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ABSTRACT

Since the discovery of graphene, two dimensional materials (2D materials) have
become a focus of interest for material research due to their many unique physical
properties embedded in their 2D structure. While they host many exciting potential
applications, some of these 2D materials are subject to environmental instability issues
induced by interaction between material and gas molecules in air, which poses a barrier
to further application and manufacture. To overcome this, it is necessary to understand
the origin of material instability and interaction with molecules commonly found in air,
as well as developing a reproducible and manufacturing compatible method to post-
process these materials to extend their lifetime. In this work, the very first investigation
on environmental stability on Te containing anisotropic 2D materials such as GaTe and
ZrTez is reported. Experimental results have demonstrated that freshly exfoliated GaTe
quickly deteriorate in air, during which the Raman spectrum, surface morphology, and
surface chemistry undergo drastic changes. Environmental Raman spectroscopy and XPS
measurements demonstrate that H.O molecules in air interact strongly on the surface
while O2, N2, and inert gases don't show any detrimental effects on GaTe surface.
Moreover, the anisotropic properties of GaTe slowly disappear during the aging process.
To prevent this gas/material interaction based surface transformation, diazonium based
surface functionalization is adopted on these Te based 2D materials. Environmental
Raman spectroscopy results demonstrate that the stability of functionalized Te based 2D
materials exhibit much higher stability both in ambient and extreme conditions.
Meanwhile, PL spectroscopy, angle resolved Raman spectroscopy, atomic force
microscopy measurements confirm that many attractive physical properties of the



material are not affected by surface functionalization. Overall, these findings unveil the
degradation mechanism of Te based 2D materials as well as provide a way to
significantly enhance their environmental stability through an inexpensive and

reproducible surface chemical functionalization route.
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CHAPTER 1
INTRODUCTION TO 2D MATERIALS

1.1 Basics of two dimensional materials
1.1.1 What are two dimensional materials

Two-dimensional (2D) material is defined as crystalline layered materials
consisting of atomically thin sheets™ 2. Atoms form covalent bonds with each other within
the layer, whereas the interaction between layers consists of VVan der Waals forces.
Existence of such layered materials has been reported decades ago, and the discovery of
graphene in 2004 has drawn the attention of researchers on 2D materials due to the
unique physical properties possessed by graphene® #. There exist many different types of
2D materials, including allotropes of a single element such as graphene® 4 and black
phosphorus® 8, as well as many binary compounds such as hexagonal boron nitride’
(hBN) and transition metal chalcogenides® °. The structure of 2D materials gives rise to
many unusual properties compared to their 3D counterparts, which will be discussed in
the following section.
1.1.2 What do 2D materials offer

The physical properties of a material are determined by its structure. When a 3D
material is thinned down to two dimensions, heat and charge transport within the material
is limited within the plane. This limit in charge transport can result in significant change
in the electronic band structure of a material'®. For example, a layered transition metal
dichalcogenide, MoS», has an indirect band gap in bulk form. When this material is
thinned down to few layers without any structural change within each layer, its band gap
becomes direct, which makes the material highly luminescent!. Other than MoSy, this

1



indirect to direct transition in band gap has been observed in some other layered materials
such as MoSez*°, WS,'?, and WSe'?. Moreover, some physical properties such as
photoluminescence display a strong dependence on the number of layers which has been
theoretically predicted and experimentally observed®®. Meanwhile, when the thickness of
2D material is down to monolayer, its electronical properties become sensitive to the
surrounding environment such as substrate and capping material*4, which allows for easy
engineering of material properties.

Since the interaction between adjacent layers in a 2D material is Van der Waals
force, the material can be easily cleaved down to monolayer form. The monolayers can
then be stacked on top of each other to form Van der Waals heterostructures® (with
monolayer materials of different types). This allows for fabrication of novel nanoscale
devices from components with a wide range of electronic properties.

1.2 Types of 2D materials
1.2.1 Dichalcogenides

Dichalcogenides refer to transition metal dichalcogenides (TMDCs) in which a
transition metal atom (Ti, Mo, W, Re, etc.) is sandwiched between two chalcogen atoms
(S, Se, Te) to form a layered structure. Depending on the identity of metal and chalcogen
atoms, the structure of the resulting TMDC could vary greatly. For instance, MoS; and
WS; crystallize in hexagonal structure'? 13, whereas ReS; crystallizes in triclinic
structure'®. The difference in elemental composition and crystal structure of TMDCs
gives rise to a broad range of physical properties possessed by these materials. For

instance, typical band gaps of TMDCs range from 0.3 eV to 2.0 eV’. As mentioned in



the previous section, many of these TMDCs exhibit a tunable band gap with an indirect to

direct transition when the thickness of the material is thinned down to monolayer®2.
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Figure 1.1 Side view of hexagonal WS> and triclinic ReS;.

Owing to their unique physical properties, applications of TMDCs have been
developed in many different fields. For example, monolayer MoS; has been fabricated
into field effect transistors®® 29 with a high on/off ratio while the material is highly
scalable. Other applications of MoS: include, but are not limited to, photocatalysis for
water splitting®®, biosensors?°, and photodetectors?? 23,

1.2.2 Monochalcogenides

Monochalcogenides, or more specifically, post-transition metal
monochalcogenides (PTMCs), are compounds between a post-transition metal (Ga, Ge,
In, etc.) and chalcogen at 1:1 stoichiometry with a layered structure. Within each layer,
the atoms are arranged in an X-M-M-X pattern when viewed from the lateral direction®*,
with the exception of GaTe, in which the large radius of Te atoms cause a decrease in

lattice symmetry. Unlike GaS and GaSe that have hexagonal lattice structure, GaTe

3



crystallizes in monoclinic phase with Te chains along the b-axis direction® 26, The
presence of Te chains introduce crystalline anisotropy in monoclinic GaTe. Therefore,

monoclinic GaTe is also referred to pseudo-1D material.
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Figure 1.2 Side view of (top) hexagonal GaSe and (bottom) monoclinic GaTe

Among all PTMCs, GaTe is of particular interest because of its pseudo-1D
structure. Recent studies on GaTe have proved its vibrational and optical anisotropy as
predicted?’. However, although it has been widely accepted that each layer in 2D material
is self-passivated due to no presence of dangling bonds, there are growing concerns on
the stability of a few Te containing 2D materials®® ?°, including GaTe. This thesis covers
understanding the origin of instability of GaTe and developing a post-processing method
to enhance its environmental stability.
1.2.3 Trichalcogenides

Transition metal trichalcogenides (TMTCs) refer to materials that have a common
formula of M X3 where M is a group 4 or 5 transition metal and X is a chalcogen atom (S,
Se, and Te)*. Like TMDCs and PTMCs, TMTCs also form layered structures with strong

covalent bonding within each layer and weak Van der Waals interaction between layers.
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However, the covalent bond strength along the b-axis direction is stronger compared to
covalent bond strength along the a-axis direction, resulting in the formation of chain-like
features®. Because of this, TMTC materials also fall into the category of pseudo-1D
materials and they are excepted to exhibit strong angle dependent electronic, thermal, and
optical properties. To date, some of TMTCs have been successfully synthesized and their
anisotropic physical properties have been experimentally observed, which make them
desirable candidates for fabrication of nanoelectronics devices with anisotropic

responses®® %2,



CHAPTER 2

NOVEL CHARACTERIZATION TECHNIQUES FOR 2D MATERIALS
2.1 Need for novel characterization techniques

This chapter will cover the characterization techniques for 2D materials. The
advent of 2D materials has called for development of novel characterization techniques to
study their structures and properties. As the properties of a material is highly related to its
structure, understanding the structure through characterization techniques is essential in
studying these novel materials. While many conventional characterization techniques are
available for 2D materials, more novel techniques are necessary as the 2D materials have
unique nanoscale structures compared to traditional materials, as these nanoscale
structures are beyond the limits of conventional techniques. Since early 1980s, physicists
have developed many new techniques such as atomic force microscope and scanning
tunneling microscope, which have boosted the development of the field. Some of these
novel techniques, along with a few conventional characterization techniques used for 2D
materials, will be introduced in the following sections.
2.2 Characterization techniques for 2D materials
2.2.1 Raman spectroscopy

Raman spectroscopy is a fundamental characterization technique for 2D materials.
The basic working principle of Raman spectroscopy is inelastic scattering: when an
incident light interacts with a solid, liquid or gas molecule, the photon excites the
molecule to a virtual energy state and scatters inelastically. After interaction with the
photon, the molecule will be in a different vibrational or rotational state. Because of the
conservation of system energy, the energy of the scattered photon will also change, which

6



can be probed by the change of frequency of the incident light. If the final
vibrational/rotational state of the molecule is lower in energy, the scattered photon will
gain energy, causing a Stokes shift. If the final state is higher in energy, scattered photon
loses energy and causes an anti-Stokes shift. However, only vibrational/rotational state

shifts that introduce a change in polarizability will exhibit a Raman effect.

Elastic scattering

Inelastic scattering
wytw

Figure 2.1 Rayleigh and Raman scattering with a single molecule

In a 2D material system, the interaction between light and the material also occurs
through polarizability of valence electrons. Like the atoms in a single molecule, atoms in
the lattice of a 2D material also vibrate near their equilibrium position. However, the
vibration modes of atoms in lattice can’t be simply visualized as in the case of a single
molecule which has very limited number of atoms. After solving their equations of
motions, the solutions are found to be in plane wave forms with a uniform frequency.
These wave form solutions describe the lattice vibration, which can be viewed as
quasiparticles named phonons. Similar to a single molecule, the arrangement of atoms in
a lattice determines the phonon modes available. The lattice vibration causes the
susceptibility of the lattice to oscillate in the same frequency (wi). When an incident light

interacts with the lattice, its electric field (with a frequency of wo) induces a polarization



through the susceptibility. Therefore, the resulting polarization will have components
modulated by the lattice vibration. These modulated components lead to Raman side
bands in the scattered light. Following is a mathematical derivation of the modulation of
polarization induced by lattice vibration.
Polarization P induced by the electric field & ¢ of incident light is:

P = £ox$o
where y is the susceptibility of the material. As discussed above, y is oscillating with the
lattice vibration (with a frequency of w) and it is a function of atomic coordination (X) in
lattice which can be approximated as follows:

e ()

As the solution of lattice vibration is in the form of plane waves, the atomic
coordination can be approximated as X = X, cos(w;t). Meanwhile, the electric field of
the incident light can be described as &, = &, cos(wgt), the resulting polarization is then

expressed as:

— 0 —
P = g4x°&, cos(wot) + £ a—;XOEO cos(w;t) cos(wyt)

— 1 Jdxy
= gox°&, cos(wyt) + €0 WXofo[cos(wO + w))t + cos(wy — w))t]

The first term in the final expression represents the elastic scattering, which has
the same frequency as the incident light. The latter two terms represent inelastic
scattering in which the scattered photon has a frequency of (v, + w;), also known as

Raman side bands.
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Figure 2.2 lllustration of Raman scattering

Note that the term dy/dX in the polarization expression above must be a non-
zero term for the Raman lines to be observed. Since the atoms in a lattice are positioned
in three dimensions, the susceptibility is therefore expressed in the form of a tensor. The
crystal symmetry determines the symmetry properties of the susceptibility tensor. Other
than the lattice structure, geometry of experiment (how the polarization of laser and
detector are aligned with respect to the sample orientation) also determines whether a
certain phonon mode can be observed. To demonstrate this, we will use the Raman
spectra of Bi.Ses recorded under different experiment setups as an example. Bi.Ses has a
trigonal structure, with a Cz axis along the c axis of the unit cell. Its structure is highly

symmetric; therefore, its normal susceptibility tensor has the following form:

Xix 0 0
X =10 X 3(33/ 0
0 0 x



When an incident light from z direction (along c axis of unit cell) with its
polarization along x direction is applied to the material, three phonon bands (two Ag
bands and one E4 band) can be observed with a polarization also in the x direction (-
ZXXZ configuration), but only one phonon band (Egq band) can be observed with a
polarization in the y direction (-ZXYZ configuration). For the two Ag phonon bands, the
corresponding lattice vibration are both along the c axis of the unit cell so they don’t
break the symmetry of the lattice along x and y directions. Therefore, the change of
susceptibility tensor will be in the same format as the normal susceptibility tensor, which
means that the d x,/0X element in the tensor will still be zero. However, for the Eq
phonon the vibration mode is along the y direction and breaks the lattice symmetry,
which introduces a non-zero dx,,,/dX element in the susceptibility tensor. For the above
reasons, the Eq phonon band can be observed under both -ZXXZ and -ZXYZ
configurations, whereas the two Ag phonon bands can only be observed under -ZXXZ

configuration.

e [ él ! —aq—o |} };1 )
R mR- X
X R X R XooR
— v /?; % b;}’@’ o % /ld
. I P
/’/ -ZXXZ configuration A{y Ej A%g
/bfy J\ \ /\
" 4 ,_. -2X¥Z configuration
o= \
Wavenumber (cm?)

X

Figure 2.3 Raman spectra of Bi>Ses recorded with different experimental setups
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The example above also applies to 2D materials®> **. In some materials, there
exist phonon modes that are along a certain crystal direction that introduces a non-zero
component element in the susceptibility tensor in that direction but the susceptibility
change in the perpendicular direction is zero. When this material is probed with a
backscattering configuration in which the polarization of incident light is perpendicular to
the direction of the phonon mode, that phonon mode will not be observed. However, if
the sample is rotated in the lateral direction so that the angle 6 between the light
polarization and phonon mode direction is less than 90°, one starts to probe the phonon
band, whose Raman intensity scales linearly with cos?6. This is particularly useful for
studying materials with low crystal symmetry where a lot of phonon bands introduce
susceptibility change along one axis of the unit cell: by plotting the Raman intensity of a
certain phonon band against the angle, the orientation of lattice structure of the sample
can be determined?” 31 33,35,

Other than the application above, Raman spectroscopy can also be used to
determine the thickness of a 2D material. A good example to demonstrate this is MoTex.
In monolayer form, MoTe> has two Raman active phonon bands (E’ and A1’). However,
in bilayer MoTe, the interlayer vibration gives rise to one more Raman active band Aig.
The intensity of this Aig band is maximized at two layers, and then decreases with the
increase of layers. In bulk MoTez, this vibration mode is Raman inactive. The reason for
the Raman inactive to active transition with the decrease of thickness has been proposed
to relate with translational symmetry breaking along the c-axis in few layer MoTe2®.

When probing 2D materials with Raman spectroscopy, the defects in the material
can highly impact the results. As the Raman scattering is based on lattice vibration,

11



defects in the crystal affect the lattice vibration, resulting in widening of Raman peaks
from the material or even additional features in the Raman spectrum®” %8, With the
increase of defect concentration, the peak width increases. For this reason, Raman
spectroscopy can be used to determine the crystallinity of a material.

2.2.2 Photoluminescence spectroscopy

Luminescence refers to the radiative emission process in solid materials.
Photoluminescence, in particular, refers to light emission after absorbing a higher energy
photon. Photoluminescence spectroscopy is capable of studying the emission mechanism
in materials, which is necessary for developing luminescent devices such as light-
emitting diodes (LEDs) and lasers. Because the emission mechanism in a semiconductor
is determined by its electronic band structure, the following paragraphs will cover the
basics of band theory in semiconductors to gain a good understanding of
photoluminescence spectroscopy.

Quantum theory predicts that the energy states in an isolated atom have discrete
energy levels. In the case of a solid material, the atoms are packed in a way that their
outer orbitals start to overlap and interact with each other. According to Pauli exclusion
principle, no two electrons are allowed to have the same set of quantum numbers.
Therefore, the atomic orbitals in each atom split into more molecular orbitals with
discrete energy levels. Since the number of atoms in a solid material is so large (~10%%),
the number of molecular orbitals is very large, the energy difference between adjacent

molecular orbitals is so small that they can be considered as an energy band.
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Figure 2.4 Formation of bands in solids.

In the case of semiconductors and insulators, the highest occupied band is
occupied by the valence electrons from the atoms, and therefore it is named valence band.
The bands that are higher in energy than the valence band are empty, and are named
conduction bands. The energy difference between the top of the valence band and the
bottom of the conduction band is defined as the fundamental bandgap of a
semiconductor. The energy maxima state of the valence band (VBM) and energy minima
state of the conduction band (CBM) have their corresponding momentum. If the
momentum of the valence band maximum and conduction band minimum are same, the
corresponding band gap is defined as a direct band gap, otherwise it is defined as an
indirect band gap. These two types of band gaps are very important in the interband
absorption and emission in semiconductors, which will be discussed in the following
section.

When an electron absorbs energy from a photon, it jumps from a lower energy

band to a higher energy band. This electronic transition can only happen if an electron
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exists in the initial state in the lower energy band, and the final state in the higher energy
band is empty, which can be easily fulfilled in semiconductors because of the presence of
the valence and conduction bands. When an electron from the valence band is excited to
the conduction band, its initial state in the valence band will be left as unoccupied. This
process is equivalent to creating a hole in the valence band and an electron in the
conduction band, therefore this interband absorption process can be considered as the
creation of an electron-hole pair (e-h pair). The excited electron in the conduction band
can then relax to the lowest energy state within the band through interaction with
phonons, which results in electrons accumulating at the bottom of the conduction band.
Similarly, holes created in the valence band also relax to their corresponding lowest
energy state at the top of valence band. When this excited electron in the conduction band
drops to the valence band through the emission of a photon, interband luminescence
occurs, which is also known as radiative recombination of an electron-hole pair. In direct
gap semiconductors, the momentum at CBM and VBM are same, therefore the
corresponding electron transition is possible with the emission of a photon alone.
However, in indirect gap semiconductors, momentum at CBM and VBM are different,
which means that the momentum of electron must change for the corresponding transition
to be allowed. This requires that a phonon must be emitted or absorbed for the
conservation of momentum in radiative recombination process in indirect gap
semiconductors. Because of this, the process involves emitting both a photon and a
phonon, making it a second-order process. The corresponding transition probability is
relatively small compared to transition in direct gap semiconductors, resulting in low
luminescence efficiency. For this reason, indirect gap semiconductors are generally bad
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light emitters. Two of the most important semiconductors, namely silicon and
germanium, are indirect gap semiconductors and therefore generally not used as light

emitters.
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Figure 2.5 Interband transition in direct band gap and indirect band gap materials.

One assumption of the simplified discussion above on interband transition is that
the interaction between free carriers (electron, hole) is neglectable. In reality, the electron
and hole can interact through Coulomb force between them, which can form a bound
electron-hole pair named exciton. There are two basic types of excitons: Wannier-Mott
excitons, also named free excitons, and Frenkel excitons, also named tightly bound
excitons. In the free exciton, the distance between the electron and hole is much larger
than spacing between atoms, therefore the two particles can be considered to be moving
in a uniform dielectric constant medium. This system can be approximated as a small
hydrogen atom system in which the electron and hole are in a stable orbit around each

other. The energy of this system can be determined by applying the Bohr model to the
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exciton: the exciton has discrete energy states characterized with the principal quantum

number n, and the energy of the nth state is given by:

where [ is the reduced mass, mo is the electron mass, €, is the dielectric constant of the
material, and Ry is the Rydberg constant of the hydrogen atom. These exciton states are
located below the CBM or above the VBM, and the energy difference between these
states and corresponding CBM/VBM is the binding energy E (n). Typically, the binding
energy of free exciton in semiconductors is in the order of 10 meV, which is relatively
small compared to the band gap (~0.5-3 eV). However, in the case of 2D materials, the
thickness of the material is down to a few nanometers, which results in stronger Coulomb
interactions compared to conventional semiconductors. Because of this, the exciton
binding energy in 2D materials is larger, usually in the order of 0.1 e\V/3% 4,

Considering the formation of excitons, actual photoluminescence in direct gap 2D
materials can be depicted as follows. After absorbing a photon, an electron in the valence
band is excited to the conduction band while the hole is created in the valence band. The
electron and hole then interact with phonons so that they relax to CBM/VBM. This
electron can undergo radiative emission before forming an exciton, and this radiative
recombination process is named free carrier recombination. The energy of a photon
emitted from this process is equal to the band gap (also known as electronic band gap). If
the exciton is formed, the electron will first relax to the exciton energy level below the

CBM and then undergo radiative recombination. In this case, the energy of the emitted
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photon will be E, — E(n), and this energy difference between the exciton energy level

and VBM is also known as optical band gap.
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Figure 2.6 Schematics of photoluminescence in semiconductors

Other than radiative recombination, the excited electron in the conduction band
can also lose its energy through many other processes, including non-radiative relaxation,
and Auger recombination. In non-radiative relaxation, an electron can lose its energy
through interaction with phonons, or through energy transfer to defects. In Auger
recombination, the energy of the electron is given to a third carrier which is excited to a
higher energy level. This carrier then loses its energy through phonon interaction®'. When
the non-radiative recombination process occurs in a shorter time scale compared to
radiative recombination, overall luminescence from the material will be very low.

The basic experimental setup of photoluminescence spectroscopy consists of a
light source (usually laser), a microscope system with filter, a spectrometer, and a CCD
detector. In the resulting PL spectrum, PL intensity (counts of photons with a certain
energy captured by the detector) is plotted against photon energy. The first piece of
information that can be obtained from a PL spectrum is the optical band gap of the
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material, which is found at the peak position in the spectrum. If the PL spectrum is
recorded at a low temperature, the excitonic features can be observed as well. For
example, at liquid nitrogen temperature (77 K), free carrier recombination peak and
exciton recombination peak can be observed simultaneously as two individual peaks
where the difference between their peak positions is the exciton binding energy. In
summary, photoluminescence spectroscopy is a reliable, reproducible, non-contact
method to study the emission mechanism in 2D materials.
2.2.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is one type of scanning probe microscopy
(SPM) developed in the early 1980s which has a resolution on the nanometer scale. The
high spatial resolution of AFM enables scientists to visualize nanoscale structures which
is otherwise extremely difficult. For this reason, the advent of AFM and other SPM
techniques boosted the research of nanomaterials. For the study of 2D materials, AFM is
mainly used for imaging of surface topography and investigating mechanical properties.

The basic working principle of AFM is probing the force between the sharp tip
fixed on a cantilever and the sample surface*> %3, When the cantilever is in close
proximity of the sample surface, the force (Van der Waals, electric, magnetic, etc.)
deflects the cantilever and its movement is recorded by the detector. For imaging
purpose, there are a few operation modes for AFM. In the contact mode, the tip on
cantilever is in contact with sample surface and dragged through. However, the contact
mode applies a strong lateral force onto the surface and could cause sample damage or
removal of objects that are loosely attached. To overcome this issue, AFM can operate in
tapping mode where the cantilever is slightly lifted from sample surface and made to
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oscillate at or near its resonance frequency with a constant amplitude and frequency.
When the tip is close the sample surface, the interaction between the tip and surface
changes the oscillation amplitude of the cantilever. This change in oscillation amplitude
is then used as a parameter to adjust the height of cantilever above the sample to keep it
constant while the tip scans over the sample. In this way, damage introduced on sample
surface during measurement is minimized, enabling the tapping mode to be a reliable
method to compare the surface topography of a same sample before/after a certain
process.
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Figure 2.7 Schematics of an atomic force microscope

Other than surface imaging, the AFM system is capable of many other
measurements with small adjustment on the equipment. For instance, conductive AFM
(cAFM) measures the topography and electric flow at the tip position simultaneously*:.
Compared to normal AFM equipment, CAFM also requires a conductive tip, a voltage
source which can be applied between the tip and sample holder, and a preamplifier that
analogical current signal into digital voltages for computer. During operation, the applied
voltage can be set at a constant value while the tip moves over the surface to map the
current response, or the tip can be fixed at a certain position on the surface and the
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voltage is varied to obtain the 1/V curve on that location. CAFM is extremely useful in
studying the electric properties of 2D materials because it probes the material at
nanometer scale resolution.

Another variant of AFM is the Kelvin probe force microscopy (KPFM), also
known as surface potential microscopy. In KPFM, work function, defined as the
minimum amount of energy required to remove an electron from a material to vacuum
level, of a material surface can be measured on the surface at the resolution of an AFM
measurement*> 44, In reality, the work function of a material is highly affected by its
surface, such as adsorbed molecules on the surface.

The working principle of KPFM is based on the measurement of electrostatic
force between the AFM tip and sample. The tip in KPFM measurement is applied with a
voltage composed of a DC and an AC component at frequency . When the tip and
sample are brought to contact, both bias voltage and the difference between work
functions of the tip and sample (also known as contact potential difference or CPD)
contribute to the total voltage difference:

Viotat = Vpc + Vacsinwt — Vepp
where Vpc is DC bias voltage, Vac is AC bias voltage. Total electrostatic force between
tip and sample can be written as:

1dC

F=5E total

in which C is the capacitance, z is the distance between tip and sample. Applying Viotal
into the equation above:

dc 1 1
F = 1 [E (Ve = Verp)? + (Vpe — Vepp)Vacsinwt + ZVAZc(l — cos2wt)]
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In this expression, the second term (V. — Vepp)VacSinwt is related to both
(Vpe — Vepp) and o, which can be utilized to determine the contact potential difference:
the oscillation of cantilever at frequency o is tracked during measurement while Vpc IS
adjusted. If the oscillation response at frequency o becomes zero, the term
(Vpe — Vepp)Vacsinwt must be zero, therefore Vpc applied to the tip must be equal to
Vcpp. Since Vcerp is the work function difference between the tip and sample, the work
function of the tip can be calibrated with a sample with known work function and then

used for the work function measurement of an unknown sample.
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CHAPTER 3
SYNTHESIS OF NOVEL 2D MATERIALS

There are two major methods for the synthesis of 2D materials: isolation of
monolayer materials from bulk crystals, and chemical/physical vapor deposition
techniques. The first method is based on the weak interlayer interaction of bulk layered
crystals, and usually yields high crystallinity samples. However, the dimension of
samples created by this method is very limited and therefore is not practical for large
scale production. Vapor deposition technique, on the other hand, yields large area
samples with relatively low crystal quality. The details of these two methods will be
covered in this chapter.
3.1 Isolation of monolayers from bulk crystals
3.1.1 Mechanical exfoliation

There are two major methods to thin down a bulk layered material: mechanical
exfoliation and chemical exfoliation® “°. The most common method for isolating
monolayers from bulk crystals is mechanical exfoliation. This is usually achieved by
placing a piece of crystal between adhesive tape and cleaving repeatedly. Because the
Van der Waals interaction between layers is very weak, it can be effectively broken by
exfoliation, thinning down the material. The resulting tape is then pressed against a target

substrate and peeled off, leaving some thin samples on the substrate.

Stamp and peel
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Figure 3.1 Schematics of mechanical exfoliation with tape
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3.1.2 Bulk crystal growth

The growth of layered bulk crystals is a more complex process compared to
mechanical exfoliation. Although the bulk crystal for some materials are readily available
in nature, such as graphite and molybdenite, most of them must be synthesized in
laboratories. Chemical vapor transport (CVT), which has been traditionally used for
purification of metals and growth of highly crystalline compounds?, is the major
approach adopted by material scientists to grow high quality bulk crystals of layered
materials. For the synthesis of a binary compound, it involves the vaporization of the two
pure elementals in a temperature gradient. The vaporized elementals will react and the
formed compound will be transported by the temperature gradient and crystallize
somewhere else in the system. According to the Le Chatelier’s principle, if the reaction
that forms the desired compound is exothermic, the transport of the materials will be

from high temperature to low temperature.
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Figure 3.2 Schematics of chemical vapor transport.

Pratically, CVT is performed in a sealed ampoule containing the two elemental
reactants. The ampoule is then placed in a two-zone furnace where the temperature of the
two zones can be set independently to achieve a temperature gradient. In order to obtain

high crystallinity, the entire process is slowed down to achieve thermodynamic
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equilibrium: ampoule is slowly heated up (ramp rate is usually below 1°C/min) to the

desired temperature and then the system is maintained for several days followed by

controlled cooldown (also below 1°C/min)3% 3247,

Figure 3.3 Examples of CVT ampoules before (top) and after (bottom) growth.
3.2 Chemical/Physical vapor deposition techniques

Vapor deposition is the major technique to directly grow ultrathin layered
material on a substrate® 16.27: 484 Depending on whether there is a chemical reaction
required to form the desired material or not, the process can be categorized in
chemical/physical vapor deposition (CVD/PVD). Despite this difference, the working
principle of these two processes are same. Overall, CVD/PVD process consists of many
steps that can be categorized into the following two: mass transport and surface reaction.
Generally, vapor deposition process utilizes a tube furnace with a quartz tube chamber.
Precursor materials are heated and vaporized and then transported by a carrier gas
(usually an inert gas such as nitrogen or argon) to another zone in the furnace where the

target substrate for growth is placed. The precursor materials then diffuse onto the surface
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of the substrate and growth is achieved. In CVD process, the precursor materials undergo
a chemical reaction on the surface of substrate and the compound formed crystallizes,

whereas in PVD process the precursor material directly crystallizes on substrate.
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Figure 3.4 Schematic of vapor deposition process.

The outcome of vapor deposition is very sensitive to many experimental
parameters because of the physical/chemical processes involved. A few of these
parameters include temperature profile (which includes temperature and ramp rate),
growth time, flow rate of the carrier gas, distance between precursor material and target
substrate. To understand the effects of parameters, we need to review the processes
mentioned above in detail. Since the two major steps are mass transport and surface
reaction, the one that is slower will determine the overall growth rate. According to the
Arrhenius equation, the rate of reaction increases exponentially with the increase of
temperature. As a result, at low temperature, the rate limiting step is surface reaction,
whereas at high temperature the rate limiting step is mass transport.

When the process is mass transport limited, the diffusion of precursor molecules
from the mass flow to the substrate is a typical rate limiting step. The carrier gas flow rate
is usually small in vapor deposition, which results in laminar flow of the gas within the
tube. In a laminar flow system, fluid flows in parallel layers without lateral mixing,

which means that there is no mass exchange between layers and diffusion is the only way
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for precursor gas molecules to travel between different layers. When the gas enters the
tube or hits the wafer substrate, because of its viscous nature, the flow speed at the
boundary is zero and increases to the mass flow speed along the cross-sectional direction.
In fact, the local flow speed of a certain point in the system is related to both x and y

coordinate when we form a Cartesian coordinate from the side view.
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Figure 3.5 Schematic of boundary layer in a laminar flow system

In the figure, the area near the boundary with a flow speed lower than 99% of the
mass flow speed is considered as the boundary layer. As the flow speed at the boundary
is zero, the precursor molecule concentration is also zero. Therefore, the molecules must
diffuse through the boundary layer by diffusion. The profile of the boundary layer

thickness o is given by:

vX
o~ |—
Ug

where v = u/p is the kinematic viscosity (l is the dynamic viscosity and p is the
density), x is the distance, and uo is the mass flow rate. Assuming the temperature is
constant and the carrier gas type is not changed, the boundary layer thickness increases

with the distance and decreases with mass flow rate.
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According to Fick’s law, the diffusion flux of molecules (J) can be written as:

_ D dc

RT dy
where D is the diffusivity of the reactants, c is the concentration, and y is the radial
distance. The concentration gradient part can be approximated as:

dc Ac  c¢p—¢
dy Ay &

Co IS the concentration in mass flow and cs is the concentration at the surface, which is
effectively zero. From here we can see that when the boundary layer thickness is high,
the diffusion flux is small, and the amount of precursor molecules that can reach the
substrate will be small.

After diffusion through the boundary layer, the molecules deposit onto the
substrate through nucleation and growth. Thermodynamics of a gas molecule nucleating
onto a surface can be described with the Terrace Ledge Kink (TLK) model: when an
adatom forms on the substrate surface by adsorption, this adatom will diffuse into an
existing terrace or kink site on the surface, where its energy will be minimized. The
nucleation rate is governed by the ratio between the mean free path for diffusion of an
adatom on the surface x and the ledge spacing A. If A>>x, most adatoms will not be able
to diffuse to the terraces or kink sites and will desorb instead. When x>> 1, new adatoms
on the surface can easily approach the terraces or kink sites and the nucleation rate will
be high. After nucleation, there are three basic growth modes: Voller-Weber, also named
island mode, depicts the growth where small stable clusters form after nucleation and
continue to grow in three dimensions. In this growth mode, the interaction between the

deposit molecules is strong so they tend to bind to each other than to the substrate. The
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second growth mode is Frank-van-der Merwe mode, in which the deposit molecules bind
stronger to the substrate compared to each other. This mode is also named layer-by-layer
growth, indicating that the growth on the lateral direction is favored over the vertical
direction, which is ideal for the growth of layered materials. The third growth mode is an
intermediate mode named Stranski-Krastanov mode. Initially the growth is layer-by-
layer, followed by island growth.
3.2.1 MoS: growth

The growth of MoS; has been well established and is a good example to
demonstrate the process of vapor deposition. The precursors that can be used are MoOs3
plus elemental sulfur (CVD process) or MoS; powder alone (PVD process).
Before growth, the surface of target substrates (SiO2/Si or sapphire) are treated with
piranha solution or oxygen plasma etcher to remove organic or carbon residue and create
a clean surface. The MoOs powder is weighted and evenly placed in a ceramic boat, and
the cleaned substrates are placed over the top of MoOsz powder. This ceramic boat with
MoO3 powder and substrates is then placed in the quartz tube and positioned at the center
of the furnace. Sulfur powder is weighted and placed in a separate crucible and
positioned at roughly 18 cm to the upstream side in the quartz tube. The tube is then
closed and nitrogen carrier gas is turned on to purge the system. The system is then
slowly heated to the growth temperature and then the temperature is held for a certain
period of time, followed by controlled cooling down. During the heating and cooling

process, the flow rate of carrier gas can be adjusted for growth control.
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CHAPTER 4
UNDERSTANDING ENVIRONMENTAL STABILITY OF TE BASED 2D
MATERIALS

In this chapter, we will cover the first fundamental investigation on surface
reaction mechanisms and environmental stability of tellurium containing 2D anisotropic
systems such as GaTe and ZrTes. Results show that GaTe degrades in air within a few
days and its Raman spectrum rapidly transforms into a completely different one. The
same transformed Raman spectrum is also observed for aged 2D anisotropic ZrTes,
suggesting that the observed effect could be ubiquitous among other Te-based 2D
systems. By environmental Raman spectroscopy measurements under different gaseous
conditions and X-ray photoelectron spectroscopy (XPS) measurements, we are able to
identify that a minute concentration of H.O(g) (humidity) causes strong surface
chemistry changes while a high concentration of strong oxidizing molecule, O, in air
does not have any detrimental effects on GaTe. Lastly, the effects of surface
transformation on the anisotropic material response of GaTe are studied by angle-
resolved Raman spectroscopy (ARS) measurements. Overall findings significantly
advance the understanding of surface transformation processes, unravel the molecular
interactions that are responsible for surface degradation, and investigate anisotropic to
isotropic transformation.
4.1 Degradation of Te based 2D materials

Pseudo-1D materials are a new class of anisotropic 2D materials in which atoms
are arranged within a 2D plane in such a way that they form chains extending along a
particular lattice direction. Some examples of this unique type of materials include black
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phosphorus® %!, ReS,6 5253 and ReSez** %° from TMDCs, TiS3s%8, ZrSs% from
TMTCs, as well as most recently discovered GaTe?> 2% from PTMCs. The presence of
strong crystalline anisotropy in these pseudo-1D materials leads to direction dependent
properties wherein high electronic conductivity®® 5%, thermal conductivity®®, and
exciton recombination*’: ®* only occur at a given lattice direction. As such, the material
properties and behavior of anisotropic 2D materials bridge across 2D and 1D materials
such as nanotubes, nanowires, and other systems with a high geometrical aspect ratio.

Recently, our research group and others have reported on the anisotropic atomic
arrangement, optical behavior, and Raman scattering of GaTe from the PTMC family?”
59, However, the environmental stability under ambient and extreme conditions of this
material is currently unknown, despite its attractive direction dependent properties®®. For
GaTe, this is of particular concern because a few other tellurium based 2D materials such
as MoTe, and WTe2 have been previously suspected to suffer from environmental
instability?® 62, In fact, different Raman spectra have been attributed to monoclinic phase
GaTe by different research groups®> 27 5% 83, Since Raman spectroscopy is highly
sensitive to surface chemistry and structural characteristics, more work is required to gain
a fundamental understanding of material stability and interactions with molecular species
in air.
4.2 Investigating environmental degradation of Te based 2D materials
4.2.1 Design of experiments

GaTe samples were deposited onto Si substrates coated with 285 nm thermal
oxide (SiO2/Si) using conventional mechanical exfoliation from monoclinic GaTe
crystals grown using the Bridgeman technique®*. The monoclinic phase of exfoliated
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GaTe sheets was identified with Raman spectroscopy measurements. The strong
structural anisotropy in this monoclinic phase can be observed from high-resolution
transmission electron microscopy (HRTEM) and fast Fourier transform (FFT) images
(Figure 4.1b). Furthermore, the presence of anisotropy can be evidenced by ARS
measurements: it has been previously established that the two most prominent Raman
peaks at 116 and 177 cm™* involve atomic vibrations along the b-axis. Consequently,
ARS results (polar plots) of these two peaks display a cos?(0)-like response wherein the
Raman intensity is maximized/minimized when the polarization of E-field is at an angle
of 0°/90° with the b-axis, meaning parallel/perpendicular to the crystalline anisotropy
direction (Figure 4.1e-f). This allows one to determine the anisotropy direction using fast

and non-destructive Raman spectroscopy.

a . Side view _ 116 cm™? 90

As exfoliated < 240 "L 300

c
e 120 == 60
.;v.,-..-..'.lg /\j\“; TeO, e :
IRV PSP RS AV ES AV S S 150 30
< Top view £ g o\ °
Q poap o p P-qp apie 9 { |
oo A P4 P4 < P-4 P04 poce 8 | 180 > °0
$ b dp.’ <, P-4 p- q»)qo £ \ MNg /
» < < po4 pod ° ?
oo - p-od pood pi4 pod pood g 2 weeks
4 P o Ca prid biid 177 5| 20 330
oo p-ig p-od pocd P4 116 K]
4 P4 < p-o4 <4 » " /
»o ok P-4 » >4
4 § o« b4 <
- < o4 o

IS NN
A e Sl

oY

<
TavaTaTa
INININS

02020202

¥
&

200 400

Raman Intensity (a.u)
=
9.
z
Py "
&

Aged ZrTe,

/\rj@eshlv exfoliated ZrTe, E 240 L 300
270

400

200 -
Raman shift (cm™)

Figure 4.1 Basic characterization of monoclinic GaTe. (a) Side view and top view of a
single layer of monoclinic GaTe. (b) TEM image and FFT pattern (inset) of monoclinic
GaTe. (c) Raman spectra of freshly exfoliated GaTe (black line), aged GaTe (red line),
and tellurium dioxide (blue line). (d) Raman spectra of freshly exfoliated ZrTes (black
line) and aged ZrTes. Inset: normalized Raman spectra of aged GaTe and aged ZrTes. (e,

f) Polar plots of the Raman intensity of 116 and 177 cm™ peaks of GaTe.
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The Raman spectrum of exfoliated GaTe transforms quickly (within one week)
into a vastly different Raman spectrum as shown in Figure 4.1c: the characteristic Raman
peaks from monoclinic GaTe located at 116, 163 and 177 cm™ gradually disappear, while
two new Raman peaks at 126 and 142 cm™* emerge and dominate the overall spectrum.
Interestingly, the same Raman spectrum was observed on aged 2D anisotropic ZrTes
(Figure 4.1d). This suggests that the observed effect is not specific to GaTe but could be
common among other Te-based 2D materials.

4.2.2 Interaction with gas molecules in air

To understand the origin of changes in Raman spectra with time, we have
performed detailed environmental Raman spectroscopy measurements. In these
experiments, freshly exfoliated GaTe flakes were stored under a certain gaseous
environment to understand effects of different molecular interactions on the GaTe
surface, and Raman spectra were collected before/after exposure to these conditions for
one week. When the GaTe sample is kept in vacuum (<1 mTorr), the Raman spectrum
remains remarkably similar to the freshly exfoliated one, suggesting that GaTe is stable in
vacuum and strong Raman transformation is likely to originate from interaction with gas
molecules in air (i.e., O2, N2, and H20). In fact, the effect of some residual air present in
environmental chamber with a pressure above 10 mTorr can be evidenced by a small

shoulder that appears in the 120-140 cm range.
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Figure 4.2 Environmental and laser induced aging of GaTe. (a) Raman spectra of GaTe
before/after environmental aging in different gas environments for two weeks. (b) Raman
spectra of GaTe before/after laser induced transformation in different gas environments
for 15 minutes.

To determine the type of gas molecules responsible for strong surface
degradation, we have performed similar measurements in air as well as under N2, O, and
H20 rich environments. The samples stored in pure nitrogen or oxygen do not show any
peaks at 126 or 142 cm™, but these new peaks develop immediately when samples are
exposed to H2O vapor. Based on these results (Figure 4.2a), we conclude that the
observed transformation originates from interaction with H,O molecules at the surface

while N2 and even oxidizer O2 do not cause significant effects. Transformation of the
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Raman spectra in different environments can be clearly seen in the bar graph in Figure
4.3a. In this figure, l142/1163 in the ordinate takes the intensity ratio of the 142 cm™ peak
observed on aged GaTe and the 163 cm™ peak that represent aged (transformed) GaTe
and pristine GaTe contributions respectively. Therefore, l142/1163 provides a measurement
of degree of aging where larger l142/1163 ratio implies more severe transformation. While
l142/1163 ratio remains mostly unchanged under vacuum, Oz, and N2, the l142/l163 increases

dramatically by 5-10 folds when the samples are exposed to air and H.O vapor.
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Figure 4.3 Insight of environmental and laser induced aging of GaTe. (a) Quantitative
analysis of Raman spectra before/after aging. (b) 3D surface and 2D contour plot of GaTe
Raman spectra evolution during aging in ambient environment. (c) 3D surface and 2D
contour plot of GaTe Raman spectra evolution under laser exposure.

In addition to environmental Raman results, we have performed environmental

laser induced aging effects to observe the aging process in shorter timeframes to gain
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further understanding of molecular interactions at the surface. Samples were exposed to a
488 nm laser focused down to 0.75 pum? beam area at ~50uW power for ~10 minutes
under different environments, and Raman spectra were collected immediately after
exposure. Results shown in Figure 4.2b show striking similarities to Figure 4.2a which
suggest laser induced aging occurs in the presence of H2O vapor and that the aging
process can be accelerated under constant laser exposure. Acceleration of the aging
process can be attributed to increased chemical reaction rates by energy provided from
the external laser, or by photo-active surface reaction mechanisms, and is subject to
future research. Overall, the laser induced technique simply allows one to investigate
environmental effects in much shorter timescales and provides a quick and effective
measurement tool to assess the material’s stability in different gaseous environments.

To understand the transition from pristine GaTe to aged GaTe, we have collected
Raman spectra during the course of aging process in air and under laser exposure. Results
convincingly show that transition from monoclinic GaTe to aged GaTe occurs gradually
within a week in air or a few minutes under laser exposure without any intermediate
stages of surface reaction as evidenced by the absence of other new Raman peaks and
new phases of GaTe. Most notably of all, laser induced aging only occurs at regions
where GaTe sheets were exposed to the laser source.
4.2.3 Anisotropic to isotropic transition

Next, we discuss how environmental aging and H2O interaction with the GaTe
surface impact overall anisotropic properties through ARS measurements. In Figure 4.4,
we show polar plots of Raman peaks at 114 and 177 cm™ after aging for 1 and 2 weeks.
On day 0, which corresponds to freshly exfoliated GaTe sheets, intensity of the two
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Raman peaks above is maximized at 180 degrees which aligns with b axis, meaning that
the GaTe (010) direction is extending along 0-180 degrees. Similar angle resolved
measurements on the same exfoliated sample show that anisotropy is gradually lost when
the sample is kept under ambient conditions. This finding suggests that GaTe sheets
stored under ambient conditions undergo an anisotropic (pseudo-1D) to isotropic
transition as newly emerging Raman peaks (126 and 142 cm™) do not possess any
anisotropic response, and better surface protection post processing methods are required
to assess their true potential as pseudo-1D materials.
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Figure 4.4 Angle resolved Raman spectra of GaTe during environmental aging. (a) Polar
plots of 114 and 177 cm™ peaks on day 0. (b) Polar plots of 114 and 177 cm™ peaks on

day 7. (c) Polar plots of 114 and 177 cm™ peaks on day 14.
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4.2.4 Surface morphology changes

Then the main question arises: what is the exact nature of the interaction of water
molecules at the GaTe surface? To understand the fundamental mechanism behind this
process, we have performed AFM, c-AFM, and XPS measurements on freshly exfoliated,
environmentally aged, and laser exposed samples. AFM measurements performed on
freshly exfoliated (pristine) GaTe flakes clearly demonstrate that GaTe surface quality is
significantly reduced as shown in Figure 4.5. During the environmental aging process,
RMS roughness of the surface increases by 50% from 0.5 nm to ~0.75 nm while the
overall thickness increases by ~5 nm. This finding suggests that the interaction with H,O
is a chemical process and causes surface to change its morphology. Similar findings have
also been observed for GaTe sheets aged by laser exposure under H20 rich environment.
AFM images in Figure 4.5 c-d show that laser induced aging is rather local as anticipated,
and the Raman spectrum of this local spot displays the two new peaks at 126 and 142 cm’
1 as mentioned before. Interestingly, however, laser induced aging causes these local
regions to increase in height up to ~10 nm. This can be simply attributed to
GaTe—>GaTe1y+TeO2 partial (or full) oxidation at the surface since amorphization is

known to cause material to swell in volume.
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Figure 4.5 Surface degradation effects on GaTe. (a, b) AFM measurements on freshly
exfoliated and environmentally aged GaTe sheets. (¢, d) AFM measurements on
exfoliated and laser aged GaTe sheets.

In-situ environmental XPS measurements on pristine and environmentally aged
samples make this point beautifully in Figure 4.6a; tellurium peaks in pristine GaTe are
originally located at 572.8 and 583.2 eV for Te 3ds2 and Te 3ds/2 respectively which is a
commonly accepted value for Te bonded in a non-oxide crystal®® 8. Once pristine GaTe
surface is exposed to air inside the XPS chamber, new tellurium related peaks develop
within a few days. These new peaks are located at 576.6 eV (Te 3ds/2) and 587.0 eV (Te

3ds12) and closely match TeO; and other Te oxide complexes®. Here, the presence of
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both non-oxide and oxidized Te peaks on the aged GaTe surface clearly suggests that
some of the tellurium atoms remain bonded to gallium atoms while a substantial amount
of the tellurium atoms get oxidized, likely due to strong interaction with H,O. The effect
of Te-O formation on GaTe surface also shows itself in our Schottky junction devices
characterized by conductive AFM measurements (Figure 4.6b) at nanoscale. Comparison
between GaTe/Pt Schottky junction characteristics measured on freshly exfoliated and
aged GaTe shows that overall current density and rectification ratio decreases due to the

formation of a tunnel junction like Te-O surface layer.
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Figure 4.6 (a) Environmental XPS measurements on as-cleaved GaTe sheets. (b) I-V

curves of as-cleaved and aged GaTe plotted on linear and semi-log scales respectively.
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4.3 Summary

In summary, our results mark the very first investigation on surface reaction
mechanisms and environmental stability of tellurium containing 2D anisotropic systems
like GaTe and ZrTesz. Our environmental studies on anisotropic Te containing
nanomaterials demonstrated that freshly exfoliated GaTe layers quickly deteriorate in air.
During this process, the surface morphology, Raman spectrum, structure, and surface
chemistry undergo drastic changes. Our environmental XPS and Raman spectroscopy
measurements suggest that H.O gas molecules interact rather strongly on the surface
while N2, Oz, and inert gases do not have major detrimental effects on the GaTe surface.
Importantly, the much desired anisotropic property of GaTe gradually disappears during
aging process. Overall results establish the environmental stability of newly discovered
2D anisotropic materials GaTe and ZrTes, and offer deep insights into surface reaction

process on Te-containing 2D layers.
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CHAPTER 5
EXTENDING SHELF LIFE OF 2D MATERIALS

In the previous chapter we discussed the environmental instability of tellurium
containing 2D materials such as anisotropic GaTe?> ¢’  and ZrTes®. While they offer
unique properties such as bandgaps in the infrared range, high structural, electrical, and
optical anisotropy, the environmental instability poses difficulties in their manufacturing
and applications. Previous studies have shown that interactions between air and surface
can introduce anisotropic to isotropic transition®’, phase transition®, oxidation, and
intercalation?’ (Figure 5.1b). To overcome these, developing cheap, reproducible post-
processing techniques to increase the environmental stability of these 2D materials
without any negative effects on their physical properties is required.

In this chapter, we have adapted surface functionalization chemistry to protect
tellurium based 2D materials against detrimental effects of gaseous interactions at the 2D
surfaces. In particular, diazonium based surface functionalization is selected due to its
success in surface grafting of graphene based 2D systems®: /. Our results show that
when the surface of tellurium based 2D materials is functionalized by aryl diazonium
molecules, they exhibit much enhanced stability in air and even under water which is
known to have negative effects. Environmental Raman spectroscopy, PL spectroscopy,
atomic force microscopy, and conductive AFM measurements confirm that the surface
stability is enhanced by diazonium surface functionalization without impacting its
physical properties: the anisotropic response of materials is retained, bandgap stays

unchanged, and light emission efficiency remains largely unchanged.
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Figure 5.1 Degradation and functionalization schematics (a) Degradation scheme of
tellurium based 2D materials. (b) Raman spectra acquired from exfoliated (orange line)
and aged (blue line) GaTe. (c) Side view of single layer monoclinic GaTe, 2H-MoTey,
and monoclinic ZrTes. (d) Molecular structures of 4-nitro/methoxy benzene diazonium
salts.
5.1 General route to material stabilization

Te based 2D materials (GaTe, ZrTes, and MoTey) are exfoliated onto Si wafer
with 285 nm thermal oxide (SiO2/Si) from bulk crystals synthesized by CVT. Surface
functionalization is then performed by immersing the exfoliated samples into diazonium
salt solution for 15 minutes. The diazonium solution was prepared by dissolving 4-
nitrobenzenediazonium tetrafluoroboride in acetonitrile with 0.1 M tetrabutylammonium
hexafluorophosphate as electrolyte to make a 0.01 M solution. After this process, the
sample was rinsed with acetonitrile several times to remove any residue and then dried

under nitrogen flow. We noticed that the concentration of diazonium solution and
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treatment time largely affects the result of functionalization. In a few attempts where the
diazonium concentration was below 10 mM, surface functionalization was not successful,
probably due to low surface coverage. Meanwhile, diazonium concentrations between 20
and 100 mM proved to be effective. Furthermore, we also discovered that treatment times
longer than 15 minutes didn’t prove to be more effective compared to 15 minutes.
Therefore, the optimized surface functionalization parameters were determined to be 15
minutes of treatment in 20 mM diazonium solution.
5.2 Results of surface functionalization
5.2.1 Enhanced material stability

Prior to surface functionalization, the exfoliated Te based 2D material samples
were characterized by Raman, PL spectroscopy, AFM and c-AFM to identify their
material properties and surface quality. The surface functionalization process mentioned
above was then applied to the samples followed by environmental aging under ambient
conditions for two weeks. Our results on GaTe show that the environmental stability has
been significantly enhanced in air. As shown in Figure 5.2a, the functionalized GaTe
sample showed no major change in its Raman spectrum after two weeks of aging in air.
When we extended the aging time to four weeks, only minimum Raman change was
observed as well. This result is highly consistent over more than 50 different samples
with varying thickness. Meanwhile, ZrTes and MoTe, samples processed by surface
functionalization also showed enhanced environmental stability as shown in Figure 5.2b-

e.
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Figure 5.2 Effects of surface functionalization on GaTe, ZrTes, and MoTez. Raman
spectra obtained from as-cleaved, aged, passivated, and passivated/aged (a) GaTe, (b, c)
ZrTes, (d, e) MoTeo.

We have also discovered that the same method is capable of enhancing material
stability under extreme conditions. In a typical experiment, both surface functionalized
and as-cleaved GaTe samples were immersed into deionized water for 5 hours and their
Raman spectra were recorded before and after this process. As evidenced by the results
shown in Figure 5.3a, as-cleaved GaTe sample without protection of diazonium
molecules quickly transformed under water, whereas the surface functionalized sample
showed only minimum changes, implying that material stability has been greatly
enhanced (Figure 5.3b). In addition to 4-nitrobenzene diazonium tetrafluoroboride, we
have also investigated the effect of 4-methoxybenzene diazonium tetrafluoroboride on
these Te based 2D materials. Our results show that the two diazonium salts both improve

the environmental stability of GaTe with no significant difference between them.
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Figure 5.3 Enhanced stability of functionalized GaTe in water. (a) Raman spectra of as-
cleaved GaTe before (red) and after immersing in water (blue). (b) Raman spectra of
passivated GaTe before (yellow) and after immersing in water (green) compared to as-
cleaved GaTe (red).
5.2.2 Effects on surface morphology

As mentioned in the previous chapter, environmental aging of GaTe causes
detrimental effects on the surface of the material. AFM results show that the thickness of
the material increases by ~5 nm and surface roughness increases by about 25% (Figure
5.4a-c). This increase in thickness can be attributed to the surface transformation of
crystalline GaTe to amorphous tellurium oxide. In contrast, when we study the surface
functionalization process with AFM, results show that thickness of the material increased
by ~1 nm, which can be explained by the addition of one layer of diazonium molecules,
while the surface roughness is relatively unchanged. Furthermore, after two weeks of

aging in air, the surface functionalized sample still doesn’t show any change in surface
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roughness, whereas the thickness increased by ~1 nm (Figure 5.4d-f). The origin of this

thickness increase is currently unknown and subject to further studies.
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Figure 5.4 Surface morphology and thickness changes of GaTe during environmental
aging. AFM images of (a) as-cleaved, (b) aged GaTe. (c) RMS roughness data calculated
from different sample sets with schematic representation of the surfaces. (d) as-cleaved,
(e) functionalized, and (f) aged-functionalized GaTe. Inset images depict surface
transformation effects.
5.2.3 Unaffected physical properties

We note from the previous chapter that environmental aging causes GaTe to lose
its anisotropic Raman response. Moreover, when the surface of GaTe undergoes
transformation, the photoluminescence signal of GaTe is lost as well. Knowing that
surface functionalization can effectively enhance the environmental stability of the
material as evidenced by Raman spectroscopy, we have performed ARS and PL

measurements to understand the effects of functionalization on material performance. PL
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spectra collected from as-cleaved and functionalized samples suggest that PL intensity
shows a ~50% decrease while the peak position and shape remain unchanged, which
suggests that the optical bandgap of the material is not affected by surface
functionalization (Figure 5.5a). On the other hand, the decrease of PL intensity could be
associated with changes in radiative to non-radiative recombination timescales. As
experimentally and theoretically predicted in the next section, electrons are withdrawn by
surface aryl groups from the material which introduces p-type doping. In return, the
increase of hole concentration stabilizes Auger non-radiative recombination process in
which photons generated by electron-hole recombination transfer their energy to holes
instead of generating radiative emission.

We also note that anisotropic material response is also lost as a result of surface
deterioration evidenced by our ARS measurements. In contrast, surface functionalization
inhibits this anisotropic to isotropic transition: the surface of functionalized GaTe
remained highly anisotropic as shown in the polar Raman plot from Figure 5.5d-e,
indicating that functionalization process itself didn’t introduce any change in material
anisotropy. Moreover, compared to non-functionalized GaTe samples which showed a
circular plot after two weeks of aging, surface functionalized GaTe samples still showed
strong anisotropic Raman response. This also proves that diazonium based surface
functionalization is very effective in preventing gas/material interaction based surface

transformation as well as anisotropic to isotropic transition.
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Figure 5.5 Effects of surface functionalization on physical properties of GaTe. (a) PL
spectra of as-cleaved (red), passivated (yellow), and aged-passivated (green) GaTe. (b-c)
Schematic description of angle resolved Raman spectroscopy and definition of
polarization angle 6 with respect to anisotropy axis and polarization direction. (c) Side
and top view of monoclinic GaTe. (d) ARS data of 177 cm™ peak for as-cleaved (red)
and aged (blue) GaTe. (e) Polar plots of 177 cm™ peak for passivated (yellow) and aged-
passivated (green) GaTe.

Charge transfer induced by surface modification of molecular adsorption has been
reported to affect the properties of 2D materials substantially’:. Electron transfer between
the dopant and material depends on their relative electronegativity. In the case of
diazonium salt and GaTe, it is expected that the diazonium will be a p-type dopant’ 7.
We have performed surface potential measurements through Kelvin probe force
microscopy (KPFM) to understand the charge transfer at the GaTe/diazonium interface.

GaTe was deposited onto a conductive indium tin oxide (ITO) surface by mechanical
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exfoliation and surface potential measurements were performed before/after surface
functionalization. As shown in Figure 5.6a, the surface potential of sample increased
from 4.46 to 4.56 eV, meaning that the Fermi level of GaTe decreased by 100 meV as
illustrated in the band diagram in Figure 5.6b. Our conductive AFM measurements
(Figure 5.6d) on GaTe/ITO junctions also show that the I/V response remains largely
unchanged while overall current decreases, which can be attributed to the presence of
surface aryl groups on GaTe surface that results in tunnel barrier decreasing overall

current.
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Figure 5.6 Electronic effects of surface aryl functionalization (a) Surface potential map
before (left) and after (right) functionalization. (b) Band diagram of GaTe before/after
functionalization. (c) DFT model and charge density map of surface functionalized GaTe.
(d) I-V curves of as-cleaved (black) and functionalized (red) GaTe.

Our density functional theory (DFT) simulation results also clearly demonstrate
that surface aryl groups withdraw electrons from tellurium sites in GaTe. During the
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surface functionalization process, the N dissociates from the diazonium molecule and a
C-Te bond is established. In this configuration, electrons flow from Te to C, which
renders the aryl functionalities a p-type dopant. We also note that this binding at the Te
sites passivates the surface of GaTe which enhances material stability.
5.3 Summary

In summary, post-processing methods based on diazonium functionalization have
proven to be an effective method to create environmentally stable GaTe, ZrTes, and
MoTe; surfaces. While these materials are vulnerable to environmental degradation,
diazonium molecules can effectively decorate their surfaces with aryl groups to enhance
their stability in air as well as in water. Moreover, our spectroscopy and microscopy
results suggest that the physical/chemical characteristics of the materials are not affected
by surface functionalization as evidenced by unchanged optical bandgap, anisotropic
response, and fixed PL emission wavelength. Surface potential measurements, along with
DFT simulations, suggest diazonium molecules introduce p-type doping to GaTe by
binding at the Te atoms on the surface. Our findings provide a way to significantly
enhance the stability of Te containing 2D materials that are environmentally unstable
through an inexpensive, reproducible, and manufacturing compatible surface chemical

functionalization route.
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CHAPTER 6
STABILITY OF HEXAAMINOBENZENE BASED 2D POLYMERS
6.1 Introduction to 2D polymers

The term polymer refers to macromolecule composed of many repeating units of
smaller molecules, which are commonly organic molecules. Based on this definition, 2D
polymer is a two-dimensional macromolecule with laterally connected repeating units’*
76, Depending on the type of bonding between monomers, 2D polymers can be
categorized into the following: covalent polymers, coordination polymers, and
supramolecular polymers.

Compared to other 2D materials such as TMDC or PTMC, preparation of 2D
polymers usually requires bottom-up synthesis due to their organic nature. This brings
both advantages and disadvantages to 2D polymers. The advantage is that the structure of
resulting 2D polymer can be easily modified by designing the structure of monomers that
will be used for polymerization, which can be achieved with modern organic chemistry’”
8 Meanwhile, an obvious disadvantage of 2D polymer is that material quality obtained
from bottom-up synthesis is low. So far, research on 2D polymers have been mainly on
the synthesis of such molecules while their physical properties are relatively unknown.
One type of 2D polymer based on transition metal ions coordinated by
hexaaminobenzene (HAB) is of particular interest®: &: all atoms within each layer of the
polymer are in the same plane with their p/d orbitals overlapping, which can give rise to
interesting electronic properties. The transition metal ions such as Ni and Co are also
known to introduce magnetism. However, the building block, hexaaminobenzene, has
been reported to undergo oxidation in air. This oxidation occurs on the amino groups
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which are required for the formation of 2D framework with metal ions. For this reason, it
is necessary to gain a good understanding of the stability of HAB based 2D polymer for
the research of its physical properties.
6.2 Polymer synthesis
6.2.1 Synthesis of hexaaminobenzene

The polymer is the product between a direct reaction of HAB and a transition
metal salt®’. However, as HAB is not commercially available, it is necessary to synthesize
it from simpler compounds. The synthesis of HAB has a well-established route with
decent overall yield starting from 4-nitroaniline (PNA)% 84, 4-nitroaniline first undergoes
nitration with KNO3 and H2SOs to yield 2,4,6-trinitroaniline (TNA), followed by
amination with 4-amino-4-H-1,2,4-triazole which yields (ATA) 2,4,6-triamino-1,3,5-
trinitrobenzene (TATB). The last step involves the reduction of three nitro groups in
TATB to yield HAB. Since HAB product will be used for the synthesis of 2D polymer
with transition metal salt, reduction of nitro groups that involves metal or metal salts
must be avoided. Therefore, phenylhydrazine is selected as the reducing agent for

reduction of TATB®. The details of synthesis are described in the following section.
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TNA TATB HAB

Figure 6.1 Synthesis scheme of Hexaaminobenzene.
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6.2.1.1 Synthesis of TNA

In a typical experiment, 149 KNOs is dissolved in 20 ml concentrated H2SO4 and
added to a pressure-equalizing dropping funnel. 4g 4-nitroaniline is dissolved in 20 ml
concentrated H.SO4 and added to a 100 ml round bottom flask and the mixture is heated
to 50°C in an oil bath. The KNOs solution is then added dropwise to the 4-nitroaniline
solution and the reaction is refluxed at 80°C for 3h and then at 110°C for 3h again. The
reaction mixture is cooled in ice bath and slowly poured onto 20 grams of ice with
vigorous stirring. The precipitate formed is collected by vacuum filtration and rinsed
several times with DI water followed by drying in a vacuum oven, resulting in a brown
powder (4.1g, 62% yield). The product is characterized by *HNMR and 3 CNMR. Results
shown in figure 6.2 clearly demonstrate that the desired product is obtained in a pure

form.
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Figure 6.2 tTHNMR (top) and 3 CNMR (bottom) of TNA in DMSO-ds

6.2.1.2 Synthesis of TATB

1.2g NaOMe is dissolved in 5 mL dimethylsulfoxide (DMSO). 228mg TNA from
previous step, 840mg ATA are dissolved in 10 ml DMSO at room temperature. The
NaOMe solution is then slowly added to the TNA/ATA solution and the reaction is
stirred at room temperature for 3h. The reaction mixture is then poured into 150 ml 0.4M
HCI to crystallize the product. Resulting solid is then collected by vacuum filtration and
rinsed with DI water. The dried crystals are fully dissolved in DMSO with a trace amount
of NaOH. This mixture is then poured in cold dilute HNO3, and the precipitate is
collected by filtration followed by vacuum drying to afford 195 mg (76% vyield) of TATB
as a dark brown powder. Characterization result from *CNMR shown in figure 6.3

demonstrates all four carbon signals from the product without any impurity peaks.
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Figure 6.3 3CNMR of TATB in DMSO-ds

6.2.1.3 Synthesis of HAB

26 mg TATB from the previous step is mixed 5 ml phenylhydrazine under N>
atmosphere and refluxed overnight. After cooling to room temperature, the resulting
mixture is poured into toluene to for crystallization and the precipitate is collected by
vacuum filtration under N». The solid is then dissolved in DI water and insoluble
impurities are filtered out. The filtrate is then free-dried to yield HAB as a dark brown

solid. Product is characterized by *HNMR.
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6.2.2 Preparation of HAB based 2D polymer

The polymer is prepared by an interface reaction between HAB and organic salt

of selected transition metals: Ni(acac). and Co(acac): in this case. In a typical synthesis,

HAB is dissolved in Oz free DI water and M(acac): is dissolved in ethyl acetate (EtOAC)

respectively and a small amount of M(acac)2 solution is carefully added on top of the

HAB solution. The reaction is then kept at room temperature for 4 hours. The polymer

formed on the interface is then picked up with select wafer substrate (Si/SiO2, sapphire,

ITO, etc.). The deposited polymer sheets are then rinsed with DI water twice and dried

under N2 flow.
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Figure 6.5 Schematics of 2D polymer synthesis
6.2.3 Characterization of HAB 2D polymer

The obtained polymer is first characterized to investigate its morphology. When
viewed under optical microscope, samples appear as ribbon-like flakes, with lateral
dimension of ~10 um. AFM images recorded on the ribbon-like flakes show smooth
surface (RMS roughness ~1.6 nm over a large area) with terrace structures, while the
thickness of different samples ranges from 10 to 150 nm. However, holes are observed on
some flakes under AFM, which is reasonable due to the bottom-up nature of the polymer
synthesis. Scanning electron microscopy (SEM) images recorded near the edge of flakes
demonstrate sharp edge and layered features. No significant difference is observed
between Ni-HAB and Co-HAB, suggesting both metal precursors yield 2D polymer with

same morphology. In summary, optical microscopy, along with AFM and SEM
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demonstrate that the synthesized 2D polymer possess a certain degree of crystallinity and

layered structure, although many defects are present.
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Figure 6.6 Morphology characterization of HAB based 2D polymer. (a) Optical image.
(b) AFM image. (c) SEM image

Further characterization aimed at understanding the structure of formed polymer.
Energy-dispersive X-ray spectroscopy (EDS) was first used to determine the elemental
composition of the two polymers: Ni-HAB and Co-HAB. Results shown in figure 6.5
demonstrate that both polymers share characteristic peaks from C and O, while Ni-HAB
sample possesses Ni signal and Co-HAB sample possesses Co signal respectively. N
signal is not observed due to overlap with C signal. Raman spectroscopy and FTIR
spectroscopy are then utilized to study the vibration properties of the 2D polymers. Both
Ni-HAB and Co-HAB have same response in their Raman spectra as well as FTIR
spectra, which is another indication that the crystal structure of the two polymers are
same. In the Raman spectrum, two peaks at 1437.8 and 1460.3 cm™ correspond to
benzene ring stretch. In FTIR spectrum, the peak at 3176 cm™ corresponds to the N-H

stretch, and the peak at 1621.8 cm™ corresponds to the C-C stretch in the benzene ring.
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Figure 6.7 (a, b) EDX spectra of (a) Ni-HAB and (b) Co-HAB. Inset: zoom in. Raman

spectrum (c) and FTIR spectrum (d) of M-HAB

Although the existing characterization results match with reported values, several

critical results are still missing for unveiling the actual structure of M-HAB 2D polymer.

Because of the reaction setup for the polymer growth, large crystal couldn’t be obtained

for X-ray crystallography. Transmission electron microscopy was attempted, but the

sample underwent fast decomposition under electron beam so no reliable diffraction

pattern was obtained.
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6.3 Environmental stability of HAB 2D polymer

Degradation of Ni/Co-HAB was observed in some Raman spectroscopy
measurements in which the sample at the laser spot disappeared after laser exposure. To
understand the origin of polymer degradation, extensive conditional experiments were
carried out.
6.3.1 Laser induced degradation

Since laser exposure in air is known to cause degradation of HAB based 2D
polymers, various experiments are conducted to determine the factors that affect laser
induced degradation. In these experiments, AFM is used to investigate minute surface
morphology change caused by laser. The first finding is that there exists a power density
threshold for the laser induced damage to occur. With a 488 nm blue laser, no damage is
observed on the polymer sample if the power density of the laser is below 3x10® W/m?,
More laser sources with different wavelength are used to study the effect of laser
wavelength, and results show green laser (533 nm) is more effective in inducing surface
damage compared to blue laser, while red laser is less effective. The origin of this
wavelength dependency is suspected to origin from different light absorption at different

wavelengths, and is subject to further studies.

150 nm

Figure 6.8 Laser induced degradation of HAB based 2D polymer. AFM scans before (a)

and after (b) laser exposure.
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6.3.2 Thermal stability

The effect of laser exposure is two-fold: it can heat up the sample locally as well
as introducing photo-active surface species. Since both effects can result in material
damage, it is necessary to distinguish the two effects to gain a better understanding of 2D
polymer degradation mechanism. Thermal stability is then used as a simple yet effective
test to determine whether degradation is thermal or light induced. To begin with, 2D
polymer sample deposited on SiO2/Si substrate is heated on a hotplate at 80 °C in air for
10 minutes. Surprisingly, all polymer flakes on the substrate disappeared after this
process with little or no residue, implying that the 2D polymer has very low thermal
stability. Further thermal stability experiments under different gas environments are
performed in an environmental chamber equipped with a built-in heating unit: 2D
polymer sample deposited on SiO2/Si substrate is adhered on the heating unit with silver
paste and the chamber is filled with a select type of gas. The temperature of the heating
unit is then gradually increased while the optical image of the sample is constantly
recorded during the process. When sample was heated in air, no thermal degradation is
observed below 70 °C, and then the sample started to decompose gradually between 70
and 80 °C (Figure 6.9). The same trend was observed in Oz environment (Py, =
600 Torr), which suggests that oxygen could participate in the degradation process. In
N2 environment (Py, = 600 Torr), however, 2D polymer sample showed higher stability
as degradation of sample started after heating to 120 °C. Interestingly, if the nitrogen
pressure is low (~100 mTorr) in the environmental chamber, sample degradation would
still initiate at ~70 °C. In another experiment, a 2D polymer sample stored in ambient

condition at room temperature is found to slowly decompose over a week. Overall results
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suggest that the degradation of M-HAB 2D polymer in air is a spontaneous process that

can be accelerated by heat, where oxygen is likely involved in this process.

Figure 6.9 Optical images of HAB based 2D polymer during thermal degradation.
6.4 Future directions
6.4.1 Further understanding of polymer degradation

Although current experimental results suggest that the oxidation of HAB is very
likely to cause degradation of the 2D polymer, there are a few questions need to be
addressed: what is the exact mechanism that causes the oxidation of HAB and breakdown
of 2D polymer framework? What is the residue after degradation? For the first question,
better microscopy technique is required to study the morphology change of a sample in
situ, preferably at atomic level resolution. Better conditional experiments can also be
designed: for example, polymer sample can be encapsulated between the substrate and
another material such as hexagonal boron nitride to inhibit the gas/material interaction. If
the encapsulated sample demonstrates enhanced stability then it can be concluded that
gas interaction is necessary for the degradation process. For the second question,
determining the elemental composition of the residue through XPS or EDX will be the
first step to solve it. Another approach to addressing this is to compare the TGA curves of

HAB and M-HAB polymer in different gas environments.
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6.4.2 Enhancing polymer stability

In order to enhance the stability of the M-HAB 2D polymer, there are several
routes. One easy way to achieve this is to substitute HAB with other molecules that are
capable of forming a 2D polymer but possess higher environmental stability. Another
potential route is to use surface functionalization to passivate the surface of M-HAB 2D

polymer to inhibit gas/material interaction to achieve higher environmental stability.
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