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Hfnium Diselenide (HfSe,) is an ideal semiconductor for electronic applications
because of its high carrier mobility and proper bandgap but there is a limitation that
the surface is sensitive under the ambient condition and can be oxidized easily.
However, the oxidation of HfSe, can cause Hafnium dioxide (HfO,) which is a high
dielectric material.

In this thesis, the chemical composition as a function of depth profile of 1-day
air exposure HfSe, sample is observed by using x-ray photoemission spectroscopy. By
non-destructive measurement of the sample by changing the angle, the results show
that HfO, is highest in the upper layer of HfSe, and decreases relatively with depth.
The forming Se-Se has the highest amount in the upper layer of the HfSe, surface as
well. Hf-O and Se-Se are eliminated from the surface by destructive measurement
using Argon sputtering, but Hf Suboxide (Hf**) appears after sputtering.

the oxidation effects on exfoliated flakes of HfSe, are studied under different
conditions which are O, and H,O exposure in vacuum, ambient and 95+5% relative
humidity (RH) exposure at atmospheric pressure. The results of the study using
photoemission electron microscopy (PEEM) with in-situ measurements show that H,0
and O, can cause surface oxidation, from HfSe, to HfO,, with O, exposure resulting in
stronger oxidation than H,O exposure. The effects of H,O and O, exposure with relative
humidity of 95+5% at atmospheric pressure for 4 hours fully oxidize the surface and
Se-Se bonding is formed after the oxidation. The work function mapping of HfSe, that
is exposed to different conditions shows that the contrast remains after being exposed.
Although it becomes less apparent as exposure time increases, the persistence of work

function contrast is different for each condition. As a result, we suggest that
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the difference in oxidation behavior and the difference in work function contrast are
both related behaviors that appear to be connected.

The understanding of the oxidation reactivity at the surface of HfSe, will leads
to the method for controlling and growth homogenous oxide HfSe,/HfO, interfaces for
creating a good quality Transition-metal dichalcogenide (TMD)/high - K dielectric cate
insulators in Field-Effect Transistors (FETs).
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CHAPTER |
INTRODUCTION

1.1  Background and motivation

Field-Effect Transistors (FETs) used in electronic circuits are made of silicon.
Nowadays, Si-based FETs technology has been developed rapidly. Gordon Moore
predicted that the number of transistors on integrated circuits will be approximately
increased to be double every two years, known as “Moore's law”. This law can be
achieved by down-scaling FETs. The large number of down-scaling FETs can be
assembled in the circuit leading to the operating at high frequencies. Recently,
microprocessors had billions of FETs that can operate the multiple GHz clock speeds
for the ability and potential to perform highly complex and fast processing. However,
the down-scaling Si-base FETs lead to the short channel effects (SCE) which significantly

degrade the device performance. The SCE defines a fundamental limit of scaling.

To reduce the SCE, the research community has begun to investigate
alternative channel materials that perform better or give unique functionality to
replace Silicon. In 2004, Andre Geim and Konstantin Novoselov synthesized graphene
(a single layer of carbon atoms organized in a hexagonal pattern). Graphene has
a lot of promising for electrical devices because of its high carrier mobility. However,
Graphene is a semiconductor with a zero-band gap (E,) that makes it impossible to
stop the movement of electrons. Thus, we cannot create logic-based electron device
applications by using graphene. Nevertheless, this discovery could open the way for
further research into two-dimensional (2D) materials. Since then, many 2D materials
have been discovered such as black phosphorus (BP), Hexagonal-boron nitride (h-BN),

MXenes, transition metal dichalcogenides (TMDs).

TMDs, i.e., MoS,, MoSe,, MoTe,, HfS, and HfSe,, have been the subject of
research attention because of their outstanding and unique properties including high

on/off current ratio, high carrier mobility, moderate indirect to direct band gap upon



thinning down to monolayer. It suggests their potential in replacing silicon-based
semiconductors. Particularly, Hafnium Diselenide (HfSe,) is the candidate material for
the field-effect transistors and metal-insulator-semiconductor owing to very close to
silicon band gaps and highest carrier mobility prediction from theoretical study (Zhang
et al,, 2014). However, the air stability is weak because it can be easily oxidized

(Kanazawa et al., 2016; Mirabelli et al., 2016).

Moreover, after being oxidized, HfSe, have a compatible high- K dielectric
native oxide of hafnium dioxide (HfO,). This is advantageous for FET because it can
reduce the leakage effect without introducing external mechanical stress on the
channel material and the interfacial trap states between the HfSe,/HfO,
heterostructure, suggesting its advantage for device performance. Normally, most
TMD/high -K dielectric gate insulators (for example HfO,, ZrO,, and AlL,O3) cannot be
easily integrated (Chhowalla et al., 2013; Azcatl et al,, 2014).

In this work, we would like to investigate the oxidation reactivity on HfSe, thin
flakes under a range of exposure environments to properly understand the oxidation
process of HfSe,. The depth-profiling of oxidized HfSe, surface has also been observed.
These are to explore a new avenue to controllable and growth homogenous oxide

HfSe,/HfO, interfaces.

1.2  Research objectives

1.2.1 To study the oxidation reactivity at the surface of HfSe, thin flakes under
a range of exposure environments by Photoemission Electron Microscopy (PEEM)

1.2.2 To study the work function variation on the HfSe, surface during
the oxidation reaction in each environment exposed by Photoemission Electron
Microscopy (PEEM)

1.2.3 To study the depth profiling of oxidized HfSe, by using X-ray Photoelectron
Spectroscopy (XPS) that is capable of angle dependent and argon ion sputtering.



1.3  Outline of thesis

The thesis is divided into 5 chapters. The chapter | is an introduction to
the background and motivation of the limitations of down-scaling Field-Effect
Transistors (FETs) and the interesting properties of transition metal dichalcogenides
(TMDs). Chapter II presents the literature review. we describe the prototype HfSe,
based transistor and surface oxidation of HfSe, after exposure to air. Chapter Il
discussed the principle of photoemission, X-ray Photoelectron Spectroscopy (XPS) and
Photo Electron Emission Microscopy (PEEM), which are used as a technique for
characterization. In chapter IV, we will discuss the HfSe, surface after ambient exposure
was investigated using an XPS depth profile by nondestructive technique with angle
dependent measurement and destructive technique using Argon sputtering.
This chapter also discusses the oxidation effects on exfoliated flakes of HfSe, under
a variety of different exposed condition as well as work function mapping across

the flake. Chapter V includes the conclusion and future direction.



CHAPTER Il
LITERATURE REVIEWS

This chapter provides a summary of the literature review on the issues covered
in this thesis. The first part of this chapter describes the prototype HfSe, based
transistor. The second section includes a discussion of surface oxidation of HfSe, after

exposure to air.

2.1 HfSe,-based transistor

According to a theoretical study on TMDs, hafnium diselenide (HfSe,) has
the highest carrier mobility (Zhang et al., 2014). HfSe, has emerged as a potential
material for FET. Several groups, such as Kang et al. (2015), Yin et al. (2016), Kang et al.
(2017), and Mleczko et al. (2017), have realized and investigated prototype HfSe,-based
transistors by using conventional oxides grown by Atomic Layer Deposition (ALD)
for gate insulators. The specification and performance of each prototype are shown in
table 1. The HfSe,-based transistor prototype was discovered that a high on/off current
ratio, more than 10° could be produced, meeting the requirements for effective
switching in digital logic transistors (Kang et al., 2015). But its carrier mobility (0.22 to 4
cm? V1Y) s still a significant difference, lower than three orders of magnitude, with
a theoretical predicted value (3,500 cm?V's™!) at ambient temperature (Zhang et al,,
2014). Therefore, to achieve properly operating devices, device optimization in
the inclusion of dielectric layers and the selection of appropriate metal contacts
should be enhanced.

In this thesis, we are particularly interested in the high-quality interface
between the gate dielectric and the channel material because it has a direct influence
on the performance. The quality of the dielectric is highly dependent on its preparation

procedure. Hence, it is important to choose the most appropriate approach for



this operation. For example, by switching the gate dielectric of a MoS, FET from SiO,
to a high - K material (HfO,), the mobility of MoS, can be increased to the theoretical
limit (Radisavljevic et al., 2011).

Table 2.1 The specification and performance of prototype HfSe,-base transistors.
Kang et al. (2015) Yin et al. Kang et al. Mleczko et al.
(2016) (2017) (2017)
Schematic
diagram mse,“
=
Interface SiO,/ HfSe, SiO,/ HfSe, SiO,/ HfSe, SiO,/ HfSe,
Channel Exfoliated HfSe,  Exfoliated HfSe, Exfoliated Exfoliated HfSe,
17.3 nm ~15.8 nm HfSe, 3 and 13 layers
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However, the current approach to the preparation of dielectrics for
the HfSe,-based transistor is an atomic layer deposition. This method of preparation
may be one of the factors contributing to the limitations of FET performance because
the previous studies indicate that the formation of island-type dielectrics on a 2D
material results in a non-uniform, low-quality dielectric/2D material interface
(McDonnell et al., 2013; Xu et al., 2016). Consequently, the performance and practical

applicability of 2D material electrical devices are severely limited.

Furthermore, HfSe, crystals are not durable for oxidation at ambient conditions,
leading to the formation of a HfO, layer, meaning that this air sensitive HfSe, surface
is harmful for transistors. However, HfO, is a high - K dielectric oxide that has been
frequently applied as a top gate layer for field-effect transistors (Zou et al., 2010;
Radisavljevic et al., 2011). Preliminary study by Mleczko et al. (2017) has shown that
the use of suitable dielectrics can help decrease interfacial trap states. According to
their results, the native HfO, layer is capable of successfully suppressing interfacial
charge trap states at the HfSe,/HfO, interface, which is extremely helpful to the device
performance. Therefore, understanding the oxidation of HfSe, is essential to achieve

high-quality native oxide formation in HfSe,-based transistors.

2.2 The oxidation at surface HfSe, after ambient exposure

The optical microscope and AFM were used to investigate the influence of
ambient conditions on the stability of HfSe, (Kang et al., 2015). The degradation in
the surface profile shown in the figures is almost certainly due to surface oxidation.
The optical images in Figures 2.1(a) and 2.1(b) illustrate the accelerated degradation of
unpassivated-HfSe, flakes under ambient conditions after 1 day and 8 days,
respectively. They investigated the time-dependent degradation of the exfoliated
HfSe, flakes using AFM topographic images. The results are presented in Figures 2.1(c)
and 2.1(d). The RMS roughness value increases with air exposure time, rising from

2.035 nm after one day to 3.809 nm after eight days in the ambient.



The comparison of surface-sensitive under ambient conditions on the
exfoliated flakes of 5 different transition metal dichalcogenides (TMDs) - MoS,, MoSe,,
MoTe,, HfS,, and HfSe, was studied (Gioele Mirabelli et al,, 2016). The results showed
that MoS, and HfSe, are the most and least stable after ambient exposure,
respectively. Figure 2.2(a) depicts an Atomic Force Microscopy (AFM) image of the HfSe,
surface taken 24 hours after exfoliation. The several protrusions were observed with
approximately 60 nm of height randomly located across the surface. Figure 2.2(b)
shows an SEM image of 5 months and 1 - day HfSe, surface after exfoliation that appear
the same kind of blisters (small protrusions). They chose the 5 - month exposed
sample to study the TEM cross-section analysis to demonstrate the obvious image of
the blister as shown in Figure 2.2(c). It indicated that HfSe, has been modified by
localized blisters and planar surface modification after ambient exposure to the

surface.

(a) T - (b) ' . 7
After 1 day a[nbleni‘} After 8 days in ambient
|

Figure 2.1 Degradation of exfoliated HfSe, flakes over time on a 285 nm SiO, substrate.
Optical images (a) after 1 day and (b) after 8 days in ambient conditions. The AFM
images after 1 day and 8 days in ambient conditions are shown in (c) and (d),
respectively. The black dotted boxes in (a) and (b) represent locations where an AFM

scanning image was obtained. (Kang et al., 2015)



HfSe, .
‘. (1day)

Blister eating into HfSe

Figure 2.2 (a) The HfSe, AFM image was taken 24 hours after exfoliation. The cross-
section of the tallest protrusion (approximately 60 nm) and a 3D surface feature
are shown in the inset. (b) SEM image of HfSe, 5 months and 1 day on the inset from
exfoliation which shows the same kind of protrusions in terms of form and shape,
only smaller. (c) TEM image of the surface blisters on the thick HfSe, flake.
(Mirabelli et al., 2016)

The composition analysis on the surface blister was observed by EDX
composition mapping analysis. They found that the blister was composed of abundant
Selenium whereas Hafnium was the only trace. The HfSe, layer had an increased
concentration of Hafnium and Selenium in the same region, which was different from

the blister.

The XPS spectrum of the Hf 4f peak is shown in Figure 2.3. The doublet peak
of freshly cleaved sample, the peaks of Hf 4fs,, and Hf 4f;/,, are located at 14.3 eV and
16 eV, respectively (Figure 2.3(a)). They discovered the Hf oxidation component peak
at 15.4 and 17.1 eV after continuous exposure to the ambient for 1 hour, 3 hours, and
48 hours. And the intensity of the peaks was increased when the time of exposure was
longer, as shown in Figure 2.3(b), (c) and (d). From Figure 2.3(e), the oxide feature can

be removed by re-cleaving of the top surface.

The Se 3d peak spectrum is unresolved to doublet peak, the normal peak of
Se 3ds,, and Se3d,,, are located at 55.4 and 56.4 eV, and there is no significant change
after 1 hour, 3 hours, and 48 hours of exposure (Figure 2.4). It indicates that

the oxidization of Se is not observed.
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Figure 2.3 Hf 4f peaks XPS spectrum of Hf; freshly cleaved (a), after 1 hour (b), 3 hours

(c), and 48 hours (d) ambient exposure and re-cleaving (d). (Gioele Mirabelli et al., 2016)
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Figure 2.4 Se 3d peaks XPS spectrum of Se; freshly cleaved (a), after 1 hour (b), 3 hours
(c), and 48 hours (d) ambient exposure and re-cleaving (d). (Gioele Mirabelli et al., 2016)
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To better understand the process of HfSe, oxidation, cross-sectional
transmission electron microscopy (TEM) was used for the study (Mleczko et al., 2017).
In an inert gas atmosphere [nitrogen glovebox, O, and H,O < 1 part per million (ppm)],
multilayer samples were exfoliated onto Si, solvent-cleaned, and exposed to open
laboratory air at various time intervals. Figure 2.5 shows a HfSe, flake after seven days
of exposure. Despite longer exposure periods creating a thicker amorphous HfO,

top film, a pristine bottom interface is obtained against a thin buffer of native SiO,.

Figure 2.5 Cross-sectional TEM image of HfSe, flake after 7 days of ambient exposure.
Insets show EDX elemental mapping revealing complete chalcogen depletion, as seen

by the overlap of O and Se signals. The scale bars specify 50 nm. (Mleczko et al., 2017)

These studies show that the ambient oxidation of our layered selenides is not
self-limiting because of the oxygen diffusion through atomic-scale defects like Se
vacancies. Our large-area, bulk samples estimate initial ambient oxidation rates of 5 to
10 nm per day, depending on the degree of volumetric expansion during this process,
and these rates will decrease over time as access is restricted to buried layers. If oxygen

and moisture are diffused laterally in thin samples, the oxidation rate will increase.
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This rate is further increased by processing in the open air and by heating. It is possible
to integrate high - K dielectrics with these technologically important oxides in
innovative ways.

Zafer Mutlu et al. (2018) investigated the air stability of HfSe, single-crystal thin
flaks using Raman spectroscopy. Raman characterization was carried out on HfSe,
flakes that were taken immediately after exfoliation in air, in a glove box, and after
long-term exposure to air, as shown in figure 2.6. The Alg peak at 199 cm™ is assigned
to HfSe,. Figure 2.6(a) shows that after being exposed to air, the HfSe, shows
a broad peak around 260 cm’l, which is consistent with amorphous Se. In contrast,
the amorphous Se peak disappears by exfoliating under the Ar atmosphere in a glove
box, as seen in Figure 2.6(b). However, HfSe, flakes after long-term exposure to air

have an amorphous Se peak and no Alg peak in their Raman spectra (Figure 2.6(c)).

Exfoliated in air

A Se
o

o~

[Exfoliated in glove box]

AN\ /BN

IAfter long-term air exposurg]

,‘
o
~
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g

N

(c) T20CJ 1500 CHiG~y 2001 1225\ TS0+ 275 300
Raman shift (1/cm)

Figure 2.6 A comparison of the Raman spectra of HfSe, flakes obtained immediately
after exfoliation in the air (a), a glove box (b), and after long-term air exposure (c).

(Cruz et al,, 2018)

Yao et al. (2018) studied the HfSe, surface oxidation dynamics after exposure
to air by using scanning tunneling microscopy (STM). The surface topology of the freshly

cleaved by mechanical exfoliation is inhomogeneous with a large number of defects
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on the surface. The defect density is about 9 x 10* cm™, which is higher than MoS, or
WSe, (as shown in Figure 2.7). The effect of oxidation on a small HfSe, flake (with a
thickness of about 0.74 nm) after air exposure for 2 days was investigated by STM.
The 25 nm x 25 nm three-dimensional (3D) surface STM topography of the HfSe,
surface after 2 days of air exposure shows much rougher than freshly cleaved and finds
that oxidized layers have a bandgap of about 2 eV, while the fully oxidized HfO, is
about 5.8 eV. It can be indicated that the surface of HfSe, only partially oxidizes and

some of the Hf-Se bonds are still preserved.

Figure 2.7 The topography image of MoS,(a), WSe,(b) and HfSe,(c) surfaces, all taken

with the same scanning tunneling microscopy conditions. (Yao et al., 2018)

-8nA

-0.8nA

Figure 2.8 HfSe, oxidation evolution measured with C-AFM at t,, t,+20 minutes, and

to+3 minutes. The bias of the sample is 4.7 V. (Yao et al., 2018)
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The stability of HfSe, in air exposure was also studied using C-AFM. While
the STM experiments used ultrahigh vacuum, the C-AFM experiments used a very low
humidity-N, atmosphere to exclude the impact of water. However, since the sample
is still exposed to oxygen, we can investigate the in-situ oxidation of the topmost HfSe,
layers. The HfSe, oxidation process as a function of time is demonstrated in Figure 2.8.
At ty, the distinct current intensity detected a small oxidized area at the bottom of the
frame, which was one order of magnitude lower than that of the pristine surface. You
can see that after 20 minutes of scanning the same frame, the oxidized area has spread
in all directions, as indicated in the second panel. After 30 minutes, the oxidized area
had taken up more than half of the frame.

In this regard, the structural and electrical changes indicate the sensitivity to air
of HfSe,. Devices based on HfSe, will require a protective coating layer to avoid
oxidation when operating at ambient temperatures. Another method is to use the top
layer as a dielectric layer; full oxidation of the uppermost layer prevents the oxidation
of the lower layers. As a result, new device designs should be designed to provide

for the impacts that have been seen.



CHAPTER IlI
RESERCH METHODOLOGY

In this chapter of the thesis, we will describe the experiment, which consists of
four major sections. The experiment consists of measuring the X-ray Photoelectron
Spectroscopy (XPS) depth profile of HfSe, flake after ambient exposure and the surface
oxidation dynamic under a range of exposure environments by in-situ and ex-situ
experiments with Photo Electron Emission Microscopy (PEEM). In the first part, the
principle of photoemission will be discussed. The XPS will be clarified in the second
part and the third part will describe the PEEM principle. Finally, the experimental

procedure will be illustrated in the fourth part.

3.1  Photoemission

Photoemission is a well-known physical phenomenon based on the
photoelectric effect, which was discovered by Hartz in 1885 and explained by Einstein
in 1905 (Kaja, 2010). When an incoming photon with energy h U is incident on
a sample, all electrons with a binding energy (Ep) less than h U can change their state
from the bound state. If this final state exists for the given excitation energy and
the transition is allowed, the obtained energy can remove the electron from

the sample, which is called a photoelectron.

In the final state, the excess energy is converted into kinetic energy of
the photoelectron. The work function (¢ ) of the material should be considered
for the photoelectron that leaves the sample and is detected. The kinetic energy
of a photoelectron (E,) is measured from the vacuum level (E,..). The Fermi level (E¢)
for metals is the highest occupied energy level in the solid, which is the important
energy level must also be considered. The photoemission principle in solids
is demonstrated in Figure 3.1 and the kinetic energy of an emitted photoelectron from

the surface is given by



E, =hU—E, —O, (3.1)
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Figure 3.1 Schematic diagram of the excitation process in Photoemission spectroscopy.

However, the kinetic energy of photoelectrons is measured by the analyzer and
the work function of analyzer ((t)a) should be considered. This sample is electrically
contacted with the analyzer as demonstrated in Figure 3.1. In the measurement
process, the work function, fermi level, and vacuum levels are very to be careful
to interpret. The fermi level (Ef) of the sample and analyzer are aligned to the same
energy which leads to a charge disparity between sample and analyzer that results
in a contact potential difference (noted eV, = d)a - d)s ). Hence, the measured kinetic
energy of photoelectrons can be expressed by

E,. =hU—E —eV —O (3.2)

ki s

From equation (3.2), the total result of the photoelectron’s kinetic energy is

determined by the work function of the analyzer (d)a) and it is given by

E, =hu—E, —O, (3.3)

ki
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For electrons in solids, they occupy distinct energy levels, which can be either
confined energy levels (core levels) or delocalized energy levels (the valence band
conduction band of the metals). The core-level binding energy (E,) of the emitting
atom is its specific characteristic, depending on the chemical environment (nature of
the initial neighbor atoms) and the local atomic environment (length and angles of
bonds) in which this atom is located. The binding energy can be calculated from
equation (3.3) by measuring the kinetic energy of the emitted photoelectron (E;,) from

this atom and knowing the work function of the analyzer.

3.2  X-ray Photoelectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS), alternatively referred to as the
Electron Spectroscopy for Chemical Analysis (ESCA), was developed by Kai Siegbahn
and colleagues as a tool for analytical purposes. Siegbahn was awarded the 1981
Nobel Prize for this work. He proved that it is possible to generate spectra with distinct
lines that match to the energy levels of a material. Moreover, He also proved that XPS
could be used to determine the chemical composition and local chemical
environment of the emitting atom by measuring the binding energy of electrons.
As stated in the Koopmans theorem, the initial state of a photoelectron released from
a particular atom can may be determined by measuring the amount of energy
the photoelectron energy has in its final state (Koopmans, 1934).

Thus, the binding energies of the peaks in an XPS spectrum are distinctive for
each element. As demonstrated in Figure 3.2, for the Hf 4f spectrum of air exposure
and O,-plasma treatment of HfSe, flakes, the energy location and peak forms are
changed by the chemical state of the emitting atoms. Because of its unique chemical
and surface sensitivity, XPS has established itself as a critical and effective tool for

surface investigation.
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Figure 3.2 Fitted Hf 4f photoelectron spectrum to indicate the chemical state of HfSe,

flakes after air exposure and O,-plasma treatment. (Liu, 2021)

3.2.1 Inelastic mean free path

Inelastic mean free path, IMFT or N, is the average distance that an
electron may travel through a material without losing energy due to inelastic scattering.
The values of the IMFP of electrons in a material depend on the material structure
and kinetic energy of the emitted photoelectrons. With the Tanuma Powell Penn
Algorithm (TPP-2M) (Jablonski and Powell, 2022) and the National Institute of Standards
and Technology (NIST) database (Powell and Jablonski, 1999), the X is calculated by
equation (3.4).

KE
A== -
2 |BUn(KE) — (C /) + (0 /EY]

(3.4)

1

3=—010+0.944(E +E ) 7 +0.069p™ (3.4)
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~N=0.191p " (3.4b)
C=197—091U (3.40)
D =53.4 —20.8U (3.4d)
2
U=(N,p)/M=E_ /8294 (3.5€)
Where KE is the photoelectron energy (in eV)

Eo is the bulk plasmon energy (in eV)

Ny is the number of valence electrons per atom (for elemental
solid) or molecule (for compounds)

P is the density of the material (in gcm™)

M is the material atomic or molecular weight

When using conventional XPS, the X\ values are generally between 1
and 3.5 nanometers. Thus, the maximum depth is less than 10 nm which can be
measured by the XPS technique.

However, photoelectron spectroscopy is very surface sensitive and can
only probe the first few atomic layers of a material because of the generally limiting

electron mean free path.

3.2.2 Sampling depth

Photoelectrons generated with X-rays can move only a limited distance
through a solid because of their high inelastic scattering. Photoelectrons emitted from
atoms near the surface are unscattered and contribute to the XPS peaks, as illustrated
in Figure 3.3, but photoelectrons coming from deeper areas have inelastic collisions
with other electrons, which cause them to lose some of their energy.

Only inelastically scattered photoelectrons with enough energy to
escape from the sample will contribute to the background (BG) signal at lower KE than

the XPS peak. The decease of initial intensity (Io) of the electron flux released at
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a depth d below the surface can be described by The Lambert-Beer law. As shown in
Figure 3.4, the intensity () of the electron flux will drop exponentially with depth
when it reaches the surface without scattering, as suggested by Equation (3.5)

—d/Asina

I, =le (3.5)
where (X is the angle between the electron analyzer acceptance direction and
the surface and d/sin U is the effective distance travelled through the material.
The inelastic mean free path (IMFP), denoted X, is defined as the average distance
that an electron with a given energy travel through a material without inelastic
collisions. The probability of an electron escaping at (X = 90° from a depth d
is illustrated in Figure 3.4

~
Ll

Photoemission peak

Inelastically scattered electrons

Intensity

ld= [} oe-d/z.sina

Figure 3.3 The inelastic scattering process in the sample after it has been irradiation
with X-rays results in the formation of a kinetic energy distribution (also known as an

electron spectrum). (Sowinska, 2014)
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Figure 3.4 Probability of a photoelectron escaping from a depth d in normal emission

geometry. (Sowinska, 2014)

In the X-ray photoelectron spectrum, it can be observed that about
63% of the signal will emerge from a depth less than X whereas a depth of less than
2X and 3 X can be observed 86%, and 95% of signal, respectively. Thus, the
information depth (ID) of the XPS experiment is defined as the depth from which 95%
of all photoelectrons which are released by the time that they reach the surface, as

suggested by Equation (3.6)
d=3AN=1D (3.6)

However, if the QU is less than 90 degrees (X < 90°), the measured

vertical depth will reduce by a factor of sin (X

D, =3A\sinx (3.7)
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3.2.3 XPS depth profiling
From the XPS information depth (ID) depends on A and (X, it is
possible to investigate the chemical composition as a function of depth. This section
will be presented the XPS depth profiling technique. This approach is used to identify
the depth distribution of elements that are deeply buried in a material by using

nondestructive and/or destructive methods.

/-

3 Detector
-,
%

Detector

(a) (b) (c)
Figure 3.5 The conventional (a) and angle dependent XPS at O = 60° (b), X = 30° (C)
experimental setup. (Schneider et al., 2005)

3.2.3.1 Angle Dependents XPS depth profiling
Angle Dependent X-Ray Photoelectron Spectroscopy is a commmon
technique for nondestructive depth profiling using XPS that use to detect the
distribution of elements in a material without destroying the sample. Figure 3.5. shows
a schematic of the experimental setup for Angle Dependent X-Ray Photoelectron
Spectroscopy. The excitation energy is fixed in this approach, whereas the e}

is adjusted. It is obvious that the change (X is directly related to ID.
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3.2.3.1 XPS sputtering depth profiling
This section will discuss the XPS sputtering depth profiling
technique (Figure 3.6). This approach is used to establish the distribution of elements
buried deeply inside a material. Sputtering depth profiling with XPS is generally
performed with an ion sputtering on the sample using Ar, Xe, and other ions, this is
a destructive characterization approach. The approach use producing ions with
appropriate kinetic energy to remove the surface atoms of the sample. A depth profile

can be obtained if a sample surface is evenly cleaned by ion sputtering.
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Figure 3.6 Schematic of the XPS sputtering depth profiling method. (Zborowski, 2018)

3.3  Photo Electron Emission Microscopy (PEEM)

Photo electron emission microscopy (PEEM) can create an image of a surface
by combining the photoelectric effect with spatial photothreshold variations. The PEEM
technique has a surface sensitivity because the photoelectrons utilized to produce the
image come from electronic states near the surface of the material.

In the early 1930s, Bruche invented the photoelectron emission microscope.

Bruche imaged a zinc sample target on a fluorescent screen using electrons produced
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from the target during UV irradiation. Bruche's microscope had a modest magnifying
power and was capable of imaging fields of view (FoV) in the millimeter range. It is also
feasible to illuminate the sample surface with a low-energy electron beam and record
pictures of the reflected electrons. This technique is referred to as Low-Energy Electron
Microscopy (LEEM).

Following Bruche’s pioneering work and Recknagel’s theoretical work, Spivak
et al,, Berthge et al,, and Mollensted et al. refined and enhanced the approach.
PEEM’s first commercial version was created in the 1960’s. Telieps and Bauer made
a significant development when they created a LEEM picture using a sophisticated
electron-optical system and ultrahigh vacuum (UHV). The atomic terraces of a Mo(110)
surface could be seen. According to the measurements made by Telipes and Bauer,

the imaging scale was on the order of the micron.

screen

magnetic
sector field

e gun

hv

Figure 3.7 The PEEM technique’s operating principle.

Figure 3.7 represents a schematic view of the PEEM technique’s operating
principle. The sample is irradiated with light (UV-lamp or synchrotron X-rays), and

the emitted photoelectrons from the surface are utilized for imaging. A high voltage,
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generally between 10 and 20 kV, enables an extraction lens to gather photoelectric
emissions from a wide variety of emission angles. After that, a set of lenses focuses
and produces a first intermediate picture. Finally, the magnification of this initial picture
is accomplished by a set of projection lenses. The detector is composed of
a multichannel plate connected to a fluorescent screen and photographed by a CCD
camera. Furthermore, the addition of a magnetic sector field to the system is able to
execute LEEM on the same sample surface.

A PEEM image is generated by collecting the energy distributions of all the
electrons released from the sample surface following photon irradiation. The contrast
mechanism for PEEM is caused by variations in surface photoelectron yield and
topographically related field enhancement (Wegmann, 1972). The photoelectron yield,
denoted by Y, is defined as the number of released electrons per photon that is

incident on the sample

# of photoemitted electrons
Y = (3.8)
# of incident photons

and the photoelectron yield increases proportional to (Pankove, 1975)

Y=A hu—E, ' (3.9)

where A is @ constant
hU s the photon energy
Ein is the photothreshold

r is a material dependent parameter

The photothreshold is defined as the minimium photon energy required to
detect electron emission. For example, the photothreshold of a metal is the same as
the surface work function of the metal. For a semiconductor, the photothreshold is

related to the band gap energy (E,) and the electron affinity (X ) of the material.
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Excitation, surface states, defects, and doping levels are all reasons for emission which
occur from semiconductors.

The basic contrast mechanism in PEEM is formed by spatial changes in photo-
electron vyield. When a surface contains materials or areas with different
photothresholds, the photon energy of the incoming photons can be chosen in such

a way that the maximum contrast is produced between the materials or regions.

Corresponding PEEM image

Electron
trajectories

Topographical surface features

Figure 3.8 The surface features of the topography and their related PEEM image.
(Stohr and Anders, 2000)

Topographic contrast is another important PEEM contrast mechanism, which is
related to the effect of surface relief on the electric field. The topological contrast is
seen on rough samples and is generated by the electric field being distorted around
the surface’s topography features. The electron trajectory is disrupted by the
distortions in the field distribution, resulting in image contrast. The surface topography

and corresponding PEEM images are represented in Figure 3.8.
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3.3.1 X-ray photo electron emission spectromicroscopy (XPEEM)

The XPEEM combines Photoemission spectroscopy (PES) (also known as
photoelectron spectroscopy and XPS stands for X-ray Photoelectron Spectroscopy)
with Photoemission Electron Microscopy (PEEM). XPEEM gives access to the electrical
and chemical structure of surfaces with spatial resolutions ranging from hundreds to
tens of nanometers. This is very useful for surface studies because nanometer-sized

interested areas of the sample can be obtained.

J_ High voltage J_

(-20KV) T

Objective lens

Sector magnet

Figure 3.9 A schematic view of the XPEEM. The instrument is performed at the BL3.2Ub
in the Synchrotron Light Research Institute (SLRI), Thailand. (Tunmee, 2016)
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For XPEEM spectromicroscopy, a unique technique involves integrating
an energy filtering analysis (using a hemispherical energy analyzer) to a PEEM with
complete electrostatic lenses, show in Figure 3.9. When electrons are photo-ejected
from a surface, they leave with a distribution of kinetic energies. If operating in the
energy filtered imaging mode, the XPEEM will be selected the region of the
photoelectron spectrum to be image (selected energy windows, as illustrated in figure
3.10). This demonstrates that XPEEM spectromicroscopy is used to study the whole

photoelectron spectrum in the sample.

Spectral width = hv - @ >
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Figure 3.10 A schematic of a photoelectron spectrum displaying the wide range of

kinetic energies that may be selected. (Barrett and Renault, 2009)

From figure 3.10, we can image the photoemission threshold area (using
an energy window in the secondary electron range). This provides direct access to work
function lateral variations.

Figure 3.11 shows the contrast process that arises in XPEEM imaging

mode. The upper circles are XPEEM image of a material 1 that is placed on a material 2.
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Differential photoemission spectra of the two materials can be observed. The work
function of material 1 is greater than that of material 2. The photoemission peak
represented by x is unique to material 2, the peak identified by y is unique to material
1, and the peak denoted by z is common to both materials. The total photoelectron
yield image in Figure 3.6(a), which means that all the kinetic energy is being collected.
The PEEM image in this case reveals a slisht contrast between them because
the work functions are differences between two materials. Figure 3.1 1(b) and (c)
representenergy filter image. The kinetic energy window shown in Figure 3.11(b)
contains the photoemission peak x. It looks significantly brighter in the XPEEM image
because the photoemission peak x is unique to material 1. However, the XPEEM image
in Figure 3.11(c) shows no contrast because the energy window encompasses the

photoemission peak z, which is common to both materials.
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Figure 3.11 In the XPEEM imaging mode, the contrast is obtained by utilizing (a) total
photoelectron yield and (b) and (c) the energy filter, respectively. (Greiner, 2007)
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3.3.2 Area probe X-ray Photoelectron Spectroscopy (Area probe-XPS)

Area probe-XPS works on the same principles as XPS, which are
explained in Section 3.2. A constant photon energy is utilized to probe the surface as
well as the emitted electrons are analyzed by using a band pass filter. Instead of just
detecting electrons, the final two lenses are used to project the dispersive plane from
the energy analyzer onto the detector. This is represented as a horizontal line, where
the position along the line represents the binding energy along the observed spectrum
and the intensity represents the number of counts. Line profiles is the collecting
spectrum of intensity and binding energy, which is similar to XPS, but the energy range
is determined by a dispersive plane in Area probe-XPS. For example, the dispersive
plane is used to create XPS spectra of Si 1s and Ag 3d photoelectrons as shown in
figure 3.12(a) and figure 3.12(b), respectively. By placing Field Limiting Apertures (FLA)
on the picture plane in the middle of the beam separator, the probed area can be

as small as 2 pum.

(a) Si1s (b) Ag 3d
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Figure 3.12 (a) Si 1s and (b) Ag 3d photoelectron energy dispersion spectral images
and their intensity plot profiles. (Yasufuku et al., 2006)
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In comparison to XPS, Area probe-XPS has a quicker acquisition time
with an appropriate signal to noise ratio, which is a major advantage. For example,
the Sn 3ds, core level Area probe-XPS spectrum on electro-deposited gold-tin
patterns (100 pum x 20 pum ) was shown in Figure 3.13. The Area probe-XPS spectrum
was measured in two regions which are the region over the whole field of view
(blue rectangle) and the region on the pattern by reducing the PEEM column’s iris

aperture to about 20 pum (red rectangle) as shown in the XPEEM image inset.
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Figure 3.13 Area probe-XPS spectra of Sn 3ds,, obtained throughout the whole field of
vision (blue) and on the pattern using a 20 pum iris aperture (red). (Renault et al., 2012)

3.3.3 Work function measurement and mapping
We show how the local work function is calculated when the surface is
scanned using the energy-filtered mode in the secondary electron range (emission
threshold range).
Figure 3.14 illustrates a method for determining the work function of
materials using photoelectron spectra. As a result of this, the cut-off energy must be

determined at both low and high binding energies. In general, biasing the sample is
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required to avoid effects caused by the instrument's work function and push all

secondary electron out from the surface of solids. The following relationship can be

used to calculate the work function of the sample:

d)s - h(U o Ecutoﬁ‘ o EF (310)
Where hv is the photon energy of the excitation
Er is the Fermi energy level and
Ecuoff 1S low kinetic energy cutoff
Photon Fermi
energy level
Work = cutoff
function
_—
1492 1488 1484 1480 3 2 1 0 -1 -2
Binding Energy (eV) Binding Energy (eV)

Figure 3.14 A part of the gold survey spectrum obtained with monochromatic Al K-t

radiation. (Azo materials, 2020)
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The Fermi level (Eg) of a semiconductor sample may be measured using
the photoelectron spectra of a metal. Normally, when a sample is electrically
connected to gold, the Fermi edge is utilized to determine Eg.

In this work, we measure relative work function mapping by
photoemission electron microscopy (PEEM) to obtain spectra with a position-space
resolution. The present method reveals an idealized emitter surface with and work
function patches that are illustrated in Figure 3.15. In this manner, the work function
variation of an inhomogeneous surface can be detected relative to any fixed reference
value through measurement of the distinct cutoffs for the secondary electron spectra.
The work function map is reproduced from the values obtained at each image pixel,
such as Frégnaux (2016) shows in the case of a MoS, 1L domain transferred onto an
Au substrate. Complementary error functions were employed in an energy filtered
PEEM image (Figure 3.16 (a)) series to fit the energy-dependent intensity curve for each

pixel in order to get the local work function value, as shown in Figure 3.16(b).

(2) (b)

Intensity(a.u.)

1484 1480 1476
Binding energy (eV)

Figure 3.15 Principle of work function mappins.



34

| WF (eV)

10 pm

Figure 3.16 (a) Energy filtered PEEM image (E-Er = 4.5 eV, field of view of 67 pm), (b)

Corresponding work function map within a field of view of 115 pm . (Frégnaux, 2016)

3.4  Experimental Procedure
3.4.1 Sample preparation

We prepared thin flakes that were purchased from HQ graphene Co.,

Ltd by mechanical exfoliation from a bulk crystal (Figure 3.17(a)). HfSe, small pieces

were spread on the scotch tape as shown in Figure 3.17(b).

Figure 3.17 Illustration of the exfoliation process for HfSe, (a) bulk HfSe, crystal single
crystal, (b) A repeated Scotch tape mechanical exfoliated technique to HfSe, thin
flakes and (c) A pristine HfSe, thin flakes transferred to SiO./Si(p-doped) substrates.
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To reduce its layer thickness, we cleaved several times to obtain pristine
HfSe, thin flakes and then transferred them to the SiO,/Si(p-doped) substrate (Figure
3.17(c)). These exfoliated materials would later be loaded into the load-lock vacuum

chamber (5x10° Pa) to avoid atmospheric contamination.

3.4.2 The oxidation reaction at surface of Hafnium diselenide (HfSe,)

in vacuum pressure environment
In this study, we investigated the surface oxidation of HfSe, by dosing
H,O and O, into the preparation chamber (2x10° Pa), a particularly designed system
located at Beamline 3.2b, Synchrotron Light Research Institute (Public Organization)
(SLRI), Thailand. Dosage of the H,O and O, were performed at room temperaturewith
ultra-deionized (DI) water vapor and ultrapure oxygen gas respectively at 4.5x10? Pa

pressure.

3.4.3 The oxidation reaction at surface of Hafnium diselenide (HfSe,)
in atmospheric pressure environment

In this study, we investigated the surface oxidation of HfSe, by air and
95+5% relative humidity (RH) exposure in an atmospheric pressure environment. The
air was applied to the HfSe2 thin flakes in a beaker; we then sealed it with aluminum
foil. The 95+5% RH condition was then applied by putting the samples in a sealed

beaker with DI water heated to 50°C.

3.4.4 Sample characterization

The chemical state compositional information of oxidized HfSe, thin
flakes will be investigated using depth profiling techniques using XPS in angle
dependent and argon ion sputtering mode.

The microscopic study of pristine HfSe, thin flakes was investigated by
photoemission electron microscopy (PEEM). The variation of oxidation reactivity at the
surface of HfSe, was performed by the chemical state analysis using Area probe-XPS

during exposure times of 1 hour and 4 hours, respectively, and work function variation
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measurements over the surface were also observed by mapping. We use In-situ studies
for H,0O and O, exposure in a vacuum pressure environment and Ex-situ studies for air

and 95+5% RH exposure in an atmospheric pressure environment.



CHAPTER IV
RESULTS AND DISCUSSION

The results and discussion of this work will be presented in this chapter.
We will start with the XPS depth profile of the HfSe, surface after ambient exposure
by nondestructive technique with angle dependent measurement and destructive
technique using Argon sputtering. The results of oxidation effects on exfoliated flakes
of HfSe, under a range of various exposure conditions, as well as work function

mapping throughout the flake for PEEM measurement, are shown in this chapter.

4.1 The depth profile of Hafnium Diselenide (HfSe,) surface after

ambient exposure
To determine the chemical state of elements on the HfSe, flake after 1 day
of ambient exposure, the XPS spectra of all elements are recorded and deconvoluted

using a mix of Gaussian and Lorentzian fits.

4.1.1 Angle-dependent XPS depth profile

The HfSe, surface after ambient exposure was investigated using an
angle dependent XPS depth profile. For each chemical state, the electron binding
energy was used to determine its position in high resolution scan of Hafnium (Hf) 4f
and Selenide (Se) 3d. These experiments comprised four take-off angles of 60°, 70°,
80° and 90°.

The first experiment investigation for the ambient exposure HfSe, was
done at 60° for the upper sampling depth. Figure 4.1(a) shows that the Hf-Se (1°
doublet peak) and Hf-O (2" doublet peak) species contributed to the deconvolution
of the Hf 4f photoelectron spectra for ambient exposure HfSe,, with binding energies
positions of Hf 4fs, at ~18.79 eV and Hf 4f;,, at ~17.08 eV for 1°' doublet peak and Hf
4fs/, at ~20.17 and Hf 4f;,, at ~18.37 eV for 2" doublet peak.
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Binding energy (eV)
(a) (b)

Figure 4.1 XPS spectra (dot) and fits (lines) of (a) Hf 4f, (b) Se 3d of the HfSe, after

1 day of ambient exposure with 60°, 70°, 80° and 90° take-off angles.

The deconvolution of the Se 3d photoelectron spectrum revealed that

two chemical species, as shown in Figure 4.1(b), were assigned to Se-Hf by
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the 1% doublet peak for Se 3ds, at 55.23 and Se 3ds,, at 54.30 eV. The 2" doublet
peaks are assigned to a Se-Se chemical state with 3ds/,, and 3ds,, at 57.39 eV and 56.52
eV, respectively.

When we change the takeoff angle, we will notice that the
concentration of Hf 4f and Se 3d subpeak will change. According to the spectrum of
the Hf 4f region, which is composed of HfSe, and HfO, components, the intensity of
the Hf-Se peak increases with the angle and is more significant than the intensity of
the Hf-O peak. This demonstrates that the HfO, is formed near the flake's surface. The
Se 3d spectrum is composed of Se-Hf and Se-Se chemical states. These features are
shown in Figure 4.1(b). There is an apparent relationship between the angle and the
intensity of the Se-Se subpeaks. The decrease in Se-Se with angle implies that the Se-

Se is dispersed in the upper region of the flake.

4.1.2 Argon ion sputtering XPS depth profile

A sample of HfSe, exposed to the ambient was subjected to 4 keV
Ar ion sputtering. Figure 4.2 shows the XPS depth profiles revealing the variation in
peak area of Hf 4f and Se 3d spectra as a function of sputtering time.

These results reveal that after ambient exposure, the HfSe, surface is
partially oxidized to HfO,. The high resolution Hf 4f spectra are deconvoluted into two
doublet subpeaks which correspond to the binding energies of Hf-Se and Hf-O.
For deconvoluted high resolution Se 3d spectra, two doublet subpeaks are detected
that are assigned to Se-Hf and Se-Se.

After 1 minute of sputtering, we can see that the Hf-O subpeak has
dropped, which has caused the Hf-Se subpeak to increase in concentration. After
sputtering for 15 minutes, a new subpeak appears in the Hf 4f spectra. We observed
that the Hf suboxide (Hf**) doublet peak occurs at 16.4 eV for Hf 4f7/2 and 18.1 eV for
Hf 4f5/2. After Ar ion sputtering for 30 minutes, we can see that Hf-O subpeak are
completely eliminated but Hf suboxide doublet peak appears to increase in the Hf 4f
spectra. It shows that the studying of depth profile by Argon ion sputtering, which is

destructive characterization approach, will produce chemical composition transforms
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into Hf suboxide (Hf**) which indicates that it is difficult to eliminate the HfO, layer
formed by the oxidation of HfSe,.

Hf 4f Se 3d

intensity (counts)

TT TT TT T TT
22 20 18 18 14 60 58 56 54 52 50

Binding energy (eV)

Figure 4.2 XPS spectra (dot) and fits (lines) of (a) Hf 4f, (b) Se 3d of the HfSe, after
1 day of ambient exposure before and after 1 min, 15 min, and 30 min of Ar ion

sputtering.
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The Se 3d spectra deconvolution confirms that Se-Se bonding is formed
(which is a residual material) when the HfSe, is oxidized to HfO, where the Se-Se
appears on the upper surface as observed by Se 3d spectra after ambient exposure.
As the sputtering time is longer, Se-Se doublet subpeaks decrease continuously in
concentration whereas Se-Hf doublet subpeaks increase since Ar ion sputtering

eliminate the Se-Se bonding on the top layer.

7.5 pm

75 7.5
7.5 um 7.5 um

Figure 4.3 PEEM images showing the pristine HfSe, thin flakes for the surface oxidation
dynamic by H,O (a), O, (b) exposed in vacuum pressure environment and air (c) and

95+5% RH (d) exposed in atmospheric pressure environment.
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4.2 The surface oxidation dynamic of Hafnium Diselenide (HfSe,)

4.2.1 PEEM image of Hafnium Diselenide (HfSe2) thin flakes
PEEM images reveal micrometer-scale of pristine HfSe, thin flakes as
shown in Figure 4.3(a) - (d), for investigating the dynamic of surface oxidation after the
in-situ H,O and O, exposure in a vacuum pressure environment and the ex-situ air and

95+5% RH exposure in an atmospheric pressure environment.

4.2.2 Area probe X-ray Photoelectron Spectroscopy (Area probe-XPS)

The surface oxidation dynamic of hafnium diselenide was investigated
by using the Area probe-XPS, a surface sensitive technique. The XPS spectra of Hf 4f
and Se 3d core levels as a function of exposure time are shown in Figure 4.4; note that
all spectra were calibrated using the Si 2p peak from underlying SiO, substrates.
The pristine HfSe, thin flakes show Hf 4f in the lower panel represent to 1 doublet
peaks attributed by the two peaks for Hf 4fs,, at ~18.79 eV and Hf 4f;, at ~17.08 eV
(Zhao et al., 2019).

The changes in the Hf 4f peak profile over exposure time indicate Hf
oxidation. In-situ H,O exposure (Figure 4.4(a)) appears two new peaks indicate 2"
doublet peaks at 19.60 and 17.89 eV which correspond to the Hf 4f peaks for HfO,
(Zhao et al,, 2019) within 4 hours. We see the HfO, peak within 1-hour on in-situ O,
exposure (Figure 4.4(b)). For the ex-situ air (Figure 4.4(c)) and 95+5% RH exposure
(Figure 4.4(d)), a broadening of the spectra is observed due to the formation of the
HfO,. For 4-hour exposure on Ex-situ by95+5% RH exposure, we only see the peak of
HfO,. This indicates that the top surface of HfSe, thin flake is fully oxidized.

The corresponding spectra of Se 3d core level for a time span of this
exposure re shown in Figure 4.5. The pristine HfSe, for all exposure (lower panel)
represents only 1° doublet peak located at ~55.16 eV and ~54.30 eV representing the
Se 3ds/, and 3ds,, core levels respectively (Zhao et al., 2019). After Hf being oxidized
by the in-situ H,O (Figure 4.5(a)) and in-situ O, (Figure 4.5(b)) exposures, we also detect
emergence of two additional 3d peaks which indicate 2" doublet peaks assigned to a

Se-Se chemical state with 3ds, at ~56.67 eV and 3ds, at ~55.80 eV respectively
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(Zhao et al,, 2019). The intensity of these peaks increases over exposure time. The 2"
doublet peaks after the ex-situ air expose (Figure 4.5(c)) are weaker than ones from
the in-situ exposure. For the ex-situ 95+5% RH exposure case (Figure 4.5(d)), we can
only observe the 2" doublet peaks after fully oxidized. The lack of SeO, spectra
suggests that the oxidation happens only for HfO, and Se-Se bonding is a residual
material arising from the HfO, formation.

From these results, it was found that H,O and O, exposure are the cause
of HfSe, surface oxidation while the O, exposure gives the faster rate than the H,0O
exposure. A synergistic effect between H,0 and O, is clearly observed for fully oxidized
by 4-hour 95+5% RH exposure. On the contrary, the spontaneous oxidation under only
one of H,0O or O, exposure is partly oxidized on the HfSe, surface and still preserved

for the Hf-Se bonding.
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Figure 4.4 Area probe-XPS spectra of Hf 4f peaks profile by In-situ H,O (a), In-situ O,
(b), Ex-situ air (c) and Ex-situ 95+5% RH (d) exposure in pristine (lower panel), pristine
(lower panel), 1 hour exposure (Meddle panel), and 4 hours exposure (upper panel).
Dot are experimental data. The 1%t and 2" doublet peaks are corresponding Lorentzian

fit to Hf 4f peak for HfSe, and HfO, respectively.
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Figure 4.5 Area probe-XPS spectra of Se 3d peaks profile by In-situ H,O (a), In-situ O,
(b), Ex-situ air (c) and Ex-situ 95+5% RH (d) exposure in pristine (lower panel),1 hour
exposure (Meddle panel), and 4 hours exposure (upper panel). Dot are experimental
data. The 1°' and 2" doublet peaks are corresponding Lorentzian fit to 3d peak for

HfSe, and Se-Se bonding respectively.

4.2.3 Work function Mapping

In order to see all the surface structure, we generated work function
maps by fitting an error function to each pixel in the field of view, based on the low
energy emission cutoffs from EF-PEEM images. Figure 4.6 represents the work function
map evolution of the HfSe, thin flake that was recorded at the same position in
3 conditions: H,O, O, exposed in vacuum pressure, and 95+5% RH exposed in
atmospheric pressure.

The work function mapping measurements in this experiment are
relative measurements, that is, the SiO, substrate is used as a fixed reference value
through measurement of the distinct cutoffs for the secondary electron spectra.

All the thin HfSe, flakes show very little inhomogeneity in work function
in the area around the flake's convex folds because of their residing on surface defects

as verified by microscopy. In pristine, we can clearly observe the work function contrast
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of SiO, and HfSe,. Outlines that resemble grain boundaries can be clearly observed.
After being exposed to 3 different conditions, this contrast persists but is attenuated
with increasing exposure time. When the HfSe, flake is exposed to O, in a vacuum
(Figure 4.6(b)), it takes less exposure time to see the attenuated work function contrast
than when it is exposed to H,0 in a vacuum (Figure 4.6(a)). In particular, we can't see
the work function contrast between SiO, and HfSe, after 4 hours exposed to 95+5%

RH at atmospheric pressure (Figure 4.6(c)).

Pristine
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4 hour :-

(@) (b) (c)

Figure 4.6 PEEM measurements of the HfSe, flakes work function mapping for In-situ
H,O (a), In-situ O, (b), Ex-situ 95+5% RH (c) exposure in pristine (upper panel),1 hour

exposure (meddle panel), and 4 hours exposure (lower panel).
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From the area probe-XPS results in section 4.2.2 show that surface
oxidation of HfSe;, is a synergistic effect between H,O and O, where the O, exposure
will give oxidation rate faster than the case of H,O exposure. This corresponds to the
change in work function contrast. So, we propose that the difference in oxidation
behavior and the difference work function contrast are both similar behaviors that

seem to be linked.



CHAPTER V
CONCLUSION

5.1  Conclusions

In this work, we study depth profile of HfSe, flake after ambient exposure. The
results of the nondestructive technique with angle dependent measurement
demonstrate that HfO, is maximum in the upper layer of HfSe, and decreases
significantly with depth. The uppermost layer of the HfSe, surface also has the greatest
concentration of the forming Se-Se combination. When destructive measurements are
performed using argon sputtering, Hf-O and Se-Se are removed from the surface;
however, Hf Suboxide (Hf**) is produced when the sputtering is done.

The effects of oxidation on exfoliated flakes of HfSe, are investigated under
various conditions, including exposure to O, and H,0 in a vacuum, exposure to ambient
and 95.5% relative humidity (RH) at atmospheric pressure. The study's results using
photoemission electron microscopy (PEEM) with in-situ measurements indicate that
H,O and O, both cause surface oxidation, from HfSe, to HfO,, with O, exposure causing
stronger oxidation than H,O exposure. Complete oxidation of the surface and the
formation of Se-Se bonding occur after 4 hours of exposure to 95+5% RH at
atmospheric pressure. For fully oxidized, there is a strong synergistic effect between
H,O and O,.

The oxide formation on the HfSe, surface described by the O atom is stronger
electronegativity than Se. The resulting in the thermodynamically favorable process of
the O replaces Se leads to susceptible oxidation. By using the model of chemical
reactivity through density functional theory (DFT) on Palladium ditelluride (PdTe,),
the theoretical results reveal that oxygen is energetically favorable by physical
adsorption but unfavorable adsorption of water at room temperature, suggested by
the differential Gibbs free energy. The underlying mechanism of the new Se-Se bonding

is described by that the oxygen comes into play in oxidation process and the preferential
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formation of Hf oxidation produces Se atom in a residual material. The Se atom is
favorable to form Se-Se bonding than Se-O because estimated bond energies by
Pauling equation indicates that the Se—Se uses lower covalent bond energy than Se-O
(172 versus 233 kJ/mol). This is in agreement that the formation of Se oxide is not
detected experimentally.

In this experiment, the work function mapping measurements are made relative
to the SiO, substrate by measuring the absolute value of the secondary electron
cutoffs. The work function mapping of HfSe, under various conditions demonstrates
that the contrast remains after exposure. As exposure time increases, the persistence
of work function contrast becomes less apparent and different for each condition.
Consequently, we propose that the difference in oxidation behavior and the difference

in work function contrast are both linked behaviors that appear to be related.

5.2  Future direction
At this stage, we properly understand the oxidation process of HfSe,. Thus, we
will fabricate FETs based on hafnium diselenide (HfSe,) that create a thin layer of HfO,

that is oxidized from HfSe, as a gate insulator in the future.
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