known to do in traditional silicon microelectronics. 
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Figure 4.6: a) HOMO/LUMO energy levels for GA with various polar molecules. b) Plot 

of the change in HOMO level energy for GA with various polar molecules 

compared to that of pristine GA alone. 

Similarly, we calculated the effects of the polar molecules on the HOMO/LUMO levels 

for GAV, as shown in Figure 4.7. While GAV alone has a very small bandgap, 

interactions with polar molecules or with a sodium atom significantly increase the 

bandgap. The sodium atom raises the LUMO level of GAV by the greatest amount, while 

also lowering the HOMO level to its lowest energy. These effects of the sodium atom 

result in the greatest bandgap for GAV, 2.30 eV. 

 

 

 



 56 

4.3 MOLECULAR MECHANICAL STUDIES 

Having learned both from our quantum mechanical computations that polar small 

molecules preferentially bind to impure or defective graphene, and from our experiments 

that such molecules cause favorable improvements to graphene device electrical 

characteristics, we sought to better understand the mechanism behind polar molecules’ 

mitigation of charged impurities at a graphene surface by performing computational 

chemical simulations consisting of polar molecules interacting with impurities on a 

graphene sheet in vacuum. We performed molecular dynamics (MD) studies of a 

graphene sheet in a periodic unit cell, approximating an infinite graphene sheet. To 

represent both the charged ion and molecular dipole classes of impurity, we added a 

sodium cation and a single water molecule, respectively, above the graphene. These two 

impurities are ubiquitous in microelectronic fabrication, and there is much literature 

detailing attempts to minimize their effects on devices [50, 100, 143-145]. NVT 

simulations for each graphene/impurity system both with and without polar molecules 

gave an ensemble of structures from which to calculate the impurity’s electrostatic 

potential profile in the plane of the graphene sheet. Figure 4.8 shows an example image 

of an acetone/sodium/graphene system. We then calculated the changes in potential 

between each system with and without polar molecules to study the mechanisms 

governing how polar molecules change the effects of impurities on graphene. 

 



 57 

 

Figure 4.8: A system containing 50 acetone molecules, a sodium ion impurity, and a 

graphene sheet. 

4.3.1 Methods 

We used the Carbon Nanostructure Builder (version 1.2) extension in VMD 

software (version 1.9.1) [146-153] to construct a 5 nm by 5 nm graphene sheet consisting 

of 1008 carbon atoms. We carried out simulations using version 4.5.3 of the GROMACS 

molecular dynamics software package [154-160] with the OPLS-AA force field, starting 

with steep energy minimization of the graphene sheet to a maximum force of 10 

kJ/mol*nm [161-164]. Next, we ran a NVT (constant number of particles, volume, and 

temperature) statistical ensemble simulation for 1 nanosecond at 300 K to equilibrate the 
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sheet, followed by a production NVT simulation run for 10 nanoseconds at 300 K. In the 

final step of preparing the graphene sheet, we ran a NPT (constant number of particles, 

pressure, and temperature) simulation to optimize the size of the unit cell box around the 

sheet. With a stable system of a graphene sheet inside a periodic unit cell, we then added, 

separately, a sodium ion of charge positive 1e and a water molecule about 3.5 Angstroms 

above the sheet. We used the three-site SPC/E water model. While there is ongoing 

debate in the literature regarding the effects of different water models, polarizability, and 

other factors on the interaction of liquid water with a hydrophobic surface, such as 

graphene, we have not included such polarization effects in our calculations. We believe 

that such issues would be appropriate in a more detailed study specific to water/graphene 

interactions. Next, we treated each impurity/graphene system to successive steps of 

energy minimization down to a maximum residual force of 0.5 kJ mol/mol*nm, NVT 

equilibration, and 10 nanosecond NVT production simulations. After collecting 

respective ensembles for each type of impurity, we added 50 molecules of each type of 

polar vapor. We chose to model the vapors used in our previous experimental work, 

specifically, acetone, ethanol, and IPA. We then collected respective ensembles for each 

polar vapor/impurity/graphene system by treating them to the same successive 

simulations as were done to the impurity/graphene systems. It is evident from viewing the 

simulation trajectories in VMD that, over the course of the NVT runs, the polar 

molecules both solvate each impurity and orient their dipoles so as to screen the 

electrostatic charge of the sodium ion or dipole moment of the water impurity, as 

expected. 

After collecting ensembles from simulations, we calculated the average potentials 

from each impurity in the plane of the graphene, both with and without polar vapor 

molecules present. The code first evaluates the atomic coordinates in each simulation 
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time step, and then calculates the radial potential out to 1 nm from a point on the 

graphene plane directly beneath the centroid of the impurity atom(s). We can then extract 

data on the separation distance of the impurity from the graphene sheet, the electrostatic 

potential in the plane of the graphene sheet from each impurity alone, the potential after 

inclusion of polar molecules, and the potential when only the displacement of the 

impurity away from the sheet by polar molecules is considered. Further, we can calculate 

both the total magnitude of potential reduction by the polar molecules and the potential 

only from electrostatic screening of the impurity by polar molecules. All potentials are 

plotted as a function of distance on the sheet from the impurity. Next, we can measure the 

angles of the water molecule bisector from the z-axis, to observe the orientation(s) of the 

water impurity over the ensemble, both with and without the presence of polar molecules. 

The cosines of the measured angles range from -1 to 1, where -1 represents both 

hydrogens of the water molecule pointing down toward the graphene sheet, 0 represents 

the water parallel to the sheet, and 1 represents both hydrogens pointing up, away from 

the sheet. We plotted the probability distributions for these angle data for both the water 

impurity alone on graphene and with various polar molecules. Finally, we can calculate 

the range of dipole moments of the various polar molecules, using the charges and 

positions of their respective atoms averaged over each ensemble of our simulations, and 

plot these as probability distributions as well. 

4.3.2 Results with Sodium Impurity 

A plot of the average radial electrostatic potential in the plane of the graphene 

sheet from a sodium ion impurity is shown in Figure 4.9a. The potential is plotted in two 

dimensions from the point on the sheet directly below the impurity, and extends radially 

to a distance of one nanometer (nm). Figure 4.9b shows a “slice” of the radial potential 
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plot, with the potential as a function of distance in one direction. The potential in the 

plane of the graphene directly under the sodium ion in the absence of polar molecules is 

large, and rapidly decays over distance away from the ion. However, inclusion of polar 

molecules, such as acetone, solvates the sodium ion and significantly reduces the 

potential at the graphene sheet. Figure 4.9c shows the impurity potential on graphene as a 

function of distance after inclusion of 50 of each type of polar molecule in separate 

simulations. Acetone (ACE), ethanol (ETOH), and isopropyl alcohol (IPA) were chosen 

because they were also used in our experimental work. The observation that polar 

molecules with greater dipole moments cause greater reduction of calculated impurity 

potentials (Figure 4.9c and Figure 4.10) correlates well with the similar trend for device 

characteristic improvements observed in previous work [45]. 

 

 

Figure 4.9: a) A sodium ion atop graphene, with radial electrostatic potential 

distribution shown by colored circles. b) Electrostatic potential in the plane 

of the graphene sheet from the sodium ion as a function of distance. c) 

Potential plots after inclusion of polar molecules in the simulation, showing 

dramatic reduction of the potential at graphene by polar molecules. 
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Figure 4.10: Normalized probability distributions of calculated dipole moment values of 

a) acetone, b) IPA, and c) ethanol molecules in our simulations. 

Taking the acetone/sodium ion/graphene case as a general example of the 

interaction of polar molecules with impurities on graphene, we first calculated the 

difference in potential between the system with and without acetone molecules. The 

magnitude by which the acetone molecules reduced the potential is shown as the solid 

line in Figure 4.11a. We identified two mechanisms by which the polar acetone 

molecules act to mitigate the potential profile in the plane of the graphene sheet from the 

sodium ion, as indicated in Figure 4.11a. The first mechanism involves physical 

displacement of the sodium ion away from the sheet upon solvation by acetone 

molecules. The second mechanism is the electrostatic screening of the sodium ion’s 

charge by orientation of the acetone dipoles around the cation. These two are distinct 

effects, although not completely separable, since the screening would be quantitatively 

affected by the ion position. The average contribution of each of these mechanisms to the 

potential reduction varies with distance and is shown as a percentage in Figure 4.11b. 

While displacement is the dominant mechanism at short range from the impurity, 

screening is increasingly the primary contributor to potential reduction at distances 

beyond about 0.26 nm, as expected since the ion displacement from the surface is small. 

Figure 4.12 illustrates physical displacement of the sodium ion away from the sheet upon 

solvation by acetone molecules. 
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Figure 4.11: Potential plot showing the magnitude of potential reduction by acetone 

molecules (solid line), contribution of displacement mechanism to this 

potential reduction (dashed line), and contribution of screening mechanism 

(dot-dot-dashed line). The inset shows the two potential plots of sodium on 

graphene with (red) and without (black) acetone molecules. b) Percentage 

contribution of each mechanism to the potential reduction. 

 

Figure 4.12: Snapshots of graphene/sodium ion system a) before and b) after solvation by 

acetone molecules. 

Additionally, we studied the effects of varying the number of polar molecules per 

impurity on potential reduction by repeating the 50-molecule acetone simulation with 10 

and 25 molecules per unit cell, as shown in Figure 4.13.  
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Figure 4.13: Snapshots of graphene/sodium ion system with a) 10, b) 25, and c) 50 

acetone molecules. 

We observed that greater numbers of polar molecules such as acetone provide 

both greater magnitudes of potential reduction (Figure 4.14a), and greater displacement 

of the sodium impurity (Figure 4.14b). Figure 4.14c lends insight into the dependence on 

the number of molecules for formation of solvation shells around the sodium ion. For 

only ten acetone molecules present, the distribution of distances between sodium ion and 

graphene plane is roughly Gaussian with a center at ~3.5 Angstroms, representing a 

single solvation shell of acetone molecules around the sodium ion. This distribution 

becomes bimodal as more acetone molecules are introduced to the simulation box, 

representing the formation of a second shell.  
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Figure 4.14: a) Potential plots for sodium both alone and with various numbers of 

acetone molecules. b) Box plots showing mean displacement (small square) 

of sodium ion away from graphene as a function of number of acetone 

molecules, with standard error (larger box boundaries). c) Distributions of 

values of sodium ion displacement by acetones, revealing formation of a 

second solvation shell with greater numbers of acetone molecules. 

Other polar molecules, including a variety of alcohols, simulated with sodium 

gave results similar to those shown for acetone (Figure 4.15). One important conclusion 

from this analysis is that the great majority of the screening can be achieved with 

adsorption of only a few polar molecules. 
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Figure 4.15: a) Electrostatic potential in the plane of the graphene sheet from sodium ion 

both before and after inclusion of alcohol molecules in the simulation, 

showing dramatic reduction of the potential at graphene by polar molecules. 

b) Box plots showing mean displacement (small square) of sodium ion away 

from graphene as a function of the number of alcohol molecules, with 

standard error (larger box boundaries). 

4.3.3 Results with Water Impurity 

Water, either adsorbed on top of graphene or trapped between graphene and 

substrate, may be observed to affect graphene’s electrical properties in shifts of the Dirac 

voltage peak or charge neutral point and hysteresis in graphene FET transfer curves [2, 

97, 100, 123, 165]. There is much literature covering extensive calculations of the 

orientation-dependent water-graphene interaction. For our simulations, we chose two 

orientations of greatest interaction energy: the “one-leg” orientation, with one hydrogen-

oxygen bond vector pointing down toward the graphene; and the “two-leg” orientation, 

where both hydrogens point toward graphene [98, 166, 167]. As shown in Figures 4.16a 

and 4.16b, these two orientations of water dipoles cause relatively similar radial 

potentials in the plane of the graphene in our simulations. The greatest difference in 

potential between the one-leg orientation and the two-leg orientation is about 0.075 e/nm 

at 0.2 nm distance on the graphene plane from the point directly below the water 

molecule (Figure 4.16c). We did not observe significant qualitative differences between 
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our results for each orientation, so, for the remainder of this discussion, we will consider 

results from the on-leg simulations. 

 

 

Figure 4.16: Schematics showing potential profile in the plane of the graphene sheet from 

one water molecule with a) one-leg and b) two-leg water orientations. c) 

Electrostatic potential as a function of distance on graphene from one-leg 

and two-leg water orientations. 

When polar molecules are added, they act to solvate the water impurity, as shown 

with acetone molecules in Figure 4.17a. For acetone and other polar molecules, this 

results in a reduction of the potential magnitude in the graphene plane caused by water 

(Figure 4.17b). Figure 4.17c reveals that the polar molecules actually change the potential 

in the graphene plane induced by the water from positive to negative potential. 

 

 

Figure 4.17: a) A system containing 50 acetone molecules, a water molecule impurity, 

and a graphene sheet. b) Absolute value of potential from one-leg water 

orientation both alone and with various polar molecules. c) Change in 

potential caused by polar molecules for water. 
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Nevertheless, the magnitude of potential reduction by polar molecules does 

correlate with their respective calculated dipole moments (Figure 4.17c and Figure 4.18), 

and thus supports both our previous experimental data and hypothesis that it is the polar 

nature of these molecules which acts to mitigate charge scattering effects of impurities on 

graphene via a reduction of their electrostatic potential [45]. However, the reversal in 

potential sign from positive to negative indicates a more complex process, which we will 

discuss later. 

 

Figure 4.18: Normalized probability distributions of calculated dipole moment values for 

a) methanol, b) ethanol, and c) IPA molecules. 

As was the case with polar molecules and a sodium ion impurity on graphene, we 

observed two mechanisms apparently governing the polar molecules’ reduction in water 

impurity electrostatic potential in the plane of the graphene sheet. For acetone molecules, 

the magnitude of potential reduction, along with the contribution of both water 

displacement and electrostatic screening mechanisms, is shown in Figure 4.19a. The 

percentage contribution that each mechanism makes to the total potential reduction is 

shown as a function of distance in Figure 4.19b. Displacement of the water impurity 

appears to be a significant mechanism for potential reduction at short range, and 

screening becomes the dominant mechanism at distance beyond about 0.26 nm. However, 

we note that, as compared to displacement and screening mechanism percentage 

contributions for potential reduction in the case of acetone molecules and a sodium ion 
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impurity, the percentage contributions of the mechanisms for potential reduction in the 

case of acetone molecules and a water impurity are significantly more balanced at close 

range. So, while screening remains the dominant mechanism at long range, displacement 

of a water impurity is not as dominant at short range. 

 

 

Figure 4.19: a) Potential plot showing the magnitude of potential reduction for an 

adsorbed water molecule impurity by acetone molecules (solid line), 

contribution of displacement mechanism to this potential reduction (dashed 

line), and contribution of screening mechanism (dot-dot-dashed line). b) 

Percentage contribution of each mechanism to the potential reduction. 

To investigate why displacement of a water impurity appears to have reduced 

impact as compared with displacement of a sodium ion by the same acetone molecules, 

we varied the number of acetone molecules used in the simulation. We repeated the 50-

molecule acetone simulation with numbers of 10 and 25 molecules per unit cell. As 

shown in Figure 4.20a, greater numbers of acetone molecules provide greater magnitudes 

of potential reduction. However, there is not an apparent trend in effects of the number of 

acetone molecules on displacement of water (Figure 4.20b), and acetone molecules do 

not appear to form distinct, successive solvation shells beyond the first one (Figure 

4.20c). This difference in displacement trends for acetone with a water impurity versus 
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with a sodium ion impurity further hints at greater complexity in the mechanisms behind 

water impurity potential reduction. 

 

 

Figure 4.20: a) Potential plots for water alone and with various numbers of acetone 

molecules. b) Box plots showing mean displacement (small square) of water 

away from graphene as a function number of acetone molecules, with 

standard error (larger box boundaries). c) Distributions of values of water 

displacement by acetone molecules, indicating formation of only one 

solvation shell around water. 

For similar data with ethanol molecules, see Figure 4.21. As with acetone 

molecules, greater numbers of ethanol molecules provide greater magnitudes of water 

potential profile reduction (Figure 4.21a). Again, there is not an apparent trend in effects 

of the number of ethanol molecules on displacement of water (Figure 4.21b).  Figure 
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4.21c shows that the ethanol molecules do not appear to form distinct, successive 

solvation shells beyond the first shell. The results are qualitatively similar to those results 

with acetone molecules around a water impurity. This similarity does lend support to our 

assertion that these effects are due to the general polar nature of the molecules, and are 

not unique to acetone molecules alone. 

 

 

Figure 4.21: a) Electrostatic potential in the plane of the graphene sheet from water both 

alone and with various numbers of ethanol molecules. b) Box plots showing 

mean displacement (small square) of water away from graphene as a 

function of the number of ethanol molecules, with standard error (larger box 

boundaries). c) Distributions of values of water displacement by ethanol 

molecules, indicating formation of only one solvation shell around water. 
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When considering both the change in sign of the potential and limited 

displacement of the water impurity upon introduction of polar molecules, the strict, two-

mechanism hypothesis is not sufficient to explain the impurity potential change. Hence, it 

is instructive to consider the dipolar nature of the water molecule (and, by extension, the 

molecular dipole class of impurity on graphene), and observe how the orientation of the 

water molecule changes in the presence of polar molecules. Thus far, our data considered 

the water molecule to be locked into the preferred one-leg orientation atop graphene, as it 

is in the solvent-free reference geometry. However, Figure 4.22a, a plot of the cosine of 

the angle between the water molecule bisector, or dipole vector, and the z-axis above the 

x-y graphene plane, illustrates how acetone molecules change the preferred orientation of 

the water molecule atop graphene. Where the angle cosine is -1, the water hydrogen 

atoms are pointed down toward the graphene. At angle cosine 0, the water has hydrogen 

atoms and oxygen atom parallel to the graphene sheet, and, at angle cosine +1, the 

hydrogens are pointing away from the sheet. We note that the simulation ensemble shows 

that the acetone molecules orient the water such that it is most probable to have the 

oxygen atom pointing more toward (and hydrogens pointing away from) the graphene 

sheet. This orientation is more likely to cause a negative potential in the plane of the 

graphene sheet, as is seen in Figure 4.22c. Additionally, ethanol (Figure 4.22b) and IPA 

Figure 4.22c) molecules tend to orient the water molecule parallel to the sheet, with some 

skew toward oxygen facing down, and this helps explain the less negative potential 

observed for alcohols versus acetone plots in Figure 4.17c. 
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Figure 4.22: Distributions of values of the angle between water dipole vector and z-axis 

above graphene sheet in the presence of a) acetone b) ethanol c) IPA 

molecules. Angle cosine -1: water hydrogens are pointed down toward the 

graphene. Angle cosine 0: the water hydrogens and oxygen atoms parallel to 

graphene. Angle cosine +1: hydrogens are pointing away from the graphene. 

As mentioned earlier, all of these simulations and calculations performed with the 

one-leg water molecule orientation were also performed with the two-leg water 

orientation and various additional polar molecules. As numerous groups have discussed, 

the orientation of the water molecule is an important factor to consider [97, 98, 103, 166-

168]. Thus, the extents to which polar molecules cause reduction of the potential profile 

magnitude in the graphene plane caused by the two-leg orientation of water is shown in 

Figure 4.23a. Figure 4.23b reveals that the polar molecules actually change the potential 

in the graphene plane induced by the water from positive to negative potential. The 

magnitude of potential reduction, along with the contribution of both water displacement 

and electrostatic screening mechanisms, is shown in Figure 4.23c. The percentage 

contribution that each mechanism makes to the total potential reduction is shown as a 

function of distance in Figure 4.23d. These results are qualitatively similar to those for 

the one-leg water orientation discussed above. 
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Figure 4.23: a) Absolute value of potential from two-leg water orientation both alone and 

with various polar molecules. b) Change in potential caused by polar 

molecules for water. c) Electrostatic potential in the plane of the graphene 

sheet from water impurity showing the magnitude of potential reduction by 

acetone molecules (solid line), contribution of displacement mechanism to 

this potential reduction (dashed line), and contribution of screening 

mechanism (dot-dot-dashed line). d) Percentage contribution of each 

mechanism to the potential reduction. 

 

This theoretical work strongly supports our previous experimental efforts to show 

that it is not difficult to both access the impurities/defects in 2-D monolayer graphene and 

manipulate them in order to improve transport characteristics. Access to these 2-D 

material impurities/defects presents a distinct advantage for such materials over 
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comparable bulk conductive materials. While manipulation of impurities/defects with 

polar molecules is a good method for graphene, there may be other modification methods 

more appropriate for other 2-D materials such as MoS2. 

4.4 SUMMARY OF MOLECULAR DYNAMICS SIMULATIONS 

We have used both a sodium ion near graphene as a general model for a point 

charge impurity, and a water molecule near graphene as representative of any type of 

molecular dipole impurity. Such impurities in real graphene samples scatter charge 

carriers moving through the graphene, to the detriment of graphene electrical properties. 

It follows from our simulations that the magnitude of such impurity scattering should 

scale with the magnitude of the electrostatic potential in the graphene plane from that 

impurity. As we have demonstrated theoretically, polar molecules reduce that 

electrostatic potential via simple mechanisms. In the case of a point charge, physical 

displacement and electrostatic screening are sufficient mechanisms to greatly reduce the 

potential. While displacement is more important for potential reduction at short range, 

screening dominates at long range from the impurity. For a molecular dipole, 

displacement, screening, and reorientation of the impurity are responsible for potential 

reduction. Despite the added complexity of the displacement and reorientation 

mechanisms, electrostatic screening of the water impurity by polar molecules does 

dominate the potential reduction at longer range from the impurity. This reduction in 

impurity potential on graphene strongly supports our previous experimental observations 

that polar molecules mitigate the effects of charged impurities on graphene, which was 

observed as improvement in graphene device characteristics. 
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Chapter 5:  Future Work 

We have studied methods to improve the electrical properties of graphene which 

could be more easily interfaced with existing semiconductor industry processes, and 

performed model experiments and simulations to improve our understanding of the 

chemical interactions governing the improvements. Contamination of or damage to 

graphene is difficult to avoid in graphene growth and processing. The charged impurities 

and defects which incorporate in/around graphene as a result of this processing degrade 

the electrical properties by scattering of charge carriers. We attribute the improvements to 

graphene device electrical properties to mitigation of charged impurities and defects by 

polar molecules, both in thin-film and vapor-phase forms. Our simulations indicate that 

polar gas molecules favor interaction with impure or defective graphene over pristine 

graphene. We also found that charged impurities such as sodium ions or water molecules 

create an electrostatic potential profile in the plane of a graphene sheet with which they 

are in contact. Polar molecules such as acetone act to reduce this potential profile by two 

mechanisms: First, the polar molecules physically displace the impurities away from the 

graphene sheet. Second, the dipoles of the polar molecules orient the molecules around 

the impurities to electrostatically mitigate the impurities’ charges or dipoles. 

5.1 EXPERIMENTAL 

We have demonstrated that testing of graphene devices with polar vapor 

molecules is a good system for qualitative determination of the polar molecules impact 

on the general class of charge scatterers on and around graphene. Future experiments 

with graphene devices and polar vapor molecules which both take place in a temperature-

controlled vacuum chamber and involve a range of specific concentrations of polar vapor 

molecules with a broad range of dipole moments would allow for more quantitative 



 76 

determination of how the degree of polarity of various vapor molecules mitigates charge 

scattering in graphene. Such an experimental setup would also allow for addressing 

specific groups of charged impurities and defects on graphene. Various groups have 

reported removal of adsorbed water and oxygen from graphene upon temperature and 

vacuum treatment [41, 95, 119, 169]. Eliminating adsorbed impurities would narrow 

down the possible sources of charge scattering to substrate impurities, substrate defects, 

and graphene defects. Suspension of graphene has been demonstrated to improve its 

electrical properties due to removal of the substrate charge scattering effects [10, 40, 115, 

124]. 

These experiments could also be applied to other 2D materials, including MoS2 

and graphene nanoribbons. MoS2 is an interesting 2D material to study, due to the 

prevalence of sulphur atom vacancies, which result in lower-than-expected mobility and 

n-doped electrical characteristics [170, 171]. Yu, et al. used SAMs of (3-mercaptopropyl) 

trimethoxysilane, with thiol end groups, to repair such vacancies and reduce charged 

impurity scattering effects [172]. Further study of SAMs with specific dipole moments 

and end groups could allow precise tuning of MoS2 properties. Graphene nanoribbons are 

also of interest due to their band gap advantage over graphene, and their  higher 

concentrations of charged defects and impurities due to edge roughness [126, 173, 174]. 

The greater numbers of charged impurities and defects present per given area of graphene 

nanoribbon versus graphene sheets would allow for quantitative comparison of the extent 

to which various polar molecules mitigate charge scattering on different concentrations of 

charged impurities and defects per area. 
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5.2 COMPUTATIONAL 

In conjunction with the experiments above, computational studies of molecular 

dipole moments, polarizabilities, and binding strengths with various forms of graphene 

and other 2D materials would help understand qualitatively the chemical interactions. We 

have used Gaussian software to calculate molecule dipole moments and binding strengths 

with GGA DFT methods. However, DFT is a constantly evolving field, and newer 

functionals and basis sets have been developed which may provide more accurate 

calculations. In 2013, Lazar and coworkers studied adsorption of organic molecules on 

graphene using DFT, wave-functional theory, and empirical calculations [141]. They 

found that the optB88-vdW functional used in ab initio molecular dynamics calculated 

adsorption enthalpies in the best agreement with experimental data. Recently, Cavallucci 

and Tozzini found that proper modeling of graphene on a SiC substrate must include van 

der Waals (vdW) corrections in DFT calculations [175]. However, the empirical 

dispersion correction to the traditional PBE exchange/correlation functional, PBE-D2 

[176], used by the authors was found to become less accurate at predicting room 

temperature energies. Okamato used DFT to study insertion and adsorption of lithium in 

graphene with and without carbon vacancies [177]. The author asserted that, where vdW 

forces are less important, as in strong ionic adsorption without a substrate under 

graphene, the GGA PBE methods were sufficient. Many computational researchers of 

graphene use software other than Gaussian, including Quantum Espresso [178], 

GAMESS [179], and CASTEP [180]. Such programs may better take into account the 

solid-state (as opposed to molecular) properties of graphene including periodicity, 

electronic band structure, and density of states. Our molecular dynamics studies using 

GROMACS could also be applied to MoS2 and other 2D materials to better understand 
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the mechanisms governing mitigation of the effects of charged impurities and defects by 

polar molecules and SAMs on those materials. 
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