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Abstract

Fabrication and microscopic characterization of nanosheets exfoliated from artificially-
synthesis mica

Mohammad Razzakul Islam

s1720401

Two-dimensional (2D) materials with atomic or molecular thickness have attracted extensive interest in
material research communities because of their exotic properties for novel functional materials and devices.
As represented by graphene, the method of mechanical exfoliation of cleavable 2D materials has opened a
new era in 2D nanomaterials. Innovation using such 2D nanomaterials crucially depends on the scalability
of their thickness and width, as well as the degree of purity and interaction with the substrate, which should

be thoroughly investigated.

In this study, we successfully fabricated wide (several hundredths of micrometers) single layer (1 nm) to
20-layer nanosheets of pure artificially synthesized phlogopite on Si substrates. We then characterized their
thickness and width by atomic force microscopy (AFM) and scanning Auger electron
spectroscopy/microscopy (SAM), including SAM analysis of their chemical composition. In addition, by
measuring the current—voltage (I-V) curves of metal-nanosheet—metal contacts by conductive AFM, we
show the potential of phlogopite as a thin insulating 2D material with discrete thickness for electron
tunneling devices. The nanoscale characterizations of mica nanosheets with focused electron beam has been

investigated.

Phlogopite is a member of the mica family of silicate (phyllosilicate) minerals. It is a single crystalline
oxide with a band gap energy of ~7 eV, perfectly cleavable along the (001) plane, and fascinating because
of its high resistance to heat, water, and chemical agents. The phlogopite used in this study was purely
artificially synthesized, and its quality was sufficiently high to be used for electronics applications. Thus, a
method to control its discrete thickness by units of 1 nm and placing it on a substrate is of great importance

to exploit phlogopite as an insulating 2D nanomaterial.

First, we propose a conventional approach using a polyurethane hand roller to exfoliate one- or few-layer
2D nanosheets with wide area from 2D cleavable crystals. In comparison with other exfoliation methods
for 2D materials, including transfer processes to a substrate, our method easily and reliably provides clean

and much wider 2D nanosheets with one- and few-layer thickness on the substrate.

Second, we propose a method to determine the thickness of mica nanosheets in the range from one to five

layers on a Si substrate using SAM by taking the intensity ratios of the Auger electron spectroscopy (AES)



peaks of Mg and O as the compositional elements of the mica with respect to the peaks of the elements of
the substrate, such as Si and the metal (Au and Ir in the present study). We derived thickness calibration
curves based on the AES peak intensity ratios experimentally obtained for mica nanosheets with different
thicknesses. The curves showed the AES intensity attenuation through the mica nanosheets with the
inelastic mean free path, which is often used in photoelectron spectroscopy. Although SAM analysis of
insulating materials tends to be avoided owing to terrible charging effects, we clearly demonstrate that SAM

analysis is a powerful method for investigating insulating 2D nanomaterials.

Third, the electronic properties of the mica nanosheets were examined by conductive atomic force
microscopy to measure their current—voltage (1-V) curves, exhibiting the characteristics of metal-insulator-
metal contact having a tunneling barrier which is decreased with decreasing thickness. This would allow us

to conduct the SAM analysis by avoiding the terrible charging effect on the insulating mica.

Finally, focused electron-beam induced etching of mica layers has been investigated as a selective
nanoscale etching technique. In order to gain an understanding of the process, the effects of beam current,
beam energy, and scan time on the process were examined as of controlling parameters. Experimental
results indicated that the etching process is governed by the electron-stimulated desorption of mica elements

from the mica compound.

This study demonstrated that the elemental and structural analysis of even insulating thin 2D layered
materials can be plainly conducted by the SAM, the information of which is fundamental and critical to

realize nanoscale electronic devices, composed of conducting and insulating 2D layered materials.

Keywords: Mica nanosheets, atomic force microscopy, scanning Auger electron microscopy/spectroscopy,

current-voltage characterizations, focused electron beam
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Chapter 1

Introduction

1.1 Research Background

The field of two-dimensional (2D) materials with atomic or molecular thickness represent a broad
spectrum of materials with exceptional physical and electronic properties that has witnessed several
significant advancements in a short period of time [1-6]. Compared to traditional three-dimensional
(3D) bulk semiconductors, the electronic and optical properties of 2D materials often results in
fascinating phenomena. This can be attributed to the unique properties possessed by 2D materials,
such as ultralow weight, high Young’s modulus, high strength, outstanding carrier mobility and
strong in-plane anisotropy [7-11]. Since the successful exfoliation of graphene from graphite, a single
atomic layer of carbon has paved the way to study the interesting family of 2D materials. In addition,
apart from graphene, significant research effort has been directed toward 2D semiconducting
materials such as boron nitride (h-BN), transitions metal dichalcogenides (TMDs) and layered
transition metal oxides [12-17]. By exploiting the unique mechanical and electric properties, 2D
materials can be used in wide-ranging applications, including flexible electronics, strain sensors,
nano-generators, and innovative nano-electromechanical systems. A layered materials ‘mica’, one of
the groups of sheet silicate (phyllosilicate) minerals, is an oxide with a band gap of ~7 eV, has
prominent characteristic application in the electronic and electrical industries because of its optical
transparency, uniform high dielectric constant and mechanical strength as well as its high resistance
to heat, water, and chemical agents [18-21]. Mica is an insulator with an ultra-flat surface and a highly
stable structure that can also be used to tune the carrier mobility of other two-dimensional materials,

such as graphene, MoSz, and others [22,23].

The unique properties of 2D materials greatly depends on the preparations process. In that case,

mechanical exfoliation process is one of the reliable methods to prepare high quality single crystal



2D materials that can exhibit near ideal electronic behaviors. Mechanical exfoliation and transfer
techniques lead to understanding of new physical phenomena, however, exfoliation techniques fall
short in terms of scalability. Also the unique electrical, optical, and mechanical properties of 2D
materials considerably depend on the thickness of the nanosheets as well as the interaction with the
underlying substrates. With regard to the development of devices using 2D mica nanosheets, a
conventional and reliable method to prepare high quality scalable 2D nanosheets and a process that

can conveniently evaluate their thickness is of great importance.

Despite the advantageous and unique material properties of mica, fundamental issues still exist with
the manipulation of these materials. Deeper understanding of the underlying mechanisms and
chemical manipulation of the 2D materials at the nanoscale is an increasing requirement for novel
nanofabrication. One method is called focused electron beam induced processing, a nanofabrication
technique which has drawn considerable appeal in terms of the novel capabilities offered [24,25].
Therefore, it is very important to investigate and characterize mica nanosheets under focus electron

beam and mechanism involving with electron beam manipulation.
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Figure 1.1: (a) An example of 2D hybrids materials-based circuit [3]. (b) Applications of 2D materials

to the flexible and transparent devices. [3]

1.2 Purpose of the Study

The purpose of this study is to develop a method to prepare large area and high quality atomically
thin 2D mica nanosheets as thin as just one layer (1 nm) and measuring their properties as well as the
thickness on different substrates such as SiO2/Si wafers and gold and Iridium-coated Si wafers. To
mechanically exfoliate large and high-quality mica 2D sheets from bulk mica and affix them on the
substrates, we modify the approach by using a polyurethane hand roller for the exfoliation. To analyze

artificially synthesis pure mica (phlogopite) nanosheets, we use scanning Auger electron



microscopy/spectroscopy (SAM) as well as atomic force microscopy (AFM), in regard to their 2D
shapes and thicknesses with less than 10 layers, and their atomic species. Auger electron spectroscopy
(AES) possesses high chemical sensitivity as a surface analytical technique, based on the kinetic
energy spectrum of electrons backscattered from the sample irradiated with an accelerated electron
beam, which is used to determine the ultra-thin film thickness. Although scanning electron
microscopy (SEM), which function is also conducted in the SAM, is not usually applied to insulating
materials because of terrible charging effects induced by irradiation of the electron beam, we
challenge to analysis mica nanosheets using the SAM. The tunneling current and barrier height of
few-layer mica are characterized with conductive AFM. The nanoscale characterization of mica
nanosheets with focused electron beam is presented and discussed with the mechanism involving

beam interactions with mica as an oxide.

1.3 The Structure and Property of Mica

Mica is a type of phyllosilicates that exhibiting two-dimensional sheet or layered structure. Mica is
formed by a complex aluminosilicate mineral with the ideal unit cell formula can be represented by
a chemical formula of XY 1.6Zs020(0OH,F)4, in which X represents interlayer cations (K*, Na*, Ca?"),
Y represents the octahedral coordinated elements (AI¥*, Mg?*, Fe?*, Li* ,..), and Z represents the
tetrahedral coordinated elements (Si**, AIF*,..). Two tetrahedral (T) sheets on both sides of an
octahedral (O) sheet forming the layered mica structural unit (1 nm). Silicate tetrahedron (SiO4) and
aluminum octahedron (AlQOs) are the basic building blocks of mica layers and these layers with a ratio
of 2:1 are repeatedly bound together interlayer potassium ions. Mica layered structure is consist of
alternating aluminosilicate and potassium ion layers. In the aluminosilicate layer Si ions are partially
substituted by Al ions (1/3), which gives a net negative charge to the layer and interlayer cations
(K*) maintaining the charge neutrality of the unit. For the phlogopite mica the center of each

octahedron is occupied by Mg and for muscovite mica Al. The electrostatic force between the K+ and



the aluminosilicate layer is shared among 12 oxygen atoms, due to the weak attraction force between
the K+ and the aluminosilicate layers and perfect cleavage parallel to the (001) plane occurs easily
along this interface. Upon cleavage along (001) plane mica surface exhibits a hexagonal arrangement
of Si and O atoms partly covered by potassium ions produces two large, atomically flat surfaces on
both sides of the cleaved mica, with each expose surface is occupied with equal but randomly

distributed K* atoms to preserve the charge neutrality of the mica sheets.
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Figure 1.2: Crystal structure. (a) Structural unit of mica. Surface structure of phlogopite mica: (b)

[001] projection and (c) [100] projection.

The following are the most noticeable features that makes mica an ideal material for flexible device

applications.

I 2D structure: Mica shows strong intra-layer but weak inter-layer van der Waals (vdW) and
electrostatic interactions that’s possible to peel off over layer from bulk mica creating two-

dimensional thin film.



Vi.

Vii.

viil.

Transparent: Several-layer mica sheet exhibits clear transmittance in the ultraviolet—visible-
infrared range of the electromagnetic spectrum and gain more attraction to optoelectronic
applications.

Elastic: The high elasticity of atomically thin mica nanosheets as a mechanical property of
mica crystals validate their applicability as dielectric substrates in highly demanding
mechanical applications.

Flexible: Mica has very high yield strain and the bending radius down to 0.03 cm is reported
for 100 nm thick mica sheet [29].

Chemically inert: The absence of dangling bonds on surface makes mica highly tolerable
against chemical bonding.

Electrically insulating: Insulating properties of mica is much higher than other 2D insulating
materials and mica is a perfect candidate for the use as a gate dielectric in flexible electronic
devices [29].

High thermal resistance: artificially synthesized pure phlogopite mica (KMgsAlSizO10F2),
which is suitable for electronic device processes and applications because it is thermally stable
up to a maximum operating temperature of ~1100 °C and is much purer than natural mica in
minerals, e.g., muscovite (KAI2(AlSiz)O10(OH)2) with the temperature of ~550 °C [30].
Coefficient of thermal expansion (CTE) of mica matched with Si.

Atomically flat surface: This is the key reason for using mica in TEM and AFM observations.
Moreover, mica is the ideal substrate because of its ultra-high surface flatness for investigating
other 2D materials.

Inexpensive and abundant: Phyllosilicates are one of the most abundant minerals found in in

all the three major rock verities-igneous, sedimentary and metamorphic.



1.4 Remaining Chapter Summary

This thesis will focus on developing exfoliation method and characterizing layered materials
phlogopite mica with AFM, SAM, and the focus electron beam induced etching. The results will be

split into the following main chapters:

Chapter 2. Background- This chapter will give a background of all experimental technique used in

this project.

Chapter 3. Mechanical exfoliations- Introducing new approach of mechanical exfoliations process
with the poly-urethane hand roller. This chapter will discuss the mechanism and advantages of the
newly invented approach to exfoliate wider and high quality nanosheets and compare the result with

other conventional methods.

Chapter 4. Thickness measurement- The main objective of this chapter is to evaluate thickness of few
layer mica nanosheets with Auger electron spectroscopy, SEM image observations and current-

voltage characterizations of insulating few layer mica nanosheets are discussed.

Chapter 5. Electron beam irradiations- In this chapter we will investigate the effect and involving
mechanism of focus electron beam irradiations on mica surface and finding the beam controlling

parameters to selectively etching mica layers with the incident electron beam.

Chapter 6. Conclusions- This chapter will summarize the results found in this thesis and give insight

into the future directions of these results.
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Chapter 2
Background
2.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is an atomic resolution type of scanning probe microscopy (SPM),
the illustrated resolution on the order of fractions of a nanometer, more than thousand times better
than the optical diffraction limit [1]. The surface information of the sample is gathered by "feeling"
or "touching" the sample surface with a mechanical probe and building up a map of the height or
topography of the surface as it goes along. Piezoelectric elements that facilitate tiny but accurate and
precise movements on electronic command enable perfect scanning of the sample. Through this
research work we have used Molecular Imaging’s PicoPlus controller, the PicoScan 2500 with the

environmental chamber for the control environmental experiment.

Figure 2.1: AFM setup. [https://images.app.goo.gl/4zZWEVPADUMMCTEV1A]

11
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Figure 2.2: An AFM instrument generates topographic images by moving a small cantilever over the
surface of a sample. A sharp tip is attached on the end of the cantilever that contact with the sample
surface, the reflected laser beam from the backside of the cantilever is detected by a photodetector

and send to the detector and feedback electronic.

The atomic force microscopy consists of cantilever with a tip, a laser source, photodiode with detector
and feedback circuit. Typically, silicon or silicon nitride cantilever with a sharp tip (probe) attached
at its end which is used to scan the specimen surface by contacting the sample surface or vibrating on
top of the surface depending on the scan mode. When the tip is brought into proximity of a sample
surface, forces between the tip and the sample lead to a deflection of the cantilever according
to Hooke's law [2]. Depending on the scan mode, forces that are measured in AFM include
mechanical contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic
forces etc. The AFM can be operated in a number of modes, depending on the application such as
static (also called contact) modes and a variety of dynamic (non-contact or "tapping") modes where
the cantilever is vibrated or oscillated at a given frequency [3]. In this research work we have used
contact mode operations with the silicon nitride tip for the image topography and for the conductive

AFM mode, we used 10 nm Iridium coated silicon nitride tips.
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Figure 2.3: AFM beam-deflection detection

2.1.1 Conductive Atomic Force Microscopy

Atomic force microscopy has divers of functions to characterized surface morphology of different
type of sample. With modifications of the setup, AFM can be used to measure the surface conductivity
and tunneling current of two-dimensional materials. The conductive atomic force microscopy (CAFM)
can simultaneously measure the topography of the sample surface and electric current flow at the
contact point of the tip and sample. Laser deflection from the backside of the cantilever measured the
topographic image of the sample, while current is detected using a current-to-voltage preamplifier
[4]. The application of topographic imaging and current detection make C-AFM advanced scanning
probe microscopy compared to scanning tunneling microscopy (STM). Generally, in STM the current
flowing between the tip and the sample (the distance can be calculated depending on the current)
constricting the topography picture of the sample. Therefore, when STM is performed a sample
portion scanning, it is not possible to discern the current fluctuations that are related to a change in
the topography (due to surface roughness) or to a change in the sample conductivity (due to intrinsic

inhomogeneities). On the other hand, the C-AFM is generally operated in contact mode; the tip can
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be kept at one location while the voltage and current signals are applied/read, or it can be moved to

scan a specific region of the sample under a constant voltage (and the current is collected).

The conductive atomic force microscopy is operated under the following conditions: i) the tip (probe)
must be conductive; ii) a voltage source is needed to apply a potential difference between the tip and
the sample holder; iii) a pre-amplifier is used to convert the current signal into a voltage signal that
can be read by the computer via an analog—digital converter [4]. In C-AFM experiments, the sample
holder must needed to use conductive wire or tape to connect the sample with holder to make

complete circuit to apply bias voltage [5]. The currents collected by the CAFM obey the relationship:
I =J % Actt

where | is the total current flowing through the tip/sample nanojunction, Jis the current density
and Aefr IS the effective emission area through which electrons can flow [4]. The most common
mistake in C-AFM research is to assume that the effective emission area Aer equals the physical
contact area Ac. Usually this assumption is incorrect because in different tip/sample systems the
electrical field applied may propagate laterally. For example, the lateral conductivity of the sample is
very high when the C-AFM tip is placed on a metal, making the whole sample surface area electrically
connected (Aetf equals the area covered by the metallic film/electrode) [6,7]. On the contrary, if the
C-AFM tip is placed directly on an insulator, it acts as a nano-sized electrode and provides a very
high lateral resolution. Aefs has been defined as: "the sum of all those infinitesimal spatial locations
on the surface of the sample that are electrically connected to the C-AFM tip (potential difference is

negligible).

2.2 Scanning Auger Microscopy

Scanning Auger microscopy (SAM)/Auger electron spectroscopy (AES) is an Auger electron effect-

based electron beam techniques. An incident electron beam with energy typically 3-25 keV impinges
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on sample surface and causes an Auger electrons emission. This is a chain of radiation-less transitions
process following the ionization of atoms by the incident electrons and finally ends up by the ejection
of an electron which is known as an Auger electron. Very short inelastic mean free paths of the Auger
electron make AES extremely surface sensitive (sampling depth of 3-5 nm) thus allow the analysis

of the elemental composition of materials.

The elemental maps of the sample surface are produced by scanning Auger microscopy by scanning
the electron beam over the sample and selecting specific Auger peaks. Depth profiling can also be
run by AES using an Ar* sputter gun and in-depth elemental distributions are obtained through
measurements of concentration profiles. The Auger depth profiling reveals ultra-thin layers and
quantifying their elemental composition also in-depth information can also be obtained by analyzing
a cross-sectional sample. In the SAM observations, sample preparations are quite convenient
compared to transmission electron microscopy, complex sample preparation are not required in SAM.
Ultra-high surface sensitivity makes SAM complementary to electron microscopy techniques (EDX
and EELS) and higher spatial resolution offers an alternative to photoelectron spectromicroscopy

(XPEEM).

In the process of Auger effect, an atom is excited by a beam of electrons with energies in the range
of several eV to 50 keV, a core state electron can be removed leaving behind a hole. Leaving one
electron from the core level transfer the atom into unstable state, the core hole can be filled by an
outer shell electron, whereas the electron moving to the lower energy level loses an amount of energy
equivalent to the difference in orbital energies. The transition energy can be coupled to a second outer
shell electron, which will be ejected from the atom if the transferred energy is larger than the orbital

binding energy [8-13].
The emitted electron will have a kinetic energy of:

Ekin = Ecore state — EB — E‘C,
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where Ecore state IS the core level, Eg is first outer shell and Ec is second outer shell electron positive
binding energies. Since a specific atom has unique orbital energies, analysis of the emitted electrons
can provide information about the chemical composition of a surface. Figure 2.4 illustrates two

schematic views of the Auger process.

(a) (b) ()

s Auger electron

Figure 2.4: (a) The incident electron makes the ionization of the core level electron in the atom. (b)
Upper level electron falls to a lower level by releasing a quantum of energy and (c) the energy released

from the second electron excites the Auger electron which leaves the atom.

The surface sensitivity in AES involved with emitted electrons which usually have energies ranging
from 50 eV to 3 keV and at these values, in the solid electrons have a short mean free path. The
electrons escape depth is therefore localized within a range few nanometers depth of the target surface
(Fig. 2.5), this give AES an extreme sensitivity to surface species [13]. Ultra-high vacuum (UHV)
conditions is required in the AES setup because of the low energy of the Auger electrons.
Measurement in high vacuum conditions prevent electron scattering [12-14]. Typical AES setup
schematically shown in Fig. 2.6. In this configuration, incident focused electrons strike on a sample
and emitted electrons (Auger electrons) are deflected into a cylindrical mirror analyzer (CMA). The
collected Auger electrons in the electron energy analyzer are plotted as a function of energy against

the broad secondary electron background spectrum [15].
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Figure 2.5: Auger electron fail to emerge with their characteristic energies if they start from deeper
than about 0.5 to 5 nm into the surface.
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Figure 2.6: AES experimental setup using a cylindrical mirror analyzer (CMA).
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In the collecting AES spectra, the Auger peaks intensity is small compared to the background noise
level, to highlight the actual peak intensities of specific elements AES is often run in a derivative
mode by modulating the electron collection current via a small applied AC voltage. Derivative mode
of AES spectra emphasizes Auger fine structure with small secondary peaks surrounding the primary

Auger peak. Figure 2.7 illustrates a derivative spectrum from a mica sample clearly showing the

Auger peaks.
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Figure 2.7: Auger spectrum of mica in derivative mode plotted as a function of Auger electron energy.

2.3 Inelastic Mean Free Path

The term inelastic mean free path (IMFP) are frequently used to specify the surface sensitivity of
Auger-electron spectroscopy. The IMFP is define as how far an electron on average travels through

a solid before losing its energy. When a monochromatic primary electrons beam is incident on a
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sample surface, Auger electrons from atoms near-surface region of the solid are ejected. Through
plasmon excitation, electron-hole pair formation, and vibrational excitation majority of incident

electron loss their primary energy when passing through the solid sample surface [16].

The intensity of the primary electron beam o damps as a function of distance d into the solid. The

intensity decay can be expressed as follows:
I(d) = 1o eV 4"

Where I(d) is the intensity after the primary electron beam has traveled through the solid to a
distance d. The parameter A(E), termed the inelastic mean free path (IMFP), is defined as the distance
an electron beam can travel before its intensity decays to 1/e of its initial value. The inelastic mean

free path of electrons can roughly be described by a universal curve that is the same for all materials

[17,18].
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Figure 2.8: Universal curve for the electron inelastic mean free path in elements in [17].
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2.4 Tunneling

2.4.1 Metal-Insulator-Metal Tunnel Diode

(a)

q%,

Erl | Er

Figure 2.9: Energy-band diagrams of MIM structures. (a) Symmetrical MIM under equilibrium. (b)

Under bias, V> @o. (c) Asymmetrical MIM.

A metal-insulator-metal (MIM) tunnel diode is a thin-film structure consisting of well-defined single
crystal material sandwiched between two metal electrodes is the ideal model for study of tunneling
current of insulating materials. In the MIM structure the electrons from the first metal can tunnel
through the insulator film and be collected by the second metal. It displays nonlinear I-V
characteristics but negative resistance is not present. The nonlinear 1-V nature is sometimes used for
microwave detection as a mixer. Figures 2.9 (a) and (b) show the basic energy-band diagrams of a

MIM diode with similar metal electrodes. Since all of the voltage applied is dropped across the

—»‘dq—

qV

2

insulator, the tunneling current through the insulator is,

J = 4%;"*[[ T,[F(E) — F(E + qV)]dE,dE

At 0K,




J=Jo[Bexp (~cVB) - (B + V) exp (-c/a+ V)]
where

2 4md*\/2m*q
Jo=——andc=""1
2mhd*? h

For the ideal symmetrical MIM structure the current density is given by
V vV %4 vV
] =)o ((Z)o - E) exp| —C |@o — 5|~ ((2)0 + E) exp| —C @y + 5

The present investigation we fabricating iridium-mica-iridium structure and measuring the tunneling
properties of few-layer mica nanosheets using above equations with conductive atomic force

microscopy.
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Chapter 3

Exfoliation of large-area high-quality two-dimensional mica nanosheets on

substrate

Mechanical exfoliations and transfer techniques led to understanding of novel physical phenomena
of two-dimensional (2D) materials. The original exfoliation method, which remained largely
unchanged during the past decade, provides relatively small flakes with moderate yield. Here, we
present a conventional approach to exfoliate single-layer or few-layer nanosheets from cleavable
layered crystals using a polyurethane hand roller. The sample was a single-crystal oxide of pure
artificially-synthesized phlogopite (KMgsAlISi3O10F2), one of mica family. The mica nanosheets with
high-quality were extended to more than 100-um width on Si substrates. The nanosheets down to a
single layer (1 nm) were characterized by atomic force microscopy (AFM), and elemental analysis
was performed by scanning Auger electron spectroscopy/microscopy (SAM). The preparation of
atomically thin insulating crystalline mica sheets will enable the fabrication of ultrathin, defect-free

insulating substrates, dielectric barriers, or planar electron-tunneling junction.

Poly-urethane hand roller . .
Single and few layers mica nanosheets

1

Substrate Mica

Figure 3: Transferring process of mica nanosheets

3.1 Introduction

The perfection and physical properties of atomically thin two-dimensional (2D) materials are
extremely sensitive to their synthesis and growth process. Achieving desired characteristics such as

structural uniformity, high carrier mobility, tunable bandgap, and flexibility is the main challenge for

24



the synthesis and growth of next generation 2D materials. A reliable and optimized growth and
manufacturing process is essential for the synthesis of 2D materials with uniform properties for the
application in flexible and transparent optoelectronics. Scalable growth techniques such as chemical
vapor deposition (CVD) and atomic layer deposition techniques have been used to grow large-area
2D materials such as graphene, [1-5] MoS», [6,7] WS> [8], and others [9-11] on different substrates.
But the development of CVD optimized growth approaches has proven to be a time-consuming
process, since phenomena such as the formation of defects [4,12] and grain boundaries [13] happened

during the growth process.

To prepare high-quality 2D materials, mechanical exfoliation processes are often performed, leading
to understanding of their remarkable physical phenomena [14-21]. Mechanical exfoliation of
monolayer or few-layer nanosheets from layered bulk crystals has played a central role to the rapidly
accessing of high-quality flakes for exploring novel materials systems. For example, nearly all of the
novel properties of graphene were first discovered and measured on mechanically exfoliated flakes
[22—24] and other 2D materials such as h-BN, MoS; and SnS; have gained large attention due to their
distinctive properties [25-27]. Also, it can be expected that the exfoliation process will continue to

play a prominent role in the development of 2D materials.

The single-crystalline layered structure of pure artificially synthesized phlogopite mica, a
phyllosilicate mineral with oxides of aluminum (Al) and magnesium (Mg), and potassium (K) and
fluorine (F) in the chemical formula of KMgsAISisO10F2 makes this material a promising candidate
to produce atomically thin insulating crystals by mechanical exfoliation. Moreover, due to its
mechanical properties, high dielectric constant, and high resistance to heat, water, and chemical
agents, bulk mica has already been extensively used in the electronic industry in many applications
as a substrate, heat and electrical insulator, or dielectric barrier. Recently, bulk mica has been also
employed as a substrate to fabricate ultra-flat graphene samples [28-33]. The 2D nature of these

atomically thin crystalline insulator sheets makes them very interesting candidates in applications
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such as insulating barriers in planar tunnel junctions or as flexible substrates for graphene or
molecular electronic devices [34-38]. For development of high-quality nanoscale devices,
conventional and reliable methods to extend the areal size of 2D mica nanosheets are required, as
well as methods to precisely characterize their thickness and chemical components. In this work, we
report a mechanical exfoliation process to prepare wider atomically thin mica nanosheets down to
one layer (1 nm) on SiO2/Si, Au/Si, and Ir/Si substrate. A combined characterization of these
nanosheets by quantitative optical microscopy and atomic force microscopy (AFM) are presented.
We also performed Auger electron spectroscopic (AES) analysis to compare the carbon
contaminations on the mica nanosheets prepared in our modified exfoliation process to those prepared

with other commonly used mechanical exfoliation technique.

3.2 Experimental Methods

In order to mechanically exfoliate nanosheets from the bulk phlogopite and affix them to the
substrates, we first adopted a tool in the exfoliation process, where Scotch tape have been widely
used to exfoliate flakes from graphene and other 2D materials. Instead of Scotch tape, we used the
tool of a clean polyurethane hand roller with a diameter of 20 mm; this is originally a commercial
tool to remove dust from flat surfaces in semiconductor processes without residues (Semiconductive
gel roller, EX215-AS, EXSEAL Co., Ltd., Mino, Japan). The viscosity of polyurethane is similar to
that of poly-dimethylsiloxane (PDMS) and Scotch tape, but the polyurethane gives lower levels of
residues. The outline of the mechanical exfoliation and affixing processes is shown in Fig. 3.1. First,
the roller was rolled once over the top surface of the bulk mica to thinly exfoliate the surface, and the
exfoliated mica sheets were attached to the surface of the roller. Subsequently, the roller was rolled
over a substrate so that the sheets on the roller were transferred to the target area on the substrate.
The curved surface of the roller was suitable for separating thin mica sheets from the bulk mica and

transferring them onto the substrate. To compare the performance of the roller, we also used a PDMS
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stamp with a thickness of 0.5 mm to exfoliate the mica nanosheets. For the substrates, we used native
oxidized Si wafers (SiO2/Si) and Si wafers coated with gold (Au/Si) or iridium (Ir/Si) at a thickness
of about 10 nm. Before transferring the mica sheets onto the substrate, the SiO/Si substrate is
ultrasonically cleaned in acetone, and mill-Q water, and then subjected to ozone cleaning to remove
ambient hydrocarbon adsorbates from its surface. We heated the substrate for few minutes at 250 °C
in air on a conventional laboratory hotplate to evaporate water molecules from the surface of the
substrate. Using the poly-urethane hand roller technique, mica nanosheets with thicknesses ranging
from hundreds of nanometers down to just one nanometer, corresponding to one layer of the mica,
were produced. When mica is mechanically exfoliated, cleavage occurs along the (001) basal plane
of a K atom layer (Fig. 3.2). As a result, approximately half of the K atoms randomly remain on the
surface of the exfoliated mica sheet, while the other half remain on the counter surface of the mica
crystal. Inspection by optical microscopy and AFM shows the successful transfer of single and few-

layer wide area mica nanosheets on different substrates.

27



|==]

Mica on a glass plate

Polyurethane hand roller is
rolled over the mica surface

Thin mica sheets are attached
on the roller

The roller is rolled over a substrate

The mica sheets are
transferred on the substrate

Figure 3.1: Outline of the mechanical exfoliation and affixing process to prepare the 2D mica
nanosheets onto the substrate. First, a polyurethane hand roller is rolled over the mica. Subsequently,
the exfoliated mica nanosheets on the surface of the roller are transferred and affixed to the substrate

by rolling the roller over the substrate. [39]
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Octahedral layer: (MgO)+F
Tetrahedral layer: (Si, Al)+O —

Figure 3.2: Atomistic model of phlogopite (KMgsAlSizO10F2) viewed along the basal plane. The
grayish blue polygons are the tetrahedrons composed of Al, Si, and O, where Al and Si atoms exist
at a ratio of 1:3. The yellow polygons are the octahedrons composed of Mg, O, and F. The small red
spheres denote O atoms at the sites that are connected to the tetrahedrons, and partly F atoms at the
sites that are not connected to the tetrahedrons. The large purple spheres denote K atoms. The
separation between the K layers is approximately 1.0 nm, which is the unit of thickness of

mechanically cleaved phlogopite. [39]

For the gold (Au/Si) or iridium (Ir/Si) substrates, we used native oxidized Si wafers (SiO2/Si) coated
with gold (Au) or iridium (Ir) at a thickness of about 10 nm deposited by DC magnetron sputtering.
Figure 3.3 shows the schematic of the sputtering coating. DC magnetron sputtering coat was
conducted in a vacuum chamber with an argon (Ar) gas (99.999%) pressure of 6 Pa at a discharge

current of 15 mA with a DC power supply.
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Figure 3.3: Schematic of the DC magnetron stuttering.

3.3 Results and Discussion

Figure 3.4 shows some optical microscopy images of mica nanosheets transferred onto two Si
substrates with a 300 nm and a 10 nm SiO; thickness. The mica nanosheets on the Si substrate with
the 300 nm SiO> thickness were more enhanced in contrast, as shown in Fig. 3.4(a,b), compared with
those on the Si substrate with the thinner oxide. We were able to clearly observe down to one-layer
mica nanosheets on the Si substrate, whereas on the 10 nm SiO/Si substrate, down to five-layer mica
nanosheets were recognized, as shown in Fig. 3.4(c,d) . The sizes of nanosheets in Figs. 3.4(b) and
(d) were about 850 um % 350 um with 6 layers and about 1200 pm x 800 pum with 10 layers,

respectively. Our modified approach can make it easier to obtain large-area mica nanosheets.
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Figure 3.4: Optical microscopy images of mica nanosheets deposited on SiO2/Si substrates. The color
and contrast difference over the nanosheets correspond to different thicknesses of the mica nanosheets.
(a) Mica nanosheets with thicknesses ranging from 1 to 20 nm on the 300 nm SiOz /Si substrate. (b)
Larger area 6 layers (6 nm) mica nanosheets on the 300 nm SiO2/Si substrate. (c) Four to several

layers and (d) 10 layers extended area of mica nanosheets on a 10 nm SiO2/Si substrate.

AFM imaging would provide an independent measurement of the thickness and morphology of 2D
materials. The typical contact-mode topographic AFM images of mica nanosheets on the SiO>/Si
substrates are shown in Figs. 3.5 (a) and (b), and those on the Au-coated Si (Au/Si) and the Ir-coated
Si (Ir/Si) substrates are shown in Figs. 3.5 (c) and (d), respectively. To evaluate their thicknesses, we
examined the cross-sectional profiles through the boundary between the SiO2 surface and the mica

nanosheets in the respective images, as shown below the AFM images. The minimum height
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differences between the substrate and the mica nanosheets in Figs. 3.5 (a) and (b) were 1 and 5 nm,
corresponding to one- and five-layer mica, respectively. Although the dimensions of single layer mica
nanosheets fabricated by mechanical exfoliation processes, such as with Scotch tape, are usually not
much larger than 1 um x 1 um, we were able to prepare single layer mica nanosheets with dimensions
of ~10 um x10 um using the polyurethane hand roller (Fig. 3.5 (a)). The dimensions of the five-layer
thick mica nanosheets reached to several hundredth um in width (Fig. 3.5 (b)). We also observed few

layers mica nanosheets with larger area on the Au/Si and Ir/Si substrate (Figs. 3.5 (c) and (d).
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Figure 3.5: AFM images of mica nanosheets mechanically exfoliated to (a) 1 nm and (b) 5 nm

thickness, affixed on the SiO2/Si substrates. AFM images of several layer mica nanosheets on (c)

32



AuU/Si and (d) Ir/Si substrates. The typical cross-sectional line profiles along the lines in the images
are shown below the images in (a) and (b). The numerals with the character “L” indicate the thickness
of the mica nanosheets in the unit of one mica layer (1 nm) measured from the cross-sectional line

profiles. [39]

It should be noted that the mica nanosheets often showed ripples and wrinkles, probably because of
formation of water bubbles between the nanosheet and substrate. In our experiment, we found that
monolayer or bilayers mica showed ripple because of existing water molecules between the thin mica
and the substrate. Thus, we heated the substrates before transferring the mica nanosheets, resulting in

smooth mica nanosheets without ripples and wrinkles, as shown in Fig. 3.6.
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Figure 3.6: Bilayer mica nanosheets transfer on SiO»/Si substrate (a) with and (b) without performing

heating treatment at 250°C for few minutes of the substrate before transferring mica on it. [39]

To examine the cleanliness of mica nanosheets exfoliated with our modified process, we performed
the AES analysis of mica nanosheet surfaces (the details of the AES analysis are explained in the next
chapter). From the AES spectra, we observed all the mica elements with detecting CkL. Auger peaks
at 272 eV close to the Kivm peaks at 252 eV, as shown in Fig. 3.7 (a). The degree of carbon

contamination depends on the preparation method [40-44]. The AES spectra around the CkL peaks
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of 10-layer-thick mica nanosheets on the Au/Si substrate prepared using the polyurethane hand roller
and a stamp of a thin PDMS sheet are shown in Fig. 3.7 (b). The carbon peak intensities were higher
for the mica nanosheets exfoliated with the PDMS stamp. This tendency of the difference in the C
peaks using the two different tools was confirmed for other mica nanosheet samples. This suggests
that the higher carbon amount originated from the surface of the PDMS stamp. PDMS contains
uncross-linked dimethylsiloxane oligomers, which are known to be present on its surface [40,42].
Although the polyurethane hand roller did not contain these undesirable species, the carbon peak did
not disappear, which was possibly attributed to contamination from the laboratory environment

during the process as we performed the exfoliation process in air.
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Figure 3.7: (a) AES spectra of 10-layer-thick mica nanosheets on the SiO2/Si substrate. The peaks
denoted by the element symbols are the mica elements except C peaks at 272 eV. The C peaks were
subjected to hydrocarbonous contaminations on the sample surface. (b) AES spectra to compare the
difference in the contamination on the nanosheets prepared with the polyurethane hand roller (red)

and the PDMS stamp (black). [39]
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It is widely known that mica has a layered structure with the potassium (K) ion layers sandwiched
between aluminosilicate layers. The aluminosilicate layer, which is a negatively charged oxide layer
because of the substitution of a quarter of the Si** ions by AI** ions, is bounded together
electrostatically with a layer of K* atoms, as shown in the model of Fig. 3.2. Since the attractive force
between the K* layers and the aluminosilicate layers are weak, cleavage occurs easily along their
interface. On the other hand, the interactions between the mica surface and the Si substrate during
exfoliation are van der Waals forces. Exfoliation of mica sheets on the Si substrate represents a
competition between the weak electrostatic force at the K* layer and the van der Waals forces between
the bottom surface of mica sheet and the surface of the Si substrate, which are facing each other.
When the adhesive force between the bottom of the mica sheet and the substrate exceeds the force
between the mica layers, the mica sheet can be separated from the layered mica, leaving the thin mica
nanosheet on the substrate surface. Figure 3.8 gives a schematic diagram of the key steps of modified
mica exfoliation process, and illustrates how the solid curve surface of the poly-urethane hand roller
can increase the interaction at the mica/substrate interface and thus enhance the exfoliation process.
When the roller together with few layers mica on its surface is pressed over the substrate, more
uniform contact is established between the outermost mica layer and the support substrate which
increased van der Waals force driven by an increase in pressure at the interface. The roller increases
the force between mica and substrate surface by establishing pressure difference, increased contact
area, and decreased overall contact distance. As a result, when the roller is rolled, separations
occurred between the mica layers and monolayers or few layers of mica is transferred from the roller
surface onto substrate surface. Similar mechanism happened when the roller is rolled over the bulk
mica to transfer mica sheets onto the roller surface. Sometimes monolayer or few layers mica flakes
that attached on the roller surfaces from the bulk mica are transferred onto the substrate surface
directly. Upon cleavage of mica surface exhibits a hexagonal arrangement of Si (1/4 Al substitution)

and O atoms partly covered by potassium ions over the exposing surface [45].
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Figure 3.8: Key steps of the modified exfoliation process for 2D materials. (a) Increased pressure by

the roller causes a small and uniform spacing between mica and substrate which in turn enhances the
van der Waals interaction at the interface. (b) Separation between the mica layers occurred as the

roller is started to rolling over the substrate.

3.4 Conclusion

We have successfully deposited atomically thin nanosheets of phlogopite mica with thickness down
to a single layer (1 nm) and few layers with an area of several hundredth square micrometers on
SiO2/Si, Au/Si, and Ir/Si substrates. Mechanical exfoliation of mica nanosheets with a clean
polyurethane roller can easily provide large area mica nanosheets. The AES analysis demonstrated
that our modified exfoliations mica had a low level of hydrocarbon contamination compared with the
commonly used PDMS exfoliations process. We suggest that the exfoliation approach demonstrated
here is applicable to a wide range of 2D materials. Hence, our conventional method possibly
accelerates the exploration of new 2D materials by providing an efficient pathway to large nanosheets

derived from layered crystals via exfoliation.
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Chapter 4

Discrete Thickness Measurement of Mica Nanosheets by Auger
Electron Spectroscopy on Substrates: Toward Characterization of the

Tunneling Current through the Nanosheets

Insulating two-dimensional (2D) single-crystal oxide of pure artificially-synthesized phlogopite
(KMg3AISi3010F2) mica nanosheets were characterized by atomic force microscopy (AFM), and
elemental analysis was performed by scanning Auger electron spectroscopy/microscopy (SAM). The
elemental peak intensities of Auger electron spectroscopy (AES) spectra obtained by the SAM
depended on the number of layers of the nanosheets up to five layers. Based on the thickness
dependence intensity, we propose a conventional method to evaluate their thickness using the SAM.
We also measured the current-voltage characteristics of metal-nanosheet—metal contacts using
conductive AFM, and evaluated the tunneling barrier height. This study demonstrates the potential

of the mica nanosheets with discrete thickness.

\ Scanning electron beam
Auger ‘ AFM cantilever

electrons

Ir/Au coated Si tip

Ir coated Si substrate Phlogopite (mica) one layer =1 nm

Figure 4: Characterizing mica nanosheets using surface sensitive analyzing methods, and
established a method to calibrate the thickness of mica nanosheets by AES
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4.1 Introduction

The field of two-dimensional (2D) materials with atomic or molecular thickness represent a broad
spectrum of materials with exceptional physical and electronic properties that has witnessed
several significant advancements in a short period of time [1-4]. Since the successful exfoliation of
graphene a single atomic carbon layer with unique optoelectronic properties has paved the way to
study the interesting family of 2D materials [5,6]. Apart from graphene, significant research effort
has been directed toward 2D semiconducting materials such as boron nitride (h-BN) [7,8], transitions
metal dichalcogenides [9,10], and layered transition metal oxides with wide band gap energies [11,12].
Those materials have significant effect on the advancement toward semiconductor industries as they
are extremely thin and transparent, and their chemical structure makes them very strong to the
application for flexible electronics. Another fascinating 2D materials ‘mica’ one of the groups of
sheet silicate (phyllosilicate) minerals, is an oxide with a band gap of ~7eV, and has a nearly perfect
basal cleavage plane of (001) [13,15]. Mica as 2D materials has prominent characteristic application
in the electronic and electrical industries because of its optical transparency, uniform high dielectric
constant and mechanical strength incorporated with high resistance to heat, water, and chemical
agents. Owing to these characteristics, mica shows great potential from the viewpoint of application

as a 2D material, especially as a single crystalline oxide [16,18].

The unique properties of mica nanosheets in the applications to electronic industries are strongly
dependent on the thickness and interaction with the underlying substrate. With regard to the
development of devices using 2D mica nanosheets, a conventional and reliable method to evaluate
their precise thickness is of great importance when it comes to several atomic layers. While optical
microscopy can provide quantitative information about the thickness of 2D mica nanosheets
exfoliated from bulk mica, a specified substrate such as a SiO/Si wafer with a well-defined oxide

thickness is needed to enhance the contrast of optical images [19,20]. Atomic force microscopy
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(AFM) can be a powerful alternative to measure the thickness on flat substrates [21,22], though only
the steep height difference can be measured at the periphery of the nanosheet with respect to the level
of substrate and it is poor in time efficiency when a wide area is scanned. Furthermore, it is crucial
to analyze the atomic species of the 2D layered materials, including contaminations covering their
surfaces and residues between the interfaces of layers, which are often introduced in their fabrication

processes and markedly change the properties of 2D layered materials.

In this work, we establish the basis to determine the thickness of few layer mica on substrates such
as SiO/Si wafers and gold-coated Si wafers using scanning Auger electron microscopy/spectroscopy
(SAM) as well as AFM, in regard to their 2D shapes and atomic species. Auger electron spectroscopy
(AES) possesses is highly chemical sensitivity as a surface analytical technique, based on the kinetic
energy spectrum of electrons backscattered from the sample irradiated with an accelerated electron
beam [23,24]. In SAM, the electron beam is focused on a sub-micrometer scale and scanned over the
sample surface for elemental mapping analysis, simultaneously scanning electron microscopy (SEM)
images being observed. It is noted that the AES is very sensitive to the surface regions in the
nanometer depth, benefit to analysis of the nanosheets [25-29]. The SAM routinely used to determine
the ultra-thin film thickness for grapheme. Although, the SAM/SEM are not usually applied to
insulating materials because of terrible charging effects induced by irradiation of the electron beam,
the analysis can be conducted due to the thin layers, where the electron beam penetrates mostly. We
also discuss an analytical method to evaluate the thickness in regard to the inelastic mean free path
(IMFP) of Auger electrons passing through the mica layers. The current-voltage (I-V) curves were
measured over mica nanosheets with different thicknesses by conductive AFM to investigate the

correlation with the thickness.
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4.2 Methods and Material

To explore the potential of SAM/SEM for the thickness characterization, a single crystal of artificially
synthesized pure phlogopite mica (KMgsAlSizO1oF2) is used with a size of 10 mm x 10 mm x 0.5
mm was purchased from Itoh Kikoh Co., Ltd. To exfoliate the mica nanosheets from bulk and affix
them on the substrtates, we used a polyurethane hand roller. The outline of the mechanical exfoliation
and affixing processes is described in chapter 3. For the substrates, we used native oxidized Si wafers
and the Si wafers coated with gold and iridium at a thickness of about 10 nm by DC magnetron
sputtering. The thickness and extent of the samples on the substrates were characterized with an AFM
setup (SPM 5500, Agilent Technologies, Inc., C) operated in contact mode in air. The I-V curves
were recorded using the same setup as conductive AFM in a chamber filled with pure dry Ar gas
(99.999%) to decrease the electric current through the water layers covering the surfaces of the mica
nanosheets. These current measurements were performed with an Au-coated conductive Si cantilever
over-coated with Ir by DC magnetron sputtering at a thickness of 5 nm to increase the durability of
the conductive coating over the Si tip apex. The chemical components of the samples were analyzed
using a SAM setup (SAM670, ULVAC-PHI, Inc., Chigasaki, Japan) with a cylindrical mirror
analyzer set at 42° of the angle of electron emission from the sample normal, while the SEM images
were observed using the SAM setup. The energy and current of the primary electron beam were 10
keV and ~10 nA, respectively, a beam diameter of about 30 nm on the sample surface with ready
achievable 10°2° Torr SAM vacuum chamber. The AES spectra were obtained in detection of electron
counting with an energy sweep with 0.5 eV/step at 20 ms/step and averaged over four energy sweep
cycles. The graphs of the spectra were displayed in differential form through numerical calculation
with the parameter of 21-point differentiation and smoothing from the spectra data collected by

electron counting using the software of the SAM.
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4.3 Results and Discussion

Typical topographic AFM images of single to few-layers mica nanosheets on the SiO./Si, Au-coated
Si (Au/Si) and Ir-coated Si (Ir/Si) substrates are shown in Fig. 3.5. For elemental analysis of the
nanosheets, SAM analysis was performed. A typical SEM image of the mica nanosheets on the
Si0,/Si substrate is shown in Fig. 4.1 (a), which was recorded using the SEM function of SAM. The
sample area in the SEM image was also observed by AFM (Fig. 4.1 (b)). By comparison, it was
deduced that the brightest flat region in the SEM image in Fig. 4.1 (a) corresponded to a 10-layer
mica nanosheet. The thickness was evaluated from the cross-sectional line profile in the AFM image,
and the second brightest region corresponded to five mica layers. Notably, the single mica layer also
showed faint brightness in the SEM image with respect to the brightness of the SiO»/Si substrate (the
SEM images are not shown). The brightness differences in SEM images of mica nanosheets can be
useful to estimate the thickness differences, and the scan time of the SEM image was much faster
than that of the AFM image (almost 1/10 for our AFM setup with respect to that of SEM in Fig. 4.1).
Because brighter in the SEM image means higher emission rate of secondary electrons, the electric
potential at the surface of the thicker mica nanosheet might be slightly negative owing to the higher
resistivity of the thicker nanosheet under electron beam irradiation. It is likely that the electrons at
the surface can pass through the thin mica nanosheets by electron tunneling and/or because of the
surface leakage current on the mica. Since mica is an insulating material, it is generally difficult to
produce SEM images of bulk mica owing to image disturbance mainly because of electrical charging.
However, for the mica nanosheets, we routinely produced SEM images of mica nanosheets thicker
than several tens of nanometers without any disturbance. In addition, it is worth mentioning that the
contrast of the SEM images of the mica nanosheets on the Au/Si and Ir/Si substrates was not very
clear compared with that on the SiO./Si substrate (Fig. 4.2), probably because the strong emission of
the secondary electrons from the Au and Ir covering the Si substrate partly concealed the contrast of

the mica nanosheets.
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A well-known difficulty with imaging bare insulators in SEM is due to the so-called charging effects.
These effects lead to the deflection of the incident beam and the emitted secondary electrons (SE) by
the external electric field, which is responsible for the distortion of images and sometimes for the
impossibility of acquiring them. For example, the negative charge would flip the secondary electron
from the surface. The negative charge also reduces the landing energy of the incident electrons, and
it increase the field between the surface and secondary electron detector. On the other hand, positive
charge re-collects the secondary electron. A voltage contrast mechanism develops in which the
potential distribution across the surface is imaged. Some areas appear extremely bright because they
are negative relative to the detector and enhance SE collection. Other areas appear black because they
are charge positively and suppress the collection of SE. The mechanisms of charging are time-
dependent phenomena related to the progressive electric charge storage into the specimen. The
trapped charges generate an electric field and this initial electric field rapidly modifies the trajectories
of the newly arriving primary electrons, modifying in turn the initial charge distribution and the field

it creates.

Figure 4. 1: a) SEM image of the area partly covered with 2-, 3-, 5-, and 10-layer mica nanosheets on
the SiO./Si substrate. b) AFM image of almost the same area observed in (a). The brightness of the

SEM image increased step-wise with increasing mica thickness. [30]

47



: A e AR 3
Figure 4. 2: SEM image of few layers mica nanosheets on (a) SiO2/Si, (b) Au/Si and Ir/Si substrate.

Mica have bright contrast on SiO2/Si substrate compare with Au and Ir coated Si substrate.

The representative scanning electron microscopy (SEM) image of the exfoliated mica sheet on
different substrate can be easily observed. As mica is an insulating material, it’s difficult to get SEM
image because of SEM measurement sample should be conductor. In that case, potassium ion inter-
located between mica layers played great role in the SEM measurement for single layer mica sheets.
After the exfoliation, inter-located K™ ion become half amount on both surfaces. When wash with
water the K* ion remove from the exposing surface. In Fig. 4.3, the SEM image shows clear contrast
on the indicating point of single layer mica, after wash with water, K* ion remove from the top surface

and SEM shows less contrast indicated by the white arrows.

€)

(b) 1 layer mica

bt

1 layer mica

Si wafer . Siwafer

™ 4 10 um 10 um

Figure 4. 3: SEM image of single layer mica on SiO2/Si substrate. The white arrow indicates single

layer of mica with K* ion (a) before and (b) after wash with water. Before washing with water K*
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ions exist on the top mica surface indicating bright contrast in the SEM image while less image

contrast was found as K* ions is removed by water washing.

Typical AES spectra from 3 layers and 6 layers mica nanosheets on the SiO/Si substrate are shown
in Fig. 4.4. All of the chemical elements K, O, F, Mg, Al, and Si constituting mica (Phlogopite:
KMgsAlSizO10F2) were detected as peaks in the Auger spectra [31]. The AES peaks became higher
with increasing thickness of the mica nanosheets from 3 to 6 layers. We also detected C peaks at 272
eV close to the Kivm peaks at 252 eV. This carbon peak in the mica system probably arose from the
air during the sample exposing to carbonaceous environment as we performed the exfoliations

process in air.
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Figure 4. 4. AES spectra of 3 and 6-layer-thick mica nanosheets on the SiO2/Si substrate. The peak

energies of the spectra were the same, although their intensities are different with different thickness.
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The peaks denoted by the element symbols are as follows: Kiuwm at 252 eV, CkyL at 272 eV, Ok at

503 eV, FkLL at 647 eV, Mgk at 1186 eV, AlkL at 1396 eV, and Sik.. at 1619 eV.

From the Fig. 4.4, we observed that as the number of mica layers as increases, the corresponding
layers mica elemental peak to peak intensities is changing accordingly. The changing behavior in the
peak-to-peak intensities as a function of the number of mica layers up to 20 layers for the SiO2/Si,
Au/Si, and Ir/Si substrates are shown in Fig. 4.5. The peak-to-peak intensities of Kimm, Oxir, Fkie,
MgkLe, and Alkii, as well as the intensity of the Sik.L peak on the Au/Si and Ir/Si substrates,
increased with increasing number of mica layers up to five or six layers on the three substrates and
became almost constant above five or six layers. In contrast, the intensity of the Sik.. peak decreased
on the SiO2/Si substrate, because the emission of SikLL from the Si substrate was stronger than that
from the mica nanosheets, and the emission from the substrate was gradually concealed with
increasing mica nanosheet thickness. The intensities of the Aumnn and Irmnn peaks decreased with
increasing mica nanosheet thickness on the Au/Si and Ir/Si substrates because of attenuation of the

Auger electrons passing through the mica nanosheets from the substrates.
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Figure 4. 5: Peak-to-peak intensities of the AES peaks versus the number of the mica layers on the

a) SiO/Si substrate, b) Au/Si substrate, and c) Ir/Si substrate. [30]
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Table 1: AES peak-to-peak intensity ratios with respect to intensity of the Mg peak for 20-layer-
thick mica nanosheets and the inelastic mean free path A at the kinetic energy of the Auger electrons

for the element. [30]

Kinetic SiO2/Si Au/Si Ir/Si
Element energy substrate substrate | substrate
(eV) A (nm) A(nm) | A(nm)

K 252 1.9 2.2 2,1
O 503 4.0 2.5 2.2
F 647 2.3 2.3 2.2
Mg 1186 2.9 2.1 1.7
Al 1396 2.9 1.3 2.5
Si 1619 3.5 1.7 2.1
Ir 1905 — — 2.8
Au 2024 — 3.3 —

Based on the curves in Fig 4.7, we evaluated the inelastic mean free path (IMFP) A; roughly defined
as a travel length for which the intensity decreases to the inverse of Napier’s constant e [32,33]. Here
we assume that each layer, as a unit virtually cleaved out of the mica nanosheet with multiple layer
on the substrate, has the same emission rate of Auger electrons, which are summed from the
individual elements in each layer, with respect to the primary electron beam lo; lo does not decrease
through the mica nanosheet. Then, we derive the following equation to express of the Auger electron

intensity 1(N) of each element for the mica nanosheet with a thickness of N layers as below.

N

I(N) = Z al, exp [—(n - Dd/& cos@] + Bl eXp[_Nd//l cos@]

n=1

1—exp[_Nd//1 cos@]
1—exp[_d//1 cosH]

= a 0 + ﬁIO exp[_Nd/A COSG] (1)
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Here, N is the number of mica layers, a and £ are the proportional constants meaning the emission
rate of Auger electrons summed from individual elements in one layer per unit of the primary electron
beam incident on the analyzing region (a = 0 for the Au peak and the Ir peak, and £ = 0 except for
the Si and O peaks on the SiO2/Si substrate, the Au peak on the Au/Si substrate, and the Ir peak on
the Ir/Si substrate), d is the thickness of a mica nanosheet (= 1 nm), and 4 is the angle of Auger
electron emission with respect to the sample normal toward the electron energy analyzer (= 42 ° for
our case). It is notable that o in the first term of equation (1) represents the emission from the layer
of mica nanosheet and B in the second term represents the emission from the substrate. By numerical
fitting of equation 1 to the curves in Fig 4.7, the values of A at individual AES peaks, i.c., at their
Kinetic energies, were evaluated as in Table I. Although the values of 1 for O peak for the SiO2/Si
substrate and the peaks with kinetic energy higher than that of Mg for the Au/Si and Ir/Si substrates
were deviated from the values experimentally obtained by Garmash et al. for IMFP of Si oxide using
the SAM [34], the other values were reasonably close to those values, as shown in Fig 4.8. The
deviation might originate from the electron backscattering at the interface between the mica
nanosheets and the substrates, including the electron diffraction effect through the single-crystal mica

nanosheets. [32]
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Figure 4. 6: Plots of the inelastic mean free path (IMFP, 1) evaluated from the change in the AES
peak intensity for 1- to 20-layer-thick mica nanosheets on the SiO/Si, Au/Si, and Ir/Si substrates.
The A values at the kinetic energies of the individual AES peaks were in the range 1.3—4.0 nm. The
orange points were calculated from the equation of IMFP, 1 = 0.1531 x E%43%2 + 202.4 x E15 for
SiO», where E is the kinetic energy, reported by (V. I. Garmash, N. A. Djuzhev, E. P. Kirilenko, M.
A. Makhiboroda, D. M. Migunov, J. Surf. Invest.: X-ray, Synchrotron and Neutron Tech. 2016, 10,

767). [30]

From the dependence of AES peak intensities on the thickness, we derive the calibration curves to
evaluate the thickness. By taking the ratios of the AES peaks from the elements such as O, F and Mg
that typically increase with thickness, with respect to the peaks such as Si and Au from the substrate
that decrease with thickness (Fig. 4.6), the curves steeply increasing with thickness up to 5 — 6 layers
can be produced as shown in Fig. 4.8. These curves can be used as the thickness calibration curve;
unknown thickness of mica nanosheets at less than 6 layers can be evaluated from the ratio of AES

peak of O, F and Mg with respect to that of elements of substrate in the AES spectrum by referring
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the derived calibration curves which are universal for phlogopite nanosheets. We confirmed the
validity of the calibration curves (Fig. 4.8) by randomly taking the AES spectra over seemingly

thinner mica nanosheets, and afterward by measuring the thickness using the AFM.
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Figure 4. 7: Plots of the intensity ratios of the AES peaks with respect to (a) Si on the SiO/Si substrate,

(b) Au on the Au/Si substrate, and (c) Ir on the Ir/Si substrate versus the thickness of the mica
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nanosheet. The curves for Mg and O are useful as calibration curves to evaluate the thickness of the
mica nanosheet. The curves connecting the points were drawn using cubic B-spline in the scientific

graph software Origin. [30]
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Figure 4. 8: AES peak-to-peak signal ratios of a) Mg to Au, b) Si to Au, and ¢) O to Au on the Au/Si
substrate, which were randomly measured on the substrate covered with mica nanosheets with
unknown thickness. The thicknesses of the mica nanosheets were subsequently measured by AFM.

The ratios are plotted as a function of the measured number of layers of the mica nanosheets. The
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ratios of Mg and O to Au show a reproducible relationship with the thickness because of the stronger
AES signals of Mg and O. The plots in (a) and (c) seem to be suitable as calibration curves to evaluate
the discrete thickness of the mica nanosheet, especially to distinguish between one and two layers.
The curves connecting the points were drawn using cubic B-spline in the scientific graph software

Origin. [30]

In order to measure the tunneling current through different layer of mica nanosheets, we carried out
a separate set of experiment with the conductive atomic force microscopy (CAFM). A metal-insulator-
metal tunnel diode has prepared with the cCAFM tip coated with iridium as a top electrode and iridium
coated silicon substrate as the lower electrode, in which electron from the first metal can tunnel into
insulator (different layers of mica nanosheet) and be collected by the second metal. The I-V curves
of mica nanosheets with thickness from one to five layers on the Ir-coated Si substrate are shown in
Fig. 4.9, which were consecutively acquired by conductive AFM with Au/Si tip over-coated with Ir.
Remarkably, the curves showed nonlinear behavior as the MIM contact [35], and the current values
at a specified bias voltage decreased with increasing mica nanosheet thickness, probably because of
the tunneling effect through the mica nanosheets. Although the metal electrodes of both sides of the
nanosheet were Ir films, the curves exhibited asymmetric behavior with respect to the polarity of the
applied bias voltage. This is possibly because of the difference in the geometries of the flat substrate

and AFM tip shape and/or the state of the over-coated Ir on the tip.

When a voltage V is applied across a thin insulator with thickness d between two metallic electrodes,

the tunnel current through the insulator layer J can be expressed as a function of V [34]:

JW) =Jo [(B0 - ) exp (—c 9, —E) — (0 +%) exp <—c |6, + g>]. @

2
where @, is the average barrier height of the insulator above the Fermi level, J, = z;’m, and C =

m#, where q is the electron charge, h is the Planck constant, and m* is the effective mass of an

electron in the insulator. We used Equation (2) to analyze the I-V curves, assuming that m*= 0.32 m
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(m is the electron mass) for SiO> in a thin film with the metal-oxide-semiconductor structure [36],
because we could not find the value for mica. Because C includes the thickness d, the current in

Equation (2) exponentially changes with the thickness.
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Figure 4. 9: (a) Current—voltage (I-V) curves of mica nanosheets with different thicknesses (one to
five layers) on the Ir-coated Si substrate in the structure of an Ir-nanosheet-Ir contact measured by

current AFM with an Au/Si tip over-coated with Ir. [30]
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Figure 4. 10: (a) Forward current-voltage curve fitting to eq. 2, (b) Semilogarithmic plots
corresponding to (a), (c) Barrier height as a function of mica thickness. (d) The energy band diagram
of iridium-mica-iridium structure with 1 to 5 layers of mica nanosheets. The barrier height decreasing

with the decreasing of mica nanosheets thickness.

By numerical fitting of Equation (2) to the I-V curves in Fig. 4.9, we determined the average
tunneling barrier height @, to be about 1.7 eV for a one-layer mica nanosheet, and higher than about
6.5 eV for the thicker mica nanosheets Fig. 4.10. The @, value fluctuated, probably because of the
contact pressure of the AFM tip or adventitious contamination on the mica nanosheets. The barrier
height in the Ir-mica—Ir structure appeared to depend on the mica thickness. We have found that the

barrier height decreased with decreasing thickness of the mica nanosheets. Although our experimental
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data indicate a linear relationship between the barrier height and mica thickness, a direct correlation
between them is very difficult. The dielectric constant of the insulator is important parameter to the
barrier height at the interface. The dielectric constant of mica nanosheets is decreasing with the
decreasing thickness down to one layer. In the MIM structure, we have used one- to five-layer mica
nanosheets, as the dielectric constant of the mica nanosheets is changing with thickness that may
affect the changing behavior of barrier height for different layer of mica nanosheets. In another case,
the image-force lowering due to the two metals causes the metal-insulator barrier height to decrease
as the insulator thickness decreases. Some important electrical properties of the dielectric (mica) films
including the trap spacing, the trap density, the electronic drift mobility, and the dielectric relaxation
time, the density of states in the conduction band is responsible in the changing behavior of barrier
height. To reveal the exact mechanism, further investigation is necessary, in particular, by fabricating
the MIM device structure on the mica nanosheet to avoid the variation of the contact pressure and the

adventitious contamination on the surface.

4.4 Conclusion

We have demonstrated quantitative thickness determination of few-layers mica nanosheets by using
Auger electron spectroscopy from peak to peak Auger electron intensity. The Auger spectra have
shown distinct characteristic shape and intensity according to the change of the number of layers of
mica sheets. It has been shown that AES system can be standardized and in the range of 1 to 5 layers
of mica film thickness can be measured by simply determining the Auger electron peak to peak
intensity and which is best coincide with the AFM thickness measurement. Here we also constructed
calibration curves to evaluate the discrete thickness of mica nanosheets based on the change in the
AES peaks and the validity was verified by the equation based on the IMFP values. The |-V
measurements of metal-nanosheet-metal contacts showed the potential of mica nanosheets of pure

artificially synthesized phlogopite with discrete thickness for electron tunneling devices. The primary
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utility of the AES thickness measurement lies in the fact that the measurement is quite generally

applicable, non-destructive and independent with substrate.
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Chapter 5
Mica Nanosheet Patterned Etching Using Focused Electron Beams

Among the layered materials, mica is a well-known phyllosilicate mineral have a wide bandgap with
unique optoelectronic properties that have remarkable impact on flexible electronics. However, the
applicability and wide deployment of mica nanosheets in scalable devices is presently limited by a
lack of suitable nanoscale processing techniques, particularly growth and etching. Here we present a
Focused electron-beam (FEB)-induced etching of mica nanosheets in Auger electron spectroscopy
(AES) studies as a selective nanoscale etching technique. We have shown that the electron-beam
techniques can selectively remove mica layers and induce chemical reactions, as well as possible
structural transformations. The primary electron beam bombarding on mica surface has a profound
influence on its composition, the beam dissociates the surface compound into elementals component
and the exposed surface element is then removed from the surface. The effects of beam current, beam
energy, and scan time are investigated as controlling parameter to the dissociations on the mica
nanosheets. The technique enables damage-free, nano scale, iterative patterning of mica nanosheets,
which can widen the fabrication of mica-based 2D heterostructures and devices. This works provides
an idea on how to optimize the experimental conditions for mica characterizations with energetic

electrons and device fabrication.
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Figure 5: Schematic illustration of electron beam induced etching of Layer by layers removing of
mica sheets under the focused election beam.

5.1 Introduction

Mica is a group of single-crystalline phyllosilicate minerals, cleavable to nanometer thicknesses, with
a wide range of applications [1-3]. The properties of mica are remarkable in regard to electric
insulating, chemical inertness, and mechanical and thermal strength. Furthermore, the thinned mica
sheets are optically transparent and flexible, which are beneficial to substrates for electronic devices
[4-6]. The applicability of 2D mica nanosheets in the devices, however, has not been sufficiently
widened by a lack of suitable techniques for fine-pattern fabrication processes. While high-
temperature annealing [7,8], oxidative etching [9], and reactive ion etching [10] are the common
processing techniques for 2D materials, those techniques do not allow fine-pattern fabrications of the
mica nanosheets. Direct-write patterning using a focused electron beam (FEB) and ion beam (FIB)
also offers high-resolution methods to finely fabricate 2D materials [11-14]. However, the damage
induced by high-energy ion beam bombardment is problematic [15]. Instead, the FEB seems suitable
for low-damage or damage-free direct-write processes to selectively remove mica layers. For example,

a variety of materials are fabricated on the scale of a sub-micrometer or few-tens nanometer by FEB
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such as focused electron-beam-induced deposition (EBID) of silicon dioxide [12,13], carbon
nanowires [14], platinum interconnects [15], as well as FEB etching of silicon [16] and AlGaAs [17].
Some compounds as oxides are decomposed by the electron beam irradiation to be volatile
compositions, which would be evaporated from their surfaces. It is reported that the thin silicon

dioxides were removed by electron beam irradiation [28].

In the present study, we locally etched the mica nanosheets by using FEB of a scanning Auger
electron microscopy/spectroscopy (SAM) setup, and in-situ evaluated the etched areas by Auger
electron spectroscopy (AES) in the SAM setup, as well as ex-situ atomic force microscopy (AFM).
The AES is a powerful surface analytical technique to examine the chemical components on the
surfaces [18-21] [22-25]. The target material is the artificially synthesized pure phlogopite of the
mica group [2,3]. The prolonged FEB irradiation on the freshly cleaved mica surface could
decompose the mica surfaces, resulted in etching patterns on them. We investigated the effects of
beam current, beam energy, and irradiation time as of controlling parameters for the mica nanosheet

patterned etching.

5.2 Methods and Material

A single crystal of artificially synthesized pure phlogopite with dimensions of 10 mm x 10 mm x 0.5
mm was purchased from Itoh Kikoh Co., Ltd (Tokai, Japan). The mica nanosheets were prepared by
mechanically exfoliation of the phlogopite and affixed onto a Si substrate covered with a native oxide
using a clean polyurethane hand roller: details of the exfoliation process are discussed in chapter 3.
The Si substrate cut from a Si(111) wafer was cleaned in an ultrasonic bath with acetone and Mill-Q
water followed by drying with pure nitrogen gas flow. Subsequently, ozone cleaning was carried out
to remove hydrocarbon contaminants. After affixing the mica nanosheets on the Si substrate, the Si

substrate was set on a custom-made sample holder, being resistively heated at 550 °C for 30 min in a
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vacuum chamber of the low of 1078 Torr by passing a DC current to remove water adsorbed and
contaminations from the sample; the chamber was connected to the main chamber of SAM through
a gate valve. The sample temperature was measured with an infrared thermometer (IR-CAS, CHINO
Corp., Tokyo, Japan) through a glass viewport. The outline of the exfoliation and affixing processes

is illustrated in Fig. 3.1.

The Focused electron beam etching of mica nanosheets was performed with an electron beam in a
SAM setup (SAM670, ULVAC-PHI, Inc., Chigasaki, Japan) with a cylindrical mirror analyzer for
electron spectroscopy, while scanning electron microscopy (SEM) images were observed using the
function of the SAM setup. The vacuum of the SAM chamber was of the order of 1071° Torr. In the
SAM setup, the AES analysis and SEM observation were carried out with the same FEB, while the
FEB irradiation time was prolonged for the etching experiments. The electron beam energies ranged
from 3 keV to 20 keV with a current from 1 nA to 20 nA. The AES spectra were obtained in the
detection of electron counting with an energy sweep with a 0.5 eV/step for 20 ms/step and averaged
over multiple sweep cycles. Using the software of the SAM, the AES spectra were displayed in the
differential form through numerical calculation with the parameters of 21-point differentiation and
smoothing from the spectra data, which were collected by the electron counting method. After the
etching in the SAM chamber, the etched areas were characterized with an atomic force microscopy
(AFM) setup (SPM 5500, Agilent Technologies, Inc., Santa Clara, CA, USA) operated in contact

mode in air.
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Figure 5. 1: Schematics of preparing mica nanosheets on the Si substrate for focused electron beam

etching experiments.

5.3 Results and discussion

Figure 5.2 shows a typical SEM image of the mica nanosheets of a thickness of 15 nm with an area
of 5x6 um?, (a) before and (b) after etched by using a 10-keV FEB with an electron beam current of
10 nA for 200 and 100 minutes. The SEM image clearly showed an electron beam radiation effect on

the mica surface by completely (area 1) and partially (area Il) removed mica layers.
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Figure 5. 2: SEM image (a) before and (b) after selectively removing 15 nm thick mica layer by FEB
of 10 keV and 10 nA. Areas | and Il are irradiated in the same scan size but for different irradiation

time of 200 min and 100 min, respectively

Figure 5.3 (a) shows the SEM image of the mica nanosheet with a thickness of 8 nm before and after
the FEB irradiation at 10 keV and 10 nA for 90, 120, 150, and 180 min in the area of 11 to V correspond
to the irradiation times respectively. First the area Il (10x8 um?) is radiated for 90 minutes then the
area 111 (8x6 um?) is radiated for 30 minutes, then selecting area IV (6x4 um?) inside of Il and 111
and radiated for 30 minutes subsequently choosing area V (4x2 um?) and radiated for another 30
minutes. Figure 5.3 (c) shows the AES spectra taken from the five areas in Fig. 5.3 (a). The AES
peaks of K, F, Al, Mg, and Si were plainly observed in the area of | to VI but not in area V, area V is
unfilled by phlogopite. We observed that the individual mica elementals peak intensities decreased
from the area | to V as the irradiations time is continuously increasing in these areas. On the other
hand, the strongest AES peak of Ir was found in area V and continuously decreases from V to Il and
no Ir peak was found in area I. This result suggesting that different irradiations time removing

different layers of mica nanosheets.
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Figure 5. 3: (a) SEM image of a few layers mica after irradiated with the FEB for 90, 120, 150, and

180 min at the areas denoted by Il to V, respectively. (c) AES spectra acquired at areas | to V. The
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AES peaks intensity of Kkmm, Fkie, Mgkir, Alkie, and Sikie decreases from | to V, and Irvnn

increases vice versa. The electron beam energy and current were 10 keV and 10 nA, respectively.

Figure 5.4 (a) shows a typical AFM image of the mica nanosheet with a thickness of 6 nm; four
regions labeled by I, 11, 111, and IV of an area of a ~4 um x 5 um were irradiated with the FEB at 10
keV and 10 nA for 50, 90, 160, and 220 min, respectively. The averaged beam fluences were
calculated to be 1.5x107%2, 2.7x107'?, 4.8x107*2, and 6.6x107*? C/nm?, respectively. The cross-
sectional line profile (below Fig. 4.4(a)) shows the etched depths of one-, two-, four-, and six-layer
mica (one-layer thickness is 1 nm), respectively. The etched depths were examined as a function of
the irradiation time; as shown in Fig. 5.4(b), the plots exhibited an exponential behavior.

b
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Figure 5. 4: (a) AFM image of the 6 nm-thick mica nanosheet irradiated with the FEB at 10 keV and
10 nA, scanned over the areas of ~4x5 um?. The irradiation times for region I, I1, 111, and IV were 50,
90, 160, and 220 min, respectively, resulted in removal of one, two, four, and six mica layers,
measured from the cross-sectional line profile of the AFM image. (b) Plots of etched depths as a
function of the FEB irradiation time as well as the beam fluence using the same beam and scan

conditions in (a). [26]
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Having demonstrated the ability to etch monolayers of mica nanosheets with an area scanning mode,
we now characterize the etch process by point analysis mode. Figure 5.5(a,b) shows SEM image and
plots of etch pit depth versus time respectively, revealing that the hole generated by the incident
electron beam is increasing as the time of radiations is advancing. The fact that the etch rate is
increasing with time indicates that the electron beam does create chemically active defects below the
top monolayer of mica nanosheets. Etching depth dependencies on time have key insights into the
underlying mechanisms. The most likely explanation in etch mechanisms is that the etching process
is governed by the electron-induced decomposition of mica compound into elemental components.
This phenomenon, known as the electron-stimulated desorption (ESD), in this process the chemical
species from the radiated sample are ejected employing an electron-induced excitation process.
Madey and Yates represented the basic mechanisms associated with ESD in which the incident
electron current is directly proportional to the ion current generated via ESD [27]. Another interesting
observation regarding Fig. 5.5 (c) is the existence of a mildly etched ring surrounding the major etch
feature in the points analysis mode. This peripheral etching can be considered as the effect of an
etching by backscattered electrons (BSE) or secondary electrons (SE) emerging from the surface. We
have observed that, regardless of the shape of the feature etched, the peripheral damaged region is
always circular outside the primary electron beam radius. For example, if the beam is scanned in a
smaller size square pattern, there is still a circular ring of etching around the irradiated region. The
delocalized damage in areas beyond the e-beam irradiated regions is attributed to incomplete etching
caused by backscattered electrons (or secondary electrons [28]) that are emitted from the sample after
several scattering events. That kind of peripheral was damaged also observed in other materials such
as Si02 [29] and h-BN [30] when treating with a focus electron beam. The effect of the BSE can be

overcome simply by using a low energy electron beam, e.g., 1 keV [31].
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Figure 5. 5: (a) SEM image of point mode analysis with a beam energy of 10 keV and 10 nA current.
(b) Plots depicting the effect of radiations on mica as a function of etching time, the inset is an AFM
image of the same area of SEM image used to make the plot. The etching depth increases in a
nonlinear manner as the time of radiation is increased. (¢) AFM image of 20 minutes radiations effect
on mica with Points mode analysis, the image depicted the peripheral etching that may occur with
electron beam etching. The micrograph (d) shows that even when the scanned region is a square (3x3

um?) radiated for 150 minutes, the resulting peripheral damage remains circular.

We have performed the experimental studies examining the effects of incident beam energy and

current on the mica surface. The effect of different incident beam energy varied from 3 keV to 20
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keV on mica nanosheets was performed using point scan mode analysis at 8000 times magnification
at the incident current of 10 nA, the etch time was 10 min. The results are displayed in Fig. 5.6,
indicating that the observed etching depth (the etching depth profile collected with AFM analysis at
contact mode in the air) is decreased approximately linearly with increasing beam energy (Fig. 5.6
(b)). This experiment was carried out at constant current but as the beam energy is changing the
current density changes proportionally utilizing a change in spot size. Whereas we don’t know the
specific probe size in our experimental setup, it can be observed from the SEM image that the spot
diameter typically decreases with increased beam energy, therefore, it is expected that the current

density is higher for high beam energies.
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Figure 5. 6: (a) SEM image and (b) Plot depicting the effects of different beam energy on the mica
etching process. This experiment was carried out with a point scanning mode at a constant beam
current of 10 nA and radiation exposer time is 10 min. Both figures clearly showing that increased
energy results in a decrease in the etching depth. Etching depth was measured with AFM

measurement at contact mode in air. [26]

The incident beam current has a strong correlation to the reduction of mica layers, therefore, the
effects of beam current on the etching process were also investigated and results are displayed in Fig.

5.7(a,b). The conditions of the experiments were as follows: 12 keV beam energy, variable current,
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a magnification of 8000 times, and etching time of 10 min with a point mode analysis. From Fig. 5.7,
it is evident that the etching depth is increasing with increasing current, typically the spot diameter

increases as the beam current is increased, resulting in a change in current density.
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Figure 5. 7: (a) SEM image and (b) Plots of etching depth as a function incident beam current.
Experiments were performed in point mode analysis with a beam energy of 10 keV. The etching
depth increases linearly as the beam current is increased. Etching depth was measured with AFM

measurement at contact mode in air. [26]

The primary electron beam bombarding on the mica surface has a significant effect on the surface
composition. The layered mica structural unit (1 nm) comprises two tetrahedral sheets on either side
of an octahedral sheet and these (2:1) layer stacks are bound together by interlayer cations (Fig. 1.2).
The basic building blocks of the mica layers are silicate tetrahedron (SiO4) and magnesium
octahedron (MgQOe). Si ions in the tetrahedral sheets are partially substituted by Al ions (1/3) to give
a net negative charge and interlayer cations (K*) maintaining the charge neutrality of the unit. We are
considering that the incident electron beam can break up the mica compound into elemental
components and removed from the surface at the time of radiations occurring. To discuss the effect

of electron irradiation on the mica surface, the Auger spectrum of Si(-O-)4 from the mica surface will
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be presented here. During the radiation, silicate tetrahedron Si(-O-)4 is broke up into Si and O
component and we can easily distinguish the two species present on the surface by analyzing
similarities/differences in the features of the Auger spectra from Si and Si(-O-)4. Silicon with native
oxide is perhaps the most extensively studied element in the periodic table using AES, and lots of
original work presenting the fundamental mechanisms of the reduction of SiOx by electron radiation
during Auger analysis [32—35]. There are two Auger spectra of Si, one is the low-energy Auger peaks
originating from the LVV -type transitions and another one is a group of high-energy Auger peaks
having its origin in the KLL-type transitions. These high-energy peaks are of great importance for
the practical use in surface elemental analysis in the unambiguous identification of Si comparing the
overlap problem in the low-energy Auger spectrum. For the study of mica dissociations by electron
beam bombardment, we have investigating the low-energy side of Si(-O-)4/Si Auger peak. In the low
energy spectrum, the Auger peak appear at 78 eV is usually monitored for the purposes of
identification of Si(-O-)4 tetrahedron, whereas the 92-eV peak is characterized for the elemental Si
[36]. In the early stage of mica dissociations, the tetrahedron Si(-O-)4 78 eV peaks are prominent,
with continuous electron bombardment on the mica surface, a new peak appears on the high-energy
side of the Si(-O-)s at 78 eV peak [Fig. 5.8], this new peak at 92-eV is characteristic of elemental Si.
In order to measure the peak height variation with the time of electron beam incident, the 78 eV and
92 eV Auger peaks are continuously monitored. Figure 5.8 shows typical change in AES spectra due
to the exposer to an electron beam, the peak to peak intensities are shifted toward the higher-energy
side which is correspond to the Si-92 eV. As the time passes and Si Auger peak intensities gradually
increasing therefore we are expecting that the mica compound broke up into its elemental form. The
appearance of new and strong Auger peak at 91 eV and reduction of highly oxidized Si upon
extended-time irradiation with 10 keV primary electron beam with 10 nA beam current has permitted

us to declare the radiation damage effects on mica surface.
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Figure 5. 8: (a) AES spectra around the peaks of Si(-O-)s at 78 eV and Si at 92 eV, intermittently
taken with increasing irradiation time to be 1, 2, 3, 5, 10, 15, and 20 min in the point mode of the

FEB at 10 keV and 10 nA. (b) AES peaks as a function of the irradiation time. [26]

The beam energy and current density with the beam exposer time on mica surface are the important
parameter to selectively remove or dissociation of mica layer with focus electron in AES system. The
contamination present on the surface can also significantly affect the dissociation of mica with
incident electron radiations. We have observed a small amount of carbon (or a carbon compound)
was present on the mica sample when performing the exfoliated process in air. To remove the
carbonaceous compound from the surface of mica, we performed heating treatment in an ultra-high
(10 torr) vacuum condition. It was found that, the carbon contamination on mica can be removed by
heating the sample for approximately 2 hours in 10 torr vacuum conditions at 500 to 550°C. Fig.
5.9 clearly illustrates the carbon AES peak before and after heating treatment, indicating that after
performing the heating treatment the carbon AES peak is completely gone. It was also observed that
extended period of heating at more than 600 °C can make the depletion of K elements from the mica
surface. During the high heating process K element from the mica surface simply evaporated. In our
experiment, we have used high grade of artificially synthesized mica, and assuming that the source

of the contaminant carbon arises from the carbonaceous atmospheric gas component during air
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exposing of the sample after completing the exfoliations process. To perform the exfoliations process
we have used poly-urethane hand roller, which is free from any contaminations (finding is explained

in details in chapter 3).
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Figure 5.9: Heat treatment of C-contaminated mica surface in UHV, blue line before heating and red
line after heating the mica nanosheets at 500 °C for 2 hours. Black line is heating the sample at 650 °C

for 4 hours and its showing that the amount of K element is depleting from the sample.

Some experimental observations of mica etching process by AES technique can be qualitatively
explain by Fig. 5.10, but it is important to remember that the etching process prospectively involves
a complex interaction of several factors such as electron-stimulated desorption (ESD), electron-beam
heating, beam current, beam energy, scan time and vacuum conditions. The electron-stimulated
desorption has been extensively studied by many authors as a fundamental mechanism in the AES
techniques involving electron bombardment to the etching phenomenon [37,38]. There are many and
diverse explanations of the physical mechanism leading to the electron-induced dissociation. One
probable mechanism related to mica dissociations by electron bombardment is, the high-energy

electrons traverse a thickness equivalent to their range and come to rest, producing a net negative

80



charge in the sample. This net electric charge sets up an electric field in the mica layers. Under the
influence of this electric field, the positive elements (such as K*, Mg?* and AI**) presents in the mica
systems are diffused away from the surface into the vacuum. This mechanism is related for the release
of oxygen from soda glass bombarded by high-energy (10-27 keV) electrons was postulated by
Lineweaver [39]. The above mechanism may not be responsible for the dissociation of mica instead
the mechanism responsible for mica dissociation are more complicated than the Lineweaver
mechanism. Another likely mechanism proposed by Redhead [40] and by Menzel and Gomer [41]
for the neutral and ionic desorption in ESD from a substrate-adsorbate system and based on the
Franck-Condon principle[42], may be applicable to the case of desorption of elemental components
from the mica surface. According to this theory, in a metal-adsorbate system (M + A), the
bombardment by electrons causes transitions from the ground state to an ionic state of the type (M
+A"+ e’) with the final states distributed over the Franck-Condon region. The A" ions formed on the
repulsive part of the potential energy curve corresponding to the ionic state may be desorbed as ions
or more likely as neutrals following Auger neutralization or deexcitation. We may extend this
explanation to the case of mica dissociations as well, where the tetrahedron and octahedron bond is
broken by the excitation to the ionic state of the molecules and followed by the desorption from the
surface as of free elements. Because of the interaction of electron bombardment and dissociations of
mica nanosheets in the AES etching process are more complicated therefore substantial additional

work will be required to fully validate a model to explain the process.
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Figure 5. 10: lllustration depicting the AES etch process in which mica layers is removed by electron

bombardment. The mica compound break into elemental component during radiations and

spontaneously desorbed from the surface and making selective patters on mica nanosheets by

removing layers.
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5.4 Conclusion

We have demonstrated selective removal of mica layers by electron beam irradiation to form high-
resolution patterning. We found that several factors influencing electron beam etching of mica
nanosheets. It was determined from the experimental results that the etching depth decreases with
increasing beam energy, increases with decreasing beam current, and increasing with etching
durations. The electron beam bombarding on mica surface has a spontaneous dissociations of mica
composition. With extended irradiation, Si(-O-)4 tetrahedron broke up into elemental Si and remove
from the mica surface and dissociation take place. Carbon contamination of mica substrates can be
eliminated by long time heating at temperatures of 500 °C in vacuum. The dissociations process is
primarily involved electric field creations or ionization of deep levels of the adsorbate in Auger
excitations in terms of electron-stimulated desorption process. While this work provides practical and
fundamental insight into the AES etching of mica layers, there is still a need for considerable study
of this and other material systems. To fully realize the potential of AES etching, it is essential to gain
a stronger understanding of the fundamental physical processes involved. Our results will advance
the understanding of mica chemical stability and accelerate its use in practical optoelectronic and

photonic devices.
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Chapter 6

6.1 Conclusions

We have successfully fabricated atomically thin down to single and few layer mica nanosheets on
SiO>/Si and, Au and Ir-coated Si substrates using the procedure based on mechanical exfoliation with
the polyurethane hand roller. We found that our fabrication method yielded single and few-layer
wider mica nanosheets, which were evaluated by AFM and SAM. In comparison with other
conventional exfoliations process, our modified method of using poly-urethane hand roller provide

much larger and high quality mica nanosheets.

We determined the quantitative thickness of the few-layer mica nanosheets by using AES in regard
to the change of peak-to-peak intensities of AES spectra. The Auger spectra showed distinct
characteristic shapes and intensities according to the change of the number of layers of mica
nanosheets. It has been shown that AES analysis can be used as a standard to determine their thickness
in the range of 1 to 6 layers of mica film thickness, which has well coincided with the thickness
measured by AFM. We also derived the inelastic mean free path (IMPF) values for mica nanosheets
as a function of Auger electron energy which showed good agreement with the universal curve of
IMPF, based on plasmon energy loss in solids, for energy dependent electron escape depth. We
successfully investigated the SEM image of several layer mica nanosheets with SAM observations
and found that the SEM image contrast changes with increasing number of mica layer. This study
demonstrates that the elemental and structural analysis of even insulating thin two-dimensional
layered materials can be plainly conducted by the SAM, the information of which is fundamental and
critical to realize nanoscale electronic devices, composed of conducting and insulating 2D layered

materials.
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The current-voltage characterization of few-layers mica nanosheets with the metal-insulator-metal
structure highlight the electron tunneling probability through mica nanosheets. We found that the

barrier height of mica nanosheets continually increased with the increasing thickness.

As we characterized mica nanosheet with electron beam in the AES observations, the effect of beam
irradiations on the sample surface were investigated and found that long time electron beam incident
on mica surface make permanent damage on it. We observed that with the Focused electron-beam
induced etching process, mica layer can selectively be removed. It was determined that etching rate
increases with decreasing incident beam energy, increasing beam current and by increasing incident

durations.

In regard to the fabrication and characterization of mica nanosheets as a 2D nanomaterial presented
here, we believe that our findings and proposed methods will expanding the scope of materials

selections for nanofabrication of 2D materials.

6.2 Future Work

Semiconductor technologies have evolved with development of integrated circuits that demanded the
high-performance and miniaturization of individual transistors of the electronic devices. Among a
diversity of the improvement of transistors, the role of the gate dielectric materials is remarkably
important to the proper functioning of field effect transistors (FETSs). The gate dielectric materials
must have high resistivity to prevent the leakage current, as well as high dielectric constant and ultra-
flat surface, and free from surface charge traps and defects to have enough capacitance for channel
current flow. To date, lots of high-k materials such as hafnium oxide, zirconium oxide, aluminum
oxide, and silicon nitride have been widely employed as a gate insulator. However, there are many
difficulties with high-k gate dielectric such as crystallization upon heating, dopant penetration and

fixed charge, low channel mobility and uncontrolled oxide formation at the Si/high-k interface. Hence,
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single crystalline materials such as “artificially synthesized mica’ is an excellent choice for the gate
dielectric material because of its uniform high dielectric constant, high dielectric strength, low power
loss and atomically flat surface free from surface charge traps and surface defects. Thus, one of the
most challenging and attractive targets using mica is for a dielectric gate layer of FETs through the

processes to handle the mica as a thin layered crystal.

To use mica as gate dielectric, the following researches will be realized:

1. Mica has excellent properties so that mica could be a good dielectric material in addition to h-BN,
especially when it is down to a few atomic layers thick. First of all, mica has ultra-flat surface
free from surface charge traps and surface defects, those will enhance the carrier mobility of the
channel. In addition, mica has uniform high dielectric constant twice that of silicon oxide and BN
are more advantageous to enable highly effective gate control over the channel potential of
graphene FET.

2. Aswe can prepare highly clean thin mica sheets, it is expected that the cleanness of mica greatly
influences the transport property of the graphene affix on it.

3. Interface plays a crucial role in transistor performances, therefore a proper interface will be

formed during the device fabrication and experimental studies on interfaces will be carried out.
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