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0.027 mM solution; B) After addition of 2 mg expandable carbon to the mother solution
and stirring for 90 min at rt; C) After addition of 20 mg expandable carbon and stirring for
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SUMMARY

Graphene is a two-dimensional sp?> hybridized carbon lattice that is also the
fundamental building block of graphite. Graphene has attracted significant interest recently
due to its distinctive electrical, optical and mechanical properties. These properties have
spurred research directed at modifying graphene for use in a variety of electronic,
optoelectronic, and sensor technologies. However, before graphene can be used in
products, it is necessary to find methods to tune, modify, grow and integrate graphene
features while substantially boosting device performance and maintaining current
processing compatibility and ease of integration with existing manufacturing
infrastructure.

This dissertation focuses on developing techniques for controllably doping the
graphene layer through scalable, industry friendly and simple chemical doping; using self-
assembled monolayer compounds, photo-acid and photo-base generators, polymers and
metal-organic species. We have, in fact, demonstrated simple p-n junctions fabricated in
this manner. Characteristic [-V curves indicate the superposition of two separate Dirac
points from the p and n regions, confirming an energy separation of neutrality points within
the complementary regions; Raman studies of these methods have shown that these
processes result in extremely low defect levels in the graphene. Our simple methods for
producing patterned doping profiles in graphene films and devices open up a variety of
new possibilities for forming complex doping profiles in a simple manner in graphene.
This work can enable rapid testing, such as controlled work function tuning, complex
doping profiles and simple post-fabrication tuning, of concepts for graphene that may be

useful in both interconnect and transparent conductor applications.
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In addition to graphene doping, we also investigated approaches to the synthesis of
few-layer graphene flakes, since current techniques still produce inferior materials.
Exfoliation of Graphene Sheets by an Electron Donor Surfactant was demonstrated to
generate few-layers graphene flakes that rival the electrical quality of reduce graphene-
oxide (rGO) flakes. Last but not least, Diels-Alder adducts on silica were explored as a
controllable carbon precursor for pristine graphene; these allow for a rational direct-
growth-of-graphene-on-surface reaction mediated by copper catalyst, without the use of
flammable precursors, such as methane, that are used in current methods of chemical vapor

deposition synthesis of graphene.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Overview

Integrated circuit (1C) technology has undergone rapid and dramatic improvements
over the past fifty years, which have led to the incredibly complex and powerful IC devices
we enjoy today. Modern devices that are commercially available integrate more than a
billion transistors in a single chip, a tremendous improvement over the single isolated
transistor first developed in the early 1950s at Bell Labs(Figure 1.1).1

The transistor is the main building block for IC technology, and the principle of the
field effect transistor was first proposed by Lilienfeld in 19302. As illustrated in Figure
1.1, a transistor consists of a source and drain electrodes with a semi-conducting channel,
which can be p or n doped (e.g. commonly through ion implantation® or thermal diffusion*
in silicon electronics), between the two electrodes. The density of the charges carried in

the channel is modulated by the voltage applied to the gate electrode.®



Top-gate

Drain

Source Drain Source

‘ Si0, SIi0,
Doped i substrate Si substrate

Back-gate

Figure 1.1: (Top) Replica of the first transistor. (Bottom) Schematic for a field effect
transistor : Left-bottom-gated, top contact , Right-top gated, top contact (edited).®



Inorganic materials have been the dominant choice in building microelectronics
technology since its inception in the mid 1900s. Silicon in particular has been by far the
most common semiconductor material platform on which to build devices. The popularity
of silicon is largely due to the relatively easy formation of a stable, high-quality dielectric
on the material in the form of silicon oxide. But three forces are currently poised to drive
a potential shift away from inorganic electronic (i.e., conductor and semiconductor)
materials: (1) the continued scaling of device dimensions and transistor densities, (2) the
interest in non-traditional device forms such as flexible electronics’, and (3) the desire for
very low cost, “printed”, and large area electronics.

In the first case, Gordon Moore in 1965 predicted that, “the components of a chip
will double every 18 months”.2 Amazingly, or perhaps as a result ultimately of the
prediction, this trend has indeed continued from roughly the mid-1950s through today.
Figure 1.2 shows a plot of the number of transistors per single I1C device/chip from roughly
1970 through today, consistent with this doubling of devices each 18 to 24 months.
However, because this aggressive device scaling, silicon devices are reaching their physical
limits in terms of channel mobility, operational frequency, thermal stability, heat
dissipation, and many other factors.® There could be tremendous benefit to transitioning
to semiconducting materials with higher mobilities. Unfortunately switching the IC
infrastructure over to the next logical choice of relatively mature compound
semiconductors (such as GaAs.) does not gain much in terms of mobility or device
frequency at the cost of great expense to change the fabrication infrastructure. What would
be desirable is a material that could provide a substantial boost in semiconductor mobility

while maintaining compatibility with existing manufacturing infrastructure. Organic



materials in the form of complex nanostructures such as graphene may offer one potential
solution to this need. The second force, that of building non-conventional form factor
devices (e.g., flexible electronics) also could benefit from the use of organic electronic
materials, which inherently may have better capacity to accommodate strain in such
flexible applications.®° Finally, the interest in printed, large-area, and low-cost electronics
also could benefit from a move away from high-vacuum based processing to more solution-
processed materials such as organic semiconductors. In particular, polyaromatic
hydrocarbons, ranging from simple compounds such as pentacene to complex
nanostructures such as graphene, offer the promise of an exciting array of physical,
chemical, and electrical properties that may be useful as the basis for the next generation

of electronic devices.
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Figure 1.2: Illustration of Moore’s law stating that the components of a chip will

double every 18 months (Author: Wgsimon).!

Organic field-effect transistors (OFETS) based on solution-processable organic

polymeric and small molecule organic semiconductors have obtained impressive

improvements in their performance during recent years. These devices have been

developed to realize low-cost, large-area electronic products and have

obtained mobilities

in excess of 5 cm?/Vs.? Most of the high mobility organic semiconductor work has been



achieved in vapor deposited films'?*3 that require potentially high temperatures and
vacuum. However, there is a real need and an opportunity for solution processable organic
materials and low thermal budget processes, since they are compatible with low
temperature processing, a fundamental requirement for much of the proposed flexible
electronics devices.” Even though tremendous improvements have been achieved in
organic electronic materials, the mobility values are still below that of silicon which is in
the order of 1000 cm?/Vs (doped silicon). Hence, other materials are being investigated for

high performance/demand devices, as for example: graphene.®41°

1.2 Graphene and Its Properties

Graphene is a flat monolayer of carbon aromatic structures tightly packed into a
two-dimensional honeycomb lattice, and it is a single sheet of building unit for all other
dimensionalities of graphite structures. " It can be wrapped up into 0D fullerenes (C60,
C70), rolled into 1D carbon nanotubes, or stacked into 3D graphite®® (Figure 1.3).
Graphene sheets are one-atom thick, have 2D layers of sp?-bonded carbon, and are
predicted to have unusual properties, including its nearly linear energy dispersion relation
that results in electric field induced generation of electrons and holes which travel as
massless Dirac fermions with high velocities (Figure1.3).182° Carrier mobilities in pristine
graphene have been estimated to be as large as 200,000 cm?/Vs, and it has also
demonstrated very high thermal conductivity.*’ Furthermore, graphene is one atom thick,
making it a perfect substitute for silicon in small high performance devices( Figure 1.3).

Graphene is also highly transparent (absorbs 2.3% of white light); it has been shown

that reflectance from the monolayer is determined for the infra-red region by the intraband



Drude-Boltzmann conductivity and for higher frequencies by the interband absorption.?
At low temperatures and high carrier densities, the reflectance from multilayers has a sharp
downfall with a subsequent plateau which is caused by the excitations of weakly damped

waves in conditions of direct interband electron transitions %2



Figure 1.3 (Top-Left) Electronic dispersion in the graphene honeycomb lattice. Inset
(Top-Right) Energy bands close to one of the Dirac points.® (Bottom-Left) Formation
of 0D, 1D, and 3D carbon materials from graphene®®. (Bottom-Right) Wafer contains
more than 20,000 Graphene field effect transistor (G-FET) devices and test
structures.?



1.3 Graphene Synthesis Methods

Several methods have emerged over the years for the synthesis of graphene. In
2004, Andre Geim and Kostya Novoselov’s research group, at Manchester University, UK,
used a technique called micromechanical cleavage to extract a single sheet (a monolayer
of atoms) from three-dimensional graphite?*. This exfoliated graphene proved to be an
extremely important new 2-D electronic material, and as a result the two scientists were
awarded the Nobel Prize in Physics in 2011.>% Unfortunately, micromechanical cleavage
cannot be scaled and used industrially.

Another method for graphene formation is epitaxial growth, which grows graphene
from SiC substrates. The application of epitaxial graphene in electronic devices originated
at Georgia Tech in 2004, created by a group led by Walter deHeer, but epitaxial graphene
is expensive and it is not compatible with low temperature applications.?® An additional
method to make graphene is using chemical vapor deposition (CVD). Hydrocarbon gases,
such as methane, are typically passed over the metal-catalyst surface under high
temperature and low pressure causing the nucleation and growth of graphene. Solid
precursors such as PMMA have also been used in CVD synthesis of graphene?®-%, This
technique offers the possibility for scalability, but it requires high temperature and uses
hydrogen as the carrier gas. Additionally, the mobilities demonstrated to this point are
about two orders of magnitude lower than those of mechanically exfoliated graphene flakes
and the resulting films usually contain an uneven number of layers of graphene and
spatially varying properties.®?° °30 Last but not least, other methods for graphene formation
are via reduction of graphene oxide (rGO)3! and liquid exfoliation of graphite.>% They
both offer large volume processing but the low quality (of rGO) and limited size of the
graphene flakes produced ( liquid exfoliation ) still remain issues that needs to be
resolved.?**® Table 1.1 provides a concisely summary of the advantages and disadvantages

for each method to synthesize graphene



Table 1.1 Comparison of Common Graphene Production Methods

Synthesis Method

Advantages

Disadvantages

Micromechanical

Exfoliation?°

o High Quality
(electrical properties)

Low vyield
Not scalable

Epitaxial SiC o Large continuous Non- transferable
Growth?3637 film area High temperature
o High quality Low vacuum
Reduction of o Solution processed Poor electrical properties
GO3L3847 J High yield Small area flakes
. Low Temperature
o High “quality” High temperature
CVD4853 o Large area Requires catalyst
o Transferable Flammable Precursors
Solution o Fair Quality Small area flakes

Exfoliation32-3454

o Good Scalability
. Low Temperature

Colloidal Stability
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1.4  Graphene: Applications, Devices and Doping

The good transmittance coupled with high electrical conductivity and low sheet
resistance make graphene a potential candidate for primary transparent conductive
electrodes in applications such as touch screens, ° liquid crystal displays, *® organic
photovoltaic cells (OPVs), °"*8 organic light-emitting diodes (OLEDSs), *° or as an interface
modifier to improve charge injection or collection in devices. ¢! Current prices of
materials for such applications, such as indium tin oxide (ITO), continue to rise and these
could be scarce by 2020.62% This provides a clear window of opportunity for graphene

(Figure 1.4 shows a graphene-based touch-screen panel).

= m e e e e e e e e e ———— N
{_3 (- h_ — _31- - : Transferred or directly grown large-area graphene
raphene transfer & | | (high quality) I
e o | High-frequency | i .
(medium quality) I . I . . I Future devices
' | Logictransistor |
i thin-film transistor |
i o 4
I I
| |
| |
I I
| |
I I
1 1
I I I I
2010 2015 2020 2025 2030 2035

Figure 1.4 (Top-Left) assembled graphene/PET panel showing outstanding flexibility.
(Top-Right) A graphene-based touch-screen panel connected to a computer( Picture
taken from %%). ( Bottom) Expected Roadmap for graphene based devices.®
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Other applications for graphene include utilization as detector materials for sensors,
since its 2D configuration can also respond to a single gas molecule interaction®654%, Due
to high conductivity in single layer graphene, any adsorption of gas molecules is detectable
through measuring the change in resistance. Furthermore this change is detectable at room
temperature and such devices have been reported in the literature.®® As a result of such
sensitivity, a variety of chemical species can become attached to the graphene during
processing (as well as transfer), as graphene is typically exposed to both aqueous and
atmospheric gas environments (adventitious dopants).®”-%° These groups have the ability to
unintentionally dope the graphene and alter the electronic properties that are important for
most sensor and transistor applications discussed above. The variation in mobility and
charge carrier concentration depends on the donor or acceptor nature of the chemical
groups.

Controlling the exposure of graphene to these groups provides the opportunity to
further tailor its electronic structure by altering their concentration since, they give rise to
p- and n-type materials that are important, for a variety of electronic applications ( as
discussed above). Therefore, understanding the mechanism by which graphene is doped
and developing techniques for such doping are required in order to develop appropriate
post-transfer treatments for adjusting the presence of these groups on the graphene surface

and to obtain the desired electrical properties for the graphene film.
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@ "graphitic” N atom @ "pyrrolic’ N atom

Figure 1.5 (Top) Overview of N and P-doping of graphene: Chemical doping of
Graphene aimed at tuning the electronic properties ( Band gap, Dirac point) for a
variety of applications.”® (Bottom-Left) N-doping of Graphene FET device by e-
annealed under high current in NH3 atmosphere.”* (Bottom-Right) Schematic
representation of the N-doped graphene. The blue, red, green, and yellow spheres
represent the C, “graphitic” N, “pyridinic” N, and “pyrrolic” N atoms in the N-doped
graphene, respectively. Such atomic substitution leads to defects in the graphene
structure "
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Exploring such phenomena, Traversi et al developed the first integrated circuit (a
complementary inverter) on graphene as shown in Figure 1.6.” On this study, the key to
obtaining a functional integrated circuit was to change the type of one of the transistors
from p to n by Joule heating. An ideal graphene FET is ambipolar, meaning electrons flow
when a positive voltage is applied to the gate (n-type), but holes conduct the current when
a negative voltage is applied (p-type) (Figure 1.5 and 1.6). As explained earlier, oxygen
and moisture in the air adventitiously dope graphene, making p-type transistors. In this
study, Joule heat treatment was utilized to remove these contaminants from one side and
therefore restoring n-type behavior (excess electrons). In this way, two transistors of
opposite type are integrated on the same graphene sheet. This pair of transistors forms a
digital logic inverter, a basic building block of CMOS.

Other important elementary building blocks for most semiconductor devices (such
as diodes, transistors, LED) are p-n junctions. Graphene p-n junctions have already
displayed new and exciting phenomena such as Klein tunneling’®, where electrons
traveling perpendicular to the junction experience zero resistance and fractional quantum
Hall transport. "4 Such junctions are predicted to produce lensing effects for coherent
electrons, so called Veselago lensing, where diverging electron waves are refocused by the
junction.”® Graphene junctions to date have been fabricated using multiple electrostatic
gates,”” electrical stress-induced doping,’® UV light/laser irradiation,’®° and molecular
modifications on top of the graphene.®:® Figure 1.6 shows a typical conductance
measurement as a function of gate voltage, indicating superposition of two separate Dirac
points that confirm an energy separation of neutrality points within the complementary

regions in the ambipolar graphene FET. 7’
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Figure 16 (Top- AB and OC): Schematic of graphene integrated
circuit (complementary inverter). Picture taken from 3. ( Bottom): Right- Schematic
of device configuration use to generated graphene p-n junction using electrostatic
substrate engineering. Left- Output characteristic of a graphene p-n junction as a
function of a gate voltage. Presence of two separate Dirac points confirms an energy
separation of neutrality points within the complementary regions in the ambipolar
graphene FET.
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1.5  Research Objective

Overall, as we approach the limits of Moore’s law and faster, smaller electronics

are demanded, it is critical to improve current techniques and explore the development of

new techniques in order to fully produce interesting organic electronic material suitable for

device fabrication. Having this in mind, we will focus on two specific aspects:

First, how to modify the properties of these existing aromatic materials, in order
to make them more compatible with current integrated circuits. In order to offer
a true replacement for silicon or other semiconductor materials, we need to be
able to controllably modify and characterize the doping profile of graphene.
Such doping ability then allows one to fabricate useful electrical device
constructs such as the P-N junctions which are the basis of almost any
semiconductor electronic device.

Second, how to fabricate lower temperature graphitic like materials with
interesting electrical properties, and explore better methods for production of
graphene from existing graphitic sources. In other words, the basic idea is to
take intelligently designed precursors/molecules that can easily be converted

thermally or chemically to form graphene or graphitic nanostructures.
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1.6 Organization of Thesis

The work in this thesis can be primarily divided into two major categories,
consisting of doping and synthesis of graphene, with the goal to improve current techniques
and to explore the development of new techniques. Results from this work will enable
researchers to apply the techniques and discoveries in broader fields, (either academic
research or industry) and move closer towards producing useful electronic materials suitable
for device fabrication.

To meet this objective, this study is organized as follows: graphene doping is
discussed on chapters 2-4. We start by presenting the formation of graphene p-n junctions
using 3-aminopropyltriethoxysilane (APTES) (chapter 2). We first explore transfer of
CVD graphene onto monolithic and patterned APTES-layer-coated substrates in order to
create n-doped graphene, graphene p-n junctions, and field effect transistor (FET) devices
containing p-n junctions in the device channel. Next, we seek to control both the n and p-
type doping characteristics of graphene; hence, in chapter 3, graphene p-n Junctions are
created using a combination of two Self-Assembled Monolayers (SAM’s). We use APTES
and 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (PFES) to modify the interface between
transferred CVD graphene films and its supporting dielectric, with the purpose of creating
n-type and p-type graphene, respectively. A graphene p-n junction is obtained by patterning
both modifiers on the same dielectric and is verified through the creation of an FET. In
chapter 4, we further explore other doping techniques, borrowing lessons from traditional
lithography and examining the use of photoacid generators (PAG) and photobase
generators (PBG) as photochemical dopants for graphene. This work demonstrates that

photochemical doping of CVD-grown graphene can be easily achieved using a PAG or
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PBG such as triphenylsulfonium perfluoro-1-butanesufonate (TPS-Nf) and 2-nitrobenzyl
N-cyclohexylcarbamate (NBC), respectively. Electrical measurements show that the
doping concentrations can be modulated by controlling the deep ultraviolet (DUV) light
exposure dose delivered to the sample. Furthermore, the photochemical doping process is
able to tune the work function of the single layer of graphene samples used in this work
from 3.4 eV to 5.3 eV and subsequently, a p-n junction is successfully fabricated and
analyzed.

The second objective is to examine graphene synthesis and explore better methods
for production of graphene. In chapter 5, we demonstrate exfoliation of graphene sheets by
an electron donor  surfactant. A novel macromolecular  surfactant
dicholesteryldithienothiophene (ChDTT) is synthesized and optimized for use in graphene
exfoliation and dispersion. Using this surfactant, graphene flakes can be extracted directly
from graphite or other graphitic sources without additional chemical treatment, producing
larger flakes of higher quality compared to those obtained via reduced graphene-oxide
(rGO). Next, we analyze the catalytic growth of graphene on copper (chapters 6-7) in order
to test our hypothesis that intelligently designed precursors/molecules can easily be
converted to form graphene. In chapter 6, we analyze surface Diels-Alder adducts on silica
as a controllable carbon precursor for pristine graphene. A dienophile-modified SiO:
surface serves as a platform for Diels-Alder mediated attachment of anthracene and 9, 9°’-
bianthryl. The resulting monolayers are investigated by x-ray photoelectron spectroscopy
(XPS) and are directly used as precursors for graphene, as verified by Raman spectroscopy.
The 9, 9’-bianthryl adduct yields the best quality graphene, which is attributed to the higher

carbon precursor availability. As a result of this discovery, we seek to explore lower
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temperature growth process using non-flammable precursors (chapter 7). We find that
while our process was successful at 1000 °C, we were unable to grow at lower
temperatures. We establish that the factors responsible for such results can be related to
vacuum and hydrogen conditions. Finally in chapter 8, we perform an exploratory study
on the synthesis of graphitic nanoribbons (GNRs) via encapsulation in single-walled
aluminosilicate nanotubes (AISi-SWNT). The obtained results are promising and may
allow for a rationale design of GNRs with varying size and width.

Last but not least, a conclusion and suggestion for future works are presented in
chapter 9. Due to the specialty of each project, an introduction and background for each

topic are provided separately in each chapter as applicable.
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CHAPTER 2

FACILE FORMATION OF GRAPHENE P-N JUNCTIONS USING
APTES

Monolithic and patterned aminopropyltriethoxysilane (APTES) layers are used to
create n-doped graphene, graphene p-n junctions, and FET devices containing p-n junctions
in the device channel through transfer of CVD graphene onto APTES coated substrates.
APTES doping is shown to not result in introduction of defects. 1-V measurements of FET
devices containing patterned APTES layers show it is possible to control the position of

the two current minima (two Dirac points) in the ambipolar p-n junction.
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2.1 Introduction

Graphene, a two-dimensional sp? hybridized carbon lattice that is also the
fundamental building block of graphite, has attracted significant interest recently due to its

2

distinctive electrical and mechanical properties,'? including its nearly linear energy

dispersion relation that results in electric field induced generation of electrons and holes

35 Carrier mobilities in

which travel as massless Dirac fermions with high velocities.
pristine graphene have been estimated to be as large as 200,000 cm?/Vs, which is several
orders-of-magnitude larger than crystalline silicon and superior to other organic
semiconductors. These electrical properties have spurred research directed at modifying
graphene for use in a variety of electronic, optoelectronic, and sensor technologies. '+

In its pristine state, graphene is metallic.> Although graphene may be useful as a
conductor, much of the current interest is in utilizing it in a semiconducting form.
Therefore, introduction and control of the bandgap is crucial. For example, substitution of
carbon atoms in the graphene lattice with atoms such as nitrogen has been shown to open
a bandgap.”® In addition, substrate induced band-gap opening’ and lateral confinement of
charge carriers to a quasi-one-dimensional (1D) have been shown to create an energy gap
near the charge neutrality point.!'”

A second and equally important challenge is to develop methods for controllably
doping graphene to allow for adjustment of the work function of graphene. !' Doping of
graphene has been achieved primarily through electrostatic gating'?, through chemical

L1415 Replacement of carbon atoms in the

interactions!®, and through intercalation.
graphene lattice has also been shown to modulate the carrier types and concentrations in

the material to allow for p- and n-type doping, and fabrication of field effect transistors
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(FETs) based on such substitutionally-doped graphene has been achieved.!! N-doped
graphene has also been created through chemical vapor deposition (CVD) of graphene
from carbonaceous precursors containing ammonia (NH3) as a nitrogen-doping source
during the deposition.!® Similar results have also been achieved using pyridine as both the
carbon and nitrogen source for CVD of graphene.!” Most graphene samples obtained in
these ways are composed of multilayer films with significant numbers of defects that
reduce carrier mobilities significantly. N ion irradiation of graphene followed by
annealing in ammonia and nitrogen environments has also been used to modulate doping
concentration in graphene flakes.!® Alternatively, exposure of graphene to ammonia
plasma has been shown to produce n-type doping.!” In both studies where post-treatment
of graphene in nitrogen containing environments was used, the result has been relatively
high defect levels in the doped graphene. Therefore, due to both the complexity and the
lack of control of some of these doping processes, along with the resulting high defect
levels reported for many of these doping techniques, this study has focused on developing
a low temperature, scalable technique for doping graphene with minimal introduction of
defects.

It is well known that the properties of graphene are sensitive to the surfaces and
materials with which graphene is in contact. It has been shown that adsorbates on the
graphene surface can act as dopants.?>*! A common example is that adventitious oxygen
can serve as a strong p-type dopant.?? Charge transfer from such adsorbates has been used
to fabricate p-n junctions,>>° but the position of such junctions has been essentially
random, and the dopant concentrations have not been well controlled. While such

adsorbate-surface interactions make graphene potentially attractive as a sensor platform,
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such methods are less suitable for doping graphene in devices because of the difficulty in
controlling the doping and the general lack of stability of such adsorbate layers. Surface
interactions of graphene monolayers with self assembled monolayers (SAMs) on SiO>
substrates have also been recently studied.?2° While it has been observed that such
monolayers can dope graphene, there has thus far been no implementation and use of SAMs
to controllably dope and form p-n junctions in graphene. Most of the studies reported so
far on formation of controlled p-n junctions have instead used multiple gates or electrostatic
substrate engineering, %3033

In the work reported here, a facile and low temperature approach to fabricate p-n
junctions on large area CVD-grown graphene has been utilized to build simple graphene
FET devices containing p-n junctions in their channel. Standard lithographic methods were
used to pattern a graphene FET channel containing a thin layer of
aminopropyltriethoxysilane (APTES) in selected regions of the channel. Early studies
suggest that amine groups can donate their lone pairs of electrons to graphene, increasing
the electron carrier density and inducing n-doping in graphene.?’?%343 In the process
presented in this work, the intrinsically p-doped CVD graphene obtained as a result of the
particular transfer process? utilized to deposit graphene onto the FET devices provides the
basis for the p-doping required to form a p-n junction in combination with APTES layers.
Upon heating the device under an inert atmosphere, the intrinsically p-doped graphene is
de-doped in a controlled manner, resulting in a dopant concentration profile that leads to
formation of a p-n junction. X-ray photoelectron spectroscopy (XPS) and micro-Raman
spectroscopy studies confirm that the doped graphene is defect-free and that the dopant

concentrations are modulated by the APTES concentration on the substrate as well as the
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concentration of the adsorbed molecules and atmospheric dopants on the graphene. To the
best of our knowledge, this is the first time that SAMs have been used to fabricate a p-n
junction that allows an overall control of the dopants in the junction. In addition, since the
dopant layer is pre-fabricated and pre-patterned before transfer of the graphene to the
device substrate, the graphene is never subsequently exposed to photoresist and other or
treatments that would otherwise be required to fabricate dopant profiles, thus allowing for

control of the graphene electrical properties.

2.2  Experimental Section

Back-gated CVD graphene field effect transistors were fabricated using standard
lithography and metallization techniques in conjunction with a solution-based self-
assembled monolayer coating technique and a solution based transfer of CVD grown
graphene. A highly p-doped Si wafer was used as a gate, with a 300 nm thick thermally
grown silicon dioxide layer as the gate dielectric. For the APTES layer deposition, the
substrate was first cleaned and pre-treated by UV ozone for 15 min in order to produce a
hydroxyl-terminated substrate, known to react efficiently with silane-coupling agents such
as APTES. The substrate was immediately immersed in a 1%(v/v) solution of APTES in
anhydrous toluene for three hours. The substrate was removed, sonicated for 15 min in
pure toluene, and dried under flowing nitrogen. Deposition was confirmed by contact angle
measurements using a VCA 2000 goniometry system,by x-ray photoelectron spectroscopy
(XPS), and by XPS mapping acquired using a Thermo K-Alpha XPS (Thermoscientific)
operating under ultra-high vacuum conditions with an Al Ka micro-focused

monochromator.For work function measurements, Ultraviolet Photo-electron
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Spectroscopy , (UPS) was performed in a Kratos AxisDLD Ultra spectrometer (using He I
excitation source) at base pressure 10" Torr with the Fermi energy (Er) calibrated using an
atomically clean silver sample. All samples were in electronic equilibrium with the
spectrometer via a metallic clip on the graphene and characterizations were performed at
normal takeoff angle (90° relative to detector).

The SAM coated surface contained a high density of molecules that predominantly
existed as free amines (i.e. non-hydrogen bonded) as characterized by x-ray photoelectron
spectroscopy (XPS).>”*® The APTES coated surface had a measured contact angle with
deionized (DI) water of ~ 60°,* as compared to <10° contact angle measured immediately
after the UV ozone cleaning treatment, indicative of coupling of the APTES monolayer to
the surface. Finally, CVD grown graphene was transferred on top of the pre-made FET
device structures containing either patterned APTES coated channels (i.e. ones not fully
covered in APTES due to prepatterning of the channel with photoresist prior to APTES
deposition) or fully APTES coated channels. The devices were immediately transferred to
a nitrogen-purged glovebox. In addition to the FET devices, two types of control samples
were also fabricated for collection of reference of XPS and UPS data and Raman spectra.
One control sample consisted of CVD graphene transferred onto the cleaned SiO> coated
silicon substrate containing no APTES, and one control sample contained an unpatterned,
continuous APTES film.

CVD graphene was prepared following standard literature procedures.*® Graphene
was synthesized on 25 um thick Cu foil (Alfa Aesar, item No. 14482, cut to 1 in by 1 in
squares) in a low pressure Ar/Ho/CH4 environment at 1000 °C.* PMMA (MicroChem 950

PMMA Series) was then spun cast from an organic solution (9% solution in anisole, spin
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coated at 1500 rpm for 1 min) onto the as-grown graphene coated Cu samples and baked
(180 °C for 5 to 10 minutes) to form an approximately 500 nm thick film that served as an
auxiliary support material for handling and transferring the graphene films. The Cu foil
was treated overnight with a 30 wt% FeCls aqueous solution to completely remove copper.
The resulting bi-layer PMMA-graphene samples were treated with 10 wt% HCI solution
for 10 min, followed deionized (DI) water several times to remove bound contaminants.
Raman spectroscopy using a 532 nm laser excitation wavelength was performed in order

to verify the presence of graphene and characterize its quality.

2.3 Results and Discussion

Figure 2-1 shows the XPS survey spectra for: (1) the APTES-treated graphene FET
devices in areas containing the APTES layer (labeled ‘Graphene/APTES’), (2) graphene
FET devices in regions not containing the APTES layer (labeled ‘Graphene’), and (3) a
control sample containing only the APTES layer on an SiO: coated silicon substrate
(labeled ‘APTES’). These XPS survey scan spectra were collected over the binding energy
(B.E.) range from 0-800 eV with a step size of 1 eV and a spot size of 400 um. The clear
presence of the N1s peak in Figure 2-1A for the Graphene/APTES and APTES samples
(and lack of such a peak in the Graphene sample) supports the conclusion that the APTES
SAMs were successfully deposited onto selected regions of the SiO» substrate in these
samples. The N1s high resolution spectrum (Figure 2-1E) for regions containing APTES
can be deconvoluted and fit with two peaks centered at 400 eV (representing 77% of the
total N1s peak area) and 401.9 eV (representing 23% of the total N1s peak area), which

can be assigned to free amine (-NH>) and either a protonated (-NH3") or hydrogen bonded
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amine, respectively.’®*! The small amount of the nitrogen XPS signal assigned to the peak
at401.9 eV is likely due to protonated amine that results from the graphene transfer process
(e.g. from exposure to acid). Figure 2-1B shows the chemical shifts in the high resolution
Cls spectra for: (1) regions of the FET device sample where graphene exists with no
underlying APTES layer (black), (2) regions of the FET device sample where the graphene
exists with an underlying APTES layer (red), and (3) a control sample with only the APTES
layer deposited onto a silicon dioxide coated silicon substrate (green). We observe that for
the APTES control sample the Cls peak maximum occurs with a binding energy of 285.3
eV. The shift in the Cls peak binding energy in the case of the APTES layer away from
that for simple hydrocarbons (i.e. simple hydrocarbon Cls peak locations are
approximately 284.5 eV) is attributed to the inductive effect of N atoms present in the
APTES layer,*? in accord with previously reported data.?® The Cls peak for graphene on
the oxide surface, at a binding energy of 284.5 eV, is typical of graphene. The Cls peak
in the graphene samples deposited onto the APTES coated oxide films (Graphene/APTES)
reaches its maximum at a binding energy of 285.1 eV and appears to be the result of the
superposition of the graphene and APTES Cls XPS spectra.

Figure 2-1C shows the UPS spectra for: (1) Graphene and (2) Graphene/APTES,
before and after annealing at 200 °C for 4 hours. The secondary electron edge occurs at the
binding energy corresponding to the deepest of the energy levels that can be excited with
the radiation employed. Hence, the work function @ (energy difference between the Fermi

and vacuum level) can be calculated from equation (1),*

®=21.22 - BEsee (1)
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where BEsgg is the binding energy at the secondary electron cutoff. The work function of
graphene and graphene/APTES were determined to be 4.71+£0.08 eV and 4.45+0.05 eV
before anneal, and 4.57+ 0.02 eV and 4.26+0.12 eV after anneal, respectively. The change
in the work function after anneal is attributed to the removal of external doping from
impurities that can be incorporated into the graphene film during the synthesis and transfer
process.”%* The work function of the graphene/APTES sample is ~0.2 eV lower than that
of the graphene sample. This has been attributed to the lone pair electrons in the nitrogen
in the amine SAMs, given that in the case of NH3 molecules, DFT calculations have shown
that there is a small charge transfer to the graphene,*> which would explain the raising of
the Fermi level from the Dirac point (n-doping).?®*4¢ This doping is further supported by

Raman spectroscopy and electrical data discussed later (see Figures 2-2 and 2-3).
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Figure 2-1 Continued

Raman spectroscopy and microscopy measurements (Horiba HR800 pRaman
system) were also used to characterize the resulting graphene and graphene devices.
Raman spectroscopy was utilized to investigate the quality of the graphene and its doping
state by examining the D, G, and 2D bands and their positions. All spectra were excited
with visible (532 nm) laser light and collected in a backscattering configuration with a laser
power below 0.5 mW to reduce laser-induced heating.?! A 50X objective lens was used to
focus the laser on the graphene samples during the Raman measurements. The samples
were placed inside an environmentally controlled microscope stage with heating, vacuum,
and gas delivery capability (Linkam TS 1500) for in-situ Raman measurements. The
thermal stage was mounted onto an X-Y-Z micropositioning stage to control focusing and

the measurement position. A quartz window was used to allow optical access to the sample
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while a vacuum pump was used to evacuate the sample chamber to a pressure of ~1 mTorr.
The drift of the laser spot on the graphene due to thermal expansion was minimized before
all measurements. The sample was heated to 200 °C and held at that temperature 5-90 min
to allow for desorption of atmospheric adsorbed p-dopants such as oxygen and water.
Raman spectra were acquired at multiple locations before and after heating and cooling to
verify reproducibility. The Raman peaks corresponding to the D, G, and 2D Raman peaks
in graphene were fit with Gauss-Lorentzian curve fits to determine their peak position, line
width, and intensity. The as-grown graphene films utilized in this work and the graphene
transferred onto the APTES layers all showed prominent graphitic (G and 2D) bands with
no detectable defect peak (D) (see Figure 2-2A - full spectra). The high 2D over G band
intensity ratio Iop/Ig and low full width at half maximum (FWHM) of the 2D band are
indicative of a monolayer graphene film.*® A critical observation is that no appearance of
or increase in the D band was observed during any of the transfer or annealing steps. This
indicates that successful doping, as will be shown later, of the graphene monolayer without
damage to the carbon lattice structure was achieved. 254

Figure 2-2B-D shows the G band position, the B band full width at half maximum
(FWHM), and the 2D to G band intensity ratio (I2p/lg) as a function of annealing time for
both graphene transferred onto a surface region not containing APTES layer and a surface
region containing the APTES layer. For graphene transferred onto APTES, the largest
value of the G peak position (~1590.2 cm™"), the smallest value of full width half maximum
of the G peak (FWHM ~36.1 cm™), and the smallest value of the Iop/Ig (~1.8) ratio were
all measured before thermal annealing at 200 °C. After annealing for 5 min at 200 °C, the

smallest value for the G peak position (~1585.7 cm™), the largest G peak FWHM (~21.1
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cm™), and the largest Ip/Ig ratio (~2.5) were all characteristic of de-doped graphene?!.
Longer heat treatments at 200 °C resulted in an increase in the G peak position (~1586.5
cm™), a decrease in the FWHM (G) (~19 cm™) and a decrease in the Ip/Ig ratio (~2.4).
These results are in agreement with the observations by Ferrari and coworkers that
implicate n- doping of the graphene monolayer.*® For samples transferred onto a substrate
region without APTES, a decrease in the G peak position (from 1591 cm™ to 1588 cm™)
and a broadening of the G peak (FWHM increased from 18 cm™ to 23 cm™!) were observed,
indicative that de-doping of the graphene has occurred due to thermal desorption of

adsorbed dopants on the graphene surface.*® (see Figure 2-2B)
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Electrical transport properties in graphene FET devices were made in three
configurations: (1) FET devices with graphene transferred directly onto SiO» coated
channels without APTES surface treatment, (2) FET devices with graphene transferred
directly onto SiO» coated channels covered completely with the APTES surface treatment,
and (3) FET devices with graphene transferred directly onto SiO> coated channels partially
coated in a pattern-wise manner with APTES. Electrical measurements, including 1-V
curves, were made using a probe station configured with a HP 4156 semiconductor
parameter analyzer maintained under an inert atmosphere. Measurements were performed
on both as-made devices and after heating in the inert atmosphere to verify both the thermal
desorption induced de-doping of the graphene and n-type doping of the graphene in the
presence of APTES.

All devices, both with and without APTES, demonstrated p-doped characteristics in
their as-made state, due presumably to adsorbed species on the graphene surface resulting
from the CVD graphene transfer process [see figure 2-3A-B].*74*°% As the devices were
annealed at 200 °C under the inert nitrogen environment, adsorbed p-dopants were
removed, leading to pristine graphene with a charge neutrality point at approximately zero
volts.***  Attempts were also made to de-dope the devices in high-vacuum (10 torr)
combined with in-situ electrical transport measurements (for up to 7 days), but no
significant de-doping or shift of the neutrality point was observed in these cases (Figure
2-3). For graphene FET devices made using APTES coating the complete FET channel,
as the sample is heated at 200 °C, the charge neutrality point is observed to gradually shift
to lower voltages with increasing annealing time. For the APTES treated devices, the n-

type doping characteristics were observed to stabilize after approximately 3 hours of heat
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treatment at 200 °C, with the charge neutrality point (CNP) stabilizing at ~ -26 V. The
electron concentration (n) of the APTES-treated graphene after annealing was

approximately 2x10'> cm™, as calculated using equation 2,*+!

n=CgVnple 2)

where Cg= 115 aF/um?,3 e is the charge of the electron, and V,,, is the voltage at the charge
neutrality point. The electron concentration (n) is related to the energy position of the Dirac

point by the equation,’?

EDZI’lUF(Tltn)'ll2 3)

where vr is the Fermi velocity of graphene (1.1x10° ms™).26 The calculated energy position
of the Dirac point is 0.18 eV after anneal, which correlates well with the shift of the
graphene work function from the control (~0.2 eV, Figure 2-1).

The field-effect mobility for both of the devices was ~ 434100 cm?/Vs (hole and

electron mobility), extracted using equation 4,°

w= Lchgm/ WehViasCox (4)

where p= mobility, Lev= 2000 um, gn=dIp/dVgs, Wen=50 um , Vps= 0.1 Vand Cg=115

aF/um?. This result indicates that the APTES layer was able to dope the graphene in the

FET device without otherwise affecting or degrading its mobility as compared to devices
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made without the doping layer. This is consistent with previous studies that have indicated
that contact of graphene with self-assembled monolayers has not significantly affected their
mobilities as compared to graphene in contact with substrates not containing the

SAMs 13,27,29
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Back-gated graphene-based p-n junction with patterned p-n regions in the FET
channel were fabricated and measured following the same basic process described above.
Figure 2-4A illustrates the fabrication steps involved in making the patterned p-n junctions
in the FET channel devices. After lithography and deposition processes (i.e. typical lift-
off procedures) were used to form the gold electrodes on the 300 nm thick SiO> gate
dielectric films on highly p-doped silicon wafers, half of each of the channels in the FET
devices were patterned with photoresist and hard baked. The device samples were then
treated with APTES using the same solution processing sequence described earlier to
deposit APTES in the half of each device channel that was not protected by hard-baked
photoresist. The photoresist was removed by placing the devices in N-methylpyrrolidone
(NMP) for 1 hour, followed by further sonication in acetone and inspection by optical
microscopy to ensure removal of all photoresist.

The resulting patterned APTES layers were verified by XPS mapping as illustrated
in Figure 2-4B. XPS mapping was performed using a 30 um spot size with a step size of
28 um, and a Gaussian smoothing algorithm was applied to the raw data. The signal
associated with 399.5 eV binding energy was used for mapping the N1s spectra. The figure
shows a well defined boundary between areas of the substrate coated with the APTES layer
and those without. Further analysis of the position of these boundaries with respect to the
location and intensity of peaks in the XPS originating from the gold source and drain
contacts confirm that the lithographic alignment was sufficient to locate these p-n junctions
in the FET channels. Cls mapping using a binding energy centered at 285 eV was also

performed. Again, a well defined boundary is observed in the patterned APTES samples,
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with the strongest Cls signal corresponding to regions containing the strongest N1s signal
as well, consistent with the formation of a well defined patterned APTES layer.

Electrical measurements were performed on the fabricated CVD graphene devices
containing the patterned APTES in the device channels by probing the devices under inert
atmosphere using a method similar to that described previously. As expected, as-made
devices exhibited a heavily doped p-type characteristic (Figure 2-4C) due presumably to
doping from adsorbed species. The two expected current minima region for the devices in
the as-made state were located at sufficiently large positive gate potentials to preclude
measurement without breakdown of the device dielectric. ~After annealing at 200 °C for
only 5 min, two minima in the I-V, data were clearly observed, corresponding to two
Dirac points as a result of desorption of p-dopants. For V larger than approximately +35
V in this device, the device channel was effectively in a n/n+ doping configuration where
both regions of the channel were p-doped, but the region of the channel that does not
contain the APTES layer was more heavily p-doped. For Vg of approximately 0 V to +35
V, the formation of a p-n junction in the device channel was observed. For Vg less than 0
V, the device channel existed in a p+/p doping configuration where the regions of the
channel containing the APTES layer were more heavily n-doped. After 30 min of
annealing at 200 °C, the device channel was n/n+ doped for Vg larger than +15 V, p-n
doped for Vg between -10 V and +15V, and p/p+ doped for Vg less than -10V. These
behaved roughly symmetrically in terms of electrical response around Vg=0 V. Further
annealing led to additional shifts of the Vg range over which a p-n junction doping profile
existed in the device channel to more negative Vg. It was also possible during these

measurements to demonstrate the unique ambipolar character of the devices. Switching of
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the source-drain bias voltage from positive to negative values showed no rectifying
behavior as would be characteristic of an ambipolar device.'>>*

In addition to using this strategy of patterning the amine layer to introduce
controlled modulation of the doping profile in the device channel, it is also of course
possible to modulate the amount of free amine on the substrate by changing the time or
solution concentration conditions used to deposit the amine. This modulation of the
amount of APTES on the dielectric surface can in turn be used to modulate the doping level
in the devices. To demonstrate this, the APTES deposition time was varied between 1 and
7 hours for devices made with the unpatterend APTES layer covering the entire device
channel. Figure 2-4E shows the carrier concentration measured in the graphene devices
along with the nitrogen to silicon ratio (N/Si) obtained by XPS in each of these samples as
a function of APTES deposition time. Clearly the carrier concentration is observed to scale
roughly with APTES deposition time over the range of APTES deposition times measured.
One would expect this behavior to saturate once a sufficiently dense and thick enough
APTES layer is formed such that no further electronic influence on the graphene film is
created by further deposition of APTES. Carrier concentrations in excess of 4.5x10'? cm
2 were observed in the devices measured, corresponding to a CNP change above -60 V
(Figure 2-4). This ability to control the n-doping characteristics of the device surface, i.e.
through modulation of the density of APTES deposited (e.g. by controlling deposition time
or solution concentration) on the gate dielectric, can be easily combined with the patterned
p-n junction fabrication techniques to allow for full control of the position of the charge
neutrality points in the 1-V characteristics of the resulting FET devices. This unique p-n

junction behavior of graphene, in contrast with the traditional rectifying behavior of
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conventional semiconductors, allows the development of graphene-based bipolar devices

which have been demonstrated to display new and exciting phenomena such as Klein

30,31,33

tunneling, and produce lensing effects for coherent electrons, i.e. so called Veselago

lensing.>

Our simple method for producing patterned doping profiles in graphene films
and devices facilitates the study of such phenomena since it allows precise and independent

control over the characteristics of the FET I-V curves as compared to the more limited

control possible with electrostatic substrate engineering,'? and other fabrication techniques.

24,25,31,33,56

48



Photoresist

Graphene

( p- dopants

APTES p-n junction

P-n junction APTES Graphene In Situ y
S1/5i0 - patterning Deposntlon ﬂtransfer Anvieal
2
B ClsSnap N1s Snap
(285eV) (399.5 eV)
0.8} = W noheat | o —-Dopant C trati
g 4x1 012 : Nlc;;:an oncentration
{ 3 hours E 7 &
T 0.6} ]
£ £ 3x10”}
= 3
T
04f | &
. (%]
p - 12
0.2} - o
’ . R . . . . L =] A . A . ) R A
60 40 -20 0 20 40 60 1 2 3 4 5 6 7
Vg (V) Time (hours)
1.4¢
1.2¢
~ 10 B
g
— 0.8}
8 O 1hour APTES No Heat
_ | © 3hours APTES No Heat
0.6F A 5hours APTES No Heat
7 7 hours APTES No Heat
m 1 hour APTES heated at 200
® 3hours APTES heated at 200|
04 o A 5hours APTES heated at 200
. . . . v 7 ho.urs APTES.heated at 300
60 -40 -20 0O 20 40 60
Vg (V)

Figure 2-4: Schematic showing the

a graphene p-n junction. (E) Dopant

at 200 °C as a function of APTES ti
FET.

process used to fabricate the graphene p-n
junction. XPS mapping of the graphene p-n junction for the (B) Cls intensity at a
binding energy of ~ 285 eV (C) N 1s intensity at a binding energy of 399.9 eV. (D)
Source-drain current versus gate voltage as a function of heating times at 200 °C for
concentration and Nitrogen/silicon (N/Si) ratio
versus APTES deposition time. (F) Source-drain current versus gate voltage heated
me deposition for a simple’s graphene/APTES

49



2.4 Conclusions

The use of a self-assembled covalent APTES monolayer has been demostrated to n-dope
graphene, controlling the resulting doping level in graphene FET devices depending upon
the amount of APTES deposited onto the FET gate dielectric surface. Production of FET
devices with patterned p- and n-doped regions through lithographic patterning of such
APTES layers using the combination of control of APTES deposition and patterning to
tune the I-V characteristics of graphene FET devices was done. It has also been shown
that use of such APTES doping schemes does not degrade the resulting graphene electronic
properties as has been problematic in previously reported doping procedures due to
introduction of defects into the graphene layer. Overall, the methods described here allow

for facile, controllable, and low temperature fabrication of graphene p-n junctions.
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CHAPTER 3

CREATING GRAPHENE P-N JUNCTIONS USING SELF-
ASSEMBLED MONOLAYERS

3-Aminopropyltriethoxysilane (APTES) and 1H,1H,2H,2H-
Perfluorooctyltriethoxysilane (PFES) were used to modify the interface between
transferred CVD graphene films and its supporting dielectric to create n-type and p-type
graphene, respectively. A graphene p-n junction was obtained by patterning both modifiers
on the same dielectric and verified through the creation of a field effect transistor (FET).
Characteristic I-V curves indicate the presence of two separate Dirac points which confirms
an energy separation of neutrality points within the complementary regions. This method
minimizes doping-induced defects and results in thermally stable graphene p-n junctions

for temperatures up to 200°C.
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3.1 Introduction

Graphene has exhibited some unique properties that have made it of interest to the
scientific community for use as an electronic material. These properties include an unusual
band structure that makes it a gapless semiconductor, linear energy-momentum relation
near the Dirac point, and extraordinarily high carrier mobilities.'> Due to the zero-gap in
single-layer graphene, both carrier type and concentration can be controlled through an
electrostatic gate, making graphene a promising material for semiconductor applications.>*
This electrostatic gating allows the development of graphene-based bipolar devices where
a junction between hole-rich and electron-rich regions, or a p-n junction, can be formed.>¢
Graphene p-n junctions have already displayed new and exciting phenomena such as Klein
tunneling, where electrons traveling perpendicular to the junction experience zero
resistance’ and fractional quantum Hall transport.® Such junctions are predicted to produce
lensing effects for coherent electrons, so called Veselago lensing, where diverging electron
waves are refocused by the junction.® Most graphene junctions to date have been fabricated

9,10

using multiple electrostatic gates,® electrical stress-induced doping,”!° chemical treatment

12-14

by gas exposure,'! chemical modifications on top of the graphene, and modification of

the substrate by changing the local electrostatic potential in the vicinity of one of the

contacts. !

However, current methods for electrostatic gating require a number of
fabrication steps that may not be easily scalable in industry level and are usually expensive.

In addition, chemical doping on top of graphene can degrade the carrier mobility in the

device through the introduction of defects and impurities in the graphene. In addition,
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physisorbed dopant molecules are not stable and may desorb resulting in changes in the
electronic properties of the graphene.

Here, we utilize a low temperature controllable method to fabricate p-n junctions
in graphene by modifying the interface between graphene and its support substrate with
self-assembled monolayers (SAMs). SAMs have been extensively used to enhance the
mobility of organic thin film transistors and to eliminate the Schottky barrier at the metal
semiconductor interface.!!” They have been recently used to modify graphene and
dielectric interfaces by reducing charged impurity scattering and the effects of

environmentally induced doping on graphene,?*!

and to control charge carrier and
concentration to create n- and p-type graphene field effect transistors (FETs).?*>> Unlike
chemical doping, this method uses SAMs that covalently bond to the substrate rather than
graphene resulting thermally stable doping and unlike electrostatic gating, independent of
dielectric material and thickness.

3-Aminopropyltriethoxysilane (APTES) and 1H,1H,2H,2H-
Perfluorooctyltriethoxysilane (PFES) were used to modify the interface between
transferred layers of CVD graphene and its supporting dielectric to create n- and p- type
graphene, respectively. APTES contains an amine functional group with a basic nitrogen
atom having a lone electron pair. The electron-rich amine group donates an electron to the
carbon atoms in graphene, causing N-doping. In contrast, fluorine is a well-known electron
acceptor. Thus, adding a layer of PFES results in the transfer of an electron from the
graphene creating p-type graphene. The purpose of the silane group is to create a strong

covalent bond to the oxide dielectric support such as SiO., thereby anchoring the APTES

and PFES which induces thermal stability of the modified interface and the doped graphene
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layer. By patterning adjacent regions of APTES and PFES, p-n junctions in the graphene

were created.

3.2  Experimental Section

The fabrication process of the graphene p-n junction is schematically illustrated in
Figure 3-1. First, the source and drain contacts (gold 50 nm thick) were defined using a
conventional electron-beam lithography and lift-off processes on a highly p-doped Si
substrate with a 300 nm thick SiO; layer to create back gated field effect transistor
structures. The resulted channel size is 25 um by 25 um. Another set of devices were
fabricated with a channel size of 10 um by 10 um. Prior to APTES deposition, the substrate
was first pre-treated by UV ozone for 15 min in order to produce a hydroxyl-terminated
substrate that reacts with the silane coupling agent. Immediately afterwards, the substrate
was immersed in a 0.1 9%(v/v) solution of anhydrous toluene and 3-
aminopropyltrietoxysilane (APTES) for 3 hours, producing a free-amine rich substrate
with a contact angle of ~ 60°. Next, half of the channel in the FET device was patterned
with photoresist. After development, the other half of the channel was treated with UV-
Ozone for 15 minutes to remove the exposed APTES and produce a hydroxyl-terminated
surface. Next, the device was treated for one hour with 10 microliters of PFES dissolved
in 10 ml of toluene 1 %(v/v). The measured contact angle for PFES-treated substrate was
c.a. 110°. Finally, the resist was removed to expose the APTES coated region prior to
transfer of graphene on top of the SAMs coated SiO,. Monolayer graphene was grown on

a 25 pm thick sheet of Cu foil (Alfa Aesar, item No. 14482) in a low pressure environment
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using chemical vapor deposition (CVD) and transferred to the device through a similar

method explained in literature.®

(a) (b) (c)

APTES deposition Pattern half of the channel APTES removal

iy

(g)

Photore5|st Removal

PFES deposmon Graphene Transfer Anneal at 200°C

Graphene
Si/sio,

Figure 3-1: Schematic of the graphene p-n junction fabrication steps.

Graphene
Si/Sio,

3.3 Results and Discussion

X-ray photoelectron spectroscopy was employed to identify the surface
functionalization present on the SiO2 on each side of the channel to confirm the presence

of APTES and PFES. XPS data were acquired using a spectrophotometer (VG Scientific

ESCALAB 210) with an K& X-ray source (hU =1486.68 eV). The survey scan spectra
were collected at the binding energy (B.E.) of 0-1300 eV with a step size of 1 eV at a pass
energy of 200 eV and a spot size of 400 um. Figure 3-2A shows survey scan spectra
randomly collected from as-transferred graphene, functionalized with APTES, and with
PFES. The scan showed the most prominent peaks to be Cls and Ols on all spectra. The

appearance of a N1s peak centered at 400.1 eV and a F1s peak centered at 689.3 eV in the
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survey spectra confirms the presence of APTES and PFES underneath the graphene,
respectively. High resolution XPS spectra of the Cls binding energy was also acquired
over 282-293 eV with a step size of 0.1 eV and 50 eV pass energy. The appearance of a
shoulder and a shift in the Cls peak position of functionalized graphene also verified the
presence of APTES and PFES on the substrate [see Figure 3-2B]. To ensure the presence
and formation of the patterned SAMs on the channel, XPS mapping was utilized [see
Figure 3-2C-E]. XPS mapping was performed using a 30 micron spot size with a step size
of 28 microns, and a Gaussian smoothing algorithm (Thermo scientific) was applied to the
raw data. Figure 3-2C shows the intensity of the N1s map with a well defined boundary
that indicates the presence of amine only on half of the channel. Similarly, the F1s map
indicates the presence of fluorine in the other half of the channel [see Figure 3-2D]. For

the core level Cls mapping, a binding energy centered at 285.3 eV was selected.
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Figure 3-2: XPS spectra representing (a) Survey scan and (b) Core level C1s binding
energy for graphene/SiO: (black), graphene/PFES/SiO: (red) and Graphene/APTES/SIO2
(green). XPS mapping of a graphene p-n junction. (c) C1s binding energy centered at 285.3
eV.(d) N1s binding energy centered at 400.1 eV and (e) F1s binding energy centered at
689.3 eV.
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It is well known that environmentally-induced water vapor and oxygen bound to
the graphene are electron acceptors® that play an important role in the unintentional p-
doping of graphene films. This unintentional doping of the graphene had to be removed in
order to fully reveal the effects of the APTES and PFES on the graphene. To remove this
unintentional doping effect, the samples were heat treated under nitrogen atmosphere to
unmask the intentional doping effects of the APTES and the PFES underlying layer.?” To
this end, the samples were cycled between room temperature and 200°C from 5-180
minutes while in-situ Raman spectroscopy was utilized at room temperature to investigate
the quality of the graphene and its doping state by examining the D, G, and 2D bands and
their positions. All spectra were excited with visible (532 nm) laser light and collected in
the backscattering configuration. The samples were placed inside an environmentally
controlled microscope stage with heating, vacuum, and gas delivery capability (Linkam TS
1500) for in-situ Raman measurements. The sample was heated up to 200°C under nitrogen
atmosphere and held between 5-180 min to allow for desorption of atmospheric p-dopants
bonded to the sample. Raman measurements were performed before and after annealing at
nitrogen atmosphere. Figure 3-3A shows the Raman spectra of as-transferred, APTES
treated, and PFES treated graphene after 3 hours of annealing at 200°C. The difference in
the G and 2D peak width, position, and their intensity ratio for each sample is indicative of
various doping states. A critical observation is that no increase on the D band was observed
during any of the annealing steps; hence successful doping of the graphene monolayer
without significant damage to the lattice structure was achieved.?®*° Monitoring of the G
peak position with increase in heating time, its full width at half maximum FWHM(G), and

intensity ratio of 2D over G peak (I.p/lg) reveal the changes in electronic state of various
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devices. Figure 3-3B shows a decrease in the G peak position of as-transferred graphene
after annealing for only 5 minutes. Further annealing resulted in a greater decrease in the
peak position, leading to 1588 cm™ after 3 hours of annealing. This indicates the de-doping
process induced by the removal of the environmentally induced dopants through
annealing.>® Figures 3-3C and 3-3D show an increase in FWHM(G) from 17 to 23 and
Ibp/Ic from 1.685 to 1.7, respectively. These confirm the removal of atmospheric p-dopant,
leading to de-doped graphene after 3 hours of heat treatment. The G peak position of as-
transferred graphene functionalized with APTES was 1590 cm™!, and FWHM (G) was 14
cm’!. These are lower than the corresponding values for graphene without functionalization
with APTES and are indicative of a reduction in p-doping state. This change in the G peak
position is due to competing effects between n-doping induced by APTES and p-doping
by water vapor and oxygen. Similar to as-transferred graphene, heat treatment for 5 minutes
resulted in the removal of p-dopants, leading to a decrease in G peak position down to
1585.5 cm’!, an increase in FWHM(G) to 21 and Lp/IG to 2.65. These values are similar to
those measured for de-doped graphene. However, further heat treatment resulted in the
removal of additional p-dopants, causing the n-doping effect to become dominant. This led
to an increase in the G peak position to 1586.5 cm™ and a decrease in FWHM(G) to 20 and
Lp/lc to 2.3, which is in accord with observed Raman characteristics for n-doped
graphene.

The trend in Raman characteristics for PFES functionalized graphene is similar to
that obtained with as-transferred graphene. A heavily p-doped characteristic before heat
treatment is due to the presence of both PFES and atmospheric dopants from water vapor

and oxygen. However, removal of atmospheric dopants by heat treatment for 3 hours
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results in lowering the p-doping level in the graphene with a 7 cm™ decrease in the G peak
position, 6 cm™! increase in FWHM(G), and 0.7 increase in Ip/Ig. The shift in the position
of the G peak is indicative of induced doping by SAMs without a change in the structure

of graphene.
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Figure 3-3: (a) Raman spectra of graphene/SiO2z(black), grapheen/APTES/SiO2z(green),
and graphene/PFES/SiOz(red) after being heated at 200 °C under nitrogen atmosphere
for 3 hours. (b)-(d) G peaks position, FWHM (G), and l2p/lc as a function of heating
time under nitrogen atmosphere for graphene/SiO2, graphene/APTES/SiO2, and
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To further demonstrate the n-type and p-type characteristics induced by APTES
and PFES in graphene, back-gated FET devices were fabricated as shown in Figure 3-1.
Here, the difference is that the device were only treated with APTES or PFES. Another set
of devices were fabricated without SAMs as control devices. Transport in the APTES- and
PFES-treated graphene devices as well as the devices without SAMs was measured using
a probe station equipped with a HP 4156 semiconductor parameter analyzer under a
nitrogen atmosphere [see Figure 3-4A]. It is noteworthy that these measurements were
performed after heat treatment of the devices up to 200°C under the nitrogen atmosphere
to remove dominant p-dopants from air exposure and transfer process of CVD graphene in
order to unmask the intentional doping effect induced by SAMs. The charge neutrality
point for graphene without SAMs was around zero volts after 3 hours of heat treatment,
indicative of de-doped graphene as shown in Figure 3-4A. It is important to note that
further annealing for up to 7 days did not cause a change in the neutrality point in graphene
device. This is in contrast with the observed n-type characteristic of graphene due to
annealing in a nitrogen atmosphere as we saw no evidence of n-type doping in these
samples.'? For the APTES treated device, n-doping characteristics were observed with the
charge neutrality point (CNP) stably forming at c.a. -30 V after 3 hours of heat treatment
at 200°C. On the other hand, for PFES treated device, p-type behavior was observed with
charge neutrality point stabilizing at c.a. 20 V after 3 hours of annealing at the same
environment. Source-drain current values, Isq, in the devices with the same channel size did
not experience a significant change after being treated with APTES or PFES. Several
APTES and PFES-treated devices were fabricated and similar results were obtained for

each set of devices. Figure 3-4B demonstrates the Isq-Vsa output characterization for
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graphene, graphene/APTES, and graphene/PFES at variable back-gate voltages (V). The
linear Is¢-Vsa behavior in all devices indicate the lack of significant Schottky barriers and
good ohmic contact at the Au-graphene interface. For graphene devices without SAMs, at
any given value for Vs, lgs is minimum for V=0 volts, indicative of de-doped graphene.
This change in the I4s at any given values for Vs is observed at V=20 V and Vg=-30 V
for graphene/PFES and graphene/APTES indicative of p- and n-doping, respectively.
Unlike the sample without SAMs, intentional doping by APTES and PFES was shown to
be thermally stable, as there was no change in the neutrality point after removal of the
atmospheric dopants via thermal annealing in nitrogen. The electron and hole concentration
of the APTES and PFES-treated graphene after annealing was approximately 2.16+0.08
x10'2 cm™ and 1.44+0.1 x10'2 cm™, respectively. These values were calculated using the
equation, n = C¢Vnp/e,*!*? where Cy = 115 aF/um?, * e is the charge of the electron and Vy
is the voltage at the charge neutrality point. Both electron and hole field-effect mobilities
for graphene, graphene/APTES, and graphene/PFES were shown in Table 1. The electron
and hole mobilities for graphene devices without SAMs are of the same order of magnitude.
These values are extracted using the relation [rg [ Leh@m/WenVasCox,”* where Len= 250m,
gm=dla/dVg, Wer= 250m , Vg= 0.1 V and Cox=115 aF/um?>** indicating that the SAMs
has no effect on the mobility of graphene devices.”>*>*¢ The slight difference in the
mobility and the minimum current of APTES and PFES-treated devices can be due to the
differences in the transferred graphene that has origins in varying grain size or transfer
process of CVD graphene.

Electrical data measurements were performed on fabricated p-n junctions in a nitrogen

atmosphere using a method similar to that explained earlier [see Figure 3-4C]. As-

67



fabricated devices indicated p-type characteristics due to excess amount of atmospheric
dopants [not shown in figure]. After annealing at 200 °C a shift in the charge neutrality
point to lower values was observed that indicated removal of atmospheric dopants. This
annealing provides control of the position of the junction until the neutrality point for the
p- side of the channel is reached. When the annealing time increased to 4 hours, two Dirac
points (peaks) were seen in the I-V curve: one located at Vyp ~ 20 V and the other at Vpp ~
—20 V. Figure 3-4B shows an I-V characteristic curve of the device after being annealed
overnight showing two separate Dirac points, which indicates an energy separation of
neutrality points within the complementary regions. A drain voltage sweeping from Vgs=-
1 V to V4s=1 V were performed and Iss were plotted for various V, values [see Figure 3-
4D]. For a given Vs, an increase in Vg from 20 to 60 V results in an increase in I4s indicative
of p-type characteristic and a decrease in V, from 20 to -20 V cause an increase in lgs
demonstrating n-type characteristic in a single p-n junction device. Unlike conventional
semiconductor p-n junction, ld¢s-Vas curve does not show rectifying behavior. This is due to
the chirality of the massless Dirac fermions of graphene, the backscattering by a potantial
barrier is suppressed for the carriers in graphene (Klein Tunneling).” The amount of free
amine and fluorine available on the substrate can be tuned by varying the APTES and PFES

deposition time to fully control the transport behavior of the fabricated p-n junction.
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Figure 3-4: (a) Drain-source current versus gate voltage for graphene/SiO2z(black),
graphene/APTES/SiO2(green) and graphene/ PTES/SiOz(red) after being heated at
200 °C for 3 hours under nitrogen environment. (b) las-Vas characteristic of the
graphene, graphene/APTES, and graphene/PFES devices at different gate voltages.
(c) Drain-source current versus gate voltage as a function of heating time for a
graphene p-n junction. (d) ldas-Vas characteristic of the graphene p-n junction at
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34 Conclusions

In summary, we utilized APTES and PFES to induce n- and p-type characteristics
in graphene without altering its structure. These SAMs bond to the substrate and are
thermally stable. Simultaneous use of these groups in a FET device results in formation of
two separate Dirac points, as indicative of a graphene p-n junction. Variation in the
duration of substrate functionalizing with these SAMs and heat treatment period results in

p-n junctions with controlled position and height.
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CHAPTER 4

PHOTOCHEMICAL DOPING AND TUNING OF THE WORK
FUNCTION AND DIRAC POINT IN GRAPHENE USING
PHOTOACID AND PHOTOBASE GENERATORS

This work demonstrates that photochemical doping of CVD-grown graphene can
be easily achieved using photoacid (PAG) and photobase (PBG) generators such as
triphenylsulfonium  perfluoro-1-butanesufonate (TPS-Nf) and 2-nitrobenzyl N-
cyclohexylcarbamate (NBC). The TPS-Nf ionic onium salt photoacid generator does not
noticeably dope or alter the electrical properties of graphene when coated onto the graphene
surface but is very effective at inducing p-doping of graphene upon exposure of the PAG
coated graphene sample. Likewise, the neutral NBC photobase generator does not
significantly affect the electrical properties of graphene when coated, but upon exposure to
ultraviolet light produces a free-amine, which induces n-doping of the graphene. Electrical
measurements show that the doping concentration can be modulated by controlling the
deep ultraviolet (DUV) light exposure dose delivered to the sample. The interaction
between both dopants and graphene was also investigated via Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). The
photochemical doping process is able to tune the work function of the single layer graphene
samples used in this work from 3.4 eV to 5.3 eV. Finally a p-n junction was fabricated and
analyzed via XPS mapping and electrical measurements, showing that it is possible to
control the position of the two current minima (two Dirac points) in the ambipolar p-n

junction.
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4.1 Introduction

Graphene, a two-dimensional sp? hybridized carbon lattice, has attracted significant
interest due to its distinctive electrical and mechanical properties'* including its high
charge carrier mobility, transparency, mechanical strength and flexibility>. These
properties have spurred research directed at modifying graphene for use in a variety of
electronic, optoelectronic, and sensor technologies.®® Therefore graphene may play an
important role in providing an alternative to current materials (for example, indium tin
oxide -ITO, or silicon) in a variety of applications, such as transparent electrodes’'? (which
are critical elements for numerous devices such as displays, OLEDs, photovoltaic devices)

L13 in which ground breaking performances by graphene based devices have already been

shown.!'41

Tailoring the electronic properties of graphene without inducing structural defects
is necessary in order to fully achieve its potential for variety of electronics applications.5’-16
Intentional doping of graphene (by charge or electron transfer) allows tuning of the work
function of graphene without introducing large numbers of defects. A variety of doping
techniques have been explored, primarily through electrostatic gating,!” chemical
interactions,'® and intercalation'?° Replacement of carbon atoms with atoms of other
elements in the graphene lattice has also been shown to modulate the carrier types and
concentrations in graphene to allow for p- and n-type doping; however, these methods
induce structural defects in the graphene which results in a degradation in the electronic
properties of doped films made using by methods.'® Doping of graphene through charge-

transfer interactions®'*? has been shown to be an effective method to modify the electronic

structure without interfering with the integrity of the sp? lattice.
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Different types of dopants have been used, including gases,>® metals,'®?*

polymers,? organic compounds and metal-organic compounds.'®!*-2627 Nevertheless, most
of these dopants and processes suffer from one or more of the following deficiencies: lack
of scalability, failure to provide access to large dopant concentrations, limited air stability,
or that they irreversibly dope the graphene upon contact, preventing modulation and tuning
of doping during post-processing. Furthermore, careful control of dopant concentrations,
including the ability to selectively and locally modulate doping level (e.g. via
photopatterning) and thus the transport behavior from neutral to p-doped or n-doped in an
area-selective manner could be very useful for a variety of applications such as circuits and

sensors.>”?8

We have previously reported several methods for doping graphene using both self-
assembled monolayers (SAMs) and dip-coated films.!??*3* In addition, other work has
shown that deposition of graphene on a substrate with pre-patterned SAMs leads to doping
of graphene in a spatially controlled manner.”® In all such cases, there was no simple
method for tuning the doping level after a particular graphene device was assembled. For
example, in the case of the SAM doping, the doping level is controlled by the density of

SAM molecule deposition on the substrate surface when the SAM coating is made.

Photo-induced doping of graphene hence presents itself as a potentially attractive
process since it would allow for facile spatial control of the doping using conventional
lithography tools, opening the door to using graphene both as the semiconductor and as
contacts in devices. Photochemical dopant strategies reported in the literature for graphene;
however, required large exposure times and yielded very small changes in the neutrality

point. 243137
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The goal of the work reported here was to demonstrate a method whereby a latent
dopant could be deposited in contact with the graphene film and subsequently modulated
using external stimuli to tune the doping level in the graphene and also thereby its work
function. Ultimately, we sought to demonstrate that such doping activation could be
achieved in a pattern-wise manner. In thinking about possible methods for achieving these
goals, we decided to borrow lessons from the extensive work done by our group in
semiconductor lithography and photoresist technology.*®*#! This study has focused on
developing an on-demand photochemical method for doping of graphene using photoacid
(PAG) and photobase (PBG) generators. Specifically, this paper reports on examples of
both PAG (triphenylsulfonium perfluoro-1-butanesufonate, TPS-Nf) and PBG (2-
nitrobenzyl N-cyclohexylcarbamate, NBC) to easily dope graphene, and the observation
that such doping can be controlled in an area-selective manner using traditional
lithographic exposure tools. Electrical measurements confirm that before exposure, the
graphene maintains its pristine electrical properties after being coated with the PAG and
PBG compounds and that by modulating the deep ultraviolet (DUV) light exposure dose
delivered to the films, the doping concentration for both the p and n-dopants can be
controlled. Raman spectroscopy, XPS and UPS were used to characterize graphene
samples doped using this strategy. Significantly, it is shown from UPS that this doping
technique yields a work function modulation from 3.4 eV to 5.3 eV in single layer
graphene. Finally, using TPS-Nf a p-n junction was fabricated and analyzed via XPS
mapping and electrical measurements, demonstrating that it is possible to control the
position of the two current minima (two neutrality points) in the ambipolar p-n junction

with such dopants.
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4.2  Experimental Section

4.2.1 Graphene Growth

CVD graphene was obtained following standard literature procedures.** Graphene
was synthesized on 25 um thick Cu foil (Alfa Aesar, item No. 14482, cut into 1 x 1 in
squares) in a low pressure Ar/Ho/CHa environment at 1000 °C.*> PMMA (MicroChem
950 PMMA Series) was spun cast from an organic solution (9% solution by weight in
anisole, spin coated at 1500 rpm for 1 min) onto the as-grown graphene coated Cu samples
and baked (180 °C for 10 minutes) to form an approximately 500 nm thick film that served
as an auxiliary support material for handling and transferring the graphene films. The
sample was treated overnight with a 30 wt% FeCls aqueous solution to remove the copper
foil. The resulting bi-layer PMMA-graphene samples were treated with 10 wt% HCI
solution for 10 min, followed by deionized (DI) water several times to remove bound
contaminants. The PMMA-graphene bilayers were then placed onto SiO: coated Si
substrate with the graphene face in contact with the SiO; surface. The PMMA carrier film
was then removed by immersing the substrate film stack in fresh acetone up to 5 times for
30 min each time. Finally the graphene/Si0/S1 stacks were annealed at 200 °C under an
inert nitrogen or argon atmosphere for 10 min. The samples were then analyzed by Raman
and XPS to ensure the successful removal of the copper and PMMA films and the presence

of clean mono-layer graphene films.
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4.2.2 Device fabrication, doping procedure and electrical measurements

A highly p-doped Si wafer was as the substrate for field effect device fabrication
since it could be easily used as a common gate for all devices. A 300 nm thick thermal
silicon dioxide layer grown on the p-doped Si wafers was used as the gate dielectric. The
Si/Si0; substrate was cleaned by piranha solution and pre-treated by UV ozone for 15 min.
Next, lithography and deposition processes (i.e. typical lift-off procedures) were used to
form the gold electrodes (3 nm thick chromium adhesion layer first deposited onto the SiO>
followed by a 50nm thick gold layer for electrode fabrication, where width =50 um and
length=2000 um) on the 300 nm thick SiO. gate dielectric. Monolayer graphene was
transferred to these pre-fabricated electrode devices using the procedure described earlier.
For n-doping, samples were coated with NBC via spin casting (1000 rpm for 1 min) using
a 2% v/v solution of NBC in anhydrous toluene. For p-doping the samples were coated
with TPS-Tf via spin casting (1000 rpm for 1 min) using a 2% v/v solution of TPS-Nf in
anhydrous ethanol. The samples were exposed using a handheld DUV light (Model
UVGL-25: 4 watt UV lamp, wavelength 254 nm ) for a time period varying from (10 s to
10 min). Once the electrode devices were fabricated, all the sample preparations beginning
with the graphene transfer were performed inside of a glovebox in a controlled
environment. Electrical measurements, including I-V curves, were made using a probe
station configured with a HP 4156 semiconductor parameter analyzer maintained under an
inert atmosphere in the glovebox as well. A control sample containing only graphene that
was exposed to DUV was also analyzed to confirm that any changes in the neutrality point

are in fact a result of the dopants (Figure 4-1).
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Figure 4-1: Source-drain current versus gate voltage for simple graphene FET
devices initial, after 10 min DUV exposure and 30 min DUV exposure.
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For p-n junction fabrication, 50 nm thick gold electrodes (3 nm thick chromium
was used for adhesion, width = 5000um, length= 10000um) were evaporated through a
shadow mask onto a clean, graphene transferred, 300 nm thick SiO» gate dielectric films
on highly p-doped silicon wafers. TPS-Nf was spin-coated following the same conditions
mentioned above; half of each of the channels in the FET devices were covered with a
shadow mask, exposed to DUV light and measured following the same basic process

described above.

4.2.3 Surface Characterization and UV/Visible Spectroscopy

Transfers from the glovebox into the photoelectron spectrometer were done under
N2 atmosphere using a Kratos air-sensitive transporter 39-322 that couples into the transfer
chamber of a Kratos Axis UltraP-° XPS/UPS system under positive N, pressure. All
samples were in electronic equilibrium with the spectrometer via a metallic clip on the
graphene and characterizations were performed at normal take-off angle. XPS using
monochromatic Al Ko line was performed at a base pressure of 10”° Torr with the Fermi
level calibrated using atomically clean silver. Spot size was ca. 700 um. Survey XPS scans
were run at 160 eV pass energy and high resolution scans typically at 20 eV pass energy
and 100 meV steps, while UPS spectra were acquired at 5 eV pass energy and 0.05 eV step
size with the aperture and iris set to 55 um . Calibration of spectra was done with the Si 2p
peak set to BE = 104.9 eV, same as that of the treated graphene (10 min) on SiO2. XPS
mapping was acquired using a Thermo K-Alpha XPS (Thermoscientific) operating under
ultra-high vacuum conditions with an Al Ko micro-focused monochromator and a 30 pm

spot size. Raman spectroscopy and microscopy measurements were performed using a
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Horiba HR800 pRaman system without exposure to air*’. All spectra were excited with
visible (532 nm) laser light and collected in a backscattering configuration with a laser
power below 0.5 mW to reduce laser-induced heating and were acquired at multiple
locations to verify reproducibility. All the peaks were fitted with Gauss-Lorentzian curve
fits to determine their peak position, line width, and intensity.

UV/Visible spectroscopy was acquired in an Agilent Cary 5000 UV/Vis
spectrometer for 0.5 cm radius spots (under air). Glass was used as the sample and
reference to calibrate the 100%T, and 0%T was calibrated by blocking the sample light
path. CVD graphene was transferred to the same type of glass slides and annealed in the

glovebox at 200°C before treatment.

4.3 Results and Discussion

Photoacid generator (PAG) and photobase generator (PBG) compounds have been
extensively studied and utilized on semiconductor microlithography. In this study, we
chose TPS-Nf and NBC due to their high solubility in common solvents, ambient stability,
and efficient photochemical reactivity.* It was anticipated that PAG compounds such as
TPS-Nf could be used to p-dope graphene while PBG compounds such as NBC could be
used to achieve n-doping. As illustrated in Figure 4-2A, TPS-Nf generates an acid (proton)
upon DUV irradiation due to decomposition of the triphenylsulfonium chromophore. 4’
The generated proton is then responsible for p-doping of the graphene layer, lowering the
Fermi energy level (i.e. shifting farther from the vacuum level, and thereby increasing the
work function) (Figure 4-2C).*® 1In the case of the photobase generator NBC, the o-

nitrobenzyl chromophore follows a known intramolecular rearrangement resulting in the
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formation of a photochemically liberated free-amine under DUV irradiation (Figure 4-

2B).** This free-amine has a lone pair of electrons which we believe are responsible for n-

doping of graphene as previously demonstrated in our earlier APTES SAM studies.?*°

Density functional theory (DFT) calculations have shown that for NH3 molecules, there is

7

a small charge transfer to the graphene.*” This would explain the increase of the Fermi

level from the Dirac point (i.e. n-doping).3%+8-3
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Figure 4-2: Schematic of reaction pathways for A) TPS-Nf and B) NBC. C) Schematic
representation of p- and n-doping of graphene field effect transistor (FET) by TPS-
Nf and NBC respectively, with associated changes to the graphene Fermi Energy
level.
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Figure 4-2C shows a simple scheme of a FET device with graphene coated with
TPS-Nf or NBC as well as the photochemical induced Fermi energy changes upon
exposure of the device. To determine the applicability of our proposed approach,
graphene/TPS-Nf and graphene/NBC samples were fabricated using chemical vapor
deposition (CVD) grown monolayer graphene transferred onto a 300 nm SiO2/Si wafer
using a common method described elsewhere?#? and annealed under an inert atmosphere
to remove ambient and transfer process residues***! (i.e. graphene layers that are here after
referred as ““as-transferred”). For the TPS-Nf treated sample, a 2% solution of TPS-Nf
(Sigma Aldrich) dissolved in anhydrous ethanol was spin cast under inert atmosphere onto
the as-transferred graphene. For the NBC treated sample, a 2% solution of NBC (Midori
Kagaku Co.) dissolved in anhydrous toluene was spin cast in a similar fashion onto as-
transferred graphene samples.

Raman spectroscopy was utilized to investigate the quality of the graphene and its
doping state by examining the D, G, and 2D bands and their respective peak positions. The
“as-transferred” graphene films utilized in this work showed prominent graphitic (G and
2D) (see Figure 4-4A - full spectra) bands with a minimal defect peak (D) (see Figure 4-
3). The high 2D over G band intensity ratio (I2p/Ig) and low full width at half maximum

(FWHM) of the 2D band are indicative of monolayer graphene films.*?
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Figure 4-3: Full Raman spectra of graphene as made on SiO2 (black line).
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Figure 4-4B-D shows the G band position, the G band full width at half maximum
(FWHM), the 2D band position and the 2D to G band intensity ratio (Iop/Ig) for as-
transferred graphene, after spin coating the TPS-Nf and NBC dopants (hereafter referred
as “unexposed”) and finally after DUV exposure (5 min exposure for TPS-Nf and 10 min
exposure for NBC). For the graphene/TPS-Nf treated sample, the as-transferred and
unexposed peak positions remain mostly constant : G peak position of ~1585 cm™, full
width half maximum of the G peak (FWHM) ~20 cm!, 2D peak position of ~2677 cm’!
and Dp/lg ratio of ~3.2, which indicates that prior to exposure, no significant doping is
induced into the graphene by coating of the TPS-Nf onium salt photoacid generator. After
exposure however, a clear change in the Raman peak positions and their relative intensities
for the sample coated with TPS-Nf PAG is observed: An upshift on the G peak position to
~1608.6 cm™!, a decrease on the FWHM of G peak to ~11.3 cm™, a upshift in the 2D peak
position of ~2690 cm™ and a decrease on the Lp/Ig ratio to ~0.76, which clearly indicates
p-doping of the graphene.?>>? Similarly, for the NBC treated sample, the same behavior is
observed where prior to exposure the peak positions remain constant when comparing the
as-transferred graphene both coated and not coated with NBC: G peak position of ~1585
cm’!, FWHM of the G peak ~20 cm™!, 2D peak position of ~2675 cm™ and Lp/Ig ratio ~3.2.
After exposure, again the graphene sample coated with the NBC PBG exhibits clear
changes in the peak positions and their intensity ratios: An upshift in the G peak position
to~1596 cm™', a decrease on the G peak FWHM to~16 cm™', a upshift on the 2D peak
position to~2678 cm™! and a decrease of the Irp/Ig ratio to ~2, clearly indicates n-doping
of the graphene™. Both of these results obtained by Raman spectroscopy are in clear

agreement with the observations by Ferrari and coworkers on n and p-doping of
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electrochemically top-gated graphene transistor>® and is further supported by the UPS/XPS

and electrical data discussed below.
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Figure 4-4: (A) Full Raman spectra for four samples on SiOz2: graphene as-transferred
(black line), Graphene/NBC or Graphene/TPS-Nf unexposed (since both yielded the
same spectra with no significant changes as compared to the initial graphene spectra)
(blue line), Graphene/NBC after exposure (green line) and Graphene/TPS-Nf after
exposure (red line). (B) G band peak position, (C) 2D band peak position, (D) FWHM
of the G band and (E) ratio of the 2D band peak intensity over G band peak intensities
for the samples initially (as-transferred), unexposed and finally after exposure.
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The p- and n-doping effect of TPS-Nf and NBC respectively, were also evaluated
by UV photoelectron Spectroscopy (UPS). Figure 4-5A shows the UPS spectra for (1)
TPS-Nf and (2) NBC: as-transferred, unexposed and finally after exposure (5 and 10 min
for TPS-Nf and NBC respectively). The work function @ (energy difference between the
Fermi and vacuum level) can be calculated from equation (1),>* since the secondary
electron edge occurs at the binding energy corresponding to the deepest of the energy levels

that can be excited with the radiation employed.

® =21.22 - BEsgE (1)

where BEskek is the binding energy at the secondary electron cutoff. The work function of
the as-transferred graphene, unexposed graphene/TPS-Nf and graphene/TPS-Nf after
exposure were determined to be 3.82+0.1 eV, 3.97+0.1eV and 5.29+ 0.09 eV, respectively
(Figure 4-5B). These values are in good agreement with the results obtained from the
Raman spectrum where no significant changes were observed in the unexposed
graphene/TPS-Nf film as compared to the as-transferred graphene, while after DUV light
exposure the graphene exhibits significant p-doping. Using equation (2), the electron
concentration (n) was calculated since it is related to the energy position of the Dirac point

by the equation,>

Ep=hvp(rn) /2 (2)
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where v is the Fermi velocity of graphene (1.1 x 10® ms?).%® The calculated doping
concentration was approximately 1.2 x 10'* cm™, which is the highest doping level
reported to date for photochemically p-doped graphene and is comparable to the results
obtained from other doping techniques. 3!-33-7-5

Similarly, for NBC, the work function for as-transferred graphene, unexposed
graphene/NBC and exposed graphene/NBC were determined to be 3.80+0.07 eV,
3.77£0.11 and 3.38+ 0.18 eV, respectively, using equation (1) (Figure 4-5B). Once again,
no significant change was observed in the graphene samples prior to the DUV exposure.
Similarly, using equation (2), the electron concentration (n) was found to be 1.1 x 10'* cm®

2 after exposure.
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Doping of graphene induced by surface electron transfer can further be examined
and confirmed by X-ray photoelectron spectroscopy (XPS) measurements. Figure 4-6A
shows the chemical shifts in the high resolution C1s spectra for: (1) as-transferred graphene
(black), (2) exposed graphene/TPS-Nf (red) and (3) exposed graphene/NBC (green). It is
observed that for the bare graphene sample, the C1s peak maximum occurs with a binding
energy (BE) of 284.9 eV as expected.*** For the graphene/TPS-Nf sample, upon on DUV
exposure, the Cls peak of graphene shifts to lower binding energy from 284.9 eV to 284.2
eV which is expected for a p-doped sample.?*> For the graphene/NBC sample, the C1s peak
has contributions from graphene and the dopant, with an overall maximum shift to higher
binding energy from 284.9 eV to 285.9 eV.?® This is presumably the result of both the BE
of the dopant C 1s and the n-doping of graphene by the free-amine present in the NBC

2861 in accord with previously reported data.*® It is important to notice that, for the

layer,
unexposed samples, no shift on the binding energy of the Cls peak was observed (Figure
4-6B), in agreement with the UPS and Raman results. N1s, S2s and S2p high-resolution
spectra for each sample were also collected and the results are presented in Figure 4-6 C,
D and E. These clearly show that after exposure both molecules undergo the expected
photo-reaction: (1) the NBC case shows the emergence of the free amine peak at ~401 eV
in the N1s spectra %2 and (2) the TPS-Nf case shows the appearance of the peak at ~227.5
eV in the S2s spectra that is attributed to the rearrangement of the sulfur center in the TPS

salt after the photoacid generation.®

These results further support our statement
concerning p—type and n-type doping observed for TPS-Nf and NBC coated graphene

films.
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Once evidence of doping using photochemically activated PAG and PBG
compounds was obtained, the next step was to quantify the effect of such doping strategies
on the electrical properties of graphene. In order to test the electrical transport properties
of graphene that has been modified using such photochemically activated dopants, back-
gated graphene field effect transistors (GFET) were fabricated using standard lithography
and metallization techniques reported previously.?*-°

Figure 4-7 shows the resulting drain current (lg) versus the gate voltage (Vg) for
TPS-Nfand NBC coated graphene films. For the bare, as-transferred graphene, all devices
demonstrated a charge neutrality point (\np) of approximately zero volts as a result of the
careful washing in multiple acetone baths followed by a 30 min anneal at 200 °C under a
nitrogen environment to remove any adsorbed p-dopants from the transfer process of the
CVD graphene.*® The annealing time and temperature were controlled carefully in order
to avoid n-doping as previously reported.® For the GFET devices made using TPS-Nf
(Figure 4-7A), a shift in the neutrality point of ~ -15 V was observed in unexposed films,
which is attributed to ethanol exposure during the TPS-NF coating process as shown in our
control experiment. Figure 4-7C shows that a drop of ~ -15 V in the neutrality point was
observed for a graphene sample dipped in ethanol and immediately dried with nitrogen,
which clearly demonstrates solvent induced n-doping similar to that observed in the TPS-
Nf coating case.

Upon exposure of the TPS-NTf coated graphene film devices, the charge neutrality
point is observed to gradually shift to higher voltages as would be expected for increasing
levels of p-doping with increasing exposure time and generation of additional photoacid.

At 5 s exposure, the neutrality point shifts to ~10 V; at 15 s, the neutrality point stabilized
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at ~48 V; for 30 s it is above 60 V and after 5 min, the charge neutrality point is so far
beyond 100 V that it is difficult to resolve with the available measurement techniques. The
hole concentration (n) of the TPS-Nf treated graphene after annealing was calculated from

the Vnp using equation 3,366

n = CgVnp/e (3

where Cg = 115 aF/um?, °2 e is the charge of the electron, and Ve is the voltage at the
charge neutrality point. Hole concentrations were calculated to be approximately 7.19 x
10 cm and 3.45 x 10* cm™ for the 5 s and 15 s exposure respectively (i.e. these were
the only cases where the neutrality point could be precisely measured because of the
voltage limitations of the probe measurement system used). The electron concentration (n)
is related to the energy position of the Dirac point by equation (2), hence the calculated
energy position of the Dirac point, were approximately 0.11 eV and 0.24 eV after 5 and
15 s exposure respectively.

Figure 4-7B shows the electrical response for the GFET devices made using NBC.
In the unexposed state, little shift in the neutrality point is observed. This lack of a shift in
the neutrality point is indicative of a lack of chemical doping of the graphene by NBC or
the toluene solvent used to coat it onto the GFET device (Figure 4-7D). This is consistent
with earlier observations made in the Raman spectroscopy and UPS data. Upon exposure
of the NBC-coated GFET, the charge neutrality point is observed to gradually shift to lower
voltages with increasing exposure time and generation of larger amounts of photobase. At

5 min, the neutrality point stabilizes at ~-36 V and after 10 min, the charge neutrality point
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is far above 60 V which is the maximum amount of voltage that can be applied to the device
using the tool configuration. The electron concentration (n) of the NBC-treated graphene
after annealing is approximately 2.58 x 102 cm for the 5 min exposure as calculated using
equation (2) and the energy position of the Dirac point is approximately 0.20 eV as
calculated from equation (3). One of the reasons NBC requires a higher exposure time than
TPS-Nf (10 sec versus 5 min) in order to observe a change in the doping concentration,
rises from the fact that the quantum yield (Q) (the ratio of product molecules, photoacid
for TPS-Nf or photobase for NBC, to absorbed photons), for TPS-Nf is approximately five
times higher than NBC (0.52 versus 0.1).#+% Nevertheless the electrical measurements are
in agreement with the Raman, UPS and XPS results which clearly indicate that prior to
exposure, there is little effect on the Vnp for graphene and that after exposure both TPS-Nf
and NBC p- and n-dope respectively.

Using equation (3), the expected Ve was calculated for both TPS-Nf and NBC
photoinduced doping from the work function values determined via UPS on exposed
graphene/TPS-Nf and graphene/NBC samples. The estimated neutrality point positions
were 148 V for NBC (10 min exposure) and 1700 V for TPS-Nf. These estimates were in
general agreement with the GFET electrical measurements since the neutrality point for
both exposure times was far above 100 V (Figure 4.7). An increase in device current
magnitude (at Vg=0) of 3 to 5 times was also observed, which also indicated that the
conductivity of the device was being improved in a similar manner (Figure 4.7). In this
case, such changes were achieved while maintaining film transmittance above ~70% for
both dopants (Figure 4-8A). Experiments are underway that focus on improving and

optimizing such parameters which are sought in a variety of applications’.  Air stability
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for the samples prior to exposure was also tested (Figure 4-8B and C) and slight to no
decrease on the neutrality point was observed in the graphene-coated samples, in contrast
to the bare graphene exposed to air (Figure 4-8D). This shows that the PAG and PBG
dopant precursor layers can protect the graphene quality until they are exposed to generate
the desired doping, unlike other doping techniques that require further annealing in order
to remove such atmospheric dopants'®232°_ 1t is important to mention that after DUV light
exposure, subsequent air exposure did not generate the desired doping, thus a protective
layer or packaging should be used in the devices after DUV exposure or handled under an

inert atmosphere.
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Figure 4-8: (A) UV/Vis spectroscopy for graphene on glass. The black line represents
the control sample (black), as-made graphene (green line used for TPS-Nf and red
line used for NBC), Graphene spin coated with TPS-Nf (pink curve-Graphene/TPS-
Nf), Graphene spin coated with NBC (light blue-graphene/NBC), graphene spin
coated with TPS-Nf exposed to DUV light ( purple curve-graphene/TPS-Nf) and
graphene spin coated with NBC exposed to DUV light ( dark blue curve-
graphene/NBC). (B) Source-drain current versus gate voltage for simple graphene
FET devices after spin coating with TPS-Nf (red curve-Graphene/TPS-Nf), graphene
spin coated with TPS-Nf 24 hours in air ( green curve-Graphene/TPS-Nf), graphene
spin coated with TPS-Nf exposed to DUV light (purple curve-Graphene/TPS-Nf). (C)
Source-drain current versus gate voltage for simple graphene FET devices after spin
coating with NBC (red curve-graphene/NBC), graphene spin coated with NBC after
24 hours in air (green curve-graphene/NBC), graphene spin coated with NBC exposed
to DUV light (purple curve-graphene/NBC). (D) Source-drain current versus gate
voltage for simple graphene FET devices as- transferred (red curve-graphene),
graphene exposed to air for 12 hour (green curve-graphene/Air).
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In order to demonstrate the ability to develop an area-selected pattern-wise doping,
back-gated graphene-based p-n junction with patterned p-n regions in the FET channel
were fabricated using TPS-Nf as dopant and were measured following the same basic
process described above. First, 50 nm thick gold electrodes were evaporated through a
shadow mask onto a clean, graphene transferred, 300 nm thick SiO» gate dielectric films
on highly p-doped silicon wafers. Next, half of each of the channels in the FET devices
were covered with a shadow mask and exposed to DUV light (Figure 4-9A).

The area selectivity of the chemical conversion of the PAG dopant precursor in the
patterned FET device was confirmed by XPS mapping of the FET as illustrated in Figure
4-9B. The signal at a binding energy of 163 eV was used for mapping the S2p spectra,
which is associated with the exposed TPS-Nf as discussed earlier (Figure 4-6). The figure
shows a well defined boundary in the S2p spectral map of the FET, as quantified by the
signal intensity at 163 eV over the area of the device, between areas of the substrate that
were exposed to DUV light and those left unexposed. Cls mapping of the photopatterned
FET devices was also accomplished as quantified by the signal intensity at a binding energy
of 284 eV, which again corresponds to p-doped graphene (Figure 4-6). Again, a well-
defined boundary in the doping of the FET channel was observed, with the exposed regions
of the FET channel showing clear signs of p-doping. Furthermore, the areas of the FET
device exhibiting the most intense Cls signal at 284 eV which is indicative of p-doping,
were perfectly correlated with the areas of the device exhibiting the strongest S2p signal
that is indicative of the production of the photoacid as well. All of these results are

consistent with the formation of a well defined photopatterned p-doped region that is the
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result of exposure induced production of photoacid dopant in selected portions of the FET
channel.

Electrical measurements were performed on the fabricated CVD graphene devices
containing the photopatterned TPS-Nf dopant precursor coatings. The devices were probed
under inert atmosphere using a method similar to that described earlier. As expected, the
unexposed sample exhibited a slight n-type characteristic due to the solvent (Figure 4-9C
and Figure 4-7) processing with only a single obvious neutrality point. For devices with
a 5 second ultraviolet exposure through the shadow mask on the device channel, two
minima in the Isd-Vg data were clearly observed, corresponding to two neutrality points

as would be expected from a p-n junction,!”3%37

which in this case is formed by the
photochemically created p-type doped region in the slightly n-type device layer. For
devices with a 15 sec masked ultraviolet exposure of the channel, again two minima are
clearly observed in the Isd-Vg data and additionally the positive Vg neutrality point shifts
to more positive values as would be consistent with higher doping levels that result from
further photoacid generation during the longer exposure. It is important to notice that the
position of the neutrality points in the p-n junction are in agreement with the expected
position obtained and discussed earlier from the blanket film exposure experiments (~ 12
Vand 50 V for 5 sec and 15 sec exposure respectively of TPS-Nf coated graphene samples)
and that little change is observed in the position of the Dirac point corresponding to the
unexposed slightly n-type region. It was also possible during these measurements to
demonstrate the unique ambipolar character of the devices. Switching of the source-drain

bias voltage from positive to negative values showed no rectifying behavior as would be

characteristic of an ambipolar device.!”*” This unique p-n junction behavior of graphene,

103



in contrast with the traditional rectifying behavior of conventional semiconductors, allows

the development of graphene-based bipolar devices which have been demonstrated to

68-70

display new and exciting phenomena such as Klein tunneling, and produce lensing

effects for coherent electrons, i.e. so called Veselago lensing.”!

Our simple method for
producing patterned doping profiles in graphene films and devices facilitates the study of
such phenomena and possibly enables the use of graphene for a variety of applications such
as circuits and sensors, since it allows precise, simple and independent control over the
work function and doping properties of graphene, as compared to the more limited and
difficult control possible with electrostatic substrate engineering,!” and other fabrication

techniques®®©%-72-74
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4.4 Conclusions

In the work reported here, we have developed an on-demand photochemical method
for doping of graphene using triphenylsulfonium perfluoro-1-butanesufonate (TPS-Nf) and
2-nitrobenzyl N-cyclohexylcarbamate (NBC) photoacid and photobase generators. Both
compounds can be used to easily dope graphene and such doping can be controlled in an
area-selective manner using traditional lithographic exposure techniques and tools.
Electrical measurements and XPS confirm that before exposure, graphene coated with
either TPS-Nf or NBC maintains its pristine electrical properties, and that by modulating
the deep ultraviolet (DUV) light exposure dose delivered to the films, the doping
concentration for both p and n-type doping can be easily modulated and controlled. This
doping technique yields a possible work function modulation from 3.4 eV to 5.3 eV in
single layer graphene. Area-selective doping and modification of an existing graphene
FET device are demonstrated through photochemical formation of a p-n junction in a pre-
fabricated graphene FET device coated with TPS-Nf and exposed in a pattern-wise manner.
The exposure is masked in such a way that the p-n junction is formed in the middle of the
graphene FET device channel. Measurements of the [-V characteristics of the
photochemically doped FET device show the expected two current minima (i.e. two Dirac
or neutrality points) for an ambipolar p-n junction in graphene. Our simple method for
producing patterned doping profiles in graphene films and devices opens up a variety of
new possibilities for forming complex doping profiles in a simple manner in graphene, and
can enable rapid testing of concepts for graphene devices involving controlled work

function tuning, complex doping profiles and simple post-fabrication tuning of devices.
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CHAPTER 5

EXFOLIATION OF GRAPHENE SHEETS BY AN ELECTRON
DONOR SURFACTANT

A novel macromolecular surfactant dicholesteryldithienothiophene (ChDTT) was
synthesized and optimized for use in graphene exfoliation and dispersion. By simple
sonication of expandable graphite in solutions containing ChDTT, graphene sheets with
sizes exceeding 50 micrometers were observed and characterized by transmission electron
microscopy (TEM), atomic force microscopy (AFM), electrical measurements, Raman
and X-ray photoelectron (XPS) spectroscopies. The new surfactant is more efficient than
poly(m-phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene) (PmPV), avoids use
of polymeric materials, and can be removed at lower thermal treatment. Using this
surfactant, graphene flakes can be extracted directly from HOPG or other graphitic sources

without additional chemical treatment, producing larger flakes of higher quality.
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51 Introduction

Production of single layer graphene (SLG), whose isolation was originally
considered unrealistic!, has attracted extensive recent scientific and technological interest.?
Single layer graphene is a monolayer of sp>-bonded carbon atoms tightly packed into a
two-dimensional honeycomb lattice characterized by the benzene repeat unit and is the
basic building block unit for many carbon allotropes with other dimensionality, e.g. carbon
nanotubes (CNTs), fullerenes, and graphite. Depending upon the environment in which it
is placed, single layer graphene has a number of fascinating electronic properties including
ultra high electron mobility®, ballistic transport’, anomalous quantum Hall effects®, and
semiconducting properties®. These unusual electronic properties and interest in graphene
are not however confined only to single layer graphene. While single layer graphene
intrinsically has no bandgap, Zhang and coworkers reported that a bandgap exists in
mechanically exfoliated bilayer graphene which is continuously tunable by independently
varying the top and bottom gate voltage in a dual-gate field-effect transistor®. Also, bilayer
graphene exhibits unconventional quantum Hall effect behavior.” For trilayer graphene,
applying a perpendicular electric field results in band overlap, resulting in semimetal

behavior.?

The persistence of unusual electronic properties into multiple layer graphitic
materials has led to a somewhat generalized definition of “multi-layer graphene” (MLG)
as graphite containing fewer than ten layers.! Beyond this limit of 10 layers, the difference
in band overlap between MLG and bulk graphite is less than 10% and the corresponding
electronic properties are of less interest.’

Interest in and demand for graphene is also not limited to its electronic properties

owing to its other unusual properties including extremely high surface area,'® exceptional
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mechanical elasticity,!' high tensile stiffness and strength,'> and high thermal
conductivity.'*!* With respect to these other properties and their application, again there is

significant interest in MLG forms as well. As such, SLG and MLG hold significant

13,15,16 16,17

technological promise in a variety of areas including electronics, energy storage,

1819 and composites?’.

Sensors,

Although a number of different methods have been reported for preparation of SLG
and MLG in the past few years, including mechanical exfoliation'?, solvent-based
exfoliation?!, surfactant mediated liquid exfoliation?’, and Hummers’® method?’;
nevertheless mechanical exfoliation is still one of the most commonly used methods for
production of research quantities of SLG due to its simplicity and its ability to reliably
produce single layer graphene.!> However, production of significant quantities and large
areas of SLG and MLG are not practical using such mechanical techniques. Instead, large
scale graphene production can be divided into two general categories: epitaxial growth by
chemical methods, such as chemical vapor deposition (CVD)**? or SiC annealing?®; and
chemical exfoliation from graphitic sources in the liquid phase’'*”*8, CVD and SiC
annealing routes have the demonstrated advantage of being able to produce large areas of
continuous graphene with good control over the number of graphene layers. However,
CVD and SiC methods suffer from a number of problems including complexity, cost, and
hazards of the controlled environment, high temperature reactor systems required for such
methods. In contrast, liquid phase exfoliation routes to production of graphene offer the

potential for production of large volumes of graphene under generally inexpensive and

comparatively benign conditions.
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One of the first reported liquid phase exfoliation routes to production of graphene,
often referred to as Hummers’ method, which involves the oxidation and exfoliation of a
graphitic source material (e.g. graphite) to form suspended graphite oxide (GO) dispersions
followed by reduction of the GO to form graphene.?*° From a solution processing point
of view, GO is an ideal intermediate for graphene exfoliation since its negatively charged
surface not only allows graphene oxide sheets to be readily dispersed in water but also
stabilizes the individual GO sheets from re-aggregation due to electrostatic repulsion.
Also, casting of GO from water can allow for formation of well controlled, continuous, and
uniform films of graphene. However, the oxidation of graphene inherently induces
unrecoverable defects into the graphene lattice that result in degradation of its electronic

31-35

properties and to a lesser degree reduction in mechanical and thermal properties of

graphene.®®. For example, the mobility of pristine mechanically exfoliated graphene has

been reported to be as large 12,000 cm?/Vs and higher®”®

while the mobility of reduced
GO is generally in the range of 2 to 200 cm*/Vs.3! To avoid the poor conductivity resulting
from the interruption of the graphene sp® structure inherent in GO reduction methods,
several liquid phase methods involving direct exfoliation of graphene from graphite
materials using ultrasonic agitation have also been developed and reported. By matching
the surface energy between solvent and graphene, single layer graphene flakes have been
successfully exfoliated into different solvents such as N-methylpyrrolidone (NMP) and
hexafluorobenzene (C¢Fs) in conjunction with ultrasonic energy.?!>°*" However, such
simple solvent exfoliation routes exhibit a number of limitations including production of

very small flakes (~100 nm in diameter and smaller), low concentrations of graphene flakes

in solution, and poor solution stability. In order to ameliorate many of these problems with
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simple solution exfoliation, the use of surfactants to enhance the exfoliation of graphene

27,50,51

into solvents via sonication has also been explored. *'**° Tonized surfactants and

macromolecules™ such as polymers have also been used to exfoliate and stabilize pristine

d?®%3 graphene flake suspensions by means of surface charge

or chemically functionalize
repulsion or steric destabilization. In fact, the use of appropriate surfactants can allow for
the direct exfoliation of graphene into normally incompatible solvents such as water.?’” The
use of surfactants and macromolecules in the exfoliation and solution stabilization process
introduces additional complications ranging from the effect of the presence of the
surfactant on the graphene on its properties !¢ to the potential need for simple and

4145 1iquid phase

efficient removal of the surfactant that does not damage the graphene
methods are suitable for various processes, including chemical modification, impregnation,
mixing, casting, and spin-coating. A solution phase differentiation method which can
separate graphene with controlled thickness has also been recently reported®’. Combined
with various deposition techniques, e.g. dielectrophoresis®* or Langmuir-Blodgett>® films,
liquid phase exfoliation enables the fabrication of graphene arrays with monodispersed
thickness.

In common to all these techniques is the very small size (~100 nm) of the flakes,

even with thicker MLG. For solvent assisted exfoliation, the exfoliation capability is also

55 56-58

low.”> To avoid these problems, macromolecules, notably polymers and
biomolecules®®¢! (such as DNA and peptides), have been intensively employed to isolate
CNT. The m-conjugated polymer backbone or DNA non-covalently attaches to the
nanotube surface through m—m stacking, which preserves the electrical and optical

properties of the CNT. Conversely, charge transfer between surfactant and CNT improves
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the exfoliation capability. Unlike for CNT, the solubilization of graphene by biomolecules

not yet been successful.”

Graphene has recently been exfoliated using the same polymer
used in a CNT system, poly(m-phenylenevinylene-co-2,5-dioctyloxy-p-
phenylenevinylene) (PmPV),®> however removal of such polymer is not achieved easily as
we discuss it later in this paper.

Therefore, here we present a novel macromolecular surfactant
dicholesteryldithienothiophene (ChDTT) synthesized and optimized for use in graphene
exfoliation and dispersion. By simple sonication of expandable graphite in solutions
containing ChDTT, graphene sheets with sizes exceeding 50 micrometers were observed
and characterized by transmission electron microscopy (TEM), atomic force microscopy
(AFM), electrical measurements, Raman spectroscopy and X-ray photoelectron
Spectroscopy (XPS).

Transmission electron microscopy (TEM) and atomic force microscopy (AFM)
analysis, revealed the presence of large size, multi-layer graphene sheets with a high level
of exfoliation in ChDTT-containing solution. Raman spectroscopy confirmed that the
ultra-large graphene sheet (50 um) was as thin as 3-5 layers. X-ray photoelectron (XPS)
spectroscopy also indicated that ChDTT could be totally removed by thermal treatment,
leaving defect free and very slightly oxidized graphene flakes, which is not possible in the
PmPV system. Furthermore, the new surfactant is more efficient than poly(m-
phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene) (PmPV), avoids use of
polymeric materials, and can be removed at lower thermal treatment. Using this surfactant,

graphene flakes can be extracted directly from HOPG or other graphitic sources without
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additional chemical or mechanical, producing larger flakes of higher quality compared to

reduced graphene oxide.

5.2  Experimental Section

The graphite intercalation compound (GIC) was first expanded by thermal shock.
The procedure is described as follows: First, commercially available “expandable graphite”
(NYACOL NYAGRAPH 351), was quickly heated to 1000°C for 1 min under forming
gas. The resulting black expanded graphite powder was dispersed in a 1,2-dichloroethane
(DCE) solution of ChDTT or PmPV (0.Img/mL). The solution was ultrasonicated for 30
min and centrifuged under 14K RPM for 10 min. The clear supernatant, containing flakes
of single or multi-layer graphene, was collected for further analysis. Characterization
methods included Raman spectroscopy (Renaishaw 2000, 488nm), X-ray photoelectron
spectroscopy (XPS, Thermo-K Alpha), atomic force microscopy (AFM, Agilent picoplus
system), transmission electron microscopy (TEM, JEOL 100CX II, 100kV), scanning
electron microscopy (SEM, Zeiss Gemini Ultra-60), thermogravity analysis (TGA, Texas
Instrument Q500), and UV-Vis spectrometer.

Back-gated graphene field effect transistors were fabricated using a combination of
photolithography and electron-beam lithography as well as metallization techniques
(Figure 5.1). A UV ozone treated highly p-doped Si wafer was used as a gate, with a 300
nm thick thermally grown silicon dioxide layer as the gate dielectric .Lithography and
deposition processes (i.e. typical lift-off procedures) were used to form the gold alignment
marks (to aid on the selection of the graphene flakes of interested) on the 300 nm thick
Si0; gate dielectric films. Next, the surfactant exfoliated flakes were dropped casted on

the fabricated substrate and inspected via raman spectroscopy (Figure 5.2) in order to
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select potential few layers graphene flake. Next electron-beam lithography was used to
define the souce and drain electrodes, followed by gold deposition ( i.e. lift-off ). Electrical
measurements, including I-V curves, were made using a probe station configured with a
HP 4156 semiconductor parameter analyzer maintained under an inert atmosphere.
Measurements were performed on both as-made devices and after heating in the inert

atmosphere to remove most of the DTT surfactant.
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Figure 5.1. (A) Schematic showing the process used to fabricate the graphene FET
device and Optical Image of each fabrication step.
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Figure 5.2. (a) Raman Spectroscopy of the graphene layer used to fabricate the
graphene FET device . Insert shows the SEM image of the fabricated device.
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5.3 Results and Discussion

Our new macromolecular surfactant (Figure 5.3), dicholesteryldithienothiophene
(ChDTT) consists of a central m-conjugated core, i.e. DTT, which can adsorb on graphene
surface through charge-transfer interaction, and cholesteryl side chains (Figure 5.4A).
Such groups, which are widely distributed components of surfactants in nature, were
incorporated into DTT to provide both solubility and nonbonding interactions. Recently,
Janowska and coworkers has reported that large size graphene flakes (average about 10
pm) can be synthesized in water or ammonia by a series of sonication and microwave
treatments®'. However, graphene oxidation (in water) or nitrogen doping (in ammonia) still
cannot be avoided. Using their procedure as a model, we investigated whether the material
in Figure 5.4 was indeed graphene and if it could be used to make, first, graphene flakes
and, then, uniform sheets. For comparison purposes, another popular macromolecular
surfactant. PmPV, known to disperse CNT and graphene by n—n stacking between n-
conjugated backbone and the aromatic surface, has also been synthesized.

To prove our idea that the DTT core plays the same role in our newly designed
ChDTT system, UV-Vis spectroscopy was used to monitor the absorption change for both
ChDTT and PmPV after the surfactant-graphite interaction. A 2 mg portion of thermal
expanded graphite was added to 0.0lmM ChDTT/DCE solution. After stirring for 90
minutes, the mixture was filtered through a 0.2 um PTFE filter to remove unchanged
graphite. Unlike ultrasonication, mild stirring did not exfoliate expanded graphite. Figure
5.4B displays the UV-Vis spectra of a ChDTT/DCE solution before and after graphite
immersion. It shows an absorption decrease, indicating a decrease in ChDTT concentration

according to the Beer’s law. Under higher concentrations and reaction times (20 mg
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expanded graphite and 16 hour stir), the absorption peaks between 300 to 400 nm disappear
(line c in Figure 5.4B), implying that ChDTT molecules were adsorbed on the expanded
graphite surface and removed from solution. Similar absorption changes in the PmPV/DCE
system are described in Figure 5.4C. These results suggest that the dispersion mechanism
of ChDTT is similar to that of PmPV, involving charge transfer between surfactant and

graphene, which we believe aid the exfoliation of graphite during ultrasonication.

S 1. CbzNH(CH,),NH, S

cl /] \ /) \ cl 2. HBr/ AcOH o ® \ NH ® o
m BrH3N/\/HN /S S\ \/\NH3BF

(@) (e} 0 0O

Figure 5.3: The synthesis route of Dicholesteryl-dithienothiophene (ChDTT)
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Figure 5.4. (a) Schematic of ChDTT and Graphite interactions, leading to exfoliation
of few layer graphene. (b) Absorption spectra of: A) ChDTT in 1,2-DCE, 0.01 mM
solution; B) After addition of 2mg expandable carbon to the mother solution ( as
described in A)) and stirring for 90 min at rt; C) After addition of 20 mg expandable
carbon and stirring for 16 h at rt. The spectra were normalized at the baseline. (c)
Absorption  spectra of: A)  Poly(m-henylenevinylene-co-2,5-dioctyloxy-p-
phenylenevinylene) (PmPV) in 1,2-DCE, 0.027 mM solution; B) After addition of 2
mg expandable carbon to the mother solution and stirring for 90 min at rt; C) After
addition of 20 mg expandable carbon and stirring for 16 h at rt.
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In order to characterize the number of layers in our MLG, Raman spectrometry was
used to probe single graphene flakes made by ChDTT exfoliation. Graphene flakes were
deposited on a silicon wafer with 300 nm thermal oxide by drop casting. The sample was
then heated to 400 °C in air to remove the surfactant (the choice of removal temperature is
discussed below). The significant contrast between SiO» background and graphene flakes
makes individual thin sheets visible under the 50X optical microscope, and a well aligned
2 um laser beam with 488 nm wavelength was able to focus on a specific spot.

Graphitic carbon materials display three fingerprints in Raman spectra: the G
(Graphite) band at ~ 1580 cm™!, the 2D band (or G' band) at ~2700 cm’!, and the disordered
D (defect) band at ~1350 cm™. The evolution of the Raman spectra from graphite to MLG
to single-layer graphene under different laser wavelengths has been intensively studied®.
For visible Raman spectra (488 nm and 514 nm), both the intensity ratio of the 2D band to
G band (Ic/Ip) and the shape of 2D band are layer-sensitive®*>. With a 488 nm laser and
300 nm SiOg, the Ig/Izp ratio has specific value of 2.1, 1.49, 1.14, 0.74, and 0.24 for 5, 4,
3,2, and 1 layer graphene, respectively.®® Moreover, the 2D band is a single Lorentzian
peak for single layer graphene, while the same peak for double layer graphene deconvolves
into 4 Lorentzian peaks, which can be explained by the double-resonant model for
graphene®. With an increase of layers, at least 6 Lorentzians to fit tri-layer graphene and
3 Lorentzians for MLG over 4 layers must be used®®. Further increases in layers leads to a
significant increase of the relative intensity of the highest energy peak until it reaches the
limit of bulk graphite. For graphite itself, the 2D band is assigned to 2 convolved peaks

with approximately 1/4 and 1/2 the height of the G peak, respectively.

126



To characterize the precise thickness of our ultra-large graphene flakes, sheets of
~7um, 20 um, and 50 pm diameter were probed with HOPG for comparison. Figure 5.5A
shows the wide range Raman spectra (1000 cm™ ~ 3000 cm™) of these flakes. From the
intensity ratio (Ig/Iop), we can estimate: (1) the 50 pum flake (Ic/I2p=2.18) is approximately
5 layers, (2) the 20 um flake (Ig/Iop=1.5) is approximately 4 layers, and (3) the 7um flake
(Ic/Iop=1.16). The 2D band deconvolution shown in Figure 5.5B can provide further
information about the layer number. For 50 um and 20 um flakes, the 2D band shows a
typical MLG shape (intensity at higher wave number is slightly stronger) and can be fit
with 3 Lorentzian peaks. Again, the intensity of the highest energy peak for the 50 pm
flake is stronger than for the 20 pm flake and much weaker than that HOPG. Combined
with the Ig/Iop ratio, this demonstrates that they are 5-layer and 4-layer graphene flakes.
For the 7 um flake, the special 2D band shape can only be fit with at least 6 Lorentzians in
agreement with the literature.® Together with the Is/Lop ratio, this also coincides with the
features of 3 layer graphene. It should be noted that no defect band (~1350 cm™) can be
found in either of these flakes, implying that no structure disorder was introduced during
our processes. Multiple flakes were analyzed via Raman Spectroscopy, de-convoluted and
a flake size distribution was plotted in Figure 5.6. We can estimated that most of the flakes
obtained with from ChDTT exfoliation are in between 10-20 microns ( long axis
dimension) with 4-5 layer and 2-5 microns ( long axis dimension) with 3-4 layers. It is
important to mention that for ChDTT a larger number of graphene flakes were observed in
comparison with the PmPV (on 50 by 50 microns optical microscopy image ) with
demonstrated that not only larger and few layer graphene are obtained by ChDTT but also

ChDTT is an overall better efficienct exfoliation surfactant than PmPV.
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Figure 5.5. Raman spectra for HOPG and ChDTT exfoliated graphene flakes with
approximately 50um, 20um, and 7um in size.. b) The deconvolution of 2D band of
Raman spectra in (a). Black squares are experimental measurement. Red solid lines

are fitting results.
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Figure 5.6. Statically yield for exfoliation of graphite by (a) NMP, (b) DCE (c)
PmPV/DCE and (d) ChDTT obtained via Raman Spectroscopy of different samples
at a 50 by 50 microns magnification. It is important to notice that PmPV yielded less
total number of flakes on the same optical microscopy window.
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Transmission electron microscopy (TEM) was used to directly investigate the state
of graphene flakes remaining dispersed in the solution. One drop of sonicated and
centrifuged ChDTT/EG supernatant was applied on a lacy-carbon TEM grid, dried, and
analyzed without further treatment. In addition to flakes of several um, ultra-large graphene
sheets (over 20 um) were frequently found. Figure 5.7A and 5.7B shows a combination of
these two types of graphene flakes: one edge of an ultra-large graphene sheet with several
small embedded pieces. It is well known that the surface tension of graphene flake
preparations is not high enough to support a high aspect ratio (20pm across vs. few atomic
layers thick) ,°! hence folded edges and crumples are always observed in these large flakes.
In addition, significant particle formation suggests ChDTT residues, which were not
removed. To characterize the thickness and uniformity of ultra-large flakes, small aperture
selective-area electron diffraction (SAED) was probed at different area of this sample.
Figure 5.7C show SAED patterns from two specific spots in Figure 5.7A and labeled with
Miller-Bravais (hkil) indices. They both clearly demonstrate a single set of hexagonal
patterns without superimposed shifting diffraction, indicating no stacked MLG layers with
twisting angles at these spots. Figure 5.7C shows stronger {2110} peaks, demonstrating
multilayer (3-5) with Bernal AB stacking. We note that no border is observed in this type
of ultra-large MLG, which suggests that this is a single continuous MLG sheet. It is
reported that the ultra-large MLG sheet was always made up of smaller individual graphene
flakes with an obvious boundary!. We believe this is the first graphene sheet of this size,
chemical exfoliated in single piece. Selected HRTEM images of regular flakes are also
shown in Figure 5.7D and 5.7E confirming the observation from Raman Spectroscopy and

SAED, that our sample is composed of 3-5 layers graphene flakes.
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Figure 5.7: a) and b) TEM image of one edge of as-synthesized ultra-large graphene
sheet with size > 20pum. The graphene sheet is folded with several small size graphene
sheets embedded in it. ¢) Selective-area electron diffraction (SAED) patterns in (a)
show that it contains different number of layers (from single layer to few layers) at
different part. d) and e) Selected HRTEM images of regular flakes are also shown in
a) and b) showing that our sample is composed mostly of 3-5 layers graphene flakes.
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Although it is suggested that macromolecular surfactants, such as PmPV and DNA,
interact with CNT and graphene through n—n stacking, thoroughly removing surfactant is
still essential due to the sensitivity of electronic properties to surface condition .*” The
challenge relates not only to the surfactant removal, but also the preservation of sp? carbon
structure. For this reason, Li.et al. has attempted to remove PmPV using a two-step
decomposition.?? First, a PmPV/graphene cast SiO> sample was heated to 400°C in air to
combust most of the polymer. To avoid the oxidation of graphene, a second-stage
combustion with higher temperature ( 600°C ) was performed under ultra-high vacuum.??

To realize the high-temperature decomposition behaviors of our ChDTT, thermal
gravimetric analysis (TGA) was performed in both air and inert condition (argon) along
with PmPV for comparison. Figure 5.8A shows the TGA results for both materials under
both environments. For the first stage, ChDTT has about 35% remaining mass at 400°C,
whereas PmPV retains 58% clearly showing that for PmPV we are left with close to 2/3 of
surfactant while for ChDTT only ~1/3 is left on the samples ; furthermore, atomic force
microscopy (AFM) images taken after equal thermal treatment still showed significant
quantities of PmPV remaining (Figure 5.9).

An alternative method is a second-stage thermal treatment, involving high
temperature heating under inert gas. The TGA curve of PmPV (in Ar) reveals remaining
residue up to 1000°C (Fig. 4a). The AFM image also supports the conclusion that PmPV
cannot be removed under these circumstances (Figure 5.9). Conversely, ChDTT was
totally removed before 700°C. The AFM also shows a clean surface after 800°C rapid
thermal processor (RTP) treatment ( Figure 5.9) in agreement with the TGA data (Figure

5.8a).
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XPS was performed to examine the carbon 1s (Cls) state (Figure 5.8). After
deconvolution, it revealed only minor oxidation occurred (Figure 5.8C) as compared with
the C1s XPS spectrum of the starting material, expanded graphite, shown in Figure 5.8B .
The difference between starting material and product flakes implies that our process,
including ChDTT exfoliation and thermal treatment, did not result in extensive oxidation.
The insets of Figure 5.8C also show the high-resolution scans at N1s and S2p, (the two
elements other than carbon in ChDTT ) and no such elements were seen, further supporting
the AFM results.

As we seek lower temperature removal techniques, 6M nitric acid was used for 1
hour to chemically decompose the surfactants. It is important to mention that nitric acid is
known to effectively oxidize graphene,®® which makes a reasonable assumption that
solution exfoliated graphene flakes should have equal effect.

X-ray photoelectron spectroscopy (XPS) was then used to examine the carbon
bonding state of nitric acid treated graphene (Figure 5.8D). Typically the graphene carbon
Is (Cis) peak in the XPS spectrum is dominated by C-C bond scattering located at 284.5¢eV.
In addition, 3 minor C1s components are assigned to C-O, C=0, and O=C-OH, with 1.5¢V,
2.5eV, and 4eV shifts on the higher energy side®®. As expected, the C1s XPS spectra of
nitric acid treated samples show strong oxidation states in all C-O, C=0, and COOH
bonding regimes. Thus the 2D carbon plane was extensively oxygenated, and the flakes
tended toward graphene oxides. Nevertheless, AFM images showed a clean surface for
ChDTT/graphene, but not for PmVP/graphene (Figure 5.9) reinforcing the idea that

ChDTT is much easier to remove than PmVP.

133



— PPV in Ar

i PmPV in air
1004 ' = DTT in Ar
i —DTT in Air (b)
@& "\
_. 80 i
2 -
Y 3
~
£ 60 s
@ 2
e @
& g
= 404 £
R=y
Q
<
20
0 I 'l r' 'l r'
T ' T ! 280 282 284 286 288 290
0 200 400 600 800 8 o
Binding Energy (eV)
Temperature (C)
(c) N,
OpiprugRn i
392 396 400 404 408 412
Binding Energy (eV)

E 3 -

s W 3

- B rinascntntidii I

& 156 160 164 168 172 176 2

7} Binding Energy (eV) w

5 c

2 &

£ =

Il Il Il Il a4 AL L L
280 282 284 286 288 290 280 282 284 286 288 2080
Binding Energy (eV) Binding Energy (eV)

Figure 5.8. (a) TGA results for PmPV and ChDTT under various removal procedures
results. (b) XPS high-resolution Cls peak for expanded graphite, (c) Cls peak for
800 C thermal treatment in forming gas (d) XPS high-resolution C1s peak after 6M
nitric acid treatment for 1 hr. The Shirley background has been applied. All spectra
are fitted with C-C peak at 284.4 eV, C-O peak at 285.9 eV, C=0 peak at 286.9 eV,
and COOH at 288.4 eV. Inset spectrum in (c) is the N1s and S2p peak
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Figure 5.9. AFM analyses of ChDTT and PmPV after residues cleaned up by either
thermal treatment or nitric acid treatment.
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Electrical transport properties in graphene flake FET devices (Figure 5.10) were
made in two configurations: (1) before ChDTT surfactant removal (2) after surfactant
removal (both samples before measurements were annealed at 200°C under an inert
atmosphere to remove any atmospheric dopants).’® Prior to the surfactant removal, the FET
device demonstrated p-doped characteristics in their as-made state, due presumably to
adsorbed species (i.e. surfactant) on the graphene surface resulting from the exfoliation
process (Figure 5.10A).”"73 As the devices were annealed at 400 °C under air, to remove
the DTT surfactant, adsorbed p-dopants were removed, leading to pristine graphene with a
charge neutrality point at approximately zero volts (Figure 5.10B).”"-7*

The calculated field-effect mobility was ~ 240 £10 cm?/Vs (hole and electron mobility),

extracted using equation 4,7

pn= Lchgm/ WenVasCox (4)

where p= mobility, Lev=2000 pm, gm= dIp/dVss, Wen= 50 um , Vps= 0.1 Vand Cg= 115

aF/um?. This result indicates that the graphene obtained from exfoliation demonstrated

higher mobilities (up to 3 order of magnitude) values compared to graphene oxide

reduction’? since the flakes undergo little degradation.
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Figure 5.10. Source-drain current versus gate voltage for a graphene flake FET

obtained via ChDTT exfoliation (a) before (b) and after surfactant removal. Insert
shows the SEM image of the fabricated device.
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54 Conclusions

A novel macromolecular surfactant dicholesteryldithienothiophene (ChDTT) was
synthesized and optimized for use in graphene exfoliation and dispersion. By simple
sonication of expandable graphite in solutions containing ChDTT, graphene sheets with
sizes exceeding 50 micrometers were observed and characterized by transmission electron
microscopy (TEM), atomic force microscopy (AFM), electrical measurements, Raman,
and X-ray photoelectron (XPS) spectroscopy. The new surfactant is more efficient than
poly(m-phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene) (PmPV), avoids use
of polymeric materials, and can be cleanly removed by simple thermal treatment. Using
this surfactant, graphene flakes can be extracted directly from HOPG or other graphitic
sources without additional chemical, mechanical, or thermal treatment, producing larger

flakes of higher quality.
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CHAPTER 6

EXPLORING SURFACE DIELS-ALDER ADDUCTS ON SILICA AS
A CONTROLLABLE CARBON PRECURSOR FOR PRISTINE
GRAPHENE

A dienophile-modified SiO> surface served as a platform for Diels-Alder mediated
attachment of anthracene and 9,9’-bianthryl. The resulting monolayers were investigated
by x-ray photoelectron spectroscopy (XPS) and directly used as precursor for graphene, as
verified by Raman spectroscopy. 9,9’-bianthryl adduct yield the best quality graphene,
which is attributed to the higher carbon precursor availability and compared to anthracene
adduct and the maleimide dienophile. This study opens the door towards rationale direct

growth of graphene on surface reaction mediated by copper catalyst.
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6.1 Introduction

The electronic properties of graphene continue to spur applications in electronics,
chemical sensors, biological sensors, filters, and nanocomposites.!” Chemical vapour
deposition (CVD) of graphene has become one of the most studied growth technique with
methane as the dominant feedstock.5® There has been multiple studies done on copper
foil/nickel using alternative carbon precursors,”!* however there has been no success using
evaporated copper on a dielectric surface such as SiO> (which is a critical component for a
variety of semiconductor devices) with covalently attached monolayers or other attached
chemical moieties.'? One of the reasons for such lack of success is the fact that contrary to
nickel where the growth of graphene occurs from carbon dissolution,’ in copper the growth
is mainly via surface reaction.” Hence, carefully designed precursors as well as carbon
delivery methods have to be investigated. Furthermore, the ability to assemble
polyaromatic hydrocarbons (PAHs) monolayers on surfaces and further processing such
prefabricated moieties into electronic materials (such as graphene) is thus a tantalizing
prospect which we now implement in the context of a Diels-Alder reaction.

A great deal of research has already been conducted on attachment of aromatics on
surfaces by capturing dienes with suitable dienophile, and vice-versa.'*?> However,
previous surface modifications relied on multistep syntheses in order to modify the dienes
with the desired anchoring groups, as well as to assure the formation of highly ordered
arrangements on a surface.”»** To date, there have been no efforts towards the conversion
of Diels-Alder adducts into graphene. Previous studies have focused on conversion of
transferred carbon nano-membranes obtained from cross-linked aromatic self-assembled

5

monolayers to produce nano-crystalline graphene,” an imperfect source for graphitic
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applications. We report here the use of organized organic molecular systems, which can
undergo consolidation leading to electronically active materials. The Diels-Alder (DA)
reaction is a workhorse for such transformations, since the forward 4+2 condensation is
chemically reversible and occurs with high yields under relatively mild conditions. One
clear advantage of using Diels-Alder adducts is avoiding flammable carbon sources such
as methane;® furthermore, since we can easily choose which PAH to use, we have a control
on the amount of carbon used for graphitization.?® We selected anthracene and Bianthryl
since both aromatic compounds are very soluble in common solvents, well studied dienes
and allows us to easily double the amount of carbon available in the surface, enabling an
adjustable source for release and control of the carbon precursor and thus, the synthesized

graphene layers.?¢

6.2  Experimental Section

For Our approach is illustrated by Scheme 1: maleimide was chosen as the
dienophile core of our scheme since it can be easily functionalized, including introduction
of functional groups to allow for attachment to various metals (a thiol terminated
maleimide was synthesized and is currently being investigated) and silicon. It produces
DA adducts with various dienes, including PAHs, in high chemical yields and with good
desired stability.

Although the goal of this work was the surface Diels-Alder reaction of maleimide
and anthracene/ bianthryl, a model solution reaction between N-dodecylmaleimide
(maleimide-C12) and bianthryl /anthracene was performed in preparative scale and the

resulting Diels-Alder adduct carefully analyzed. A reaction between excess N-
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dodecylmaleimide (maleimide-C12) and anthracene produced mono Diels-Alder adducts,
with central benzene ring cycloaddition as characterized by NMR (see S.I). Unlike
anthracene, 9,9’-bianthryl undergoes peripheral rather than central benzene ring
cycloaddition, producing a quantitative mixture of mono and bis Diels-Alder adducts (see
S.D.

Both the anthracene reaction product and the bis adduct product from the Bianthryl
were subjected to thermogravimetric analysis (TGA) which revealed molecular integrity
up to 250 “C before the first onset of mass loss (Figure 6.1). For the anthracene Diels-
Alder adduct, 100% mass loss is observe, beginning at approximately 250 ‘C. This loss
corresponds to the sublimation of the whole adduct, therefore no reverse Diels-Alder (rDA)
reaction is observed. For Bianthryl Diels-Alder adduct, the 60% mass loss that begins at
approximately 250 ‘C corresponds to a loss of two molecules of N-dodecylmaleimide,
consistent with the reverse Diels-Alder (rDA) reaction. A second distinct mass loss occurs
at an onset temperature of ca. 320 °C, and corresponds to sublimation of 9,9’-bianthryl, as
supported by a separate TGA analysis of pure 9,9’-bianthryl. It is worth noting that the
mass loss in the case of the DA adduct was incomplete and the remaining residue, 3-4% of
the initial mass, suggests that high molecular weight, non-volatile carbonaceous species
have formed. Such high molecular weight species are presumably the result of cross-
condensation of reactive species arising from the retro Diels-Alder process. We note,
parenthetically, that similar condensation products were observed during pyrolysis of

pentacene.?’°
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The synthesis and surface reaction of 3-(triethoxysilyl)propyl maleimide (MPES)
is illustrated in Scheme 1. The surface anchoring 3-(triethoxysilyl)propylmaleimide was

synthesized according to the literature’!-

from 3-(triethoxysilyl)propylamine and maleic
anhydride in the presence of ZnBr> and hexamethyldisilazane. For monolayer fabrication,
a silicon wafer was cleaned and pre-treated by UV ozone in order to produce a hydroxyl-
terminated surface, immediately followed by immersion of the substrate in a 1% (v/v)
solution of MPES in anhydrous toluene for three hours. The substrate was removed from
solution, sonicated in pure toluene, and dried under flowing nitrogen. The deposition of
the covalent attached monolayers was confirmed by contact angle measurements using a
VCA 2000 goniometry system. The MPES-coated surface had a contact angle with
deionised (DI) water of ca. 45° as compared to <10° contact angle measured immediately
after ozone treatment of native SiO> on Si. In order to perform the cycloaddition, the
MPES-coated substrates were immersed in a solution of either anthracene or 9,9’-bianthryl

in xylene for 24 hours at 140 °C, cleaned by thorough rinsing, and characterized by X-ray

photoelectron spectroscopy (XPS).
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Scheme 1. (a) Reaction scheme of a silicon oxide surface with maleimide and 9,9’-
bianthryl/anthracene attachment via [4+2] cycloaddition.
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6.3 Results and Discussion

Figure 6.2A shows XPS survey spectra for: (1) control SiO; substrate (labelled
‘Si02’), (2) the MPES-treated substrate containing the maleimide layer (labelled ‘MPES’),
(3) anthracene treated MPES substrate (labelled ‘A-MPES’) and (4) 9,9’-bianthryl treated
MPES substrate (labelled ‘B-MPES’). The presence of the N1s peak in Figure 6.2A for
the MPES, A-MPES and the B-MPES samples (and lack of N1s peak in the control sample)
supports the conclusion that the MPES moieties were successfully produced in the SiO»
substrate. The Nl1s high-resolution spectrum (Appendix 1- Figure AS) for regions
containing MPES, A-MPES and B-MPES was well described by a fit using a single
Gaussian peak centered at 401.9 eV which is commonly assigned to the amide Nls in
maleimide.'** Figure 6.2B shows the chemical shifts in the high resolution C1s spectra
for an MPES-coated, an A-MPES-coated and a B-MPES-coated SiO; substrate. We
observe that for the MPES sample the C1s peak can be fit with two Gaussian peaks centered
at 286 eV (representing ~77% of the total Cls peak area) and 289 eV (representing ~23%
of the total Cls peak area), which we assign to carbons involved in C-C and N-C=0 bonds,
respectively, confirming the presence of the maleimide on the surface.?’ For the A-MPES,
we can again fit with two Gaussian peaks centered at 286 eV (representing ~90% of the
total Cls peak area) and 289 eV (representing ~10% of the total Cls peak area), which we
assign to carbons involved in C-C and N-C=0O bonds respectively, clearly indicating an
increase in C-C bonding, indicative of anthracene attachment. B-MPES sample, the Cls
peak can be reasonably well fit with a single Gaussian peak centered at 286 eV, which we
assign to carbons involved in C-C bonds. This may be somewhat surprising at first glance,

given the fact that the maleimide moiety still remains on the surface, and in fact a small
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shoulder peak can be assigned at 289 eV, corresponding to carbons in the maleimide N-
C=0 bond, to improve the peak fit slightly. The overwhelming magnitude though of the
carbon in C-C bonds as compared to N-C=0O bonds supports the formation of the 9,9’-
bianthryl adduct on the maleimide monolayer and its presence on the surface compared
with the MPES and A-MPES samples.

Table 6.1 shows the C/N ratio expected and the obtained experimental via XPS
analyses for each samples. The expected ratios were 7:1, 21:1 and 35:1, while the
experimental values were 7.44+ 1, 17.9+4 and 36.2+ 7 for MPES, A-MPES and B-MPES
respectively. This clearly shows that all the maleimide sites on the surface reacted with our
PAH’s and the Bianthryl sample provides a higher amount of carbon available on the
surface compared to MPES and A-MPES samples (Appendix 1 has total percentage

amount for each element on each sample).
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Figure 6.2. (a) XPS spectra representing survey scan for three types of samples:
(green line) graphene on SiOz, (black line) MPES layer covalently attached to SiOz,
(blue line) Anthracene/MPES DA adduct and (red line) 9,9’-Bianthryl/MPES DA
adduct coated SiOz. (b) High resolution XPS spectra for C1s for (black line) MPES

layer covalently attached to SiOz, (blue line) Anthracene/MPES DA adduct and (red line) 9,9°-
Bianthryl/MPES DA adduct coated SiOz.(All the data was normalized to the highest intensity).
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Table 6.1 C/N ratio expected and obtained experimental via XPS analyses for: MPES,
A-MPES and B-MPES

«
g’,
[
Structure
MPES A-MPES B-MPES
Expected | Experimental | Expected | Experimental | Expected | Experimental
C/NAt.% | 7:1 7.4:1| 21:1 21.3:1| 35:1 36.2:1

Next, conversion of such adducts into 2-D sheets of graphene was investigated: the
MPES, A-MPES and B-MPES-coated substrates were coated with Cu (300 nm) using an
electron beam evaporator, followed by annealing in a tube furnace in argon/hydrogen
environment at 1000 °C (see Appendix 1). It is important to mention that Cu was selected

because of its ability to promote catalytic surface graphitization, instead of

We investigated the quality of the graphene layers obtained by such means by
examining the D, G, and 2D bands and their positions in the Raman spectra. The signals
corresponding to the D (~1300 cm™), G (~1590 cm™), and 2D (~2700 cm™) Raman
frequencies in the obtained graphene were fit with Gauss-Lorentzian curve fits to determine

their peak position, line width, and intensity. For the MPES and the A-MPES samples, the
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Raman collected at the SiO» surface of where the Cu dewetted, we observed a D and G

band as well as a broad 2D band (3), characteristic of defective graphene'!** which is

consistent with what has been observed for graphitization of other materials to graphene

on silicon oxide surfaces.?*

and no graphitic signal were observed on the surface of the
dewetted copper. For the B-MPES-grown at 1000 °C, the Raman collected at the SiO»
surface of where the Cu dewetted, we observed a D and G band as well as a broad 2D band
(3), characteristic of defective graphene,'!** however on the surface of the dewetted
copper, graphene films showed prominent graphitic (G and 2D) bands with no detectable
defect peak (D) as well as the G* peak at (~2450 cm™)*® (Figure 6.3). The high 2D over
G band intensity ratio of 2.67 and a low full width at half maximum (FWHM) of the 2D
band at ca. 36 cm™! are indicative of a monolayer graphene film® (Appendix 1- Figure
A6). Furthermore, by varying the temperature to 900 °C no copper evaporation occured
and no signals corresponding to the D (~1300 cm™), G (~1590 cm™), and 2D (~2700 cm"
1) Raman frequencies were observed. These results indicate that during the graphitization
process, de-wetting and evaporation of Cu took place due to the high temperature and the
low pressure (~1500 mTorr) inside the chamber. Cu evaporation from the surface results
in the release of the 9,9’-bianthryl, possible via rDA, from the MPES monolayer to react
at the Cu surface leading to graphene formation at the top surface of the de-wetted Cu (see
the inset picture on Figure 6.3). Again, it is important to mention that the Raman collected
at the Si10, surface of where the Cu dewetted, we observed a D and G band as well as a

11,34

broad 2D band (3), characteristic of defective graphene' " which is consistent with what

has been observed for graphitization of other materials to graphene on silicon oxide

surfaces.?>
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Given the very limited solubility of carbon in Cu,’ the fact that graphene growth
occurred on top of a Cu film with a carbon source embedded underneath and produced
graphene superior to that obtained directly on the substrate surface may seem puzzling. Li
and co-workers have shown, however, that methane transport occurs through Cu layers in
both directions, due to the presence of grain boundaries in Cu CVD applications.** They
have identified a few layer graphene in those voids in their graphene growth experiments,
hence proving that the reaction can take place at any active site of Cu, not only on extended
flat surfaces. Accordingly, in our experiments we observe the best quality graphene on top
of the Cu in the case of B-MPES. As illustrated in Figure 6.3 inset, in addition to grain
boundaries, we observe metal dewetting and formation of voids in the Cu layer. One
conceivable mechanism for graphene formation is that the DA adducts confined to space
between Cu metal and SiO, decompose, liberating bianthryl.?®37-® Bianthryl or the active
species resulting from rDA can oligomerize, possibly through the intervention of catalytic
Cu, analogous to an earlier report for gold,'®?! and consolidate into graphene ( Figure 6.4).
On the other hand, for the MPES, A-MPES (which can’t undergo rDA, Figure 6.1). We
observed a D and G band as well as a broad 2D band (3), characteristic of defective
graphene''** hence we can conclude that there is not enough carbon available for
graphitization, therefore only defective graphitic structures are formed. Control samples
containing only SiO> coated with Cu, did not yield any graphitic like signal, indicating that
the copper by itself is insufficient to produce graphene. Rather, by utilizing this designed
carbon precursor, we are able to control both the carbon release and surface graphitization,

consistent with previous reports.!!**
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Recent studies suggest that at these high temperatures the aromatic structures
remain intact '® reinforcing once again the experimental observations (Figure 6.3) and our
hypothesis that the underlying growth mechanism mainly involves surface—mediated
nucleation processes of dehydrogeneation and formation of charge transfer complexes
between PAHs and metal surfaces,?!*” nevertheless it will be very challenging to provide

experimental proof and further studies will be necessary.

—— B-MPES-Graphene on Cu
B-MPESDefective Graphene on SiOp

— A-MPESDefective Graphene on SiO5
— MPESDefective Graphene on SiOp

Intensity

1500 2000 2500 3000

Raman shift (cm™

Figure 6.3. Full Raman spectra for: MPES (black line), A-MPES (blue line) and B-
MPES (red and green) on Cu-coated SiO2 and annealed in a tube furnace in
argon/hydrogen environment at 1000 °C. Inset: Optical image (30 by 40 microns) of
surface after growth.
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Figure 6.4. Surface reaction pathway for conversion of Diels-Alder adduct to
graphene.
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6.4 Conclusions

In summary, we have developed a convenient method of producing defect-free
monolayer graphene by Cu-catalyzed conversion of 9,9’-bianthryl precursor released from
a monolayer of its Diels-Alder adduct with maleimide immobilized on silicon dioxide
surfaces. We are exploring other analogous graphene precursors as well as more

convenient substrates.
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CHAPTER 7

TOWARDS A LOW TEMPERATURE GRAPHENE GROWTH
USING NON-FLAMMABLE PRECURSORS

This chapter discusses synthesis of graphene at lower temperatures using a variety
of carbon precursors and forming gas (3% Hz and 97% Nz or Ar) in order to make the
overall process safer and cost effective. Chemical Vapor Deposition (CVD) experiments
were performed under vacuum in the range of 25 mTorr to 1 Torr successfully producing
good quality graphene. Attempts at growing graphene at 600 °C from the same carbon
sources only formed amorphous carbon (ultra high vacuum experiments with benzene were
also performed and yielded no graphene, only amorphous carbon). These results point to
the fact that more careful studies should be conducted in order to understand the
mechanism and the conditions necessary for low temperature graphene growth. The work
was completed within the Tolbert and Henderson labs. Data analysis was equally shared

between the two collaborating groups.
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7.1 Introduction

Several methods have been developed for the synthesis of graphene since it was
first isolated.? As mentioned in the introduction, mechanical exfoliation®® still remains
the best method for the production of small quantities of high quality graphene but due to
the nature of the process, this method is not attractive for industry due to the lack of
scalability.® Epitaxial growth from SiC suffers from the need of expensive SiC single
crystals wafers® and the need for high temperatures and vacuum conditions.>’ Reduction
of graphene oxide (rGO)® and liquid exfoliation of graphite®!® offer large volume
processing but the low quality ( of rGO) and size of the graphene flakes produced ( liquid

exfoliation ) are still an issue that needs to be resolved!*!2 as previously mention.

Therefore, we focused on the synthesis of graphene by Chemical VVapor Deposition
(CVD) on metal substrates®>*", specifically copper. Most of the work in the literature use
hydrogen as the carrier gas, methane as the carbon source and , if high quality graphene is
desired, the use of ultra high or high vacuum and temperature close to ~1000 °C is required

(with some examples of low temperature growth).1418-21

The main objective of this work was to understand the synthesis of graphene at low
temperatures by CVD, novel precursors (obtained commercially or synthesized by the
Tolbert lab), without the need of dangerous concentrations of hydrogen (bellow the
flammability limit, hence under 4%) and, if possible, under moderate vacuum.

It should be noted that two techniques were used for graphene growth, namely,
evaporation of the carbon source into the heating chamber (CVD) containing the copper
substrate and pyrolysis of the carbon source previously spin-coated on a metal substrate.
These two different approaches for the synthesis of graphene were performed in order to
compare the results from both methods, but no variation was observed. Furthermore, five

different variables have to be taken into consideration during growth:
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a) Temperature: Needed in order to (i) anneal the metal substrate (900 °C-1000
°C), (ii) grow graphene on the metal substrate (300 °C to 1000 °C), and (iii)
evaporate the carbon source into the system.

b) Vacuum: Needed in order to grow good quality graphene. Reports in the
literature vary from the use of ultrahigh? to moderate**2% vacuum systems.

c) Gas carrier: Inthis particular case, we wanted to avoid flammable concentration
of hydrogen, therefore; forming gas (3% H2 and 97% N2 or Ar) was used.

d) Metal substrate: Graphene has been shown to grow in a variety of metal
substrates, but we chose copper since the growth mechanism is via surface
reaction, allowing us to compare our results with the literature.*2?

e) Carbon source: We chose some of the reported literature precursors* as well

as some synthesized by the Tolbert lab as listed in the next section.
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7.2  Experimental Section

All liquid and solid carbon materials from commercial sources were used as received. TGA
traces were obtained with a TGAQ500 (TGA was used to assist in identifying the
temperature range at which the carbon source could be introduced into the furnace hot
zone.) Raman sprectum were recorded with a Nicolet Almega XR Raman spectrometer.
Graphene was grown on 25 um thick copper foils (Alfa Aesar item No. 46365 cut into 1
cm? squares) in a hot furnace consisting of a 46 mm ID fused silica tube heated in a
Thermolyne F21100 tube furnace (Figure 7.1 Shows the schematic for the setup used).
The general growth processes are as follow:

(1) Load the fused silica tube with the copper foil on a fused silica boat;

(2) Evacuate under vacuum to 20 mTorr, back fill with forming gas (H2/N2 or

H/Ar) to 1 Torr (5 cycles);

(3) Refill with forming gas (25 sccm, ~1 Torr);

(4) Let pressure reach 20 mTorr or 1 Torr (25 sccm);

(5) Heat furnace to 1000 °C and maintain for 30 min;

(6) Add solid carbon source for a desired period of time;

(7) Cool furnace to room temperature.
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Figure 7.1 Schematic of the CVD setup for graphene growth and optical image of set-
up.
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As mentioned before, there were three different ways to expose the carbon

precursor to the metal substrate.

1)

2)

3)

Spin-coating a copper foil with a solution of the carbon source of choice and
pyrolyse it at 600 °C or 1000 °C for 10 minutes under vacuum (20 mTorr) or with
forming gas flow (1 Torr). The sample was then removed from the hot zone to cool
down as fast as possible (Table 7.1 entries 3, 4, 6, 7, 11, and 15 for 1000 °C
experiments and Table 7.2 entries 4, 5, 11, 14, and 15 for 600 °C experiments).
Annealing a copper sample for 30 minutes at 1000 °C under forming gas while a
second copper sample (previously spin-coated with a solution of the carbon source
of choice) was held outside of the furnace hot zone. The spin-coated sample would
be introduced into the hot zone under vacuum (20 mTorr) or forming gas flow (1
Torr), held inside the hot zone for ten minutes and then allowed to cool at room
temperature (Table 7.1 entries 5, 8, 9, 12, and 16). In the case of low temperature
experiments, the temperature would be lowered to 600 °C after the copper foil had
been annealed at 1000 °C (Table 7.2 entries 6, 7, 12, 16, and 17).

Annealing a copper sample for 30 minutes at 1000 °C under forming gas. The
carbon source would then be evaporated into the chamber for a period of ten
minutes under vacuum (20 mTorr) or forming gas flow (1 Torr) at which time the
copper would be allowed to cool to room temperature (Table 7.1 entries 10, 13,
and 14). In the case of low temperature experiments, the temperature was lowered
to 600 °C after the copper foil had been annealed at 1000 °C (Table 7.2 entries 3,
8,9, 10, 13, 18, and 19).
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Ultra-high vacuum experiments were performed following the procedure described
in the literature®* using the equipment in Prof. Filler’s lab (optical image of set-up below,

Figure 7.2).

B- Sample Holder C- Liquid Precursors

Figure 7.2 Optical image of UHV set-up in Prof.’s Filler lab.
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7.3 Results and Discussion

Graphene was grown on copper substrates following the method described in the
experimental protocol section. Several solid carbon sources were used including
poly(methyl methacrylate) (PMMA) (1) and coronene (2) along with materials synthesized
in the Tolbert laboratory (3-7, see Figure 7.3 for complete list of chemicals). PMMA* and

coroneneZ0-?

were chosen in order to duplicate reports in the literature, where graphene
was successfully grown from these materials at 1000 °C and 550 °C, respectively. By
attempting to reproduce their results with our setup, a procedure was developed for the
growth of graphene by other carbon sources.

Single layer graphene was successfully grown on copper foil from different carbon
sources at a temperature of 1000 °C (Table 7.1). In contrast to the literature where single

layer graphene was grown with hydrogen concentration of about 10%?*, our samples were

formed under forming gas with hydrogen concentrations of only 3%.
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Figure 7.3 Molecular structures of (1) Poly(methyl methacrylate), (2) coronene, (3)
Perylene, (4) 9,10-diphenylanthracene, (5) 9,10-bis(2,6-dimethylphenyl)anthracene,
(6) 1,4-dimethyl-9,10-di-o-tolylanthracene, (7) 1,4,5,8-tetramethyl-9,10-diphenyl
anthracene, (8) dibenzo[bc,kl]coronene and (9) dibenzo[cd,Im]perylene. Molecules 1

to 3 were purchased from Sigma-Aldrich, while 4-9 were synthesized by Dr. Juan
Vargas ( Tolbert lab).
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Table 7.1 Single layer graphene grown on copper foil at different pressures and from
different carbon sources.

Growth
Run | Substrate Teomp. Pressure Gas Time Carbon | Graphene
(°C) (mTorr) (min) Source Layers
1 Copper 1000 20 Ha/Ar 10 - -
2 Copper 1000 1000 Ha/Ar 10 - -
3 Copper 1000 20 Ha/Ar 10 1t Single
4 Copper 1000 1000 Ha/Ar 10 1t Single
5 Copper 1000 1000 Ha/Ar 10 12 Single
6 Copper 1000 20 Ha/Ar 10 6! Single
7 Copper 1000 1000 Ha/Ar 10 6! Single
8 Copper 1000 20 Ha/Ar 10 62 Single
9 Copper 1000 1000 Ha/Ar 10 62 Single
10 Copper 1000 1000 Ha/Ar 10 6° Single
11 Copper 1000 1000 Ha/Ar 10 2! Single
12 Copper 1000 1000 Ha/Ar 10 22 Single
13 Copper 1000 1000 Ha/Ar 10 23 Single
14 Copper 1000 1000 Hao/Ar 10 32 single
15 Copper 1000 20 Ha/Ar 10 4t Single
16 Copper 1000 20 Hao/Ar 10 42 Single

Carbon source spin-coated onto the copper substrate and introduced in this way into the hot
zone held at 1000 °C. 2Carbon source spin-coated onto copper foil and introduced into the
furnace held at 1000 °C after a second uncoated copper foil had been annealed under forming
gas for a period of 30 min. at 1000 °C. Introduction of spin-coated sample was done under
vacuum (20 mTorr) or with forming gas flow (1 Torr). 3The carbon source was evaporated
into the hot zone containing uncoated copper foil held at 1000 °C for 30 minutes under vacuum
and forming gas flow
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Comparison of the Raman sprectum from graphene samples reported in the
literature* (Figure 7.4) and those produced from our experiments (Figure 7.5, where
PMMA was used as the carbon source), show that the quality of the graphene produced in
our setup is similar to that reported in the literature. * The lack of a D peak at ~1360 cm™
shows the formations of defect-free graphene at least in the domain where the
measurements are taken. Furthermore, the G peak at 1590 cm™ and a sharp 2D peak at
2720 cm™! are both in agreement with single layer graphene. This representative spectrum
for single layer graphene was observed in all samples prepared from different carbon

sources under our growth conditions (Table 7.1).
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Figure 7.4 Controllable growth of pristine PMMA-derived graphene films. Difference
in Raman sprectum from PMMA-derived graphene samples with controllable
thicknesses derived from different flow rates of Hz#
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Figure 7.5 Raman spectrum of graphene grown from PMMA (1) at 1000 °C
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The use of a variety of PAH as carbon precursors, from coronene®® to (6) 1,4-
dimethyl-9,10-di-o-tolylanthracene, was chosen with the hypothesis that by using carbon
sources with molecular structures that closely resemble that of graphene, we should be able
to grow grapheme at lower temperatures.

As with the previous experiments, coronene (2) was chosen as a carbon source in
order to reproduce the results by the Xu group. ° By reproducing their results with our
setup, a procedure was developed for the growth of graphene by other carbon sources at
low temperatures. It should be noted that the Xu group used ultra high vacuum (UHV) and
higher concentrations of hydrogen (20%) in their experiments. Our system on the other
hand had a maximum vacuum of 20 mTorr.

All experiments conducted under the conditions stated earlier in the experimental
protocol failed to produce graphene at temperatures of 600 °C (Figure 7.6 and Table 7.2)
and resulted in the formation of only amorphous carbon. The literature®® reports the growth
of graphene from coronene (2) at 10 to 10”7 Torr and annealing of the copper foil at 1000
°C in 20% hydrogen and 80% Argon flow. One could argue that the use of forming gas
with concentrations of 3% hydrogen and 97% Argon might not be sufficient for the
annealing and activation of the metal substrate and subsequent formation of graphene; but
the successful growth of graphene at 1000 °C from different carbon sources under
concentrations of 3% hydrogen and 97% Argon point to the contrary (Table 7.1). On the
other hand, all our attempts at growing graphene at 600 °C were done under a maximum
vacuum of 20 mTorr. The possible effect of the vacuum change on the graphene growth is
still a matter of debate. At the end, the failure to grow graphene at a temperature of 600 °C

might be due to any of these changes or to a combination of both. These experimental
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results are suggestive of the importance of hydrogen and vacuum for the synthesis of

graphene at low temperatures from solid carbon sources, for which more studies will be

required.

—— Amorphous carbon on Cu (600°C)

Intensity

1000 1500 2000 2500 3000
Raman shift (cm™

Figure 7.6 Raman spectrum of amorphous carbon grown from coronene (run 14 on
table 9.2) at 600 °C . Similar results were observed for all the other precursors in table

9.2.
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Table 7.2 Results from experiments of graphene growth on copper foil at 600 °C at
different pressures and from different carbon sources.

Growth
Run | Substrate Te;mp. Pressure Gas Time Carbon Graphene
(°C) (mTorr) (min) Source Layers

1 Copper 600 20 Ha/Ar 10 - -

2 Copper 600 1000 Ha/Ar 10 - -
3 Copper 600 20 Ha/Ar 10 6° Amorphous
4 Copper 600 20 Hao/Ar 10 6! Amorphous
5 Copper 600 1000 Ha/Ar 10 6! Amorphous
6 Copper 600 20 Ha/Ar 10 62 Amorphous
7 Copper 600 1000 Ha/Ar 10 6° Amorphous
8 Copper 600 20 Ha/Ar 10 93 Amorphous
9 Copper 600 1000 Ha/Ar 10 6° Amorphous
10 Copper 600 1000 Ha/Ar 10 53 Amorphous
11 Copper 600 1000 Ha/Ar 10 8t Amorphous
12 Copper 600 20 Ha/Ar 10 82 Amorphous
13 Copper 600 20 Ha/Ar 10 83 Amorphous
14 Copper 600 20 Ha/Ar 10 2! Amorphous
15 Copper 600 1000 Ha/Ar 10 2! Amorphous
16 Copper 600 20 Ha/Ar 10 22 Amorphous
17 Copper 600 1000 Hao/Ar 10 22 Amorphous
18 Copper 600 20 Ha/Ar 10 23 Amorphous
19 Copper 600 1000 Haol/Ar 10 23 Amorphous

1 Carbon source spin-coated onto the copper substrate and introduced in this way into the
hot zone held at 600 °C under vacuum (20 mTorr) or under forming gas flow (1 Torr). 2
Carbon source spin-coated onto copper foil and introduced into the furnace held at 600 °C
under vacuum (20 mTorr) or forming gas flow (1 Torr) after a second uncoated copper foil
inside the furnace had been annealed under forming gas for a period of 30 min. at 1000 °C.
3The carbon source was evaporated into the hot zone containing uncoated copper foil held
at 600 °C. The copper foil had been annealed previously at 1000 °C for 30 minutes under
vacuum (20 mTorr) or forming gas flow (1 Torr).
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We would like to make a final note that we also attempted to reproduce the work
by Li et al., where benzene was used as precursor for low-temperature growth on copper

foil. 2

The same procedure as described in the paper was used: An uncoated copper foil
was placed inside the furnace ,using a quartz boat, and annealed under forming gas for a
period of 30 min. at 1000 °C. Benzene was placed in a separate boat and introduced into
the furnace held at the desired growth temperature, under vacuum (20 mTorr) or forming
gas flow (1 Torr).

We first attempted the growth at 1000 °C and, as in the previous experiments at
1000 °C (Table 7.1), graphene was obtained (Figure 7.5). When the temperature was
reduced to 600 °C the experimental protocol failed to produce graphene and resulted in the
formation of only amorphous carbon (Figure 7.6). The paper’! also claims that using
PMMA, graphene was obtained as low as 400 °C, which we also attempted without success.

Could the actual graphene growth be happening at the pre-anneal step of 1000 °C
and not at the “actual growth” temperature? From our literature research, all the papers that
oC, 14181921 142021

report low-temperature growth do indeed perform the pre-anneal at 1000

hence we believe a more detailed study is needed.
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7.4 Conclusions

In conclusion, our experiments show that good quality graphene can be grown from
commercially available and synthesized materials. It seems that any carbon source
regardless of the molecular structure will grow graphene at temperatures of 1000 °C and
under vacuum. This is in accordance with literature reports, where good quality graphene
has been grown from a number of carbon sources at this temperature. 2%

Attempts to grow graphene at lower temperature (600 °C) failed, producing only
amorphous carbon on the copper substrate.. The failure of our setup to reproduce the work
from the literature does not allow us to draw a conclusion indicating that our carbon sources
do not grow graphene at this temperature. The fact that higher concentrations of hydrogen
were not used in our setup might be enough cause to prevent the formation of graphene at
these temperatures; nevertheless some reports presented in the literature should be re-
evaluated in order to ensure reproducibility by the scientific community.

Moreover, careful studies should be performed in order to understand the mechanism
and the conditions necessary for low temperature graphene growth. If possible, growth
conditions that do not require the pre-anneal step at 1000 °C should be investigated since

by performing a pre-anneal step (at 1000 °C), we are removing the point of having a low

temperature process.
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CHAPTER 8

SYNTHESIS OF GRAPHITIC NANORIBBONS (GNRS) VIA
ENCAPSULATION IN SINGLE-WALLED ALUMINOSILICATE
NANOTUBES

In this chapter the synthesis of graphitic nano-ribbons (GNRs) by encapsulation in
single walled aluminosilicate nanotubes (AISi-SWNT) will be discussed. Our experiments
showed that GNRs encapsulated in SWNT can be synthesized using other types of
nanotubes, i.e. aluminosilicate. These experiments also show that the synthesis can proceed
at temperatures as low as 200 °C and since the Rama signals from the AISi-SWNT do not
interfere with those of the synthesized GNRs, allowing for an easier interpretation of the
spectra. Varying the size of nanotubes as well as the use of other starting materials, either
commercially available or synthesized, should be explored and in principle could provide
for the synthesis of GNRs with different sizes (length, width and perhaps edge termination),
which are of tremendous interest in order to tune the semiconductor properties of graphene.
This work was completed within the Tolbert and Henderson labs. Data analysis was equally

shared between the two collaborating groups.
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8.1 Introduction

As discussed through the chapters, graphene has emerged as a material of extensive
scientific interest due to its variety of interesting electronic and optical properties. For
example, it is being considered as a material for use in the formation of future high speed
electronics due to its potential for significantly higher carrier mobility as compared to
silicon.?

In such microelectronic applications, much of the current work is focused on first
finding methods for depositing graphene over large areas of a substrate, either by CVD on
copper or high temperature growth of graphene on the surface of SiC wafers through
evaporation of Si atoms. However, in its sheet form, graphene is semi-metallic (no band
gap)># and thus is of little direct use in the formation of the active regions of semiconductor
devices such as field effect transistors. Therefore, methods are required that can transform
the graphene into a semiconducting form by introducing a band gap in the material.>®

One method for producing such semiconducting graphene is to confine it into the
form of ribbons that are on the order of a few tens of nanometers in width, since their
electronic properties can be adjusted by changes on their width and molecular geometry.”*-
17 Currently, the few published results of such graphene ribbons made from SiC derived
graphene'® have utilized lithography and plasma etching steps to produce these ribbons
from larger sheets of graphene. Other methods include, cutting graphene sheets to ribbons
by electron beam®®, unzipping of carbon nanotubes”?°, by deposition and fusion reaction
of hydrocarbons on metallic surfaces?*? and recently by encapsulation in single-walled
carbon nanotubes (SWNTs).23%

In his work, Talyzin et al used thermally induced fusion of perylene (1) ( Figure
8.1) and coronene to form graphene nano-ribbons encapsulated in single-walled carbon

nanotubes. 23%* Hydrogen-terminated GNRSs were synthesized at temperatures of 350 - 440
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°C from perylene (1) (with best results at 400 °C) and with coronene (2) in the range of 470
- 530 °C (with best results at 450 - 470 °C). 224

Overall, the main idea behind encapsulation is to impose geometrical restrictions
on the alignment of the reacting molecules prior to thermal fusion and subsequent
formation of GNRSs. In this case, these geometrical restrictions are imposed by the use of
SWNT as one-dimensional reactors for the insertion and fusion of polycyclic aromatic
hydrocarbons.

The authors claim that the use of SWNT is critical for the formation of nano-
ribbons, but little experimental evidence is provided. Furthermore, when characterized by
Raman spectroscopy, the signals produced by the carbon nanotube, overlap with the Raman
spectrum of the newly synthesized GNRs, hence making it difficult for characterization of
such fabricated ribbons.?® For this reason, we sought to look for other nanotubes systems
that could provide similar geometrical restrictions to be used as a one-dimensional reactor
and, if possible, without producing overlap in the Raman Spectroscopy signals.

Recently, Prof. Nair’s group has investigated Dehydration, Dehydroxylation, and
Rehydroxylation of Aluminosilicate single-walled nanotubes (AISi-SWNTS), a synthetic
version of the nanotubular mineral imogolite .2>?” AISi-SWNT are metal oxide nanotubes
that are formed of a tubular aluminum(lll) hydroxide layer on the outer surface with
pendant silanol groups on the inner surface?® (Figure 8.1a and Figure 8.1b).

We sought to use these nanotubes as our encapsulation system, since these
nanotubes could provide the desired one-dimensional geometrical restrictions without the
signal overlap on the Raman spectra caused by the carbon nanotubes. Furthermore, their
size ( ~1 nm inner diameter) is close to the SWNT used by Talyzin et al, hence, allowing

us to have a close comparison of our results with the literature.?3
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Figure 8.1 Aluminosilicate nanotubes (a) Cross-section of single-walled
aluminosilicate nanotube. (b) Example of a model of the hydrated SWNT, with 14
wt% of water physisorbed in the SWNT at ambient conditions. %

8.2  Experimental Section

AISi-SWNT were obtained from Dun-Yen Kan and the synthesis information can be
found in the literature. 26 AISi-SWNT (1 - 2 mg) were added to a glass ampoule and heated
(150 °C) in a silicon bath for 1 — 2 hr under argon. Perylene (1) (20 mg, 79 pumol) was
added to the glass ampoule. The reaction mixture was placed under argon flow for 30
minutes and then sealed under vacuum. The ampoule was heated in a Lindbergh furnace
for 3 — 6 hours at 200, 250, and 300 °C. The reaction mixture was allowed to cool to r.t.
and extracted with chloroform. Filtration afforded black aluminosilicate nanotubes. The
nanotubes were further washed multiple times with chloroform and dried under argon.

Reactions were performed in a Blue M Lindberg tube furnace. Raman spectra were

recorded with a Nicolet Almega XR Raman spectrometer using a 25 mW, 2.4 eV excitation
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source (488 nm) through a 24 uM pinhole aperture and 100x objective.All spectra were
excited with visible (488 nm) laser light and collected in a backscattering configuration
with a laser power below 0.5 mW to reduce laser-induced heating and were acquired at
multiple locations to verify reproducibility. All the peaks were fitted with Gauss-
Lorentzian curve fits to determine their peak position, line width, and intensity.

TGA traces were obtained with a TGAQS500, NMR spectra were determined with
a Varian Mercury Vx 300 spectrometer operating at 300 MHz for 'H and at 75 MHz for
13C, in deuterated solvents.

X-ray Photoelectron Spectroscopy (XPS) was acquired using a Thermo K-Alpha
XPS (Thermoscientific) with a monochromatic Al Ka line, operating under ultra-high
vacuum conditions and a 100 um spot size. Survey XPS scans were obtained over the B.E.
range (0-800 eV) with a step size of 1 eV and high resolution scans typically at 20 eV pass
energy. Calibration of spectra was done with the Si2p peak set to Binding Energy (BE) =
104.9 eV. Sputter depth profiling was performed using an argon ion gun operating at 3000

eV.

Figure 8.2 perylene (1)
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8.3 Results and Discussion

As illustrated in Figure 8.3, we first analyzed the AISi-SWNT and Perylene via
Thermogravimetric Analysis (TGA). For the AISi-SWNT (Figure 8.3), we observe a 15%
loss in weight that we attribute to water. (cite Dun-yen). Annealing ~300°C we observe
another 10 % drop in weight which is close to the reported decomposition temperature for
such nantotubes. For the perylene (Figure 8.3) we observe a single drop at ~200 °C , which
is the expected temperature for Perylene sublimation.

We carefully followed the procedure from the literature and the Perylene/AlSi-
SWNT precursors were annealed under an inner atmosphere. As illustrated in Figure 8.4,
after annealing the precursors, a dark material (the GNR/AISi-SWNT) was obtained: the
remaining precursors (yellow) were dissolved in chloroform for NMR Spectroscopy ( all
the products dissolved in chloroform except the black materials/AlSi-SWNT) and the dark

material analyzed via Raman Spectroscopy and XPS.

189



Weight (%)

Weight (%)

] 33.00min 34 04min
il 38.29°C 42.59°C
4 95.80% 95.61%
95 - 95.80% 95.61%
1 43 44min
i 88.29°C
90 90.36% 129 90m
80.36% 120 00:2” 173.52min
1 86.21% 140.64°C
1 86.21% 85.09%
- 85.99%
85 55.74min
1 121.81°C
86.92%
1 86.92% )
1 ’ 193.70min 196.37min 199.61min
241.57°C 254 93°C 271.20°C
80 83.98% 83.58% 82 90%
g 83.98% 83.58% 82.90%
75
7 Temperature (°C)
1 33 50 150 250 350 450
70 1 L, , , . . . , i 1 — L 1 i L,
0 50 100 150 200 250
120
15.16min 50 11min
19.69°C 183.29°C ,
99.73% 99.39% 55.09min
100 - f— 208.22°C
96.81%
58.88min
227.21°C
91.03%
80
61.01min
237.89°C
84 69%
60+
404
20
Temperature (°C)
2P 2|5 7‘5 1%5 1'{5 2%5
0 . . ‘ ‘ i . i : i : : :
0 20 40 60 80 100
Time (min) Universal V4 5A TA Instruments

Figure 8.3 Thermogravimetric Analysis (TGA) of : (Top) AISi-SWNT and (Bottom)

Perylene.
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Figure 8.4 (Top) Reaction product recovered after annealing the precursors (
Perylene and AlISi-SWNT). (Bottom left) Close up on the dark material obtained (the
GNR/AISI-SWNT). ( Bottom right) Alumina silicate nanotubes (AISi-SWNT) as-
made.
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Analysis of the NMR spectra of the remained precursors and the starting material
(Perylene, Figure 8.4), yield identical spectra (Figure 8.5) which is in agreement with the
TGA data, were at 200°C no changes in the weight percentage of the Perylene was
observed, hence we can assume that no reaction occurred at such temperature.

Analysis of the Raman spectra of the AISi-SWNT (Figure 8.6), perylene (2)
(Figure 8.7), and the synthesized black material (Figure 8.8) points to the formation of
GNR’s. As expected, none of the peaks from the Raman spectrum of aluminosilicate
nanotubes interfered with the Raman spectrum of the synthesized material ( 373cm-1 as
expected for Al-Si bond) ( Figure 8.8).

On Figure 9.8 we observe peaks at 1290 cm™ ,1370 cm™ and 1570 cm™ which
are exactly as those reported for GNR previously described as polyperinaphthalene
(Figure 8.9 and Figure 8.10). Furthermore, polyperinaphthalene is the narrowest possible
armchair graphitic nanoribbon, which in case of graphitization, would be the expected
synthesis product of a GNR where perylene (1) is the starting material.>>**-*! The Raman
spectrum of the GNR’s synthesized from perylene (1) (Figure 8.8) also shows peaks at
2670 cm’!, 2930 cm™, and 3140 cm™ which are consistent with C-H stretching, which
possibly indicates that the material synthesized here are indeed hydrogen terminated as
expected for the GNR’s. 2>

We would like to mention that control experiments were performed by replacing
the AISi-SWNT with pieces of silicon coated with Aluminum oxide as well as bare silicon
pieces, however no similar materials were obtained. Attempts to increase the temperature
(1.e above 300°C) yielded amorphous carbon similar to those discussed in chapter 9 and

chapter 6.
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Figure 8.9 Polyperinaphthalene, the narrowest possible armchair nanoribbon.
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Carbon distribution through the obtained GNR’s was confirmed through XPS and
sputter argon ion etching. Figure 8.11 shows the etch distribution profile for silicon (Si2p),
carbon (Cls) , Oxygen (Ols) and Aluminum (Al2p) at the surface of the GNR’s materials
as a function of the sputter depth profiling time. Comparing the starting materials ( AlSi-
SWNT) carbon atomic percentage with the GNR’s (AlSi/Perylene) we observe that we
have 18 % and 28% respectively which would be expected for the surface. But as we etch
into the material, the carbon atomic % for the GNR remains ~4 times higher ( ~1.6 %
versus ~7%) which possibly points to the fact that the AISi-SWNT are indeed filled with
the GNR’s. It is also possible that the carbon just penetrated throughout the structure,
however more characterization and experimental studies will be necessary. We attempted
to obtain HRTEM images of the synthesized ribbons , however we do not have such
capabilities, nevertheless the data suggested that we have successfully encapsulated the
GNR’s into the AISi-SWNT. Coronene studies are still underway and more

analyzes/experiments are necessary to draw a final conclusion.
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8.4 Conclusions

In summary, we have developed a convenient method of producing GNRs encapsulated
in AISi-SWNT, proving that such ribbons can be synthesized using other types of
nanotubes, i.e. aluminosilicate. Another advantage that aluminosilicate nanotubes offer is
the fact that the signals from its Raman spectrum do not interfere with those of the
synthesized GNRs allowing in this way for an easier interpretation of the spectra. More
experimental studies are necessary where the diameter/composition of the nanotubes are
varied, as well as the use of other starting materials, either commercially available or
synthesized since it might provide for the synthesis of GNRs of different shapes/sizes and
open the door to the synthesis of GNRs at even lower temperatures than those reported

here.
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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

As faster, smaller, flexible and cheaper electronics are demanded, it is essential to
improve current techniques and explore the development of new techniques in order to
fully produce organic electronic materials suitable for device fabrication. In this
dissertation, we explored the doping and synthesis of grapheme, all with the goal of
improving current techniques and exploring the development of new processes that will
broaden the application of graphene devices in research and industry, creating a path
towards producing useful graphitic electronic materials.

The important findings of this dissertation are as follows:

» In chapter 2, the use of a self-assembled covalent APTES monolayer was
demonstrated to n-dope graphene. Control of the resulting doping level in
graphene FET devices was dependent upon the amount of APTES deposited onto
the FET gate dielectric surface. FET devices were produced with patterned p- and
n-doped regions, through lithographic patterning of such APTES layers using the
combination of control of APTES deposition and patterning to tune the I-V
characteristics of graphene FET devices. The use of such APTES doping schemes
did not degrade the electronic properties of the resulting graphene, as had been
problematic in previously reported doping procedures, which introduced defects
into the graphene layer. Overall, the methods described here allowed for facile,

controllable, and low temperature fabrication of graphene p-n junctions.
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» In chapter 3, we again utilized APTES in conjunction with PFES to induce n- and
p-type characteristics in graphene without altering its structure. These SAMs
bound to the substrate and were thermally stable. Simultaneous use of these groups
in a FET device resulted in formation of two separate Dirac points, as indicative
of a graphene p-n junction. Variation in the duration of substrate functionalizing
with these SAMs and heat treatment period resulted in p-n junctions with

controlled position and height of the IV response curve.

» In chapter 4, we developed an on-demand photochemical method for doping of
graphene using TPS-Nf and NBC photoacid and photobase generators,
respectively. Both compounds could be used to easily dope graphene, and such
doping could be controlled in an area-selective manner using traditional
lithographic exposure techniques and tools. Electrical measurements and XPS
confirmed that before exposure, graphene coated with either TPS-Nf or NBC
maintained its pristine electrical properties, and that by modulating the deep
ultraviolet (DUV) light dose delivered to the films, the doping concentration for
both p and n-type doping could be easily modulated and controlled. This doping
technique yielded a possible work function modulation from 3.4 eV to 5.3 eV in
single layer graphene. Area-selective doping and modification of an existing
graphene FET device were demonstrated through photochemical formation of a p-
n junction in a pre-fabricated graphene FET device coated with TPS-Nf and

exposed in a pattern-wise manner. The exposure was masked in such a way that
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the p-n junction was formed in the middle of the graphene FET device channel.
Measurements of the I-V characteristics of the photochemically doped FET device
showed the expected two current minima (i.e. two Dirac or neutrality points) for
an ambipolar p-n junction in graphene. Our simple method for producing
patterned doping profiles in graphene films and devices opens up a variety of new
possibilities for forming complex doping profiles in a simple manner in graphene,
and can enable rapid testing of graphene device concepts involving controlled
work function tuning, complex doping profiles and simple post-fabrication tuning

of devices.

In chapter 5, a novel macromolecular surfactant dicholesteryldithienothiophene
(ChDTT) was synthesized and optimized for use in graphene exfoliation and
dispersion. By simple sonication of expandable graphite in solutions containing
ChDTT, graphene sheets with sizes exceeding 50 micrometers were observed and
characterized by transmission electron microscopy (TEM), atomic force
microscopy (AFM), electrical measurements, Raman, and X-ray photoelectron
(XPS) spectroscopy. The new surfactant was more efficient than poly(m-
phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene) (PmPV), avoided
use of polymeric materials, and could be cleanly removed by simple thermal
treatment. Using this surfactant, graphene flakes could be extracted directly from
HOPG or other graphitic sources without additional chemical, mechanical, or

thermal treatment, producing large flakes of high quality.

205



» In chapter 6, we developed a convenient method of producing defect-free
monolayer graphene by Cu-catalyzed conversion of a 9,9’-bianthryl precursor
released from a monolayer of its Diels-Alder adduct with maleimide immobilized
on silicon dioxide surfaces. We are exploring other analogous graphene

precursors as well as more convenient substrates.

» In chapter 7, our experiments shown that good quality graphene could be grown
from commercially available and synthesized materials. It seems that any carbon
source regardless of the molecular structure will grow graphene at temperatures of
1000 °C and under vacuum. This is in accordance with literature reports, where
good quality graphene has been grown from a number of carbon sources at this
temperature. 2% Attempts to grow graphene at lower temperature (600 °C) failed,
producing only amorphous carbon on the copper substrate. The failure of our setup
to reproduce the work from the literature did not allow us to draw a conclusion
indicating that our carbon sources did not grow graphene at this temperature. The
fact that higher concentrations of hydrogen were not used in our setup might be
enough cause to prevent the formation of graphene at these temperatures;
nevertheless, some reports presented in the literature should be re-evaluated in

order to ensure reproducibility by the scientific community.

» Inchapter 8, we developed a convenient method for producing GNRs encapsulated
in AISi-SWNT, proving that such ribbons could be synthesized using other types
of nanotubes, i.e. aluminosilicate. Another advantage that aluminosilicate

nanotubes offered is the fact that the signals from its Raman spectrum did not
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interfere with those of the synthesized GNRs allowing in this way for an easier

interpretation of the spectra and possible extraction.

Based on these experimental findings, the following recommendations for future work

were derived:

9.2 Recommendations for Future Work

9.2.1 Doping of Graphene

We have developed techniques for controllably doping graphene through a simple
chemical process using self-assembled monolayer compounds, photo-acid and photo-base
generators (chapters 2-4), and we have demonstrated simple p-n junctions fabricated in this
manner. Not discussed here, and in collaboration with Prof. Graham’s group, we have
studied an ultrathin layer of a polymer, polyethylenimine ethoxylated (PEIE), which is air-
stable, is able to n-dope graphene and is able to induce a change in the work function above
leV.

We have also collaborated with Prof Marder’s lab and are currently developing a
novel technique of doping via redox active species.® Here graphene has been n- and p-
doped using solution-processed metal-organic complexes. Electrical measurements,
photoemission spectroscopy, and Raman spectroscopy were used to characterize the doped
films and to give insights into the changes. The work function decreased by as much as 1.3
eV with the n-dopant, with contributions from electron transfer and surface dipole, and the

conductivity significantly increased (Figure 9.2).
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Nevertheless, further studies are necessary, since with one’s ability to control the
work function of graphene and carrier concentrations, applications in electrode fabrication
are a possibility.> Work by our group (in collaboration with Dr. Hua-Wei Chu) as well as
in the literature,> has demonstrated that graphene based electrodes can improve the
properties of organic semiconductors by orders of magnitude, rivaling the properties of

current standards such as gold and aluminum (Figure 9.1).
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Drain current, I (pA)

Figure 9.1 (Top) Left-Output characteristics of p-channel F8T2 (poly[(9,9-dioctylfl
uorenyl-2,7-diyl)- co -bithiophene]) FETs with RGO S/D electrodes ( V G steps: 0, —
20, —40, —60 V). Middle- Transfer characteristics (V D = -80 V) of F8T2 FETs with
RGO S/D electrodes. Right- Chemical structure of F8T2 and schematic band
diagrams of F8T2 and SAM-functionalized RGOs.® (Bottom) Left-Transfer
characteristics at a source-drain bias Vsp= -60V of P3HT OFET using evaporated
50nm gold S/D electrodes. Right- Transfer characteristics at a source-drain bias Vsp=
-60V of P3HT OFET employing 35nm thick rGO S/D electrodes annealed at 1000°C.

(Inset-Bottom right) SEM overview of patterned GO electrode (after 1000°C
reduction in forming gas).
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Figure 9.2 Schematic representation of n- and p-doping of graphene by redox-active
metal-organic species, with associated energy levels. IP, EA and WF (¢) values were
estimated from electrochemical and UPS data. The pristine graphene ¢ depended on
the batch (4.1 eV for the sample before n-doping and 3.9 eV before p-doping). After
treatment, the ¢ is affected by electron transfer (ET) between dopant and graphene,

shifting the Fermi level (EF) relative to the Dirac point (Ep), and the induced surface
dipoles (SD) from the resulting charges, which change the local vacuum level (VL).:

All of these dopants can potentially be applied to modulate the electronic properties
of graphene for use as transparent, conductive electrodes in a variety of electronic devices
(LEDs, OFETSs, organic photovoltaic, chemical sensors etc) where WF tuning and high
conductivity are required. The next study could focus on developing a recipe for quick
fabrication of multiple layer CVD graphene electrodes using such dopants, allowing for a
better matching of the work-function of the graphene electrode with the HOMO (or
LUMO) level of the organic semiconductors, and resulting in a better electron/hole
injection and, therefore, higher mobility.3*

Why stop at graphene? Currently other 2D material , such as MoS: (Figure 9.3),

have demonstrated very interesting properties, and some dopants used in our studies
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(SAM’s) are already being explored in order to tune the carrier concentration.®> Again, the
possibilities are endless, and more studies are critical in order to open new pathways and

broaden the application of PAH materials on electronic devices and other fields.®
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Monolayer
MoS, channel

Sio,

Si substrate

Figure 9.3 (Top) A single layer of MoS: is a few angstroms thick and consists of
molybdenum atoms (black) sandwiched between two layers of sulphur atoms
(yellow). (Bottom) Schematic (not to scale) of the MOSFET devices made by Kis and
co-workers’: the channel is a layer of MoS: that is 1.5-um long and 4-pm wide; the
gate length is 500 nm. The source, drain and gate electrodes are made of gold, and
hafnium dioxide (transparent layer) is used as the gate dielectric and also to boost the
mobility of the channel. The devices are fabricated on silicon dioxide on silicon
substrates.®
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9.2.2 Graphene Growth

In addition to graphene doping, we also investigated approaches to lower
temperature synthesis of few-layer graphene flakes, in order to improve or provide an
understanding of current approaches. As a result, exfoliation of graphene sheets by an
Electron Donor Surfactant was demonstrated, and surface Diels-Alder adducts on silica
were explored as a controllable carbon precursor for pristine graphene.

For the exfoliation, a study started by Mason Risley should be continued in order
to develop a way for self-assembly of these solution-exfoliated graphene flakes. This can
be performed by modifying the surfactant or coming up with a method to transfer the flakes
efficiently from solution, either via filtration/dip coating in pre-treated surfaces.

Regarding graphene growth via a copper catalytic surface, it is critical to understand
the underlying mechanism of graphene formation. As we point out in Appendix 1, it is not
clear in the literature what factors are critical for low-temperature graphene growth (UHV,
hydrogen condition, surface treatment, oxygen concentration, precursors), and we were
unable to reproduce results of some reports in the literature.” It is of course necessary to
repeat the results found in the literature to insure the system is competent to grow graphene
(and repeat the literature). Once a procedure has been established and a better
understanding of the effects that each parameter has in the overall results, then new
molecules, either commercially available or synthesized, can be used in order to grow
graphene at low temperatures. Finally, if possible, growth conditions that do not require
the pre-anneal step at 1000 °C should be investigated, since by performing a pre-anneal
step (at 1000 °C), we are defeating the purpose of having a lower temperature based

process.
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Furthermore, new precursors (PAH) should be explored towards the growth of
graphene nanoribbons. As we show is Appendix 2, encapsulation of polyaromatic inside
nanotubes may provide a path towards low-temperature growth of “true-semiconducting”
graphitic nanoribbons. Hence, a set experiments is necessary where the diameter and
composition of the nanotubes are varied, as well as the use of different PAH starting
materials (either commercially available or synthesized) in order to determine , which
factors (nanotube size/composition, precursors ) affect the resulting nanoribbon shape/size,
possible opening the door to the synthesis of GNRs with dimensions suitable for mass

device fabrication.!%!3
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APPENDIX 1:

SUPPORTING INFORMATION FOR EXPLORING SURFACE
DIELS-ALDER ADDUCTS ON SILICA AS ACONTROLLABLE
CARBON PRECURSOR FOR PRISTINE GRAPHENE

Abbreviations:
MPES = 3-(Triethoxysilyl)propyl maleimide
Maleimide-C12 = N-dodecylmaleimide
A-MPES= anthracene maleimide Diels-Alder adduct
B-MPES = 9,9’-Bianthryl/3-(triethoxysilyl)propyl maleimide Diels-Alder adduct
DA = Diels-Alder
rDA = retro Diels-Alder reaction
Al. Experiments

For the 3-(triethoxysilyl)propyl maleimide (MPES) layer deposition, the substrate was
first cleaned and pre-treated by UV ozone for 15 min in order to produce a hydroxyl-
terminated substrate, known to react efficiently with siloxane-coupling agents such as
MPES. The substrate was immediately immersed in a 1%(v/v) solution of MPES in
anhydrous toluene for three hours. The substrate was removed, sonicated for 15 min in
pure toluene, and dried under flowing nitrogen. Deposition was confirmed by contact angle
measurements using a VCA 2000 goniometry system,by x-ray photoelectron spectroscopy
(XPS), and by XPS mapping acquired using a Thermo K-Alpha XPS (Thermoscientific)
operating under ultra-high vacuum conditions with an Al Ka micro-focused
monochromator.

The A-MPES and B-MPES coated substrates were coated with copper (300nm)

using an electron beam evaporator. Graphene was synthesized in a low pressure Ar/H/CHa

environment at 1000 °C. The sample was placed inside a quartz tube and pushed into the

hot zone of a growth furnace operating at 1000°C. The growth was performed under
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vacuum pressure ~ 1500 mTorr in an Hz/Ar (100/100 sccm) environment for 20 minutes.
Then, the sample was rapidly cooled to room temperature under hydrogen and argon gas
flow prior to sample removal.

Raman spectroscopy and microscopy measurements (Horiba HR800 pRaman
system) were also used to characterize the resulting graphene. All spectra were excited
with visible (532 nm) laser light and collected in a backscattering configuration with a laser
power below 0.5 mW to reduce laser-induced heating. A 50X objective lens was used to
focus the laser on the graphene samples during the Raman measurements. The stage was
mounted onto an X-Y-Z micropositioning stage to control focusing and the measurement
position. Raman spectra were acquired at multiple locations before and after heating and
cooling to verify reproducibility.

XPS was collected using a Thermo K-Alpha XPS (Thermoscientific) operating
under ultra-high vacuum conditions with an Al Ka micro-focused monochromator. XPS
survey scan spectra were collected over the binding energy (B.E.) range from 0-800 eV
with a step size of 1 eV and a spot size of 400 um. XPS mapping was performed using a
30 um spot size with a step size of 28 um, and a Gaussian smoothing algorithm was applied

to the raw data.
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Figure A. 1- 'H NMR spectrum of Maleimide-C12. Solvent: CDCls
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Figure A. 2 'H NMR spectrum of 3-(triethoxysilyl)propyl maleimide (MPES).
Solvent: CDCls
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Figure A. 3—- THNMR spectrum for monoadduct of 9,9’-Bianthryl and Maleimide-
C12. Contains Maleimide-C12 as an impurity. Solvent: CDCl3
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Figure A. 4— 'H NMR spectrum of Diels-Alder bisadduct of 9,9’-Bianthryl with
Maleimide-C12. Solvent: CDCls
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Figure A. 5 —1H NMR spectrum of Diels-Alder adduct of anthracene with
Maleimide-C12. Solvent: CDCls
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Figure A. 6 —-UV VIS spectra for Naphthalene, Maleimide-C12, 9,9’-Bianthryl and
Diels-Alder bisadduct of 9,9’-Bianthryl with Maleimide-C12
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Table Al. XPS atomic percentage (Experimental) and expected percentages for
MPES, A-MPES, B-MPES

410 409 408 407 406 405 404 403 402 401 400 399 398 397 396 395 394 393
Binding Energy (eV)

Figure A. 8. Typical High resolution XPS spectra for N1s for MPES, A-MPES and
B-MPES immobilized on Si/SiO2 surface,
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Figure A. 9. Gauss-Lorentzian curve fits for (A) Graphene on Cu obtained from B-
MPES anneal and (B) defective graphene on SiOz.
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