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ABSTRACT OF THE DISSERTATION

Morphological Study on Polyaromatic Carbon-Based Materials

by

Wangxiang Li

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2021
Dr. Christopher J. Bardeen, Chairperson

Polyaromatic carbon-based materials, including polyaromatic hydrocarbons (PAH),
graphene, and carbon nanotubes (CNT), are envisioned to be widely used in next-
generation electronics for their great properties, richness in richness source materials,
adaptability in applications, and scalability. Morphological engineering of materials’
shape, size, surface, and orientation is necessary to control their mesoscopic properties and
incorporate them into practical electronic devices. This dissertation explores different
strategies to control the morphology of polyaromatic carbon-based materials and also

investigates the accompanied morphological effect that changes materials’ properties.

PAH monomers have many novel excitonic properties. By packing them orderly,
monomers can be assembled into molecular crystals suitable for solid-state organic
electronics. However, a general method to control the shape of molecular crystals after
growth is still lacking. One of the intuitive ways to shape an object is using a knife to cut

vil



or sculpt it. Therefore, in Chapter 3, a hypothetical knife made of a focused ion beam (FIB)
will be used to shape PAH microcrystals. A stream of high-energy Ga' ions are used to
mill organic perylene crystals coated with a chemically removable gold layer. A
programmable FIB blade can machine crystals into arbitrary shapes. The cutting resolution
of FIB is found to be about 130 nm. Perylene crystals retain 90% of its original fluorescence
after the whole shaping process. This experiment provides a general way to control the

shape and size of polyaromatic crystals in a top-down fashion.

Another problem limiting the potential of PAHs is that bare molecular crystals can be easily
corroded by solvents, moisture, heat, and vacuum. Even if we manage to control crystals'
bulk shape, these surface corrosions can still exclude PAHs from many practical
applications. So, in Chapter 4, an impermeable atomic blanket—graphene is draped on
molecular crystals to passivate their surfaces and protect them from the environment.
Graphene successfully encapsulates perylene microcrystals grown on glasses, protecting
the sample from solvent dissolution and sublimation at high temperatures. No detectable
impact is found on the fluorescence lifetime of underneath thick crystals with thicknesses

around 150 nm.

In Chapter 5, the quenching effect at the graphene/PAH interface is further investigated by
interfacing graphene with dye-doped emitting polymer films with various thicknesses.
Time-resolved PL measurements are done on these samples. A quenching radius of 14.6
nm is extracted from the fitting of a series of PL decay data. Therefore, graphene
encapsulation is still not a perfect solution since graphene can quench the molecules near

the interface. An insulating few-layer hexagonal boron nitride (h-BN) is then used as an
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alternative protective layer to further eliminate the quenching effect at the interface. h-BN
also successfully protects perylene crystals from solvent and heat. Surprisingly, wet-
transferred h-BN is not totally inert but has a quenching radius of 2.9 nm. This quenching
effect can be avoided by the dry transfer method that minimizes the lattice distortion and
breakage from liquids (etching solutions and solvents). The work demonstrates the
possibility of protecting molecular crystals by interfacing them with 2D materials. The
investigated charge transfer dynamics provides guidance for the design of perspective

organic/2D heterostructure devices

Similar to PAH molecules, individual CNTs can also be assembled into macroscopic solid
CNT networks by the filtration method. However, the randomly oriented network structure
deteriorates films' conductivity because of inter-tube junctions that hinder the carrier
transport. Thus, in Chapter 6, the filtration method is modified to produce aligned CNT
thin films. The film's conductivity is improved in the alignment direction because of a
reduction in the number of junction sites. Chromium surface functionalization that
connects adjacent CNTs is then applied to reduce the junction resistance further. Cr atoms
are inserted between CNTs by photochemistry to provide electrical channels at junctions
for carriers to pass through. A reversible switch is also built to demonstrate the reversibility

of this Cr functionalization.
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Chapter 1. Introduction

Morphology means the form, shape, or structure of things. The morphological study of
nature has always been a central topic for philosophers and scientists since ancient times.
Why do the sun and the moon appear to be round and nearly the same size? What is the
shape of the earth, flat or spheric? Why can water transform between ice, liquid, and vapor?
How does a microscopic cell grow into a meter-scale adult? Those questions drive
humanity to think, explore, and experiment up to the present, creating the scientific society
we have today. Various instruments like telescopes, microscopes, ultrasound have been
developed along the way to observe the shape of our research targets. Tools like bombs,
blades, lasers, synchrotrons have also been made to manipulate the morphology on the
scale from terrain to atoms. Theories that connect the structure of matter to its properties
have been continuously expanded and improved.

In the field of chemistry, studying and engineering the morphologies of functional
materials has practical value for real-world applications in both academia and industry.
Polyaromatic carbon-based materials have been intensively studied during the recent
decades. They are envisioned to be the alternative to silicon for next-generation electronics
because of its novel electro-optical properties, abundance in raw material, low-production
cost, versatility in form, and scalability.! The research in this thesis is focused on the
morphological study and engineering of polyaromatic carbon-based materials. Three
different types of polyaromatic materials are investigated: polyaromatic hydrocarbons,

graphene, and carbon nanotubes.



This chapter is divided into two major parts. The first part (Page 2-27) introduces three
carbon-based materials in terms of their structures, properties, morphologies, and
applications. The second part (Page 28-33) delivers an overview of the morphological

study contributed by this thesis on these polyaromatic carbon-based materials.
1.1 Introduction of polyaromatic carbon-based materials

This part is an introduction of three different kinds of polyaromatic carbon-based materials:
polyaromatic hydrocarbon, graphene, and carbon nanotubes. Their molecular structures,
properties, morphologies, and applications that related to my research are elaborated in

respective sub-chapters.

1.1.1 Polyaromatic hydrocarbon molecules

Polycyclic aromatic hydrocarbons (PAHs) refer to a large class of organic molecules
containing multiple aromatic rings. This conjugated system is widely studied in many
research fields of chemistry and material science. PAHs have been used as the building
block to synthesize other carbon materials of interest in this thesis--graphene and carbon
nanotubes. > For fundamental science, PAHs can serve as a reliable platform for studying
novel quantum dynamics of the exciton.” In the field of astrophysics, the light emitted from
PAHs provides us with valuable information about interstellar chemistry.® PAHs, in their
crystalline form, are also a promising candidate for organic optoelectronic devices.! This
sub-chapter provides a brief overview of PAHs, illustrating their molecular structures,

properties, morphology, and applications related to my Ph.D. research.



Molecular structure

The simplest PAHs are naphthalene, composed of two fused benzene rings and tricyclic
anthracene, as shown in Figure 1.1. Due to the rigid sp’ network of the aromatic rings, most
PAH molecules maintain a planer structure even with large molecular dimensions, like
ovalene.” However, in some cases, steric hindrance forces the molecule to take a non-planer

form, like the concaved bowl shape adopted by corannulene to reduce bond stress.'°

Naphthalene Anthracene Tetracene Perylene corannulene ovalene

Figure 1.1. Molecular structure of polyaromatic hydrocarbon molecules.

Electronic structure

The sp? hybridization grants PAHs a highly conjugated molecular structure. Strong m-n
interactions between p. orbitals allow electrons to be delocalized across the whole
molecule. The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) determine the excitonic behaviors of PAHs. The energy gap
between HOMO and LOMO is a critical parameter determining various properties of PAH
molecules. Due to the conjugated structure of the PAH, the magnitude of the HOMO-
LUMO gap (AEE™1) is closely correlated with the molecular size.!!'? Detailed theoretical
calculations were carried out by Ruiz-Morales, showing that the magnitude of PAHs'

AEH ! is not only related to the number of fused rings but also the compactness of the ring



arrangement. If all rings are arranged in a linear form, the magnitude of AEZ " is inversely
proportional to the number of the rings. When two molecules have the same aromatic ring
count (anthracene and phenanthrene, for example), the more compact isomer will have a
wider energy gap.'? The far end of this trend brings us another target material of this
thesis—graphene. With an almost infinite amount of the aromatic ring arranged in a planar
form, graphene has a zero bandgap.!® The details about graphene will be further elaborated
in sub-chapter 1.3.

The magnitude of the AEZ L reveals the semiconducting nature of most PAHs. With a few
exceptions of really compact molecules like naphthalene and phenanthrene, the AES L of
PAHs are mostly smaller than 4 eV, so they can be categorized as wide-bandgap

semiconductors.'? In addition, the AEZ~L of PAH is correlated with its optical band gap(

AE g ptical), which is the energy difference between the ground state and the first excited
state during exciton formation. Due to the electrostatical binding of the electron-hole pair,

Optical
14 AEGp

AEJP" ig smaller than AEZ ™" by the exciton binding energy. determines the

— Optical
L, AE;P"“*" also depends on

absorption and emission properties of PAHs. Similar to AEf
the size of the conjugated system. The most compact PAHs such as naphthalene and
anthracene absorb in UV (<400 nm) and emit in the ultraviolet to blue region.!> Larger
PAHs like tetracene and perylene absorb violet-blue light and emit visible light from cyan
to red.'®"!” The wide variety in PAH sizes gives us an abundant library of light-sensitive
materials to work with according to specific applications.

After PAHs molecules are packed together orderly into molecular crystals, the overlap of

the m-molecular orbitals between adjacent molecules gives rise to the metallic conductivity
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in charge transfer crystals.'® Similar to the discovery of metallic properties and

19-21

superconductivity in alkali-doped carbon fullerenes' "', intercalating alkali-metal atoms

into some PAH systems are also found to induce the unconventional superconductivity

with the critical temperature up to 33K.?>

Excitonic dynamics

The light-matter interaction is a long-standing research topic in PAHs. Many novel
phenomena happen by simply shining light on these molecules. The Jablonski diagram is
a famous and useful picture that illustrates the relaxation dynamics in electronic states
during and after photoexcitation.?* Here an overview will be given of the excitonic

processes after irradiating PAH molecules.
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Figure 1.2. Absorption and emission spectra of tetracene dissolved in toluene.'® Copyright (2010)
AIP Publishing.

Absorption: Due to the fact that PAHs have much more complex skeletons than single
atoms, each electronic state gives rise to many vibronic states from atomic motions. Thus,
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the absorption of PAHs consists of several vibronic peaks, like the plot in Figure 1.2,
showing the absorption spectra of tetracene monomer in toluene. In the Jablonski diagram
in Figure 1.3, the purple arrow represents the absorption process. When a photon hits the
PAH molecule, one of the electrons in So ground state is excited into vibrational states in
the Si to form a singlet. Different peaks in the absorption spectrum represent different
vibronic states in Si. The absorption (excitation) process is extremely fast on the order of
10715 s. The intensity of peaks is determined by Franck—Condon principle, from which the

transition with minimal atomic coordinate (or atomic motion) change has the highest

probability.
C, Vibrationl
S (_relaxation
1 (

Figure 1.3. Jablonski diagram of absorption and emission processes.
Emission: PAH emission is a more complicated process than absorption. After the electron
is excited, internal conversion and vibrational relaxation happens next at the rate of 107
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s. The excited electron then relaxs to the lowest vibronic state. The energy is dissipated
non-radiatively in this process, causing the Stoke shift of the emission spectrum, which is
red-shifted compared with the absorption as shown in Figure 1.2. The excited state can
relax back to different ground vibronic states in So, generating multiple peaks in the
emission spectrum. The probabilities of the electron falling into each vibronic state are also
ruled by Franck—Condon principle. The relaxation rate is on the order of 10”, which is
slower than absorption and vibrational relaxation. Fluorescence will always happen after
vibrational relaxation. The significant kinetic difference between radiative recombination
and vibrational relaxation constitutes Kasha's rule: Photoemission occurs only at the lowest
level of the excited state.? In theory, the excitation wavelength generally will not affect
the quantum yield of the singlet emission. Kasha's rule and the Frank-Condon principle
together lead to the mirror symmetry between absorption and emission spectra of PAH
monomers.>* The time window for the singlet to recombine is labeled as singlet lifetime,
which can be probed with time-resolved photoluminescence spectroscopy.

Apart from direct radiative recombination, the newly created exciton can also go through
intersystem crossing (blue wavy line in Figure 1.3) and relax to a lower T; state to form a
triplet. This spin-flip process is mainly due to the spin-orbit coupling between the excited
electron and its surrounding magnetic field from molecular orbitals. The magnitude of spin-
orbit coupling is proportional to the atomic number of the nuclei. Previous work has shown
that introducing heavy metal atoms into the PAH matrix is effective in facilitating the
intersystem crossing process.?® The direct radiative transition from T; to S; emits

phosphorescence. The rate of this transition is very slow as a consequence of being a spin-



forbidden transition. Typical phosphorescence lifetimes (or triplet lifetimes) are in the
range of >10° 5.2 There are also two other indirect triplet radiative transitions producing
delayed fluorescence in many PAHs molecules, such as anthracene, tetracene, and rubrene.
One of them is thermally activated delayed fluorescence, where the population in T jumps
back to the S; state if the thermal energy is greater than the gap between T; and S;.”’
Delayed fluorescence can also realized by triplet-triplet annihilation (TTA), in which two

triplets in two molecules fuse, leaving one molecule in the S; state while the other goes

back to So.?® Both transitions emit the same spectra as the singlet radiative recombination.

Non-radiative recombination of excitons

Forster energy transfer

| . Columbic ™,
interaction % +
Donor

Donor Acceptor Donor Acceptor

Figure 1.4. Schematic of Forster and Dexter energy transfer processes.

After we excite PAH molecules, the exciton can also relax through non-radiative processes

that kinetically compete with the radiative processes mentioned above. The non-radiative



process has also been called quenching because photoluminescence from the molecule can
be suppressed if the non-radiative recombination outcompetes the radiative recombination.
Internal conversion is one possible process that takes the molecule to its ground state,
releasing energy as heat. Another possible process is the energy transfer between the
excited molecule and its surroundings. There are two mechanisms to describe the energy
transfer according to the spatial distance between two transfer participants.

Forster resonance energy transfer (FRET) describes long-range (1 to 10 nm) energy
transfer between two fluorophores based on the electrostatic dipole-dipole interaction.?’
The theory can also be extended to other low/zero bandgap materials, such as carbon
nanotube and graphene, which can also serve as quenchers. Due to the distance separation
between donor and acceptor, the individual electron does not migrate out of its original
host molecule. The upper part of Figure 1.4 shows the schematic of this process. In the
donor molecule, the excited singlet recombined by releasing a virtual photon. The virtual
photon is then absorbed by the acceptor molecule. The overlap between emission spectra
of the donor and absorption spectra of the acceptor is one of the prerequisites for the energy
transfer to happen, meaning that the optical bandgap of the donor needs to be equal or
wider than the optical bandgap of the acceptor. The efficiency of FRET is very sensitive to
the distance R between donor and acceptor. The conventional Forster energy transfer rate

constant is described by Eqn. (1) and (2)*%:
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where R is the distance between the donor (D) and acceptor (A). R, is the Forster distance
at which the energy transfer efficiency is 50%. 7 is the donor's fluorescence lifetime
without the presence of the acceptor. | is the spectral overlap integral between two

molecules. ¢p is the donor quantum yield in the absence of the acceptor. k? is the
orientation factor which describes the relative orientation between two dipoles. 1 is the

refractive index of the medium.

If the donor and acceptor are all point dipoles (single molecules), the efficiency is inversely
proportional to R®. Some works have shown that the FRET efficiency between a molecule
and 2D graphene has a R dependence.’! The quenching effect due to a fullerene can be
analogous to the single-molecule case with R dependence.?

Dexter energy transfer describes short-range excitonic interactions, typically within 1
nm. The process requires wavefunction (orbital) overlap between the donor and the
acceptor to facilitate the inter-molecule charge transfer.>* The process is illustrated in the
bottom part of Figure 1.4. This process allows both singlets and triplets to transfer their
energy to another molecule through the spin-allowed electron exchange process. An
excited electron in the donor molecule flows from its S; or T state to the acceptor's Sy or
T state. The ground-state electron in the acceptor transitions to the Sy state of the donor.
When designing an energy transfer heterostructure based on the Dexter mechanism, not
only does the bandgap magnitude requirement mentioned in the FRET section need to be
satisfied, the relative energy level values of two molecules also should be considered. The
excited state of the acceptor should not be higher than the excited state of the donor. The

ground state of the donor also needs to be lower or equal to the acceptor ground state.
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The efficiency of Dexter energy transfer is also strongly dependent on the inter-molecular

distance. The rate constant of this process is shown in Eqn. (3),*

—2R

kET X ]eT (3)
where R is still the distance between the donor and acceptor, L is the sum of their van der

Waals radii, and J is the spectral overlap integral.

Sample preparation methods and applications

PAHs can be dissolved in organic solvents to form a solution. At low concentrations, PAHs
are separated by the solvent molecules. The properties of the individual molecule with all
degrees of vibrational freedom can be probed when PAH is in this state. When the
concentration is high, the distance between PAHs becomes small enough to allow inter-
molecular interaction to take place. The spectra will be altered by the interactions between
molecules.*® The solution state of PAH is usually used in fundamental research for studying
excitonic dynamics. PAH molecules can also be chemically or physically embedded in a
polymer matrix, such as microbeads and thin films, to form light-sensitive composites.*¢-
PAH functionalized fluospheres are widely used in biological microscopy as fluorescence
probes to image the biological cells.>’*® Polymer thin films doped with PAHs have been
fabricated into optical waveguiding devices.*® PAHs can be crystallized by solvent
recrystallization and physical vapor deposition.***! Solution drop-casting with controlled
temperature and concentration is a simple way to grow single crystals with low defect
density.*? Vapor deposition can be used to grow polycrystalline thin film with controllable

thicknesses.*’ Close packing of molecules in solid-state contributes many unique properties

distinct from the monomer, such as delocalization of charged carriers and enhanced exciton
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diffusion.” Crystalline PAHs has also been envisioned as a promising materials for organic
electronics. Pentacene, anthracene, and rubrene crystals have been used as the active layer
for organic field-effect transistors, which can be gated both electrically and optically.!*
Tetracene solid films has been applied onto silicon as a sensitizer to improve the solar cell

efficiency by singlet fission.** PAHs molecule

Morphology engineering of PAH crystals

The physical properties of a PAH crystal depend not only on the molecule type, but also
on the morphological difference in size, shape, orientation, and surface. Morphology
modulation is an effective route to tune the properties of molecular crystals for different
applications.

Crystal growth and polymorphism: Crystal growth is the primary step that influences
the morphology of PAH crystals. Nowadays, despite all kinds of technological
advancement, molecular crystal growth is still considered an art by most chemists due to
its requirement of dedication to the details, repetitive trial and errors, and a bit of luck. One
of the fundamental reasons behind that is polymorphism.* Polymorphism is referred to the
variety of crystal structure arrangements in solid crystals. Differences in molecular packing
and orientation create macroscopic morphological diversity of the bulk crystal. Here I will
use perylene as an example to demonstrate polymorph control in crystal growth and the

effect of polymorphism on the crystal properties.
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Figure 1.5. Perylene's molecular structure and the crystal packing of its a- and B-polymorphs. The
shape and fluorescence color of two polymorphs are also different from each other.
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Perylene is a PAH with two polymorphs, denoted as the a- and B-phases, which have
different packing motifs.*! Perylene in the a-polymorph packs in a dimeric sandwich-
herringbone motif, while in the B-phase, molecules are arranged in a monomeric Y-
herringbone structure, as illustrated in Figure 1.5. Macroscopically, a-crystals adopt
quadratic shapes with 92° corner angles, and B-crystals grow in thombic shapes with 122°
corner angles.*! Selective growth of each polymorph has been studied in the past. Yago et
al. showed that rapid cooling (-30K/min) of a saturated solution could preferentially
precipitate B-polymorph while slow cooling (-1K/min) favors the growth of a-
polymorph.*® Pick et al. demonstrated that keeping the growth substrate at high temperature
with a low vapor deposition rate exclusively forms a-phases. Lowering the temperature
and increasing the rate allows a notable portion of B-polymorph to be crystallized.*! Both
works indicate that kinetic control of crystal growth is essential for polymorph selection.

Physical property differences from polymorphism: Because of different molecular

packing motifs and intermolecular interactions, the a- and B-polymorphs of perylene
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exhibit different absorption and emission properties. Under excitation, the green
fluorescence of B-polymorph is noticeably blue-shifted compared to the yellow color of a-
phase as showed in Figure 1.5.%° The shorter intermolecular distance and the face-to-face
packing motif of perylene molecule in a-polymorph enhance the intermolecular m-n
interaction, allowing a larger electron delocalization within the crystal. Therefore, the o-
polymorph has a smaller bandgap than its counterpart. From theoretical calculations, the
carrier mobilities in the o-polymorph are also higher than the B-polymorph.*” Both
electrical and optical properties of perylene can be tuned by the selective growth of
polymorphs.

Other morphology control beyond crystal packing: There are other morphology control
methods besides using polymorphism. Anodic aluminum oxide template growth has been
used to grow photomechanical nanorods of anthracene derivatives.*® The resulting
composite could exhibit a photo-induced bending motion. Well-designed pentacene,
rubrene and fullerene crystal arrays have been achieved by substrate functionalization and
patterning, allowing further fabrications of organic transistor circuits on a single substrate.*
Oxygen plasma etching has been used to pattern pentacene thin-film transistor in

t.* The surface roughness of vapor-

conjunction with a layer of water-soluble photoresis
deposited perylene thin films could also be reduced down to sub-nm level by plasma

polymerization to reduce the light scattering on the wafer-scale.”

1.1.2 Graphene

Graphene can be viewed as an infinite extension of a planer polyaromatic hydrocarbon

molecule. It is a monolayer conjugated sp’ carbon network arranged in a two-dimensional
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honeycomb lattice.’! Since the discovery by Geim and Novoselov using scotch tape
exfoliation of graphite, graphene has attracted numerous attention from many fields of
science for its distinctive electronic, optical and mechanical properties.!> > Up to the
present, a large variety of real-world applications, from smartphone screens to tennis
rackets, has been realized based on graphene. This sub-chapter provides a short
introduction about the structure, properties, morphological effects, and applications of

graphene.

Structure

-1.8A 21A

Figure 1.6. a) STM topograph of a graphene flake above a SiO, substrate. b) Close-up STM
scanning of the graphene honeycomb lattice.>* Copyright (2008) Springer Nature.

Graphene’s primitive cell contains two carbon atoms (A and B) as shown in Figure 1.7a.
Each carbon atom (A for example) is covalently bonded with three other carbon atoms (B)
through 6-bonds between hybridized s, px, py orbitals. The leftover valence electron in each
carbon stays in p: orbitals interconnected through n-bonds. The conjugated network allows
the m-electron to be delocalized across the entire lattice, resulting in graphene's superior

conductivity. The thickness of graphene is only 0.345 nm (basically one-atom-thick).
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Figure 1.7. a) Real space graphene lattice, showing the unit cell vectors and b) Brillouin zone of
graphene in momentum space. ¢) Graphene energy band dispersion in momentum space.”!
Copyright (2009) American Physical Society.

Electronic properties

Graphene is a zero-bandgap semiconductor as indicated by the band structure in Figure
1.7¢.%! Due to its unique structure, graphene has an ultra-high room-temperature carrier
mobility > 200,000 cm?/(Vs), which is more than 100 times that of crystalline silicon (1400
cm?/ Vs).* The carrier concentration in graphene can be easily tuned bipolarly with

t.>> Chemical functionalization

electro-capacitance gating or doping from the environmen
and dimension control (graphene nanoplatelets) can open a bandgap in graphene to enhance
the on/off ratio for transistor-type devices.’®>” Stacking two pieces of graphene together
with an angle mismatch creates a Moire-superlattice. When the mismatch angle is at 1.1°
(magic angle), stacked graphene exhibits low-temperature superconducting and insulating

behavior controlled by electrical gating.>->

Optical properties
Graphene has a near-constant absorbance of 2.3% in the visible light region.®® This non-
trivial absorbance allows researchers to directly observe this one-atom-thick film with the

naked eye. Other visualization techniques such as AFM, TEM and SEM all failed to hunt
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down graphene in the first place because of the extremely weak contrast from its atomic
thickness. The traditional optical microscope can easily detect single-layer graphene on a
standard 300 nm SiO./Si wafer based on the contrast as demonstrated in Figure 1.8.%!
Graphene becomes more accessible because of its optical visibility, allowing researchers
from all kinds of fields to study it just with a scotch tape and a microscope. Similar to the
conductance, the absorption of graphene can also be modulated through electrical gating

and chemical functionalization, which can change the carrier population in the band.®*%*

Figure 1.8. Exfoliated graphene crystallites on 300 nm SiO, imaged with a) white light and b)
through a 560 nm filter. The scanning trace in b) shows stepwise changes in the contrast for 1, 2,
and 3 layers. ¢! Copyright (2007) AIP Publishing.

Raman spectroscopy of graphene

Graphene has three signature peaks in its Raman spectra—the G, D and 2D bands as shown
in Figure 1.92.°4% The G-Peak at near 1580 cm'! is one of the most prominent features in
the Raman spectra of graphitic materials. It is a strong indication of the existence of n-n
sp’ carbon network structure in graphene. The D-peak at 1300 to 1400 cm! is the result of
the disorder in sp*-hybridized carbon lattice. The disorder could come from intrinsic

defects in the lattice or covalent functionalization converting sp’ hybridization to sp’.
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Analyzing the intensity ratio between the D and G bands is a standard method to quantify

the graphene sample's quality or functionalization level.®
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Figure 1.9. a) Raman spectra of pristine (top) and defected (bottom) graphene. ¢ Copyright (2013)
Springer Nature. b) The 2D spectra for graphene as a function of the number of layers.* Copyright
(2010) American Chemical Society.

The 2D band at 2500-2800 cm™ is the highest peak in the Raman spectra of pristine
graphene. It originates from a second order scattering process, that is the overtone of the D
band scattering. The 2D band is very sensitive to the layer number of the graphene as
shown in Figure 1.9b. With the increase of the layer number, the 2D band change from
symmetric (single layer) to dispersive (bilayer to multilayer) and the full width at half
maximum of the peak become larger. All three peaks are sensitive to perturbations of
graphene lattice. These peaks' positions, intensities, and shapes are tunable by electrical or

chemical doping and mechanical strain/stress.®’
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Impermeability of graphene

Graphene
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Figure 1.10. Graphene lattice structure: sp” hybridized carbon atoms arranged in a 2D honeycomb
lattice. (Bottom) the molecular structure with rough electronic density distribution: while graphene
is relatively transparent to electrons, it is practically impermeable to all molecules at room
temperature. Geometric pore (0.064 nm) is also small enough not to allow molecules to pass
through.®® Copyright (2013) Elsevier.

The lattice of graphene consists of aromatic sp? network. The only path for a molecule or
atom to pass across the graphene lattice is through the hole of each aromatic ring. With the
C-C bond length of 0.142 nm, the pore size of the aromatic ring is 0.246 nm. This pore is
already too narrow for particles like helium (0.28 nm) or hydrogen (0.314 nm) to cross. If
we add the van der Waals radius of the carbon atom (0.11 nm), as shown in Figure 1.10,
the geometric pore size decreases further to 0.064 nm, which is even smaller than the
hydrogen atom (0.24 nm).*® Only fundamental particles like protons (or H") and electrons
can pass through a perfect graphene lattice.

Many workers have demonstrated the impermeability of graphene and contrive novel

applications based on this. Bunch et al. investigated the permeance of several gas molecules

19



with graphene capped micro-chamber. Even with five atm pressure differences imposed
across the graphene, the impermeability still holds for hydrogen and helium gas.®® Geim et
al. have shown that the proton (H") is small enough to penetrate the graphene lattice with
an applied electrical field.”® The electrical and optical conductivity and atomic thickness
made graphene a perfect protective material for corrosion protection and electron
microscopy measurement. Yuk, Park et al. have constructed a TEM-compatible liquid cell
by encapsulating micro-liquid bubbles between two graphene layers.”!

Morphology of graphene

Graphene can come in different forms based on its preparation method. The morphological
difference can affect the properties and applications of graphene. Figure 1.11 shows three
different types of graphene.””’* The tape-exfoliation method can produce high-quality
single-crystal graphene on a small scale (<100 um). Epitaxial growth and chemical vapor
deposition (CVD) can usually deliver wafer-size polycrystalline graphene with small grain
sizes (1 to 50 pm).”>”7® Recent progress has been made to synthesize monodomain graphene
on millimeter-scales through both CVD and epitaxial growth.””’8 The electrical mobilities
of charged carriers are greatly influenced by grain boundaries, which can serve as
scattering sites during carrier transport.” In devices with the same channel dimension,
graphene with larger domain sizes yields higher carrier mobility and conductivity.
Exfoliated graphene is usually used in academia as a platform to study electron dynamics,
while CVD graphene has been widely applied in high-performance electrical and optical

devices.
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Figure 1.11. Different forms of graphene a) exfoliated monolayer graphene’ (Copyright (2010)
American Chemical Society) b) CVD monolayer graphene transferred onto a wafer’® (Copyright
(2019) American Chemical Society) ¢) SEM image of graphene nanoplatelets on a filter
membrane.” Copyright (2016) American Chemical Society.

Graphene in the form of nanoplatelets (GNP) or nanoflakes, like the sample in Figure
1.11c, can be produced from solvent exfoliation of graphite or reducing graphene oxide.?"
81 Due to the nanometer-scale grain size, GNPs sacrifices the high carrier mobility and
impermeability of single-layer graphene for superior chemical reactivity, processibility,
and scalability. The reactivity of the graphene usually comes from defective sites in the
lattice. The graphene edges with dangling bonds are more chemically reactive than the
stable sp’ conjugated network in the middle.®? Therefore, due to their small size, GNPs can
be easily chemically functionalized on their boundaries with high yield. After being
functionalized with different groups, GNPs can be suspended in aqueous or organic
solvents for solution-based applications, such as conductive ink and paste.®® The
suspension can also be converted into solid films by spray coating, filtration, or merging
with other polymers on a large scale for water filtration, electrical/heat-conductive film and

catalysts.”* 8
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1.1.3 Carbon nanotubes

Since their discovery by Sumio Iijima in 1991, carbon nanotubes (CNTs) have been
exemplary one-dimensional systems studied by researchers across different fields due to
their unique structure and remarkable electrical, optical, and mechanical properties.®>3
This sub-chapter presents a short introduction about CNTs' structure, properties,
morphology, and applications related to my research.

Structure

The carbon nanotube (CNT) is a one-dimensional cylindrical carbon tube with nm-scale
diameter. Its structure can be perceived as rolling a hypothetically tailored piece of
graphene and then stitching two ends together.®” The direction we roll this hypothetical
graphene ribbon determines the chirality of resulted carbon nanotube.®® As mentioned in

the graphene sub-chapter, the primitive cell of graphene contains two different carbon
atoms (A and B). Each type of carbon atom can form a triangular lattice. The rolling
direction is defined by the chiral vector E; = (n,m) connecting two crystallographically
equivalent carbon atoms (Ai-A> or Bi-B») in their own triangle lattice, as shown in the
Figure 1.12a. Then two cuts normal to the vector are made at the A1, A> atoms and we can

roll this tailored graphene ribbon into a carbon nanotube.
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Figure 1.12. Carbon nanotube can be viewed as a graphene cylinder. a) schematics of defining the
chiral vector of CNT.*® Copyright (2001) Elsevier. b) Imaginative rolling of a graphene ribbon in
the direction of chiral vector.’” Copyright (2006) Springer Nature.

The chirality of CNT is denoted by n, m. The CNT circumference c is determined by the

magnitude of the chiral vector (n,m) and can be calculated using the following equation:

¢ =u(n? + nm +m?) ~ 0.246,/(n? + nm + m?%) nanometer
where u is the unit length of the triangular lattice, which is equal to 2v/3 ac_¢ length -

The diameter d of the CNT is % , that is equal to

d ~ 0.0783,/(n? + nm + m2) nanometer
Based on its chiral number (n,m), a CNT can be categorized into three types: armchair
(n=m), zigzag (n=0 or m=0) and chiral (n#m and n, m>0).

Electronic properties

The electronic properties of a CNT are affected by its chiral number. Armchair CNTs are

all metallic with a zero bandgap. Zigzag and chiral CNTs are metallic when % is an

integer. Otherwise, they are semiconducting with non-zero bandgaps. The bandgap of
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semiconducting CNT is inversely proportional to the vector magnitude of (n, m). A CNT
with a larger diameter has a smaller bandgap.”® The charge carrier density in
semiconducting CNT can be modulated through field-effect gating or chemical doping.®!

92 Different dopants can change semiconducting CNTs into either p-type or n-type.”?*?

Optical properties

The density of states of CNTs consists of multiple sharp van Hove peaks that arise from
the one-dimensionality, as shown in Figure 1.13.* Strong photon absorption happens at
the S11, S22, transitions for semiconducting CNTs, and Mi; for the metallic CNTs. These
inter-band transitions contribute to the signature peaks in CNT absorption spectra in Figure
1.13. Following the absorption process, the excited electron will then go through the
internal conversion to the lowest conduction band, and the hole will go up to the highest
valence band. In the end, for the semiconducting CNT, the electron and hole will recombine
and emit light with bandgap energy. The recombination is a non-radiative process for
metallic CNT because electron and hole pair will just meet at Fermi level in the middle
through vibrational relaxation. The absorption and emission can both be modulated by
chemical doping and electrical gating. The conduction band's filling or the valence band's
depletion can both block some inter-band transitions, suppressing peaks in the absorption
spectra.’>® Absorption and emission spectra both can be used to determine the chirality of

CNTs because of the correlation between (n,m) and the bandgap.”’*3
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Figure 1.13. Absorption spectra of CNTs from different synthesis methods. Embedded illustrations
show the density of states of metallic and semiconducting CNTs and the inter-band transitions
during the absorption process.” Copyright (2002) American Chemical Society.

Raman spectroscopy of carbon nanotube

CNTs share some of the signature Raman peaks (G, D bands) with graphene as shown in
Figure 1.14.%% However, because the symmetry of each aromatic ring is broken as a
consequence of the tube-like structure, the G band splits into two peaks G*, G". Another
unique Raman mode of CNT is the radial breathing mode (RBM) in the low-frequency
range (<500 cm™), which arises from the radial expansion and contraction of the whole
tube. The RBM is strongly coupled with the radius of CNTs. Its position can provide an

estimation of CNTs' diameter d by the following equation®*:
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d = ———  nanometer
VRBM(in cm~1)
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Figure 1.14. Raman spectra from graphene, highly oriented pyrolytic graphite, and single wall
carbon nanotube.** Copyright (2010) American Chemical Society.

Different forms of carbon nanotubes and their applications

CNT samples can take many forms based on their production methods and applications.
Freshly produced CNT forests grown by CVD or the Arc-discharge method can be drawn
and spun into yarns for macroscopic applications.”® Superaligned CNTs inside the yarn
grant the fiber remarkable mechanical properties.'” CNTs can also be dispersed in organic
solvent through continuous sonication and in water with the help of surfactants.!?!-192
Solution phase CNT samples can be directly used as electrically and thermally conductive
ink/paste materials.'”® Separation of metallic and semiconducting CNTs can be done in
suspension with the help of special polymer dopants that selectively absorb CNTs with

different chirality.!®* The dispersed CNTs in solutions can be prepared as solid thin films

by the filtration or spray-coating method.!%"1% CNT thin films can be further patterned by
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standard photolithography and O, plasma etching.!°-1%7 High-performance flexible logical
circuits completely made of CNTs have been achieved by patterning semiconducting CNT
films on a plastic membrane!%1%, CNT thin films have also been applied in smart optical
windows. By electrical gating with ab ionic liquid, the IR absorption of CNT thin films can

be modulated effectively.” !10-111

Morphological effect on carbon nanotubes

A CNT is a one-dimensional system with a huge spatial aspect ratio (>1000) between its
length and radius. This huge aspect ratio endows CNT with the spatial anisotropic electrical
and optical properties. Carriers can transport ballistically inside individual CNT.”! Through
the van der Waals interaction, multiple CNTs can be closely packed into a bundle with a
larger diameter and length. However, each bundle usually yields a lower carrier mobility
than the individual CNT. The reason for this is the inter-tube junctions break the ballistic
transport trend when carriers travel across multiple nanotubes.'’ As mentioned above,
CNT thin films with thicknesses from 2 nm to a few microns can be prepared through
filtration of CNT dispersion.!'>!!* The thickness of CNT film can affect ion diffusion in
ionic liquid-gated transistor devices.”® Thicker CNT films could slow the ion diffusion,

prolonging the response time of the devices.
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1.2 Overview of the morphological study in this thesis

All three polyaromatic carbon-based materials mentioned above have great properties and
valuable applications. Their structures, forms, and morphological effect on materials'
properties have also been discussed. It is clear that the versatility in real-world applications
depends on the variety of materials' morphology. Therefore, morphology control of
materials' shape, surface, and orientation is essential for scientists and engineers to
maximize the potential of these conjugated carbon materials.

The next stage in the development of polyaromatic carbon materials will involve the
control of their mesoscopic properties and how different polyaromatic materials (PAHs
and graphene, for example) interface with each other. The work in this thesis explores
different physical and chemical strategies for enhancing the properties of carbon materials,
from PAHs to CNTs, by controlling their morphology.

This part of Chapter 1 gives an overview of this thesis' goals and contributions to the
morphological study on PAHs, graphene, and CNTs.

1.2.1 Top-down shape engineering of molecular crystals

As mentioned in Chapter 1.1.1, the properties of functional PAH crystals can be tuned by
their morphology. Controlling crystals' shapes and dimensions is also necessary to
incorporate them into practical devices. There are several levels to morphologically
engineer a PAH molecular crystal. First, the PAH molecule itself can be chemically
modified with functional groups. The attached groups can affect the intermolecular
interaction during the self-assembling crystal growth. The molecular packing and the

morphology of resulting crystal can be different from its original form. Second, we can
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rely on polymorphism to grow crystals with different shapes and orientations from the same
molecules. To selectively grow the desired phase, precise multidimensional control of its
growth conditions like temperature, pressure, solvent, and growth templates is required.
The third level is to modify the morphology after the crystal growth.

The first two levels require specific experimental explorations for each PAH molecule.
The working experimental details, which could be published, are sometimes unreliable for
chemists from other labs to reproduce. In many cases, a distribution of crystals with
different sizes and shapes will coexist in the final sample. This is not ideal for applying
PAH crystals in large-scale practical devices, which require a high production yield. Thus,

a generalized way to control the crystal morphology after growth is needed.

Shaped crystal

Figure 1.15. An illustration of using FIB milling to shape molecular crystals (left) and the SEM
and fluorescence image of a shaped perylene crystal (right).>> Copyright (2020) American
Chemical Society.

In Chapter 3, a special "knife" made with a stream of focused ions is used to cut perylene
microcrystals in a top-down fashion, as illustrated in Figure 1.15. Thanks to the ultra-short

De Broglie wavelength of the Ga ions, the cutting resolution of the FIB on organics is about
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130 nm, which is higher than the best laser cutter in the world. The focused ion beam can
be programmed to machine microcrystal into arbitrary shapes with minimum damage. 90%
of the photoluminescence is retained after FIB. This proof-of-concept demonstration

provides a promising general method to create molecular crystals with user-defined shapes.

1.2.2 Surface passivation of molecular crystals by 2D materials

2D materials

Molecular Crystal

Glass Substrate

Figure 1.16. The SEM image of graphene encapsulated perylene crystals and the schematic of the
sample structure.'* Copyright (2018) American Chemical Society.

Another challenge hindering the practical application of PAHs in functional devices is that
organic crystals are subjected to corrosion from the environment. The electronic properties
of PAHs are sensitive to the impurities, such as water or O, in the air. Organic crystals
also dissolve easily in organic solvent and sublime away in high vacuum or elevated
temperatures. Thus, a strategy to protect PAH crystals from their environment is required.
Current protection methods include isolating them under vacuum or glovebox and

encapsulating them under a thick metal layer or between two glass slides sealed with glues.
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However, those methods usually block the close-contact electrical or optical access to the
target crystal, limiting its potential applications.

In the Chapter 4, the surface morphology of the crystal is modified by draping another
polyaromatic carbon-based material—graphene on top, as shown in Figure 1.16. Despite
graphene's atomic thickness, the impermeable membrane successfully protects the organic
crystal from solvent dissolution and sublimation at high temperatures while still
maintaining its optical access. The effect of graphene on PAH excimer dynamics is
measured by photoluminescence (PL) decay. As a zero-bandgap semiconductor, graphene
can quench PL from PAH through Forster resonance energy transfer. From the results, the
graphene has no detectable quenching effect on bulk crystals because crystals have a much
larger thickness (~150 nm) compared to the graphene quenching radius (<20 nm) estimated
from the fitting. The majority of the crystal does not even feel the existence of graphene at
the interface.

In the Chapter 5, the quenching effect of graphene is further evaluated by interfacing it
with fluorescent dye-doped polymer films with a series of thicknesses. PL decay
measurements are done on these samples. From the fitting, the quenching radius of
graphene is found to be about 14.6 nm. So even if the quenching effect is not detected on
the bulk crystal/graphene sample, the energy transfer is still happening at the interface.
Therefore, to further eliminate the quenching effect, graphene is replaced with a few-layer
hexagonal boron nitride (h-BN) as the encapsulating blanket. h-BN is a wide-bandgap
insulator with a bandgap of about 6 eV. Similar to graphene, few-layer h-BN successfully

protects PAH crystals from solvent and high temperature. The surprising result is that wet-
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transferred hBN is not photophysically inert but instead has an effective quenching radius
of 2.9 nm. This quenching effect can be avoided by using the dry-transfer method. h-BN's

final quality as an inert protection layer is determined by its sample preparation conditions.

1.2.3 Carbon nanotube alignment and surface functionalization

Aligning

¥ Inter-tube junction

Figure 1.17 The number of inter-tube junctions in a given channel can be reduced by aligning
carbon nanotubes in the current direction.!'>!'® Copyright (2014) (2019) American Chemical
Society.

Individual single-walled carbon nanotubes have excellent electronic properties thanks to
their high carrier mobility. They can be dispersed into a homogenous suspension by
sonication. The suspension can be filtered, forming solid-state CNT thin films. Compared
to individual nanotubes, CNT thin films have superior scalability and processibilities but
degraded conductivity and carrier mobilities. The reason for that is the inter-tube junctions
process much higher resistance that slows down the carrier transport.

In Chapter 5, two methods are applied to address this problem. First, the morphology of
thin film is modified from random networks to aligned arrays, as shown in the top part of

Figure 1.17. The speed-controlled filtration process allows the CNTs to be self-assembled
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into aligned thin films. The prepared aligned CNT films have large spatial anisotropy in
their optical and electrical properties. Carriers that flow parallel to the alignment direction
encounter fewer inter-tube junctions in a given channel than carriers that travel in the
transverse direction or across random networks, as illustrated in the bottom part of Figure

1.17.

Figure 1.18 Schematic of chromium functionalization that creates a conductive bridge at the inter-
tube junction."'” Copyright (2013) American Chemical Society.

The junction resistance can be further reduced by organometallic photochemistry that
inserts chromium atoms between CNTs, as shown in Figure 1.18. The Cr atoms can serve
as electrical channels junctions for carrier transport. The functionalization drastically
increases the film conductance in the transverse direction, while it has a much smaller
effect on the conductivity in the parallel direction. Finally, a reversible switch is fabricated
to demonstrate the reversibility of this functionalization. The device current can be turned
up by the Cr photochemistry and turned down using ionic liquid gating that breaks the Cr
linkage to the CNTs.

The results in this thesis present new ways to control the morphology and interfaces of
polyaromatic carbon-based materials. Hopefully, they will help bring about the era of
carbon-based electronics.
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Chapter 2. Experimental

This Experimental chapter is divided into four parts corresponding to different projects

during my PhD study.

2.1 Shaping perylene with focused ion beam (FIB) milling'

Preparation of perylene microcrystals for FIB: A concentrated perylene (PER)/toluene
solution (10~ M) was drop-cast onto a clean glass substrate and dried in air, forming a
yellow film composed of individual microcrystals. A 4 nm Au conductive layer was coated
onto the substrate using electron beam evaporation (Temescal BJD 1800 system). The

sample was then mounted in a Leo XB 1540 Focused Ilon Beam Milling system (Zeiss).

FIB micro-machining of perylene crystal: The target crystal was first located and imaged
by the scanning electron microscopy inside the FIB system. The desired milling patterns
were designed during the imaging process using the shape function of SmartSEM software.
The milling parameters were also set before switching to FIB imaging in order to minimize
pre-milling exposure to the Ga* ion beam. After switching to FIB mode, the magnification
was set to the same as the SEM magnification. Typically, a slight realignment between the
design pattern and the target crystal is needed, after which the sample can be milled by the
Ga' ion beam. The parameters of FIB imaging and milling are identical (30kV, 50pA) to
avoid changing the aperture, which will induce a shift of the beam alignment. The time of
milling for each crystal was estimated from the empirical perylene etching rate of 800

s/um’®. After milling, the Au coating layer was removed by immersing the sample in a
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commercial potassium iodide/iodine etchant (Transene Gold Etchant TFA) for 2 s at room

temperature, immediately followed by water rinsing.

Microscopy characterization: Optical microscope images were acquired using an
Olympus BX51WI microscope. Fluorescence images were taken through a fluorescein
isothiocyanate (FITC) filter. Atomic force microscopy (AFM) images were collected using
a Digital Instruments Nanoscope IIIA scanned probe microscope system (AFM Probe:
NSGO1, NT-MDT Spectrum Instruments) in tapping mode. Scanning electron microscopy
(SEM) image collection was performed using a Leo XB 1540 Focused Ion Beam Milling

system with 5 kV electron beam voltage.

Spectroscopy characterization: Steady state photoluminescence spectra from localized
regions in a single crystal were collected using a Nicolet Almega XR Dispersive Raman
microscope using 532 nm laser excitation with an estimated focus size of 1 pum. Time-
resolved PL experiments were conducted using the time-correlated single photon counting
technique. For the high repetition rate experiments, samples were excited with 515 nm light
generated by the second harmonic of a 1030 nm (Light Conversion Inc., Pharos) laser with
an 80 MHz repetition rate and a 90 fs pulse duration. These samples were first located
through the integrated microscope system with a 40x objective (NA= 0.6) before
excitation. The PL signal was detected with an avalanche photodiode (PicoQuant, PDM)
and its temporal trace was measured by time-correlated single photon counting (PicoQuant,
PicoHarp 300). For the lower repetition rate experiments, samples were excited with 400

nm light generated by the second harmonic of a mode-locked 800 nm (Coherent, Inc, Libra)
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Ti:Sapphire laser with a 1 kHz repetition rate and a 100 fs pulse duration. Samples were
located and excited as previously described, with the PL signal and its temporal trace
measured collected by a streak camera and triggering unit (Hamamatsu Photonics, C4334

and C4792-01).

2.2 Encapsulating perylene with graphene?

Perylene encapsulation by graphene: All materials were used as received. The perylene
(PER) microcrystals were grown from a 10° M solution of PER (Aldrich) in
tetrahydrofuran (Aldrich) and depositing several drops onto a clean glass substrate. After
the solvent evaporates, a yellow microcrystal film is left on the substrate. The placement
of a graphene sheet on the microcrystals involved adapting techniques from a previously
published method.® A layer of cellulose acetate was spin-coated (2000 r.p.m.;45s) on the
purchased monolayer CVD graphene (Graphene Supermarket). The graphene on the
opposite side of the Cu foil was etched away by an oxygen plasma (Oxford Plasmalab
100/180 model; ICP power 300 W; forward power 30 W; etching time 30 s). The Cu foil
was then chemically etched away using an aqueous solution of HCI (1 M) and H202 (0.5
M). The graphene sample was rinsed several times with deionized water and floated on the
water surface. The substrate coated with PER microcrystals is then prepared and used
within a few minutes after drying. It is submerged in the water and then used to lift up the
floating graphene sample. The substrate with transferred graphene was dried in the air for
30 minutes, then immersed in acetone for 1 hour to dissolve the cellulose acetate support

layer. Finally, the substrate was rinsed with acetone and dried with gentle air flow.
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Prior to microcrystal growth, alignment marks were patterned on the glass substrate using
photolithography and deposited through electron beam evaporation (10 nm Cr/100 nm Au)

using a Temescal BJD 1800 system in a cleanroom.

Microscopy characterization: Optical microscope images were taken using an Olympus
BX51W1 microscope. Fluorescence images were taken using a fluorescein isothiocyanate
(FITC) filter under 15s exposure time. SEM image collection was performed on a Leo XB
1540 Focused Ion Beam Milling system. AFM images were collected in tapping mode
using a Digital Instruments Nanoscope IIIA scanned probe microscope system (AFM
Probe: NSGO1, NT-MDT Spectrum Instruments). The AFM cross-section analysis was

performed on the AFM image using Nanoscope Control software.

Spectroscopy characterization: Raman spectra were collected with a Nicolet Almega XR
Dispersive Raman microscope using 780 nm laser excitation with an estimated focus size
of 1 um. To collect the spectra, 20 scans with an exposure time of 15s were taken. During
Raman measurements of plain graphene and graphene coated PER, the Raman signal was
first maximized according to the highest intensity of the 2D peak at 2600 cm™!. The laser
focus point was then moved to an area without any graphene and a background signal from
the glass substrate was collected under the same conditions. Subtraction and manual
baseline correction were performed using OMNIC for Dispersive Raman software. Time-
resolved photoluminescence measurements were done using 400 nm femtosecond pulses
at a 1 kHz repetition rate. The 400 nm excitation wavelength was generated by sending the

800 nm fundamental of a Coherent Libra regeneratively amplified Ti:sapphire laser system
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into a frequency doubling Beta Barium Borate (BBO) crystal cavity. The 400 nm pulses
were then focused onto the sample in air using an Olympus LCPlanFl 40x, 0.6 NA
objective lens. Steady state photoluminescence spectra were collected by the same lens,
passed through a dichroic mirror, and detected using a Hanamatsu C4334 streak camera

with a time and spectral resolution of 15 ps and 2.5 nm respectively.

2.3 Encapsulating perylene with h-BN*

Perylene crystals and PMMA/Lumogen Red film preparation: To prepare isolated
perylene (PER) microcrystals, a PER/acetone solution (10> M) was drop cast onto a glass
substrate, which was dried in air. Chemical vapor deposition (CVD) grown monolayer
graphene, monolayer h-BN and multilayer h-BN were purchased from Graphene
Supermarket. Multilayer h-BN was grown on a Ni substrate using the molecular beam
epitaxy (MBE) method, as described previously.” To make polymer-dye films for the
fluorescence quenching studies, the dye Lumogen Red (LR) and the polymer poly (methyl
methacrylate) (PMMA) (MW = 120000 g/mol, Sigma-Aldrich) were codissolved in
toluene at an appropriate weight percentage (LR: PMMA = 1:1200). The solution was then
diluted with toluene into lower concentrations. The resulting solutions had different
viscosities and were spin coated onto the glass substrate at 500-4000 rpm to make solid
films with different thicknesses but with the same dye concentration = 1 mM. The final

thickness of the polymer layer was measured using atomic force microscopy.

2D material transfer: Two different methods, wet and dry, were used to place the 2D

materials in contact with the organic component. In the wet transfer method, a thin (~200
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nm) layer of PMMA (Microchem 950 PMMA A4) was spin-coated onto commercially
available graphene and h-BN grown by CVD on a Cu substrate or onto MBE grown h-BN
on a Ni substrate. The metal support was then chemically etched away using an aqueous
solution of HCI (5 wt.% in water) and FeCls (0.3M). The etching solution was replaced by
deionized water to rinse the 2D samples, and this replacement could be repeated multiple
times to extract any remaining metal ions. The previously prepared glass substrate with
PER crystals was then used to lift up the floating 2D layer. The substrate with its transferred
2D layer was dried in air for 30 minutes and then immersed in acetone for 1 hour to dissolve
PMMA layer. Finally, the substrate was dried with a gentle air flow. For the dry transfer
of h-BN, the h-BN layer on Ni was first exfoliated using silicone-free adhesive film (Ultron
Systems Inc.). Then the adhesive film was firmly pressed onto the Si0,/Si substrate using
cotton swabs. The film was peeled away slowly and h-BN flakes remained on the Si0,/Si

substrate.

Microscopy characterization: Optical and fluorescence microscopy images were taken
using an Olympus BX51W1 microscope. Fluorescence images were taken using either a
fluorescein isothiocyanate (FITC) filter cube (resulting in a green image) or a rhodamine
conjugate U-MNG filter cube (resulting in a red image). SEM image collection was
performed using a Leo XB 1540 Focused Ion Beam Milling system with 3 kV electron
beam voltage. Atomic force microscopy AFM images were collected in tapping mode
using a Digital Instruments Nanoscope IIIA scanned probe microscope system (AFM
Probe: NSGO1, NT-MDT Spectrum Instruments). Cross-sectional analysis was performed
using the Nanoscope Control software.
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Spectroscopic characterization: Steady-state photoluminescence spectra were collected
using a Nicolet Almega XR Dispersive Raman microscope with 532 nm laser excitation
through a 50x objective (NA = 0.8) with an estimated focus size of 1 pm. Time-resolved
photoluminescence experiments were conducted using the time-correlated single photon
counting technique. The output of a laser oscillator (Light Conversion Inc., Pharos) at a
central wavelength of 1030 nm, with 80 MHz repetition rate and 90 fs pulse duration, was
frequency-doubled to 515 nm. These pulses were directed through an integrated
microscope system with a 40x objective (NA = 0.6) and used to excite localized sample
areas on the order of 1 um in diameter. The photoluminescence signal was detected with
an avalanche photodiode (PicoQuant, PDM) and its temporal trace measured by a time-
correlated single photon counting module (PicoQuant, PicoHarp 300). X-ray photoelectron
spectroscopy (XPS) characterization was carried out using a Kratos AXIS ULTRADLD
XPS system equipped with an Al Ka monochromated X-ray source and a 165-mm mean
radius electron energy hemispherical analyzer. The vacuum pressure was kept below 3 x
10 torr during the acquisition. A neutralizer was also applied to compensate for charging

during the measurement.

2.4 Organometallic functionalization of aligned carbon nanotube®

Preparation of aligned SWNT films: Purified unsorted arc discharge SWNTs (P2-
SWNTs, Carbon Solution, Inc.) were dispersed in water using sodium deoxycholate (1
wt%). Dispersion with a concentration of 0.4 mg/mL was prepared by ultrasonication in a
bath sonicator for 10 min followed by a tip sonication (Cole-Parmer cup-horn sonicator,

power level 40 W, 1/2-inch probe) for 1 hr in an ice bath. The obtained dispersion was
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centrifuged for 1 hr at 40,000 r.p.m (Beckman TL-100 ultracentrifuge with Beckman TLA-
100.3 rotor) in order to remove large SWNT bundles. The supernatant was collected as a
stock solution (concentration ~ 20 pg/mL). Aligned SWNT films were prepared by slow
filtration using a modified literature procedure ’. For the filtration a portion of the stock
solution was diluted with nano pure water to obtain a dispersion with SWNT concentration
of 2 pg/ml (surfactant concentration 0.1%). The SWNT dispersion (2.5 ml) was filtered
through a standard vacuum filtration system with a polycarbonate filter membrane
(Nuclepore track-etched polycarbonate hydrophilic membranes, 200 nm pore size) without
applying vacuum during the filtration. At the end of the filtration process vacuum was
applied overnight to dry the SWNT film and the membrane. The film was removed from

the filtration system after the SWNT film and the membrane were completely dry.

Fabrication of two-terminal devices: Two-terminal devices were fabricated to study the
effect of hexahapto complexation of Cr on the resistance of aligned SWNT films. The
aligned SWNT thin films were transferred on a glass substrate with pre-patterned gold
contacts separated by 10 um (channel length). The SWNT films width was in the range of
500 - 800 um. For device preparation, substrate the polycarbonate filter/SWNT film was
placed on the substrate with the SWNT film facing the glass surface and a few drops of
ethanol were added to improve adhesion. The polycarbonate membrane was removed by
first dissolving in n-methyl-2-pyrrolidone (NMP) vapors followed with an NMP bath
washing for 1 hr. Two device configurations were used in which the SWNT alignment

direction was transverse and parallel to the channel length (respectively current flow). The
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devices were annealed at 300 °C for 8 hours in vacuum (10 torr) and immediately

transferred into a glove box for the photochemical reaction.

Photochemical reaction: Cr(CO)s (Sigma Aldrich 98%) was dissolved in degassed
acetonitrile inside a glove box to obtain a solution with concentration of 1 x 10~ M. Using
a pipette, a drop (~0.1 mL) of the solution was cast onto the SWNT film surface, followed

by irradiation with UVC light of 254 nm.

Fabrication of electro-optical switches with aligned SWNT thin films: Aligned SWNT
film devices fabricated in the transverse configuration were annealed at 300 °C for 8 hours
in vacuum (10 torr) and transferred to a glove box. In these experiments the aligned
SWNT thin film devices had a channel length of 100 um and width in the range of 500 to
800 pum. The films were sealed using adhesive frames (Frame-SealTM, Bio-Rad
Laboratories) and the chamber of the frame was filled with an acetonitrile solution of
Cr(CO)s (0.05 mM) and ionic liquid (diethylmethyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl) imide, DEME-TFSI, IoLiTec, Inc.). The volumetric ratio of
Cr reagent solution to DEME-TFSI was 85:15. A Pt wire (d = 25 um, Alpha Aesar),
inserted through the seal into the solution, was used to apply potential (top gate). A quartz
substrate (2.54 cm x 2.54 cm x 1 mm; Ted Pella) served as an UV-transparent window.
The potential applied between source (S) and drain (D) was 0.05 V (Keithley 236) and the
gate voltage (VG) was 0.6 V (Keithley 2700). The data was collected with a custom

LabView software.
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Microscopy characterization: For the AFM scanning, glass substrates with transferred
aligned SWNTs films were placed on the AFM stage to collect images in a tapping mode
with Digital Instruments Nanoscope IIIA. For collecting AFM images of SWNT
dispersions, a drop was cast on a freshly cleaved mica and dried in air. For the SEM
imaging, aligned SWNTs were transferred onto a glass substrate and imaged with a Leo
XB1540 Focused Ion Beam Mill SEM using in-lens mode in the cleanroom of the

University of California, Riverside.

Spectroscopy characterization: Absorption spectra of films and dispersions of SWNTs
were collected with a Varian Cary 5000 spectrophotometer. Spectra of aligned SWNTSs
were recorded on films transferred on a glass substrate. Raman spectra were recorded with
a Nicolet Almega XR Dispersive Raman microscope using 532 nm laser excitation at 25%
power source; laser spot size is 1 um. The aligned SWNTSs on glass substrates were rotated

to the position parallel and perpendicular to the polarized electric field of the laser beam.

Resistance Measurement: The resistance of the films was monitored in-situ with a
LabVIEW-controlled Keithley 236 source measure unit connected to the device set-up

inside the glove box via an electrical feedthrough.
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Chapter 3. Shaping Organic Microcrystals Using Focused Ion Beam

Milling

We start with exploring the morphology effect on a basic carbon-based system—
polyaromatic hydrocarbon (PAH) molecules. In physical chemistry world, one of the most
interesting states of PAH molecules is when they crystalize into molecular crystals. Here,
we develop a new approach to modify the bulk shape of molecular crystals with nm
resolution using focused ion beam milling. Photophysical properties of shaped crystal is

also studied.

Introduction

Molecular crystals are widely used in science for structure determination via x-ray or
electron diffraction techniques. But organic crystals are starting to attract attention as
functional materials in their own right. The molecular ordering and lack of grain boundaries
in a single crystal can lead to very high charge and exciton mobilities, making them
attractive candidates for field-effect transistors and photovoltaic cells.! > The unique
mechanical properties of molecular crystals have also attracted attention, especially their
ability to utilize thermal or photoinduced phase transitions to generate mechanical work or
motion.>* In the emerging field of functional molecular crystals, there are several levels of
material engineering that need to be considered. First, there is the molecule itself, whose
properties can be tuned using the methods of chemical synthesis. Second, the molecular

packing can be modified using the tools of crystal engineering. Third, the morphology
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(size, shape and orientation) of the crystal can be modified. This last phase of control is
necessary for the incorporation of single crystals into practical devices but has proven
challenging. Crystal growth is controlled by noncovalent self-assembly processes that are
sensitive to both molecular-scale phenomena (nucleation and molecular interactions) and

larger scale phenomena like mass transport and crystal-substrate attachment.

In order to gain some degree of control over molecular crystal shape, most workers adopt
a “bottom-up” strategy in which environmental factors are used to influence the self-
assembly process. These strategies include modifying solvent and surfactant growth
conditions>®, surface functionalization’!?, templated growth !*or the use of highly
nonequilibrium conditions like laser guided growth.!®!® All these approaches have met
with some success, but the field has yet to identify a general method that can guide
molecules to self-assemble into a predetermined shape. In many cases, a relatively broad
distribution of crystal sizes and orientations is obtained, and the crystals often retain their
intrinsic habit, e.g. rectangular prisms, needles, or plates. Meanwhile, the inorganic
community often utilizes “top-down” subtractive methods to generate arbitrary shapes in
materials like silicon. Electron and photon-based lithography techniques utilize patterned
illumination and etching to selectively remove sections of the parent crystal, leaving only
the desired shape. More recently, focused ion beam (FIB) milling has been used to
physically abrade away selected regions of the starting crystal. !°2> Both electron beam
lithography?* and FIB milling?* have the ability to create user-defined features on sub-10

nm lengthscales.
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Given the advanced state of “top-down” nanofabrication techniques, we became interested
in whether they could be applied to the problem of shape control in molecular crystals.
Electron lithography and photolithography typically require coating the crystal with a resist
polymer that can be patterned and redissolved. This strategy is difficult to implement with
molecular crystals due to solubility constraints: the same solvent used to deposit the resist
may also dissolve the crystal, leading to a mixed interfacial layer or loss crystallinity. FIB
milling, on the other hand, utilizes the direct impact of ions to knock out material, without
the need for intermediate chemical steps like polymer spin-coating or reactive etching. The
operator can visualize the object in real time using electron microscopy to direct the milling
beam. This method can in principle bypass chemical compatibility issues. However, there
are several challenges in applying it to organic materials. First, most organic solids are
insulators, so using electron microscopy to align and visualize the object during the milling
process presents a challenge. Second, organic materials are prone to damage by energetic
charged particles, both the electrons used for imaging and the atomic ions used for cutting.
Third, a considerable amount of heat can be deposited by the energetic ions, which can
induce melting or other phase changes in soft materials like organic crystals and polymers.
These practical difficulties may explain the scarcity of FIB-milling results on organic

25-28

solids. Although it has been used to cut patterns into a variety of polymers and photonic

29-30

structures into perovskite crystals~ =", so far there has been no report of using FIB-milling

to shape an organic molecular crystal.

In this chapter, we explore the use of FIB-milling to cut arbitrary two-dimensional shapes
into crystal plates of the organic semiconductor molecule perylene (PER). The key step is
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the application of an ultrathin gold coating that protects the crystal during ion exposure,
followed by a KI/I> Au removal step that does not harm the organic. Using the FIB, we are
able to completely remove selected portions of a single crystal, as well as write sub-micron
features into single crystals. These proof-of-principle experiments represent an
encouraging first step in the use of FIB-milling to create molecular crystals with user-
defined shapes that could enable systematic studies of how crystal morphology affects

function.

Results and Discussion

We chose the a-polymorph of crystalline PER as a model molecular crystal system to
demonstrate the FIB-milling approach. PER is a polyaromatic hydrocarbon whose core
structure has been used as the basis for molecules with applications as electron acceptors
in solar cells, singlet fission chromophores, field effect transistors, and organic light-
emitting diodes.?! Its melting point is 255 °C, and the crystal also sublimes at moderate
temperatures, so it is representative of the typical challenges that will be encountered for
organic molecular crystals. Another advantage of PER crystals is their strong
photoluminescence (PL) that arises from excimers that form in the a-polymorph.?*3* This
PL signal provides a facile way to characterize the crystal and assess damage and/or phase
changes. The a-polymorph of PER grows in distinctive square or diamond shaped plates,
ideal for testing two-dimensional (2D) FIB-milling techniques. The size and thickness of
these plates depends on growth conditions. For the solvent evaporation method used here,

the plates were typically 5-10 microns wide and 200-2000 nanometers thick.
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As mentioned in the Introduction, it is impossible to directly image a molecular crystal
inside a FIB-milling apparatus due to rapid charge accumulation in the poorly conducting
organic. Our goal was to encapsulate the crystal under a conductive coating that was either
transparent or could be easily removed. We first tried graphene as an encapsulating layer,
as this 2D material can provide sufficient surface conductivity for SEM imaging while not
perturbing the underlying crystal.®> Unfortunately, even at the lowest electron beam
energies, exposure to the electron imaging beam during the alignment and positioning
procedure led to a loss of PL intensity of 80% or more in the absence of milling. In order
to provide more protection for the crystal, we turned to an electron-beam evaporated Au
coating. We found that a 4 nm Au layer preserved more than 90% of the crystal’s original
PL signal (see below) while providing sufficient surface conductivity to obtain high

resolution SEM images.

I 3 y
FIB milling ad Shaped crystal

N o N,

Initial crystal Gold'seating
Etch away gold

vV,

1 III

Figure 3.1. Schematic illustration of the FIB micro-machining process for molecular crystals. The
PER crystal (I) is first coated with a 4 nm thick gold layer (shown as a green translucent coating).
The coated sample (II) is mounted in the FIB chamber and milled into the designed shape. After
milling, the shaped crystal (III) is dipped into a KI/I; etching solution to remove the gold layer.
After rinsing with water, the shaped crystal (IV) is allowed to dry before characterization.
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After Au coating, the crystal was placed in the FIB-SEM system and scanned using an
electron beam. Once the target crystal was located by SEM imaging, a directional beam of
high energy Ga" ions was used to remove sections of the crystal. The voltage was kept as
low as possible to avoid potential damage from ions deflected into non-target areas of the
crystal. We empirically found an etching rate of ~800 s/um?, given a 50-pA ion beam at
30 kV. Lower voltages resulted in an unacceptably low milling rate. After the milling
process was complete, the shaped crystals could be re-imaged using SEM to confirm the
desired shape. Finally, the crystal was removed from the FIB apparatus and the protective
Au layer was dissolved using a commercial etching solution. Although Aqua Regia is the
most commonly used etchant to remove Au, this strong oxidant would also react with the
underlying organic. Instead, we used a commercial iodine-based etchant that left the

organic intact. The entire process is schematically illustrated in Figure 3.1.

In Figure 3.2 we show some examples of FIB-milled PER crystals. The first two images
show a microplate before (a) and after (b) the excision of a square region inside the plate.
Figure 3.2c shows a crystal after a square has been milled out of the side. Note that the
milled region extends past the crystal, and so some of the glass substrate was also removed,
leaving a pit adjacent to the target crystal. In Figure 3.2d we show a square plate that has
been cut in half by the FIB. Note that in all the fluorescence images, the edges of the
crystals typically appear brighter than the interior regions. This is because PL that is
emitted below the critical angle is trapped within the high-index crystal and waveguided to

the edges, where it is scattered out.>
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a. Before FIB milling b. After FIB milling ¢. Side cut d. Line cut

ST e

Figure 3.2. SEM (top) and fluorescence (bottom) images of FIB-milled PER crystals. A single
PER crystal before a) and after b) FIB-milling of a square in the center of the crystal, resulting in a
frame structure. ¢) a PER crystal with a rectangular cut on the side that extends into the substrate,
d) a square crystal cut into two triangles. For all SEM images, the scale bar =4 um. The crystals in
the fluorescence image are the same crystals in the SEM images above.

The resolution of the cutting can be assessed by measuring the full-width-half-maximum
(FWHM) and depth of a single line drawn across a crystal face. Figure 3.3a shows a single
cut across a PER crystal (FWHM=135+10 nm), while Figure 3.3b shows one across a
silicon dioxide surface (FWHM = 130+10 nm). Both cuts have the same average depth of
40 nm. The FIB milling parameters for PER and silicon dioxide are the same to within the
error, so it does not appear that softening of the organic limits the resolution of the milling,
at least on the 100 nm lengthscale. Optimization of the crystal thickness and FIB

parameters would hopefully reduce this width well below 100 nm.
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Figure 3.3. AFM surface scans of a) a PER crystal and b) a SiO2 substrate after a single cut using
the FIB. For both images, the cross-section of the cut can be extracted, leading to similar full-width-
half-maximum values of 135+10 nm and 130+10 nm for the two substrates.

Figure 3.4. a) SEM image of a Y shape imprinted onto the surface of a PER crystal, with the
surrounding material removed to a depth of 20 nm. Transmission (b) and fluorescence (c)
microscopy images of the same crystal. For all images, the scale bar =4 um.

The shapes in Figure 3.2 rely on the complete removal of the crystal in specified regions
along orthogonal directions. The FIB can also be programmed to cut more complex shapes
with specified depths, rather than cutting completely through the crystal. To illustrate this
capability, we programmed the FIB to remove material and leave the letter Y inside a

62



10x10 um square PER crystal with a thickness of 2 um. The Y-shape is analogous to a
planar waveguide optical splitter structure used in photonic circuits.?” The cutting speed
parameters were adjusted to only remove the top 20 nm of crystal in a square around the Y
shape. Figure 3.4a shows an SEM image of the outcome of this procedure, with the Y
clearly imprinted in a square well cut in the interior of the larger crystal. This Y shape
resides on top of the rest of the crystal, while the underlying PER foundation remains intact.
This can be clearly seen in the optical microscopy image in Figure 3.4b, where the Y is
barely visible on top of the yellow-orange crystal. The contrast becomes more pronounced
in the fluorescence microscopy image in Figure 3.4c, where the Y emits green fluorescence
while the underlying square that has been milled is dark. This dark background indicates
that the exposed regions of the crystal experience significant PL quenching, even though
the SEM and transmitted light microcopy images show that the underlying PER crystal is
still intact. This is not surprising, since once the protective Au coating has been milled
away, the organic will be exposed to high energy ions that are known to introduce both
chemical and physical defects in polymers.*®*° In Figure 3.5, a comparison of the
roughness of the PER crystal surface before and after exposure to the milling beam showed
a slight increase in mean roughness, from 0.6 nm to 1.2 nm, which may also be indicative

of damage.
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Figure 3.5. AFM roughness analysis of the Y-imprinted PER crystal (Figure 3.4) surface before (a)
and after (b) FIB milling. The area in (b) is outside the Y shape, an area where the FIB beam
removed material. The mean surface roughness increases from 0.6 nm to 1.2 nm after milling by
the ion beam.
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Figure 3.6. a) PL spectrum of a PER crystal at each step given in Figure 3.1. All the spectra are
collected from a spot located within 2-4 um of the FIB milling area. b) Comparison of the integrated
PL intensity at each step given in Figure 3.1. After Au coating and FIB-milling, the PL intensity
decreases by about 45%, but it recovers to 90% of its original value after the Au layer is etched
away.
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Figure 3.7. PL decays with biexponential fits before (black) and after (red) the PER crystal
undergoes the FIB shaping process. After FIB milling, the average PL lifetime decreases slightly.

One important question is whether the regions of the crystal that are not directly exposed
to the milling beam also sustain damage. In Figures 3.2 and 3.5, the crystal regions that
have not been exposed to the ion beam appear to retain their full PL intensity, but we
wanted to check this quantitatively. We used a confocal microscope to collect PL spectra
from specific regions of a single crystal located 2-4 um away from the milled region. In
Figure 3.6a we show the PL spectrum of a single crystal taken at various points during the
procedure shown in Figure 3.1. All four spectra share the same broad shape characteristic
of the a-PER excimer. Figure 3.6b shows that the integrated PL intensity drops by 40%
after the 4 nm Au layer is applied. This semitransparent layer can quench the excimer both
through nonradiative energy transfer and by absorbing/reflecting the radiated photons.
After milling, the PL signal dropped again by about 10%. However, this decrease could be
due to the loss of material as well as chemical damage from the milling process. After

removal of the Au, the PL recovered to 90% of the original level. Thus, the overall loss of
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PL due to the milling procedure was about 10%. Experiments on other crystals consistently

yielded an 8-12% decrease in the PL intensity.

Perylene
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Figure 3.8. PL decays with biexponential fits of the original PER crystal excited by a 1 kHz laser.

The signal is collected by a streak camera. The average lifetime here is 5.54 ns, which is longer
than the result from single photon counting measurement using an 80 MHz laser.

o L Bt | A tA (ns) | B B (ns) | T average (ns)
Before FIB 0.463 3.220 0.326 0.697 2.17
After FIB 0.449 2.730 0.301 0.588 1.87

Table 3.1. The lifetimes and pre-exponential factors used to fit the PL decays.

The PL decays of a crystal before and after the FIB-milling procedure had similar shapes,

. X X . A *I/TA +B *t/fB
as shown in Figure 3.6. The decays are biexponential, of the form 4€ € , and the
lifetimes and pre-exponential factors are summarized in Table 1. The average lifetime,

At + Bty
given by 4+B is proportional to the integrated fluorescence intensity and decreases

from 2.17 ns to 1.87 ns. This 13% decrease is close to the 10% decrease in steady-state
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intensity shown in Figure 3.5. Both the short and long decay times decrease in the exposed
sample, consistent with quenching of the mobile excimer states by defects in the PER
crystal. If the loss of PL intensity was merely due to the loss of material, with the
surrounding PER crystal unaffected, then we would expect to see the same excimer lifetime
from the exposed and unexposed portions. We note that the average PL lifetime of the PER
crystals reported here is shorter than that reported by us previously>, which we attribute to
the use of a high repetition rate laser for these microscopy measurements. The high
repetition rate and small spot size can lead to localized heating of the crystal, which will
accelerate the PL decay. In Figure 3.8, we confirmed that when bulk measurements were
done on the same crystals at a lower repetition rate (1 kHz) we obtained longer decays
consistent with our earlier paper.
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Figure 3.9. Photoluminescence intensity of the pure perylene crystal (without gold coating) before
and after dipping into gold etchant.
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The loss of PL intensity in the surrounding crystal regions may originate from several
factors. For example, the I in the etching solution may be incorporated into the PER crystal
and lead to doping.*!"*? We tested for this possibility by exposing the crystals to the etching
solution in the absence of Au coating or ion exposure. No measurable drop in PL intensity
was observed for these samples as shown in Figure 3.9. However, if the crystals were
coated with Au and then etched away without exposure to FIB milling, a 5% drop in PL
was observed as shown in Figure 3.10. This result suggests that half of the observed PL
loss can be attributed to effects from the coating itself, possibly due to diffusion of Au
atoms into the organic phase.*> The other 5% PL loss is presumably due to ion exposure
during the FIB procedure. The process of locating and aligning the sample with the
SEM/FIB beam causes the entire crystal to be exposed to charged particles, some of which
penetrate the Au coating. Both of these sources of damage can be reduced by further
optimization of the procedure. A thicker Au coating and more efficient alignment
procedure should reduce the exposure of the organic to ions. Extending the etching period
or heating the crystal may facilitate removal of Au atoms. However, the retention of 90%
of the PL already represents an improvement relative to the 70% PL retention seen in
perovskite thin films that are processed using gas-assisted FIB milling, and we did not
make a systematic effort to improve the PL retention for this study. Finally, we should
emphasize that a PL decrease of 10% does not necessarily mean that 10% of the crystal has
been destroyed. Efficient energy migration in molecular crystals can amplify the effect of

even low-density defects, leading to a substantial loss of PL.#+4
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Figure 3.10. Photoluminescence intensity change of the Au-coated crystal without FIB exposure
before and after the Au coating is etched away. This crystal was on the same substrate as a shaped
crystal, but without direct exposure to ion beam.

Conclusion

The results in this article show that it is possible to apply the techniques of FIB-milling to
shape molecular crystals. The use of an ultrathin Au coating and its removal using a KI/12
etchant provides a gentle way to prepare the crystal for imaging in the FIB apparatus while
protecting it from electron beam damage. Using this approach, we have milled features
with a spatial resolution on the order of 130 nm while retaining 90% of the original PL
intensity in the un-milled regions of the crystal. Even smaller features should be possible
using more advanced FIB techniques and thinner crystals. While the top-down FIB method
is not practical for mass-producing shaped microcrystals, it provides a new capability to

create complex shapes in single crystals with high spatial resolution. This capability can
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enable the exploration of how variations in crystal shape lead to different optical, electronic
and mechanical properties. These insights can then guide the design of new materials that
incorporate molecular crystal elements, for example waveguides or photomechanical

actuators.
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Chapter 4. Protection of Molecular Microcrystals by Encapsulation

under Single Layer Graphene

In this chapter, we shift our focus on the crystal morphology from the bulk shape to the
surface. By encapsulating the bulk crystal under an impermeable atomic carbon blanket—
graphene, we successfully passivate the crystal surface, making the encapsulated crystal

robust against harsh environment, such as organic solvent and high temperature.

Introduction

Two-dimensional (2D) materials have attracted attention from researchers due to their
novel physical properties, like ultrahigh carrier mobilities, thermal conductivity, and
mechanical toughness.!? As a prototypical 2D material, graphene has been the subject of
extensive study. This atomically thin membrane allows photons, electrons and even
protons to pass through but is impermeable to other chemical species, even those as Small
as atomic helium.>® This impermeability has raised interest in the application of graphene
as a protective coating, e.g. to prevent corrosion of an underlying metal.” Typically, these
coatings consist of many overlapping flakes of graphene, so there is not complete
encapsulation, but rather a slowing of the diffusion as the reactive species navigate around

the sheets.

Reports of complete encapsulation of objects using graphene are relatively rare. Several
groups have used graphene to encapsulate liquid samples for electron microscopy

experiments *1°, but these methods are challenging to implement, since they rely on using
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a pair of sheets to sandwich a liquid droplet. Ideally one would develop a method whereby
individual microscale objects on a solid support can be “shrink-wrapped” by an atomically
thin sheet of graphene, making them impervious to chemical attack while still allowing
optical and/or electrical access. The encapsulation of metal nanowires between graphene
and plastic using hot lamination suggests that such an approach is feasible.!! However, a
more general encapsulation method using milder conditions on an inorganic surface would
be desirable for organics. Ideally, the graphene would make an atomically tight seal with

an inert substrate like glass.

Crystals composed of conjugated organic molecules make a good test system for graphene
encapsulation. These crystals possess interesting electronic and photophysical properties'?,
with those based on polycyclic aromatic hydrocarbons being of special interest.!>"!* They
tend to be sensitive to the presence of impurities, like O> or organic contaminants, which
can degrade their electronic properties. Organic crystals also dissolve when exposed to
organic solvents and sublime away when exposed to high vacuum or elevated temperatures.
Current protection strategies include isolating them under vacuum or an inert atmosphere
and encapsulating them between glass plates sealed with epoxy. In both cases, the crystal
becomes inaccessible to electrical or optical probes that require close sample contact, like

scanning probe microscopies.

This chapter describes a method to encapsulate single microcrystals composed of the
prototypical conjugated organic molecule perylene (PER) beneath monolayer graphene.

While graphene has been used previously as a substrate for organic crystal growth!>'6 its
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use as an encapsulation layer is relatively unexplored. We used PER as a test crystal
because its a-polymorph tends to grow in a signature square shape and produces a strong
visible photoluminescence signal. These characteristics allow us to optically detect the
presence of these crystals underneath the graphene sheet and assess how they respond to
solvent exposure and elevated temperatures. The effect of the graphene layer on the PER
excimer dynamics can be measured by the photoluminescence (PL) decay. Our results
demonstrate that a 2D monolayer can completely encapsulate a molecular crystal and turn
it into a sample that is robust with respect to air and solvent exposure, as well as high
temperatures. This new capability to protect fragile crystals should open the door to routine
characterization of these fragile semiconductors using microscopy techniques with

nanometer resolution!’, as well as new ways to interface them with other materials.
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Results and Discussion

Cellulose acetate

Crystal
preparation

Dissolve polymer Lift up graphene l
using acetone -
— g LS

Figure 4.1. Schematic illustration of the graphene encapsulation process for molecular
microcrystals.

The procedure for coating PER microcrystals with graphene is outlined in Figure 4.1 and
described in detail in the Experimental chapter.'® Briefly, large area single-layer graphene
sheets grown on a Cu foil substrate by chemical vapor deposition are purchased from a
commercial vendor. A several micron thick layer of cellulose acetate polymer is spin cast
on top of the graphene, and then the Cu is dissolved using a solution of HCI/H>0». After
the Cu layer is completely etched away, the solution is replaced with clean water and the
graphene-polymer layer is floated on the water surface. A glass substrate, on top of which
random PER microcrystals have been grown by solvent evaporation, is then dipped into
the water and positioned underneath the supported graphene. It is then lifted up with the
graphene layer on top. The end result is a sample consisting of the glass substrate with PER

crystals underneath a blanket of graphene with the polymer support layer on top. The final
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step involves dissolving away the polymer supporting layer by rinsing with acetone. The
presence of graphene can be readily discerned by its modified reflectivity, and it is easy to
see breaks and holes in the coating. Most of the original PER microcrystals are dissolved
away by the acetone rinse, but in regions containing intact graphene sheets, the underlying
PER crystals can be readily imaged using optical, electron, and atomic force microscopy

methods.

200.0 nw

0.0 nn

Figure 4.2. a), b) SEM images of graphene covered PER crystals on glass with low and high
magnification. Note that the continuation of the graphene wrinkles from the substrate surface across
the PER crystal in b) provides visual evidence the encapsulation. c¢) AFM image of graphene
covered perylene crystals with cross section analysis. The typical diameter of the covered crystals
is around 2 um and the thickness is around 150 nm.
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Figure 4.3. SEM images of graphene covering irregularly shaped debris particles. Note that the
graphene is ruptured in the right-hand panel.

Figures 4.2a and 4.1.2b show SEM images of PER crystals under single-layer graphene.
Note that this imaging was done without a metal coating, since graphene’s high
conductivity prevents charging of the low conductivity organic crystal and enables electron
microscopy to be performed under vacuum without further treatment. In Figure 4.2b, one
can see a wrinkle in the graphene sheet that continues from the substrate across the edge
and onto the crystal surface. This wrinkling was the exception; in almost all other cases
close adhesion of the graphene sheet to the crystal and glass surfaces led to a conformal
coating. There is no sign of “tenting” in which the graphene sheet detaches from the surface
and is free-floating between the crystal and surface. Tenting was observed for taller or more
irregularly shaped objects, like inorganic dust particles that adhered to the substrate surface
(Figure 4.3). The conformal nature of the encapsulation was confirmed using atomic force
microscopy (AFM). Figure 4.2c¢ shows an AFM image of a pair of encapsulated crystals,
while Figure 4.2d shows the height profile of the crystals taken along the axis shown in
Figure 4.2c. The profile image in Figure 4.2d illustrates the size variation in the PER crystal

plates, which typically ranged from 100 to 200 nm thick. The images also show how the
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graphene conforms to the crystal, following the sharp crystal edge down to the substrate

surface.

Figure 4.4. SEM images of graphene encapsulated perylene crystals. The crystals are black
quadrilateral shapes in the right-hand panel. The gray area is the graphene sheet. The white area is
the uncoated glass substrate.
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Figure 4.5. Raman spectra of graphene films on glass substrate (black) and on top of a PER crystal
(red). The excitation wavelength is 780 nm. Both spectra show the characteristic graphene peaks:
G- and 2D-peaks. Red shifts for both G (-8 cm™) and 2D (-18 cm™) peak are observed for the
graphene on top of the PER crystal, along with additional peaks at 1297 cm™ and 1369 cm™! from
the PER.
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Figure 4.6. Raw Raman spectra of the graphene on the clean glass substrate with no PER (red) and
the glass substrate by itself (blue). The excitation wavelength is 780 nm. The black line is the
graphene spectrum after subtracting the glass spectrum and correcting the baseline. All
measurements are collected under same conditions (laser power, exposure time and collection time).
Subtraction and baseline correction do not affect the peak positions.
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Figure 4.7. Raman spectra of a bare PER crystal (black) and a graphene-coated PER crystal (red).
The extra peaks at 1297 cm™ and 1369 cm™! in the red spectrum as compared to the graphene spectra
in Figure 4.5 are from the PER crystal underneath and correspond to in-plane C=C stretching
frequencies of the PER aromatic rings.
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Raman spectroscopy is a standard method to evaluate the quality of graphene layers."”
Figure 4.5 compares the Raman spectra of graphene on top of both the SiO2 substrate and
on top of a PER crystal. Both Raman spectra show the signature G peak in the range 1580-
1590cm™ and the 2D peak at around 2600 cm™'. The G/2D peak intensity ratio (I/Ip < 1)
indicates monolayer coverage. The Small amplitude of the D peak at 1300 cm-1 for the
graphene layer on SiO2 shows that it is largely free of defects.!” The Raman spectrum on
the PER does not appear to have an enhanced D peak intensity, suggesting that it has the
same low defect level, but two additional peaks at 1297 and 1369 cm™! also appear on top
of this feature. These peaks are also prominent in the Raman spectrum of PER
microcrystals (Figures 4.6 and 4.7) and originate from the PER double bond stretches.?’-2!
It is interesting that the PER and graphene Raman signals are of comparable strength. The
780 nm excitation wavelength is far from the PER absorption at 500 nm but still resonant

with the semi-metallic graphene. The very strong Raman signal of the delocalized electrons

in graphene more than compensates for its lower mass fraction in this sample.

The exact positions of the G and 2D peaks can provide information about the state of the
graphene. In pristine graphene the G peak is located at 1580 cm™!. The G peak of our
graphene on glass is located at 1589 cm™!, consistent with doping by exposure to ambient
02 after preparation in air.?>?> The Raman spectrum of graphene on top of PER exhibits a
slight downshift in both the G (-8 cm™) and 2D (-18 cm™') peaks relative to those of
graphene on SiO2. Larger PER crystals resulted in larger downshifts of the Raman peaks,

with the largest crystal shifting the G peak all the way to 1570 cm™ (Figure 4.8). These
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larger G peak shifts were accompanied by larger 2D peak shifts, up to 25 cm™. These shifts

were robust with respect to background subtraction and data reduction methods.
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Figure 4.8. a) Optical microscopy image of a large (~6 um diameter) PER crystal with graphene
encapsulation. b) AFM cross section analysis shows that the crystal thickness is about 500 nm. c¢)
Raman spectra of graphene films near the large PER crystal (black) and on the perylene crystal
(red). Due to the fluorescence signal from PER crystal, the red spectrum still has a large background
signal even after subtracting the glass substrate signal. However, the positions of G and 2D peaks
are well-defined. The G peak is red-shifted 15 cm™ to 1570 cm™ and the 2D peak is shifted by 25
cm’!. Note that the position of the graphene reference peaks (taken at a spot near the large crystal)
are slightly different from those in Figure 4.3 in the text. This may reflect lower doping levels for
this sample, or some local strain due to the presence of large crystal about 10 microns away.

There are several factors that can lead to shifting Raman peaks in graphene. Both n- and p-
doping typically lead to an upshift of the G band Raman frequencies®*, but this is the
opposite of what we observe. Given that the graphene sheet is already p-doped due to
oxygen exposure, one possibility is that the organic crystal removes charge carriers or O
from the graphene sheets. Such an undoping process would be expected to shift the G peak
back to 1580 cm™!, but not below. The fact that we observe shifts of both G and 2D peaks

to positions well below those of pristine graphene suggests that the more likely culprit is
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strain as the graphene stretches to accommodate the underlying crystal. The shifts in both
G and 2D peaks are consistent with a strain of approximately 0.5% on a crystal with the
thickness about 150 nm, based on previous measurements on stretched sheets of
graphene.?>2¢ This stretching would explain the conformal nature of the coating deduced
from the images in Figure 4.2 and is consistent with the “shrink-wrap” concept. The Raman
shifts provide evidence that the interaction of graphene with the underlying crystal induces
a slight stretching but no dramatic changes in electronic structure or defect density. It is
possible, however, that the graphene sheet experiences higher localized strain at the crystal

edges, which could lead to larger effects on its electronic properties.?’

PER is a highly soluble Small molecule that sublimes easily, but the graphene-glass
encapsulation stabilizes the microcrystals under a variety of conditions. The samples can
be left on the benchtop, under room light, for days without any change in PL brightness.
The encapsulated crystals survive immersion in a variety of organic solvents (acetone,
tetrahydrofuran, toluene, methanol and methylene chloride) for more than 1 day without
change. Unprotected crystals dissolved within 1 min under the same conditions. When
heated to 100°C in air, unprotected crystals sublimed away within 40 min, but encapsulated
crystals resisted sublimation up to 250°C, close to PER’s melting point of 278°C. At higher
temperatures, the PER melted and then rapidly disappeared. Comparisons of graphene-
protected and unprotected PER crystals after exposure to solvent and elevated temperatures
are shown in Figure 4.9. The fact that the graphene sheet provides protection from solvent
dissolution and sublimation is evidence that the graphene makes an atomically tight seal
with the glass substrate that completely prevents penetration by solvent molecules as well
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as escape of the PER molecules at elevated temperatures. The encapsulation only failed
when the PER itself could diffuse (after melting) or if the graphene did not remain intact.
Objects with large height variations tended to rupture the graphene (Figure 4.3), allowing

solvent penetration and dissolution.
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Figure 4.9. Transmitted and fluorescence microscopy images showing the effect of monolayer
graphene encapsulation on the stability of PER microcrystals. The substrates are standard
microscope slides with gold alignment marks. a) Before and after washing with THF. 30s washing
resulted in 100% dissolution of unprotected crystals, while 20-min THF washing had no effect on
protected crystals. b) Before and after heating at 100°C for 40 min. The unprotected crystals
sublime completely but the protected crystals remain intact. Scale bars = 50 um.

Graphene is not a completely inert coating, since it is a semimetal that may be expected to

affect the electronic properties of the crystal. For example, it is likely to quench molecular

2830 or electron transfer.’!3? Although the precise distance

excitons due to either energy
dependence and mechanism of the PL quenching remain a subject of active investigation,

the characteristic distance has been estimated to extend up to 60 nm.>* To investigate the
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possibility of PL quenching, the excimer lifetime of the PER microcrystals was measured
using time-resolved PL experiments. The PL spectra with and without graphene
encapsulation are similar, showing the Y (550 nm) and E (600 nm) peaks as observed in

a-PER crystals (Figure 4.10).3* The Y peak in our samples is more pronounced than for

typical bulk crystals®>-3, as often observed for nanocrystalline samples with higher defect
densities.’’8
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Figure 4.10. PL spectra of PER (black) and PER coated by graphene (red) integrated over a 100
ns time window. Both Y (~550 nm) and E (~600 nm) peaks are present in both samples at
comparable intensities. The Small shifts in peak positions between PER and graphene-coated PER
(from 558 nm to 555 nm and from 595 nm to 590 nm) probably result from Small alignment
changes before the streak camera monochromator.

The PL decays of the two samples are identical, as shown in Figure 4.11a, although the
signal level of the encapsulated sample is considerably lower due to the scarcity of
surviving crystals. We note that these PER crystals grown from solution, have a more rapid
PL decay than sublimation grown crystals from zone-refined PER.> It is likely that the PL
decay is accelerated by the presence of defects in our solution-grown PER crystals. But the

important point is that there is no detectable PL quenching by the graphene overlayer.
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Figure 4.11. a) Time-resolved photoluminescence of PER (black) and graphene-coated PER
crystals (red) excited at 400nm. The lifetime of crystalline PER is unchanged when coated with
graphene. b) Calculated PL decays for different RO values for the graphene quenching function
described in the text for a 150 nm thick crystal. When R0>20 nm, there is a noticeable deviation
from the intrinsic PER decay.
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Figure 4.12. PL decays of PER microcrystals (black) and graphene-coated PER microcrystals (red),
along with calculated decays for 200 nm (a) and 100 nm (b) crystal thicknesses. A MATLAB
program was used to numerically calculate the quenching effect as R is increased. This was done
. . . =(t=to) -(L)_4*t —(t=to) _ (i)_4*t .
using the following equation: PL(t, k) = [A;e ™ Ro +A4e ™ Ro ]. Here k is the
distance from the graphene quenching layer and is iterated from 0 to L, the crystal thickness. The

plotted PL decays are obtained from the following equation: PL;,; (t) = % * YE_ PL(t, k). It can
be seen that the quenching effect becomes more pronounced as Ry is increased and L is decreased.
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Even though there is no detectable change in the PL decay, it is likely that excitons near
the top surface of the crystal, near the graphene layer, are quenched. We can place an
approximate upper bound on the quenching radius of the graphene by using a simple model

to analyze the PL decay. We assume an average crystal thickness of 150 nm and that the

4
— RO
quench —

quenching rate of the 2D graphene sheet is given by R , where Ry is the critical
distance for a dipole interacting with a 2D energy acceptor.**** The experimental PL decay
is parameterized as a biexponential with amplitudes A1 = 0.925 and A> = 0.075 and decay
times t 1= 7.5 ns and 12 = 17.4 ns. The functional form of the PL decay is then the product

of the intrinsic biexponential and the quenching term,

PL(t) = [Ale_% + Aze_%] X e~ Kquencht (1)
In Figure 4.11b, we compare the PL decays calculated assuming different values of Ro and
summing up the contributions of Equation (1) for all R values in a 150 nm thick crystal.
For Ro=20 nm, the deviation of the calculated decay from the intrinsic decay should be
observable. Similar results are obtained for crystal thicknesses of 100 nm and 200 nm
(Figure 4.12). The fact that this deviation is not experimentally observed allows us to
estimate a conservative upper bound of Ro<20 nm. This limit is consistent with a value of
Ro~10 nm extracted from distance-dependent quenching of a Rhodamine dye on top of
graphene*! and suggests that only excitons in the top layer of the PER crystal are quenched

by the graphene.
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The ability to observe electronic perturbations due to graphene will depend on the nature
of the organic sample. In PER, the effect of the graphene quenching may be more easily
observed for thinner crystals that have a larger fraction of molecules close to the surface,
or for higher quality crystals that can support longer exciton diffusion lengths. Different
types of crystals may have significant electronic interactions with the graphene layer, for
example charge transfer. Surface sensitive measurements of the electronic properties will
likely be sensitive to the graphene-organic interaction. A second issue is that the method
of preparation exposes the sample to water during the graphene lift up. While the graphene
clearly prevents access by molecules outside the encapsulation layer, it can also trap
impurities or water molecules inside the layer with the crystal. The stability of the graphene
encapsulated sample will allow such effects to be studied for samples that might be

sensitive to the presence of such extrinsic chemical species.

Conclusions

In summary, we have demonstrated that it is possible to create robust molecular crystal
samples that are fully encapsulated beneath a monolayer of graphene. The graphene layer
provides complete protection from a variety of solvents and prevents sublimation of the
crystal at elevated temperatures. Raman measurements show that the graphene layer is only
slightly perturbed by the underlying crystal, while time-resolved PL measurements show
no detectable quenching of the PER excimers by the graphene. The fact that graphene can
make a tight seal with glass suggests that this method can be extended to other 2D
encapsulating materials, for example hexagonal boron nitride, whose large bandgap would

preclude any possibility of energy transfer. This technique may also make it possible to
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interface organic crystals with other materials that have incompatible processing
conditions, like metal electrodes created by focused ion beam deposition under high
vacuum or polymers cast from solvents that would normally dissolve the crystal. The
ability to keep organic solids crystal intact under such processing conditions raises the
possibility of fabricating an organic-organic heterojunction to study energy and/or charge

transfer across a 2D membrane.
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Chapter 5. Hexagonal Boron Nitride Encapsulation of Organic

Microcrystals and Energy Transfer Dynamics

In this chapter, in order to minimize the quenching effect at the interface between the
protective layer and PAHs, graphene is replaced with insulating few-layer h-BNs as the
encapsulating layer for molecular crystals. The energy transfer dynamics at the

PAH/graphene as well as PAH/hBN interfaces are further studied and compared.

Introduction

Two dimensional (2D) materials like graphene are an area of intense research interest due
to their unique electronic, mechanical, and optical properties.'? In addition to their intrinsic
properties, 2D materials can be combined with other materials to function as ultrathin

membranes that can be either permeable or impermeable.>”’

As an example of the
application of impermeable membranes, monolayer graphene has been used as a conformal
coating to encapsulate and protect nanowires®, perovskites’, other 2D layers!®, and single
organic microcrystals.!! This conductive coating enabled the crystals to be visualized
directly using electron microscopy, protected them from solvent attack, and prevented
sublimation at elevated temperatures. In principle, the single atom thick coating would
enable routine characterization of exciton dynamics in the crystal using near-field optical
and scanning probe microscopy techniques under ambient conditions. Graphene
encapsulation, however, has one major drawback: as a semi-metal, graphene is expected

to perturb the electronic states and photophysical behavior of the underlying crystal, at least

near the surface.
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If our goal is to study the intrinsic exciton dynamics of an organic crystal, an electronically
inert coating must be used. Hexagonal boron nitride (h-BN) is a 2D material whose large
bandgap (>5 eV)'? should allow easy optical access while avoiding energy and electron
transfer processes that can quench electronic excited states. It has been used successfully

13-15

to encapsulate and protect other 2D materials!*!®, metal surfaces'®, and layered

perovskites.!’

18-19 make

However, h-BN’s weaker mechanical properties and higher propensity to fracture
it more challenging to use it to encapsulate a 3-dimensional object like a molecular crystal.
We were not sure whether h-BN’s susceptibility to structural defects and fracture during

the encapsulation process would prevent its use for protective encapsulation of single

crystals.

In this chapter, we examine the ability of different h-BN samples to cover single perylene
(PER) microcrystals. We characterize the sample morphology and chemical stability using
electron, optical, and atomic force microscopies. To determine the interaction of the 2D
material with the underlying organic chromophores, a polymer film assay is used to
characterize the fluorescence quenching ability of both graphene and h-BN. The most
surprising result is that solution-transferred h-BN is not photophysically inert but instead
has an effective Forster quenching radius of 2.9 nm, as compared to 14.6 nm for graphene.
However, the fluorescence quenching can be completely avoided by using dry transfer
methods. Both the source of h-BN and its method of transfer determine its ability to act as

an inert coating and avoid fluorescence quenching. Encapsulation of organic solids using
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multi-layer h-BN is feasible, but attention must be paid to preparation conditions and the

nature of the h-BN sample.

Results and Discussion

Plate-like PER microcrystals in the o crystal polymorph form?, grown by solvent
evaporation on a glass substrate, have been previously shown to be amenable to graphene
encapsulation. The crystals were encapsulated under h-BN using the same wet transfer
process developed in our previous paper.'!! When this method was used for CVD-grown
graphene, a high yield of encapsulated PER microcrystals was obtained. But when used for
the CVD-grown monolayer and bilayer h-BN, no PER crystals survived after exposure to
acetone. Optical microscopy revealed that h-BN layers were present on the glass slide, but
they could not prevent dissolution of the organic crystals, suggesting that they had a high

density of holes that allowed the solvent to penetrate.

Figure 5.1. SEM of h-BN layers on a glass substrate without any metal coating.
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Figure 5.2. AFM image and scan profile of transferred MBE-grown h-BN is around 4 nm,
corresponding to 10 layers of h-BN.

In order to determine whether different forms of h-BN could be used in the wet-transfer
encapsulation process, we turned to multilayer h-BN grown by molecular beam epitaxy
(MBE) onto a metal foil. These h-BN samples have been shown to cover large areas with
mechanically intact h-BN up to 10 layers thick (Figures 5.1 and 5.2).2! Using this MBE-
grown h-BN and the same wet transfer method, we could demonstrate successful
encapsulation. Figure 5.3 summarizes the results of this series of experiments. The square
PER crystals can be directly imaged using SEM without a conductive coating. Similar to
graphene, the high carrier mobility in h-BN prevents surface charge build up in the low-
conductivity organic at low electron beam voltages (< 5 kV).!! Also similar to graphene,
AFM images reveal that the h-BN adheres as a conformal coating, with the sharp edges of
the underlying crystal clearly visible. The ability of h-BN to conformally encapsulate the
PER crystals was somewhat surprising in light of the fact that the MBE-grown h-BN has

multiple layers, which would tend to reduce its flexibility.'®
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Figure 5.3. Characterization of MBE-grown h-BN encapsulated PER crystals. a) SEM image of
multiple PER crystals (dark spots) under h-BN; b) SEM image of single PER crystal showing
wrinkles in h-BN layer; ¢) AFM scanning image and cross-section of a single encapsulated PER
crystal, also showing the wrinkles of the h-BN layer that extend onto the top of the crystal. The
typical crystal size is around 2 um? with 100 nm height.

Successful encapsulation was confirmed by the fact that the encapsulated PER crystals
were unaffected by solvent exposure or elevated temperatures. Figure 5.4 shows
fluorescence microscopy images of PER microcrystals that have been encapsulated under
MBE-grown h-BN. Neither immersion in tetrahydrofuran for 30 minutes, nor heating to
140°C in air had a noticeable effect on the PER fluorescence intensity. Without
encapsulation, the microcrystals vanished within 5 minutes under the same conditions.
These measurements confirm that MBE-grown h-BN can function as a protective covering
for the organic crystals, similar to monolayer graphene. The main difference is that the
yield of encapsulated crystals is about 95% lower than that for CVD-grown monolayer
graphene, possibly due to a larger number of holes resulting from defects and/or fracture

during the transfer process.
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Figure 5.4. Reflectance and fluorescence microscopy images showing how encapsulation by MBE-
grown h-BN enhances the stability of PER microcrystals. Encapsulated crystals can survive 30-
minute THF bath washing plus 30-minute hotplate baking at 140 °C without significant loss of

fluorescence intensity.
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Figure 5.5. a) Schematic of the 2D layer/emitting polymer sample used to extract the fluorescence
quenching radius of graphene and h-BN. LumogenRed/PMMA emitting layers with different
thicknesses (L) were spin coated onto the 2D layers and the average fluorescence lifetime depends

on L and the quenching radius Ro.
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After demonstrating that h-BN encapsulation can provide chemical protection, we next had
to determine whether it was electronically inert, since the goal was to have an ultrathin
coating that did not interact with the organic crystal through energy or charge transfer. One
way to assess the presence of such interactions is to look for fluorescence quenching by
the 2D layer. Previously, we found that the overall fluorescence decays of single PER
crystals were unaffected by the presence of a graphene overlayer.!! Those measurements
probed relatively thick (>100 nm) crystals, however, and could not rule out quenching of
a surface layer of up to 20 nm by the graphene. Given the difficulty of growing PER crystals
with thicknesses <20 nm??, where fluorescence quenching would become apparent, we
turned to a different strategy to assess how the 2D layers interact with molecular excited

states.

Figure 5.5 outlines our experimental approach to measure surface quenching by a 2D layer.
Instead of using a molecular crystal, we used a spin-cast polymer film consisting of PMMA
doped with the dye molecule Lumogen Red (LR). The thickness of the polymer film can
be controlled by the concentration of the precursor solution and the spin coating
conditions.?* The concentration of the dye was kept low enough (< 1 mM?*) to prevent
intermolecular energy migration within the film. Under these conditions, each dopant was
quenched individually by the 2D material on the surface without the complicating factor
of energy migration that might amplify the quenching effect. The time-dependent excited
state population of a molecule at distance R from the quenching layer, Nex(R,?) subject to a

distance dependent quenching rate k,(R), is given by
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N, (R,t)= Ny exp| kst —k,(R)t ] )

ky 1s the intrinsic molecular fluorescence decay rate in the absence of quenching, and &4 (R)
is assumed to result from Forster electronic energy transfer from a dipole to a 2D surface

and is given by the equation®®

R 4
k,(R)= (_0]
R @)

To calculate the fluorescence signal S(t) for the dye/polymer film, we sum over all possible

distances R from the top quenching layer,

S0 =3 No(R.)
(3)

For this summation, R was stepped in 0.1 nm increments from 0 to the film thickness L.
Ro was a single parameter that was be varied to simulate the S(t) curves for different values
of L. In this way we could extract a self-consistent value for the quenching radius RO from

the experimental fluorescence decays.

103



O

: ~ 45 nm without graphene
" 80 nm with graphene
45 nm with graphene

= 34 nm with graphene

— 19 nm with graphene

Normailized photon count (a.u.)

Tir;1e (ns)

Figure 5.6. a) Fluorescence microscope image of LumogenRed (LR)/PMMA layer (L=30 nm) on
top of single layer graphene. The LR/PMMA composite is evenly spin coated onto the substrate,
but only the top half contains graphene. The area on top of graphene shows significant fluorescence
quenching as compared to bare glass (bright orange). b) Thickness dependence of
photoluminescence lifetime of LR/PMMA layer on graphene. The PL decay becomes faster with
decreasing emitting layer thickness. Fits using Equation (3) with Ro = 14.9 nm are overlaid with
the data.

Figure 5.6a shows a fluorescence microscope image of an LR/PMMA film spin coated on
top of a graphene layer that had been placed on a glass surface using the wet transfer
method, i.e. lift-off from an aqueous solution. The regions with no graphene coverage
appeared red due to the characteristic LR emission, while the regions with graphene
appeared dark, suggesting strong fluorescence quenching. The time-resolved fluorescence
decays shown in Figure 5.6b confirm that the graphene layer leads to detectable
fluorescence quenching even in 80 nm thick polymer films, consistent with previous
work.?” For a 19 nm thick film, the fluorescence was almost completely absent. Also
shown in Figure 5.6b are decay curves calculated using Equations (1)-(3) with Ro =
14.6£1.0 nm. The calculated curves do a good job of reproducing the experimental trends.

The value of the quenching radius Ry is large relative to typical molecular Forster radii but
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in line with values reported for energy donors like quantum dots, where values range from
8-20 nm.?®3% It is likely that the detailed spectroscopic properties of the energy donor (LR
in our case) play a role in determining the overall quenching radius, just as they do in other
Forster energy transfer systems, but we did not attempt to model the fluorescence

quenching in terms of molecular properties.
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Figure 5.7. a) Fluorescence microscope image of LR/PMMA layer (L=15 nm) on top of an MBE
h-BN layer. The area covered with h-BN (visible as triangular outlines) shows slight fluorescence
quenching; b) Thickness dependence of photoluminescence lifetime of LR/PMMA layer on MBE-
grown h-BN using the wet transfer method. The PL decay becomes faster with decreasing emitting
layer thickness. Fits using Equation (3) with Ro =2.9 nm are overlaid with the data.

The fact that the polymer-dye method gave reasonable values for graphene was
encouraging. We then spin-coated an LR/PMMA film on top of an MBE-grown h-BN layer
that had been placed on a glass surface using the wet transfer method. In Figure 5.7a, a
fluorescence microscope image of the LR/PMMA film shows that the presence of the h-
BN diminished but did not extinguish the red fluorescence. Time-resolved measurements

confirmed that the effect of the h-BN on the LR/PMMA fluorescence lifetime was much
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less pronounced than with graphene. Figure 5.7b shows the fluorescence decays of various
thickness LR/PMMA films with the MBE-grown h-BN on top. As with graphene, there
was a systematic decrease in lifetime as the polymer thickness decreased and more LR
molecules found themselves close to the surface. Also shown are the decay curves
calculated for Ro = 2.9 nm, which do a good job of reproducing the observed trend with
thickness.
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Figure 5.8. Band diagram of h-BN and perylene®'->.

The Ry for these h-BN layers was about 5x Smaller than that of graphene, but it was
surprising to see any quenching at all. H-BN’s large bandgap of 5.9 eV should prevent
direct energy transfer. Its low-lying valence band and high conduction band should
likewise preclude electron transfer to or from the excited LR molecule (Figure 5.8).3!
Furthermore, any fluorescence quenching based on electron transfer would be expected to

be very short-range, typically < Inm. The relatively large distances observed here are

consistent with through-space energy transfer as assumed in our model. For graphene, this
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is expected since it is a semimetal that has a high density of states that can accept energy

from a wide variety of luminescent donors. For pristine h-BN, however, there should be no

acceptor states in the 2.0 eV energy range.
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Figure 5.9. XPS analysis of B 1s and N 1s of wet-transferred MBE h-BN.
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Figure 5.10. XPS analysis of Fe 2p and Ni 2p in the wet-transferred MBE-grown h-BN. No feature

from Fe or Ni is detected.
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Here we consider two possible origins of the energy accepting states that quench the LR
fluorescence. The first possibility is that chemical impurities left over from the transfer
process act as energy acceptors. The wet transfer method used here has the advantage of
being able to transfer large areas of 2D materials quickly and reproducibly.’® But the
solvent and ions may become trapped between the 2D layer and the crystal. However, we
could not find any evidence that extrinsic chemical species, for example Ni ions, were
responsible for the fluorescence quenching. X-ray photoelectron spectroscopy
measurements on coated substrates failed to reveal any detectable signature of Ni or any
other elements besides B and N (Figures 5.9 and 5.10). After dissolution of the Ni substrate,
the h-BN was subjected to repeated solvent replacements to remove any residual species
left over from the etching process, but the amount of fluorescence quenching was
insensitive to the number of times the transfer solvent was exchanged in the h-BN rinsing

step.

A second possibility is that defects in the h-BN itself are responsible for the quenching.
Recent studies have shown that most h-BN samples contain defects that luminesce in this
energy range with nanosecond lifetimes and high quantum yields.>¢-*® It is not unreasonable
to expect that the strong radiative rate of the defect is accompanied by a strong absorption
as well. These defects, whose exact structure is a topic of active investigation, could also
act as energy acceptors for the excited LR molecules. Note that all that is required is a
concentration of absorbing defect states — they do not have to be emissive and in fact may
be completely different from the luminescent defects that are more commonly studied.
These defects may be present when the h-BN is grown, or they may be introduced during
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the sample processing. For example, the floating, lift-off, and subsequent solvent

dissolution of the polymer layer can all induce transient stress in the 2D layer and create

defects along the way.

Normalized signal (a.u.)

Time (ns)

Figure 5.11. a, b) Reflectance and fluorescence microscopy images of an LR/PMMA layer (L=10
nm) on exfoliated MBE-grown h-BN placed on glass using the dry-transfer method. c)
Photoluminescent decays of LR/PMMA layer both on and off the h-BN. The bright spots are from
the aggregation of polymer on the edge and wrinkles of the h-BN flakes. They are avoided during
the fluorescence measurement.

If the LR fluorescence is being quenched by defect states in the h-BN, then changing the
method of preparation to reduce defect density should reduce the fluorescence quenching
as well. Dry transfer methods provide the gentlest way to transfer 2D materials **%°, but
they are more labor intensive, producing Smaller flakes that must be individually
positioned and deposited. The h-BN flakes produced in this way are usually too Small for
complete crystal encapsulation, but it was possible to examine whether they quenched the
fluorescence. The fluorescence lifetime was measured at various locations in LR/PMMA
films that had been spin-coated on top of several h-BN flakes. None of the decays in Figure
5.11 show measurable quenching of the LR fluorescence, whether on top of the h-BN or
not. This result suggests that the defects that lead to fluorescence quenching are indeed
introduced via the wet transfer method and can be avoided by using dry transfer. Recently
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developed methods for the growth and transfer of large h-BN flakes with diameters on the

41-42

order of 100 microns may make it possible to completely cover a single crystal and seal

to the surrounding substrate, so that full encapsulation under inert h-BN can be achieved.

Conclusion

The results reported here show that, like graphene, ultrathin layers of h-BN can be used to
fully encapsulate single organic crystals. Successful encapsulation depends on the quality
of the h-BN and we found that only multi-layer MBE-grown h-BN could fully protect the
crystals from dissolution and sublimation. Investigation of the effects of these 2D coatings
on the fluorescence signal of thin dye/polymer films revealed that the wet transfer method
likely produces structural defects in the h-BN that act as fluorescence quenching sites. This
quenching could be avoided by the use of a dry transfer method, which we hope will enable
the encapsulation of single crystals under a truly inert, transparent coating. The results of
this work represent a step forward in our efforts to integrate 2D materials with molecular

crystals in order to create new platforms for the measurement of their electronic properties.
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Chapter 6. Effect of Constructive Rehybridization on Transverse

Conductivity of Aligned Single-Walled Carbon Nanotube Films

After polyaromatic molecules and graphene, we turn our attention to another low
dimensional carbon materials in this chapter. During this project, we study and further
engineer the morphology of single-walled carbon nanotube (SWNT) thin films. By
controlling the filtration speed to filter out the SWNT from suspension, SWNTs can
deposition on the polymer filter with different film topologies. Fast filtration produced
random SWNT film while slow filtration achieved well-aligned SWNT arrays depositing
on polymer film. Organometallic functionalization is then carried out on aligned SWNT
films, and we observe spatially anisotropic conductivity changes, which is very different
from the result on random SWNT film. The aligning of SWNTs bring the properties of the

macroscopic film closer to the individual carbon nanotube.

Introduction

Single-walled carbon nanotubes (SWNTs) have excellent electronic properties, which
make them attractive candidates for next-generation electronics and optoelectronics ™.
Whereas individual SWNT devices have been demonstrated, their practical utilization in
electronic circuits remains a challenge. High quality, thin films of random SWNTs have
been considered as an alternative solution, however the outstanding SWNT properties are
largely diminished in macroscopically assembled thin films due to the intertube junction

resistance, which significantly exceeds that of individual SWNTs 8. Recent advances in

the alignment of SWNTSs made possible the preparation of films of densely packed parallel
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SWNTs %15 and this stimulated a growing interest in their electronic properties and
utilization in electronic devices '°2°. In fact, the anisotropic electrical and thermal
properties of aligned SWNTs have long been a topic of interest 22, In such films the
conductivity along the alignment direction (parallel conductivity) is much higher as
compared with the direction perpendicular to the SWNT axis (transverse conductivity).
The large anisotropy can be explained with a simple model assuming that the film
resistance is dominated by the intertube junctions: for a given SWNT film length there are
dramatically less tube-tube contacts in parallel versus perpendicular direction due to the
very large aspect ratio of the SWNTSs (~10?). Thus, seamlessly interconnecting the SWNTs
post-alignment would have a dramatic effect on the degree of electrical anisotropy.
Bridging graphene surfaces, and in particular carbon nanotubes, has been successfully
accomplished using covalent chemistry. Although this chemistry has proven to be useful
for development of advanced electronic applications, including molecular switches 2423,
the covalent bond formation to the carbon atoms of the graphene lattice results in a change

3 2630 and therefore it causes a decrease of the

of the hybridization from sp? to sp
conductivity. The ability to form a bond to the sidewalls of carbon nanotubes without
significant rehybridization is critical for the electronic and optoelectronic applications of
these materials. Very few chemistries offer preserved hybridization, examples include

3133 and organometallic reactions **3°. The ability of the organometallic

cycloaddition
bond to form without significant rehybridization is the key to the usefulness of this new

mode of bonding in electrically connecting carbon materials based on the benzenoid ring

system. We have classified this type of bonding as constructive rehybridization, in which
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the extended m-electronic structure of graphene is complexed with a transition metal and
the degree of rehybridization at the site of complexation is insufficient to saturate the

conjugated electronic band structure 37,

Here we utilize aligned SWNT thin films that consist of a statistical mixture of
semiconducting and metallic (2:1) SWNTs to insert chromium atoms between a pair of
parallel SWNTs and interconnect them. This mode of bonding dramatically reduces the
electrical resistance of the films in direction perpendicular to the SWNT axis, while it has
negligible effect on the conductivity parallel to the SWNT alignment. We suggest that the
chromium atoms coordinate to the benzenoid rings of adjacent SWNTSs to covalently link
them via hexahapto bond. The study demonstrates that this type of bonding is feasible in
homogeneous dense aligned SWNT films. The hexahapto bond preserves the geometric
and electronic structure of individual SWNTs * while extending the dimensionality from

1D to quasi 2D.

Films of aligned semiconducting SWNTs with improved intertube junctions have potential
applications as the active constituents in high performance electronics and advanced
optoelectronics. Other areas of interests are quantum computing and magnetic nanodevices
as some of these graphene-transition metal compounds are magnetic *® and the aligned
SWNTs offer a platform for the assembly of ordered magnetic systems. The hexahapto
bonding of atomic chromium [Cr(0)] to graphene surfaces may complement existing

technologies that employ ion-selective sensors for environmental monitoring 3.
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The reversible nature of the graphene—hexahapto complexation ** is further explored for
the reversible chemical engineering of the transport properties of aligned SWNTs and
preparation of atomic switches. This was accomplished by turning on an SWNT array by

a photochemical complexation with transition metals and turning it off by electric field.

Results and Discussion

Aligned SWNT thin films provide an ideal platform to study the nature of the interaction
between transition metal atoms and graphitic surfaces, due to the densely packed individual
SWNTs and the giant anisotropy of electrical resistance in directions parallel and
perpendicular to the nanotube alignment. In this work, we prepared aligned SWNT thin
films and explored the effect of bridging the adjacent carbon nanotubes with Cr atoms on

the film conductivity in transverse and parallel directions.

We have pursued the organometallic chemistry of carbon nanotubes in solution phase **

45-46 36, 47-48

and in solid state reactions and have shown that this leads to the formation of
covalent bis(n®*SWNT)M bonds (M = Cr, Mo, W, V, Mn). Previous studies utilize random
networks of SWNT thin films, in which the transport properties are dominated by the
carbon nanotube junctions and our experiments showed that the covalent hexahapto-bonds
formed by chromium to the sidewalls of the SWNTs are very effective in reducing the
nanotube junction resistance and increasing the film conductivity % *®. If achieved in
aligned SWNT films this mode of bonding would have a profound effect on the degree of
electrical anisotropy and we anticipated that hexahapto bond formation is feasible in
homogeneous and sufficiently dense films of aligned SWNTs in which the distance

between adjacent SWNTSs approaches the van der Walls distance of 3.15 A *%; a stable
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molecular structure in the bis(benzene) chromium complex is associated with a distance of

3.226 A between two benzene rings >°.

Homogeneous, dense, preferentially aligned SWNT thin films were prepared by slow

filtration '° as shown in Figure 6.l1a-c. The SWNT dispersions, used for the film

preparation, contained individual SWNTs as evidenced by the absorption spectrum which

exhibits sharp and well resolved electronic absorption bands and the AFM imaging (Figure

6.1 d-f).
@ ) (@
— 0.3
i - S
‘ 8 22
lut Q §
- 0.1
linch 4
0.0 . . ,
095 | — 10,000 15,000 20,000 25,000
(€) gg: I ] Wavenumber, cm”!
e G |

Cumulative Probability
1%
o

Counts

9
9
9
9
9
7]
9
9
9
%
7
7
7
7
7
7
7
7
7
7
U
7
7
/
Z A

SWNT Length, pm

Figure 6.1. Aligned SWNT film preparation: a) Aqueous dispersions of electric arc-discharge
SWNTs used for preparation of aligned SWNT films. b) Filtration apparatus for film preparation
¢) a photograph of aligned SWNT thin film on filtration membrane. d) Absorption spectrum of
SWNT dispersion e) Distribution of SWNT length estimated from AFM images. f) AFM image
and height profile of SWNTs present in the dispersions used for film preparation.

The length of the SWNTs varies in the range of 0.5 to 4 um (Figure 6.1¢) and the average

diameter is ~1.4 nm (Figure 6.1f), in good agreement with the average diameter of arc-

produced SWNTs 312,
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The alignment of the SWNT thin films was assessed with AFM and SEM; typical images
shown in Figure 6.2a,b illustrate that the SWNTs are relatively well aligned and exist in
Small bundles (average bundle size 5-7 nm). Further spectroscopic characterization
confirmed the SWNT alignment, which resulted in polarization dependent absorption and
Raman spectra as illustrated in Figure 6.2c, d. For these measurements the SWNT films
were rotated to align the electric field of the incident light parallel and perpendicular to the

nanotube alignment direction.
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Figure 6.2. Characterization of aligned SWNT films: a) AFM and b) SEM images of densely
packed aligned SWNTs. c) Absorption spectra of aligned SWNTs recorded with the incident light
beam parallel (black) and perpendicular (red) to the SWNT alignment direction (d) Raman spectra
of aligned SWNTs collected with the polarization direction of the incident laser beam parallel
(black) and perpendicular (red) to the nanotube alignment direction.
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For the absorption measurements baseline corrections for the bare glass substrate were
performed in both directions. The first two interband transitions of semiconducting
nanotubes (S11 and S22) and the first interband transition of metallic nanotubes (Mi1) are
strongly suppressed in the perpendicular direction as compared to the parallel polarization
(Figure 6.2c). The largest Raman intensity in the spectra of aligned SWNT films is
observed when the polarization of the laser beam was along the SWNT axes and the
absorption/emission of light is highly suppressed for light polarized perpendicular to the
nanotube axis, producing a very weak signal °*>-°. The intensity of the G-peak in the parallel

direction (/,)) is 3 times larger than that obtained in perpendicular direction (/. ), confirming

the high degree of alignment of the SWNTs '°.

We prepared two sets of devices (Figure 6.3a) in which the SWNT films were placed in
two distinct orientations: (i) parallel aligned SWNT films, in which the SWNTs span the
channel length for measurement of the parallel conductivity (current flows along the
SWNT axis) and (ii) transverse aligned SWNT films, in which the tubes are aligned along
the width of the electrodes for the transverse conductivity measurement (current flows

across the individual nanotubes).
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Figure 6.3. Effect of hexahapto bonds of chromium on the conductivity of aligned SWNTs. a)
Schematics of the device configurations used for measurement of transverse and parallel
conductivities; the dimensions are not to scale. b) Experimental set-up for the photochemical
reaction between aligned SWNT films and Cr(CO)e. ¢) Enhancement of aligned SWNT thin film
conductivities (transverse and parallel) on photochemical reaction with Cr(CO)es. d) Electrical
anisotropy as a function of reaction time. The inset shows a schematic of the formation of atomic
interconnects (red) between pairs of aligned SWNTs, (n®-SWNT)Cr(n-SWNT).

The measured transverse conductivity of aligned pristine SWNT films (thicknesses t in the
range of 0.5 nm to 1 nm) after thermal annealing varied between 1 and 30 S/cm. In the
parallel direction the aligned SWNT films exhibited conductivity of ~270 to 1500 S/cm.
Thus, the electrical anisotropy of the aligned SWNTSs in our experiments varied in the range
of 50 to about 270, depending on the degree of alignment. To interconnect the aligned
SWNTs we used a photochemical route that is known to generate bishexahapto bonds

between the Cr atoms and the graphitic surfaces of SWNTs #¢. A drop of Cr(CO)s solution
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in acetonitrile was placed on the surface of the film, which was then exposed to short-
wavelength light, UVC of 254 nm. The change of the film resistance was followed by in-
situ measurement with the experimental setup shown schematically in Figure 6.3b.

Upon irradiation of the films with UVC light of 254 nm, the resistance of the films
decreased and the trend of conductivity enhancement of the aligned SWNT films in the

two alignment directions is shown in Figure 6.3c. The transverse conductivity, 6, of one

film increased dramatically from 1 S/cm to 22 S/cm, producing a conductivity
enhancement of more than more 20 times (2100%), whereas nearly no enhancement was
recorded for the aligned SWNT film with parallel device configuration (conductivity
increase of ~10%). The dramatic increase of the transverse conductivity combined with the
moderate increase of parallel conductivity leads to a reduced electrical anisotropy of the
aligned SWNT thin films, which decreases from >100, in pristine films, to less than 10
after interconnecting the SWNTs with Cr atoms (Fig. 5.3d). The effect of interconnecting
aligned SWNTs on the electrical anisotropy of the films can be further enhanced by

optimization of the alignment homogeneity, tube density and channel length.

The increase of SWNT film conductivity can be explained by the formation of covalent
bishexahapto bonds between the Cr atoms and the graphitic surfaces of the nanotubes (n°-
SWNT)Cr(n%-SWNT) as shown in Figure 6.3d (inset). Because this mode of bonding
preserves the electronic structure of SWNTs (constructive rehybridization), it bridges the
individual SWNTs at the atomic scale leading to improved inter-tube junction resistance

and it has been shown to effectively operate in random networks of SWNTSs 46 48:36-59 A g
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discussed in our previous work 46 48 36-39

the formation of the hexahapto constructive
covalent bonds between the sidewalls of a pair of individual SWNTs is both kinetically
and thermodynamically favorable due to the fact that the van der Waals distance (3.15 A)
between adjacent SWNTs is close to the length of the hexahapto bond formed between Cr
and the benzene ligands in bisbenzene chromium (3.226 A). Furthermore, the formation of
bishexahapto coordination will lower the energy of the system and satisfy the 18-electron

rule required for a stable complex 3% 4660,

We next discuss the effect of the improved intertube junctions on the conductivity of
aligned SWNT thin films in parallel and transverse directions. We first consider the
transport mechanism in direction parallel to the SWNT axis. From the AFM measurements
(Figure 6.1e) we estimate that more than 30% of the SWNTs have a length of >1 um and
about 10% of the tubes have length between 1.5 and 3 um. In these experiments the channel
length is 10 um and assuming SWNT length of 2 um we estimate that the formation of a
conducting path between the electrodes requires about 5 nanotubes, i.e. 4 junctions.
Further, our experiments involve SWNT thin films with a density of 300 tubes/um or
higher, which is far beyond the critical density needed for percolation transport '7. Thus,
because the films are comprised of a statistical mixture of metallic and semiconducting
SWNTs, there is a reasonably high probability of all-metallic SWNT conducting paths in
our devices. The contact resistance between metallic SWNTs is known to be Small 7+ ¢!
and interconnecting random networks of metallic SWNTs with Cr atoms leads to a
moderate conductivity increase (<<1) **. It is also important to note that the aligned SWNTs
contain Small bundles (5-7 nm diameter) and these bundles are long enough to span the 10
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um long channel of our devices, i.e. the current in parallel direction may be carried by a

single bundle.

In the transverse direction the current tunnels through more than thousands of junctions
(7,000 junctions assuming individual SWNTSs with an average diameter of 1.4 nm; ~ 1,400
junctions assuming SWNT bundles with an average diameter of 7 nm); thus, improvement

of these junctions dramatically increases the film conductivity.

The presented analysis sheds light into the observed changes of parallel and transverse
conductivity of aligned SWNT films in the present device configuration. There are very
few (or no) junctions involved in the current transport along the direction of SWNT
alignment in contrast to thousands of junctions in transverse direction. The reported results
are manifestation of the constructive conductive nature of the bond formed between the Cr
atoms and the graphitic SWNT surfaces. The hexahapto bridging of SWNTs is distinct
from (i) the classic covalent bond, which introduces sp® centers in the SWNT walls and
serves as a scattering center leading to conductivity decay in both directions, and (i1) ionic

) 62-63

doping (charge transfer , which increases the conductivity in parallel direction with

little effect on the transverse conductivity.

The developed opto-electronic devices are distinctly different from previously reported
approaches in which the optical modulation of carbon nanotubes relies on control
(selection) of the carbon nanotube band structure ® or functionalization with photoactive

molecules - chromophores and photosensitive polymers ®. This novel approach opens
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opportunities for design of advance atomic and molecular optoelectronic switches based

on carbon nanotubes.
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Figure 6.4. Electro-optical switch based on hexahapto-bridged aligned SWNT thin films. a) Device
geometry showing the aligned SWNT film on gold contacts before encapsulation b) Schematics
illustrating the experimental set-up and the device details: The transverse aligned SWNT film is
encapsulated with a solution of Cr reagent and ionic liquid, and a Pt-wire is used to apply potential
(top gate). The aligned SWNT film is switched on by irradiation with UV light and turned off by
applying gate voltage. ¢) Change of device conductivity upon UV irradiation and gating.

We demonstrate that the organometallic interconnected aligned SWNTSs can be used as
optoelectronic devices with a reliable and reversible conductance switching. Because the
conductivity of the aligned SWNT thin films in transverse configuration changes
dramatically when adjacent nanotubes are atomically bridged with Cr, the ability to reverse
the complexation offers a route to engineer a switch. The concept is based on the fact that
the formation of the (N*SWNT)Cr(n®*SWNT) complex is associated with the stable 18-
electron electronic configuration. Adding extra electrons to the conduction band (lowest

unoccupied molecular orbital, LUMO) is anticipated to destabilize the bond and
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electrically decouple the nanotubes. Thus, the aligned transverse SWNT channel can be
reversibly switched between a high-conductivity state (ON) using UV light and a low-
conductivity state (OFF) by applying a gate potential. For fabrication of a switch, aligned
SWNT thin film was placed on a glass substrate with pre-pattered gold, Au, contacts
(Figure 6.4a) and sealed with a solution of a Cr-precursor and ionic liquid, IL (Figure 6.4b).
The use of ionic liquid as a dielectric affords significantly enhanced charge modulation as
compared to solid-state dielectric, due to the large double layer capacitance that occurs at
the interface of the film with the IL %58, Applying a positive potential to the Pt-wire results

in accumulation of negative ions at its surface and positive ions at the SWNT film surface,

with the later acting as ultimately close-laying gate.
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Figure 6.5. Change of conductivity under UV light and gating of aligned SWNT device with ionic
liquid: (diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl) imide, DEME-
TFSI. UV light is 254 nm, source-drain voltage is 0.05 V and gate potential is 0.6 V.
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For these experiments the aligned SWNTSs were interconnected by exposure to UV light
(254 nm) for about 10 min, after which the light was turned off and a gate voltage of +0.6
V was applied. The film electro-optical performance was then tested by in-situ
measurement of the response of the SWNT channel resistance during exposure to UV light
and gate potential, respectively. Figure 6.4c shows that the conductivity of the device is
reversibly modulated by irradiation with UV light (254 nm) and gate potential. The
conductivity increases by ~ 100% under UV light and decreases to its initial value when
applying gate potential of +0.6 V (Figure 6.4c). The switch between the high-conductivity
(on) and low-conductivity states (off) was reversible and stable. As discussed above, the
increase of conductivity upon UV light irradiation is due to interconnecting the aligned
SWNTs with Cr atoms (facilitated electron transport in transverse direction), whereas the
decrease of conductivity during applying gate potential is assigned to reversing the
hexahapto bonds. The positive gate potential shifts the Fermi level of the SWNTs
increasing the electron population and destabilizing the overlap of the SWNT mn-orbitals
with the metal d-orbitals. It is important to note that UV irradiation of the SWNT thin film
devices fabricated only with IL (without the addition of the Cr-reagent) resulted in

negligible change of resistance as shown in Figure 6.5.

Conclusion

In summary, we demonstrated that bis-hexahapto-metal bonds can effectively bridge the
surfaces of aligned single-walled carbon nanotube (SWNT) thin films. The formed atomic
scale interconnects exert a dramatic effect on the transverse transport properties of SWNT

thin films leading to a conductivity increase by a factor of ~20, while preserving the
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conductivity in parallel direction. The dramatically different effect of the organometallic
chemistry on the electrical conductivity of aligned SWNT films confirms the covalent
nature (constructive rehybridization) of the bonds formed between the Cr atoms and SWNT
surfaces. This type of bond provides a means to engineer a reliable and stable opto-
electronic switch and we demonstrate a transverse-aligned SWNT device, which can be
turned on by UV light and off by gate potential. This approach to optically modulate the
electronic properties would advance the application of SWNTs in electronics and

optoelectronics.

Thin films of interconnected aligned SWNTs may find applications in advanced
electronics, opto-electronics and sensor technology. Furthermore, the aligned graphitic
surfaces covalently functionalized with transition metals offer a platform for the assembly
of ordered magnetic systems **, which are of potential interest for quantum computing and

magnetic nanodevices .
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Chapter 7. Summary and perspective

Conclusions and future work

In this dissertation, methods for engineering the morphology of different polyaromatic
carbon-based materials have been developed and refined. First, focused ion beam milling
was applied to shape PAH crystals in a top-down fashion. The shaped features had a spatial
resolution around 100 nm with the majority (90%) of the photoluminescence being
retained. FIB shaping of organic crystals demonstrates the possibility of patterning
molecular crystals in a top-down fashion using the cleanroom fabrication methods which
have already been heavily applied to inorganic materials such as silicon. The main
drawback of FIB milling is that the Ga ion beam can dope the sample with Ga atoms during
the process. The metal ions inside PAH crystals can affect the photophysical properties of
surrounding molecules. A cleaner ion beam such as an He ion beam (HIB) could be applied
in the future for better resolution and less doping.! A high energy electron beam, which
can destroy the organic molecular structure and crystal packing, is also a potential tool to
pattern organic PAH crystals.?

In addition, surface-passivation of PAH crystals by graphene has also been developed. We
have adopted the conventional wet-transfer method of graphene for substrates coated with
PAH crystals. Transferred graphene formed a conformal coating around molecular crystals
with regular shapes. A slight graphene lattice deformation was detected by Raman
spectroscopy. The graphene encapsulated crystals can withstand harsh environments like

high temperature, organic solvents, and vacuum for multiple hours, demonstrating the
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impermeability and exceptional mechanical stability of the graphene lattice. This work also
showed a potential way to modulate the morphology and lattice strain of graphene by
transferring graphene on top of a substrate patterned with pre-designed morphological
features.

The graphene encapsulation was then compared with hBN encapsulation. We found that
monolayer graphene can encapsulate larger crystals with a higher success rate as compared
to few-layer hBN. The reason behind this is that graphene has higher flexibility which helps
it to wrap around bulk crystals without breaking its lattice integrity. The more rigid few-
layer hBN was more subject to breakage when the lattice was deformed by the protruding
objects (micro-size PAH crystals in this case). However, the benefit of using hBN is still
clear. Compared with the zero-band gap graphene, hBN is a wide band gap (~6 eV)
insulator which will not quench the photoluminescence from molecular crystals, at least in
theory. Time dependent PL measurements showed that graphene had a more significant
quenching effect as compared to few-layer hBN. Surprisingly, there was some energy
transfer between PAH dyes and hBN, probably due to defects in the hBN lattice generated
during the wet-transfer process. The dry transfer method was found to produce no
detectable PL quenching.

In the future, the assembly between molecular crystals and 2D materials can be done in a
deterministic fashion using the method that people apply to stack different 2D materials
together.> A layer of heat release polymer can be used as an adhesive layer to pick up
molecular crystals and 2D materials in sequence under a microscope. The microscope can

align the target molecular crystal and the target 2D layer on the substrate during the pickup
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step. This transfer method will not involve any solvent, so defects in 2D material can be
minimized.

Finally, an aligned single wall CNT film was achieved by speed-controlled filtration with
low-surfactant concentration. The alignment of the CNTs caused the number of inter-tube
junctions to depend on the direction of the applied electrical potential. The conductivity
was improved by reducing the junction number in the alignment direction. Further changes
in morphology were achieved by interconnecting the aligned CNTs with chromium atoms.
The Cr atom between adjacent CNTs can serve as an atomic electrical channel for carriers
to pass through, increasing the inter-tube conductance. During the Cr organometallic
functionalization, aligned CNT films show a much higher conductivity increase in the
transverse (to the CNT alignment) direction as compared to the parallel direction. This was
expected because the transverse path contains more junctions for the Cr atoms to bridge.
In the future, the Cr functionalization can be applied to connect other graphitic surfaces
beyond carbon nanotubes. It can also be used to bridge graphene/graphene or
graphene/CNT interfaces. The functionalization can be a universal way to enhance the

electrical performance of large-scale aromatic carbon-based devices.

Perspective on all-carbon-based electronics

This dissertation explores different methods to control the shape, interfaces, and alignments
of different polyaromatic carbon materials. Those contributions are the steppingstone for
the development of practical all-carbon-based electronics in the future.

There are several essential components that compose a functional electronic device:

metallic conductors that transport carriers with minimum resistance, semiconductors that
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modulate current under outside stimulation, and insulators that serve as spacers to block
charge transfer or to act as optical conductors. The library of carbon-based materials
contains all of these components. Graphene and metallic CNT can be the conducting wires
to replace traditional metal conductors, such as gold and copper. Semiconducting CNTs
and PAHs can serve as semiconductors that cover the bandgap from ultraviolet to infrared.
Some wide-bandgap PAHs and polymers can function as insulating spacers or substrates
and photonic elements that conduct light. Most electronics such as transistors, light-
emitting diodes, photovoltaics, and sensors can already be built by interfacing different
carbon-based materials together and connecting them through circuits of metallic CNTs or
graphene. To further improve the performance, the inter-material junctions between
different graphitic materials, like CNT/CNT, CNT/graphene, and graphene/graphene
interfaces, can be bridged by slight Cr doping that provides atomic conducting bridges for

better conductivity.

Graphene Graphene

PAH

Substrate

Figure. 7.1. A schematic of a potential all-carbon-based device.

With the development of processing techniques that can manipulate those materials with
higher and higher spatial resolution, hopefully, in the near future, all-carbon-based
electronics can be built that outperform traditional Si-based electronics with lower cost and

better scalability. The computer could be much more lightweight for more cost-efficient
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space transportation to the Moon or Mars. The carbon-neutral goal of the entire human
civilization could be realized sooner when carbon dioxide in the atmosphere becomes one

of the carbon sources to build electronics.
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