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Two-dimensional transition metal dichalcogenides (TMDs) are considered potential channel
materials for emerging electronic devices in the roadmap beyond Si-CMOS technology. Layered
TMDs offer intrinsically an ultrathin body without compromising the semiconducting properties.
For the implementation of TMDs in electronic device structures, the understanding of their
surface properties is essential. This work combines a variety of materials characterization
techniques such as in-situ X-ray photoelectron spectroscopy, atomic force microscopy,
transmission electron microscopy, and Raman spectroscopy to investigate the chemistry and
structure of TMDs upon different surface treatments. In addition, first-principle calculations are
presented to give insights on the mechanism involved in the surface modification of TMD. The
impact of the TMDs surface modification on processes for gate-oxide integration by atomic layer
deposition and covalent doping are investigated here. This work provides a comprehensive
understanding of the surface chemistry of TMDs for two-dimensional electronic device

applications.
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CHAPTER 1

INTRODUCTION

1.1 Transition Metal Dichalcogenides: An Overview

The study of two-dimensional (2D) materials has been sparked ever since the report on the
isolation of graphene, a material that consists of only a single of carbon atoms, in 2004 by the
Nobel laureate, K. S. Novoselov." Among the exceptional electrical properties that graphene
exhibits, the high carrier mobility became a representative and unique feature of this material,
with record values up to 100,000 cm?/V-s at room temperature.” However, the intrinsic
semimetallic nature along with the characteristic zero-bandgap has limited the application of
graphene in logic devices. In the search for alternative two-dimensional materials with
semiconducting properties, the attention towards layered transition metal dichalcogenides
(TMDs) has increased in recent years. Furthermore, the high-performance of field-effect
transistors based on single-layer MoS, gave an initial demonstration of the potential that these
materials have in the area of 2D nanoelectronics.> Semiconducting TMDs, such as MoS, are
materials that offer a sub-nanometer thickness and tunable band gap values that are dictated by
their composition and layer thickness.* Such versatility encountered in a 2D semiconducting
TMD is ideal for their application in emerging electronic devices beyond Si-CMOS technology.

TMDs are composed by transition metal (M) and chalcogen (X) atoms in an MX; stoichiometry.

Figure 1.1 shows the transition metal and chalcogen elements which combined exhibit a layered



structure. In specific cases, TMDs based on Co, Rh, Ir, Ni, Pd, Pt can also form a layered

structure.®

Transition Metal Chalcogen
[\ ' VI Vil

Figure 1.1. Transition metals and chalcogen elements that exhibit a layered structure in a MX;
stoichiometry.

A monolayer of a TMD is constituted by a three atoms-stack (X-M-X) bonded covalently,
whereas, in multilayer TMDs, the monolayers are bonded to each other by van der Waals forces.
Generally, the thickness of a single layer is ~6-7 A, and the length for M-X bonds ranges
between 3.15 A and 4.03 A, depending on the size of the individual ions.® The metal atom in a
layered TMD is bonded to six chalcogen atoms in either trigonal prismatic or octahedral
coordination, as shown in Figure 1.2. Depending on the stacking sequence of the layers, TMDs
can exhibit different polytypes, referred as 1T (one layer in tetragonal symmetry in octahedral
coordination), 2H (two layers in hexagonal symmetry in trigonal prismatic coordination), and 3R
(rhombohedral symmetry, three layers per repeat unit, trigonal prismatic coordination).

For example, geological MoS; exhibits only a 2H phase, whereas TiS; is commonly found in the
1T phase. Interestingly, the electronic properties of TMDs can be associated with the specific
polytypes. For example, 2H-MoS; and 2H-WS; exhibit a semiconducting character, whereas 1T-
MoS, and 1T WS, are metallic.> The composition in TMDs will also determine their insulating,

semiconducting or metallic properties.’
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Figure 1.2. (a) Schematic of the TMD layered structure. (b) Top view of characteristic 2-H
hexagonal lattice. (c) Representative structures of the transition metal coordination in a TMD:
trigonal prismatic (top) and octahedral (bottom). Adapted with permission from ref [8] Copyright
(2015) AIP Publishing LLC.

TMDs of the form M=Mo, W and X=S, Se, Te are semiconductor materials with thickness
dependent bandgap energies in the range of ~1.0 — 2.0 eV.? Furthermore, in the monolayer form,
semiconducting TMDs are characterized by a direct bandgap, whereas in the bulk form, an
indirect bandgap is exhibited.” Table 1.1 lists the experimental monolayer and bulk band gap

value for selected TMDs.

Table 1.1. Experimental bandgap values for common layered transition metal dichalcogenides.
References: a:[10], b:[11], c:[12], d:[9], e:[13], f:[14], 9:[15], h;[16].

Bandgap Energy (eV)
MX, 1 ML Bulk
MoS, 1.89° 1.23b

MoSe, 1.55¢ 1.09¢9
MoTe, 1.15¢ 1.00f
WS, 2.05¢ 1.35¢

WSe, 1.49h 1.20¢

Bulk layered TMDs can be found in nature from geological sources. However, for electronic

device applications, current efforts have been carried out for the growth and synthesis of large



area films. TMDs flakes of various thicknesses can be isolated by mechanical exfoliation of the
bulk layered materials, e.g., by the Scotch® tape method, in analogy to the process employed to
obtain exfoliated graphene.* Commonly, the flakes are exfoliated onto a SiO,/Si substrate for its
identification by optical microscopy, where the layer thickness can be identified from their
characteristic color contrast. By this method, TMDs flakes with an area of only a few tens of
micrometers can be obtained, and therefore the mechanical exfoliation method is not scalable to
large areas. Alternatively, the synthesis of mono and few-layer TMDs through chemical and
physical have been developing, with the aim to obtain large area films. The approaches for the

synthesis of TMDs include: (a) liquid exfoliation of the bulk material,*’

(b) chemical vapor
deposition (CVD) using a chalcogen (HS;) and transition metal precursor gases (MoCls,
M(CO)s, WOCIL,),**® (c) molecular beam epitaxy by e-beam evaporation of the elemental
sources (M: W, Hf, Nb, X:Te, Se),**?° (d) sulfurization of MoOs by vapor transport methods,?
(e) thermal decomposition of (NH4).Mo0S,,% () pulse layer deposition from MX; targets,” and
more recently by (g) atomic layer deposition using similar precursors as those employed in CVD
processes.” Significant progress has been attained in the synthesis and understanding of the
growth process, especially for MoS,. However, the synthesis of high-quality and large area
transition metal dichalcogenides other than MoS; is still under development. In addition,

reduction of defects and impurities is another aspect to be addressed in the area of synthesis of

two-dimensional TMDs.

1.2 Two-Dimensional TMDs for Tunnel Field-Effect Transistor Applications

Scaling down the channel dimensions of metal-oxide semiconductor field-effect transistors

(MOSFET) employed in the CMOS technology has been motivated by the resulting increase in



switching speed and integration density. Yet, the power consumption has not been effectively
decreased along with the reduction in the transistor dimensions.?® The figure-of-merit that serves
to quantify the effect of voltage on the switching performance in MOS transistor is the
subthreshold swing (S), which determines the amount of voltage swing necessary to switch the
transistor from the OFF to the ON state. The expression for S can be obtained from the equation

that describes the drain current of a MOSFET operated at subthreshold gate voltages:?®

I = Ipexp (q(VnG%VT) (1 — exp (QZ%)) (1.2)

Where Ip; depends on the doping concentration, device dimensions (W,L) and temperature. In
equation (1.2) n can be expressed as n=(1 + C,;/C,,), where Czand C,, are the depletion and the
oxide capacitances, respectively. Therefore, in a usual subthreshold plot of log (Ip) versus Ves
for Vps>>kT/q, the slope of the curve will be given by g/In(10)nKT. The inverse of this slope
represents the gate voltage required to change the drain current by an order of magnitude (one

decade), the subthreshold swing, S:
s =(1+2%)% In(10) (13)
Cox/ q

Therefore, a steep-slope in the Ip-Vgs curve is desirable to access the low power region.
However, in conventional MOSFETS, the minimum S is dictated by the operation temperature
(~ 60 mV/dec at 300 K). Alternatively, tunneling FETs have been considered as steep-slope low
power devices, since they rely on band-to-band tunneling charge injection into the channel,
instead of thermal injection.?”?® By means of the temperature independent tunneling mechanism,
the fundamental limit of the subthreshold swing set by the thermal voltage could be reduced,

which in turn could decrease the operational voltages. This particular characteristic of the TFET



devices results ideal for low-power applications.?® A representative TFET structure is presented
in Figure 1.3a, where n* and p* are the heavily doped regions of the channel representing the

source and drain terminals, respectively, whereas i represents the intrinsically doped active
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Figure 1.3. (a) Device structure of a 2D TMD-based tunneling field-effect transistor (TFET) and
(b) the corresponding energy band diagram for the OFF and ON states. Adapted from [29].
Copyright (2010) IEEE. (c) Ip-Vgs characteristics of a conventional FET and a tunneling FET
Reprinted from [31]. Copyright (2016), with permission from Macmillan Publishers Ltd: [Nature
Reviews].

In a TFET, the gate voltage Vs can electrostatically control the energy band alignment of the n-i-
p structure. In the off state, no empty states are available in the channel for tunneling from the
source. By applying a negative voltage Vg, the valence band energy of the channel is lifted

above the conduction band energy of the source, and a conductive channel is formed where the

carriers can tunnel into the empty states in the channel, reaching an on state.?’ Therefore, the



tunneling probability and the thickness of the tunneling barrier at the source-channel junction can
be modulated by Vg. In contrast, in a conventional FET, the ON state is attained by thermionic
injection of the carrier from the source to the drain regions for a given applied V. The
difference in the operational principles between a conventional FET and a TFET is reflected in
the 1-V characteristics. Figure 1.3c shows that the steeper subthreshold slope of the TFET results
in a higher lon current at a smaller gate voltage. This feature is expected to enable scaling of the
voltage supply Vpp to lower values while maintaining a substantial ON/OFF ratio.

The ON-current (lon) in a TFET depends on the interband tunneling transmission probability
Twks , which can be approximated as:?’

4/1,/2m;'i\/l%

Ion & Twke~€Xp | — 3qh(E,+Ap)
g

(1.2)

where m;. is the reduced effective mass, Egq is the band gap, A¢ is the energy difference between
the conduction band in the source to the valence band in the channel, and A is the screening

tunneling length, which has a dependence on the device geometry, as follows:

€bod
A= \]toxtbody ﬁ (1.3)

According to equations (1.2) and (1.3), to maximize the performance in a tunnel FET and to
achieve a high loy, the desirable features of the channel material are a light-effective mass of the
charge carriers, small bandgap, and a thin body thickness.?® Potential channel materials for TFET
applications include Si, I11-V and carbon nanotubes. According to the literature, a reduction in A
has been demonstrated by placing a thin high-«k dielectric gate oxide (e.g., below 2 nanometers)

on these channel materials.?® However, the implementation of conventional 3D semiconductors,



such as Si and I11-V semiconductors in TFET structures have encountered issues related to
surface roughness scattering effects developed when the body thickness is scaled down, resulting
in the reduction of the carrier mobility in TFETS. In addition, the rapid increase of the bandgap
due to the effect of quantization with the decrease in thickness for some 3D materials can also
have an undesirable impact on the loy current according to equation (1.2).*°

Alternatively, layered TMDs materials have been proposed as potential channel materials for
TFETs applications. In general, the thickness of semiconducting TMD can be scaled down to
sub-nanometer dimensions without compromising the bandgap energy. The efforts in the
implementation of layered TMDs in TFET applications has also been motivated by the concept
that on the basal plane of the two-dimensional material all the bonds are satisfied, suggesting an
ideal dangling bond-free surface. Therefore, it is expected that electrical response of TMD-based
TFETs would not be affected by defect states associated with dangling bonds; however, this
ideal condition is generally not attained.*> Additionally, it is also predicted that by having a
planar 2D structure in the channel, a high electric field can be obtained at the tunnel junction,
increasing the tunneling current. Furthermore, TDMs offer a variety of bandgap and band
alignments dictated by the different composition, which allows the engineering of various device
configurations. In fact, it has been proposed that having a heterostructure for the channel
composed of two dissimilar 2D crystals can significantly enhance the loy due to the band
alignment tuning by an external perpendicular electric field.®* In this case, the desired band
alignment for the heterojunction would be of type-11 (staggered, one of the bands of the narrow

bandgap material lies outside the bandgap of that of the wider bandgap) or type-111 (broken gap,



where the conduction band edge of one material lies below the upper valence band edge of the
partner).®

Experimentally, the demonstration of TMD-based TFETS has been limited due to various factors,
from the intrinsic electrical behavior of the channel material to fabrication process. A promising
work by Sarkar et al.** shows a subthreshold swing of ~32 mV/dec and Vg of < 0.1 V for a
MoS;-based TFET structure, with a highly doped germanium as source. The prospect of reaching
subthreshold swing values lower than ~60mV /dec is the motivation of the current effort for the

development of 2D TMD based-TFETSs.

1.3 Motivation

Currently, the implementation of a 2D TMDs as channel material in TFET structures imposes a

set of requirements that includes:**33*°

e The development of processes for the growth or synthesis of high-quality and large-area
mono and few-layer TMDs films.

e The reduction of defects and impurities in TMD material.

e The engineering of metal contacts for TMD for the reduction of the Schottky barrier at the
metal/TMD interface

e The integration of gate oxides on the TMD surface

e A controllable doping type and doping profile of the TMD material

Therefore, it is evident that in order to address these challenges, a clear understanding of the

chemical and structural properties of the TMD materials is needed. Also, given the fact that the

channel material is two-dimensional, the integrity of the surface will be an important element to
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take into consideration in the design and development of the materials synthesis and processing.
In specific, the scope of this work is centered on the integration of oxide films on the TMD
surface and the development of a doping strategy for the TMD material, which are key areas for
the development of the emerging TFET technology. Due to its availability, the studies presented
here were performed mainly on MoS,, and in some cases, on transition metal diselenides

(MoSe;, WSey).

1.3.1 Integration of Gate Oxides on the TMD Surface

The efficient electrostatic control of the gate over energy bands of the channel in the TFET
structure, a high-quality and thin gate oxide is desirable. The starting point in the study of gate
oxide films was the understanding of the initial state and reactivity of the TMD surfaces. In
conventional bulk semiconductors such as Si, or 111-V materials, dangling bonds are present at
the surface, which are characterized by the presence of unpaired electrons or holes.*® Dangling
bonds tend to pair up followed by a reconstructing of the surface structure to reduce the surface
energy. The reported surface energy for a silicon (111) surface is in the order of 1240 mJ/m2*’
Such high surface energy favors the formation of a thin oxide layer upon air exposure on the
clean Si surface; this thin oxide serves as a passivation layer and minimizes the number of
dangling bonds at the Si surface.®® In contrast, the bonds at the basal planes of two-dimensional
materials are satisfied, and ideally, a dangling bond-free surface is expected.*® However, it is also
known that the surface of TMDs presents various types of defects that are randomly distributed
in local areas, such as atomic vacancies, and metallic-like defects.*? For MoS,, for example, the

density of metallic defects (likely clusters of sulfur atoms) represent ~ 0.1-5% of the surface.*

Interestingly, TMD surfaces are characterized by a low surface energy (e.g., ~54.5 mJ/m? for
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MoS,)*, which is indicative of a limited surface reactivity. Furthermore, the low contact angle of
these surfaces reflects the hydrophobicity of TMDs.** For such reasons, layered MoS,, and other
TMDs such as WSe;,, do not form an oxide passivation layer at the surface.

This situation is critical for the integration of dielectric film, since atomic layer deposition, a
preferred technique for oxide deposition, requires reactive sites at the surface for conformal and
uniform oxide growth. As a result of the limited reactivity of the TMD surfaces, it has been
shown that the deposition of dielectrics follows an island-type growth, resulting in non-uniform
films.*** Figure 1.4 shows the films obtained after the deposition of HfO, on MoS, by ALD,
where clearly, the film morphology reflects the islanding mechanisms during the initial stages of
the ALD process on the relatively inert MoS; surface.

Yet, the generation of a reactive surface in two-dimensional materials results challenging as
these materials are only ten of a nanometer in thickness, and it is desirable that any process to
active the surface should preserve the structural and electrical of the material. Common

4546 an lead to severe

semiconductor processes such as ion bombardment* or plasma treatments
modification or damage to the two-dimensional structure. On the other hand, mild wet treatments
or non-covalent functionalization can also cause minimal effect on the surface reactivity.'! In this
work, different approaches for the surface functionalization of MoS, and transition metal
diselenides were followed in order to achieve highly uniform and ultra-thin high-x dielectrics
deposited by atomic layer deposition (ALD). The composition, structural changes and reactions

at the high-«/TMD interface will be investigated. This study will also take into consideration the

electrical properties of the high-« dielectrics on the TMD surface.
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Hf02 Island Growth

Figure 1.4. HfO, deposited on bare MoS, by ALD using 150 ALD cycles at 200 °C (a) surface
topography and cross-sectional TEM image. Reprinted with permission from Ref [11]. Copyright
(2013) American Chemical Society.

1.3.2 Covalent Doping of TMDs

As described previously, in a TFET structure, the source and drain regions of the channel
material should be heavily doped for an adequate alignment of the bands. Theoretical studies
have suggested that a doping concentration on the order of ~ 1 x 102° cm™ for monolayer TMDs
is acceptable for the operation of the tunneling device.*” Currently, the design and study of
doping techniques for 2D TMDs is still under development. Different to conventional 3D
semiconductors, ion implantation results impractical for 2D materials as high-energy particles
can readily perturb or damage the 2D lattice. In this regard, the study of molecular doping using
species such as NO,,* polyethylenimine,® and benzyl viologen™ represents an important step
into the understanding of doping TMDs through charge transfer. However, due to the non-
covalent bonding nature of the dopant molecules, this strategy has been limited by their volatility

over time, making the control over doping concentration a challenge. Electrostatic doping is
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another approach that has been employed to dope TMDs through the use of a polymer electrolyte

or ionic liquid gating,’'”*

relying on the applied voltage to modulate the carrier density. In
addition to these strategies, covalent doping of TMDs, where single atom dopants are introduced
in the TMD lattice through metal or chalcogen substitution, is a potential route to achieve stable
and controllable doping. An example of covalent p-type doping of MoS, has been demonstrated
through Mo substitution by Nb during the growth process.’*** Furthermore, substitutional doping
can induce new functionalities to TMD materials such as optical band gap tuning®® or the
prospect of magnetic behavior.”’

In this work, a remote plasma treatment is proposed as an approach for covalent doping of MoS,.
The use of a mild plasma-based surface treatment is studied to investigate the chemical changes
and the structural implications associated to due to the plasma exposure in MoS,. The electrical

characterization of the doped material is presented. This study aims to understand substitutional

doping in TMDs for future implementation in tunneling FET.

1.4 Dissertation Outline

In this dissertation, different approaches for the surface engineering of TMDs for high-«
deposition and for covalent doping are presented. The study of the processes for the TMD
surface engineering was carried out by in-situ surface characterization. In parallel, first principles
calculations were employed to provide an understanding of the mechanisms involved in the
surface modification attained experimentally. Complementary ex-situ materials characterization
techniques were also performed to correlate with the in-situ surface analysis.

The first section of this dissertation described the experimental techniques employed for the in-

situ and ex-situ surface and interface characterization.
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In Chapter 3, the effect of the UV-Oj3 treatment on the MoS; surface chemistry and structure is
investigated. Evidence of oxygen functionalization of MoS, upon UV-Os treatment is presented.
Then, the atomic layer deposition process for the deposition of high-« dielectrics was studied on
the functionalized MoS; surface by in-situ XPS. Finally, the chemical analysis is correlated with
the electrical properties of the high-«k dielectric/TMD interface.

Chapter 4 presents the study of the UV-O3 exposure extended to the transition metal diselenides:
MoSe,, and WSe,. The surface chemistry observed on such surface is correlated with first
principle calculation. Finally, the surface reactions during the HfO, deposition on the UV-Os;
treated surfaces are investigated by in-situ XPS, and the resulting morphology and structure of
the HfO,/transition metal diselenides are presented.

In Chapter 5, the study of ozone-based ALD as an alternative approach for dielectric deposition
on WSe;, is studied. First, the interaction of ozone with WSe; is analyzed by in-situ XPS. Then,
the deposition temperature dependence of the high-x dielectric/WSe, interface chemistry is
studied and correlated with the ALD-dielectric nucleation. Finally, the band alignment of the
deposited dielectrics on WSe, was determined for tunneling FET device analysis applications.

In Chapter 6 a process for covalent nitrogen doping of MoS, by a remote N, plasma surface
treatment is proposed. The control in the nitrogen concentration with N, plasma exposure time is
demonstrated. In addition, evidence of the p-type character of the nitrogen dopant in MoS; is
provided. The implications in the MoS; structure upon nitrogen doping are also presented.
Finally, the concluding remarks and future work related to the processes for surface engineering

of TMD for emerging 2D electronic device applications are discussed in Chapter 7.



CHAPTER 2

EXPERIMENTAL DETAILS

2.1 In-situ Surface and Interface Characterization

In this work, several characterization techniques were employed to investigate the chemical and
structural properties of two-dimensional materials upon different surface treatments. The studies
presented here were performed in an ultrahigh vacuum (UHV) cluster tool, which consists of a
set of chambers for surface analysis, surface treatment, and thin film deposition all connected by
a transfer tube that is maintained at a base pressure in the order of ~10™° mbar. Figure 2.1 shows
the schematic of the UHV cluster tool. The following characterization techniques can be
performed in the analysis chamber: X-ray photoelectron spectroscopy (XPS), ultraviolet
photoelectron spectroscopy (UPS), low energy ion scattering (LEIS) and low energy electron
diffraction (LEED). The capabilities for thin film deposition include metal deposition by
physical vapor deposition (PVD chamber), molecular beam epitaxy (MBE chamber), RF-
sputtering deposition (Sputtering chamber), and atomic layer deposition (ALD chamber).
Additionally, thermal annealing under various gas environments (O, N2, Ar, 5% H,/N,) can be
carried out in the annealing chamber; UHV vacuum annealing by heat transfer from Pt and
graphite heaters can be also performed in the Sputtering and PVD chambers. During a surface
analysis experiment, an ultra-high vacuum environment is desirable in order to retard the
adsorption of spurious/residual gas molecules contaminants. For example, a monolayer of a

contaminant gas (e.g., ~10* atoms/cm?) can be formed within 1 second under a working

15
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pressure of ~ 107¢ mbar, assuming a sticking coefficient of 1 at 300 K. In contrast, the time to
form one monolayer on the sample surfaces can be extended to > 10* seconds in ultra-high
vacuum, having a pressure in the order of ~1071° mbar. Therefore, a UHV environment
maximizes the time to analyze a surface by retarding the adsorption of contaminants during the
experiment.

Furthermore, for the proper operation of photoelectron spectroscopy, UHV conditions are
required to reduce the probability of low-energy electrons to be scattered by background gas

molecules, maximizing the electron mean free path.

UV-O; Chamber
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Figure 2.1. UHV cluster tool for in-situ surface characterization, surface treatment and thin-film
deposition.
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2.1.1 X-Ray Photoelectron Spectroscopy

XPS is a surface sensitive technique for elemental analysis of metals, semiconductors, dielectrics
and even polymers. The sampling depth of this technique is ~10 nm from the outermost surface
of a material. This technique can be employed for the identification and quantification of
elements (except H and He), identification of chemical states (oxidation states, covalent
bonding), determination of elemental surface composition, non-destructive and destructive
elemental depth profiles, thin film thickness measurements, for the measurement of the band
alignment in a heterostructure, and any other application related to the elemental analysis.

The fundamental principle of X-ray photoelectron spectroscopy is based on the photoelectric
effect, where emission of an electron from a determined core level in the atom is caused by the
excitation of incident X-ray photons of energy hv.

The energy transfer in this process is described as:®

Epr = hv — Ex — ®g, (2.1)
Where, Ege is the binding energy of the photoelectron being ejected, referenced to the Fermi
level Eg, hv is the energy of the incident X-ray photons, Ex is the Kinetic energy of the
photoelectron, and @y, is the work function of the spectrometer. Here, for the measurement of
the binding energy, a conducting sample and the spectrometer are placed in electrical contact so
that the Fermi level is the common reference energy. The emission process is depicted in Figure
2.2, and the energy level diagram of the configuration employed for the measurement of the Ege

is presented in Figure 2.3. The peaks obtained from the XPS spectra correspond to the core levels

of the atom from which the photoelectrons are ejected.



18

The convention for the nomenclature to identify the XPS peak from a determined core level is
given by the orbital (1=0,1,2,3.. or s, p, d, f) quantum numbers and the total momentum of the

photoelectrons .(J=1 + s).*

e 2Py
1 o o s

hv
1s

Figure 2.2. Schematic of the electron emission process upon the excitation by a photon of energy
hv.

During photoelectron emission, the empty electron position left by the primarily ejected
photoelectron can be filled by an electron from a higher energy level. The energy liberated due to
this transition can be transferred to a third electron, denominated as an Auger electron, which is
also ejected out of the surface in this process. Therefore, photoelectrons and Auger electrons will
be simultaneously detected by an XPS spectrometer.

The binding energy of a photoelectron depends on the type of atom and its chemical environment
(e.g., nuclear charge, electron distribution). Therefore, the binding energy in an XPS spectrum
can be associated with the chemical state of an element in the material studied, allowing the
identification of oxidation states, covalent bonds, shake-up transitions, organic functional groups,

valence band fingerprints, among other applications.
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Figure 2.3. Schematic of energy levels for XPS binding energy measurements for a conductive
sample, where Ej is the binding energy, ®; and @, are the spectrometer and the sample

workfunction values, respectively, Ej;, is the photoelectron Kinetic energy and Ej;, is the
measured kinetic energy. Reproduced from ref. [59] with permission of Springer-Verlag New
York Inc.

In addition, XPS allows quantitative analysis since the photoelectron intensity of an element i is

related to its elemental concentration n; as:®°

—Z
I; = KTLo; [ n;(z)e*ims® dz (2.2)
Here, K is a constant that contains fixed operational parameters related to the spectrometer such

as incident X-ray flux, efficiency of the detector, T is the analyzer transmission function which is
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dependent on the kinetic energy, L is the angular asymmetry parameter for the emission from a
determined core level, g; is the photoionization cross-section for a determined core level, A is the
inelastic mean free path length in a matrix M containing i, which depends on the kinetic energy
of the photoelectrons, and & is the emission angle (with respect sample normal). Assuming a
constant concentration profile over the depth of analysis, equation (2.2) can be expressed as:

I; = KTLoyn;A; ycos6 (2.3)
By performing the XPS experiments using fixed conditions for the spectrometer and by knowing
the 0; and L from the theoretical calculations by Scolfield®' and Reilman, et. al.** respectively, a
sensitivity factor S specific for a given core level can be obtained. Therefore, the fraction for a

determined element i in a matrix of n components equals to:

_ 1;/S;
Xi= /Z[In/sn] @4

Where S is the sensitivity factor that contains the values for K,T, L, o;, 4; , for a given angle of
emission 6, and I, is the integrated intensity of the element n in the matrix. In this work, the
sensitivity factors were obtained from the spectrometer’s manufacturer (Physical Electronics,
USA).

Typically, the ejected photoelectrons travel finite distances through the material before they
scatter either elastically or inelastically, which results in the attenuation of the electron signal as
a function of depth. This electron signal attenuation can be described by the Beer-Lamber

equation as:®

I = I,exp (M_Oie) (2.5)
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Where | is the non-attenuated electron signal, d is the electron depth, 6 is the emission angle,
and A, the inelastic mean free path or the average distance that an electron with a given energy
travels between successive inelastic collisions. In practice, 3A represents the depth from which
95% of the photoelectrons are detected at an emission angle parallel to the sample normal.
Equation 2.5 also shows the dependence of the sampling depth with the emission angle, where
near normal emission angles (e.g., 8 = 0°) are bulk sensitive and grazing emission angles (e.g., 6
= 80°) are surface sensitive. In fact, the expression for the XPS signal intensity in equation 2.5
can be applied to describe the photoelectron intensity from a substrate S with a thin overlayer A
of thickness d. In this case, the overlayer will contribute to the attenuation of the substrate signal

S as:

(2.6)

Is = IOS €xp [ASACOSH]

And, the XPS signal intensity from the overlayer A corresponds to:

d
IA = IOA [1 — exp(m>] (2.7)

Where Io g4 are the signal intensities from thick S (A) layers, and Ag , and A4 4 are the effective

attenuation length of the photoelectrons in A emitted from the substrate and the overlayer,
respectively. These expressions can be applied to estimate the layer thickness d of an overlayer
based on the experimental integrated intensity ratio 1, /I at a given emission angle.

For the data acquisition, an X-ray photoelectron spectrometer is employed; a generic setup for
the XPS spectrometer is presented in Figure 2.4. In this configuration, X-rays are generated from

an X-ray anode to then pass through a monochromator, commonly composed of quartz crystals,
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to produce photons of a single energy. The sample is irradiated by the monochromatic X-ray
source and the ejected photoelectrons are collected by the analyzer system passing through the
electrostatic lens, which retards the kinetic energy of the photoelectrons to the set passing energy
of the energy analyzer. The photoelectrons enter to an hemispherical analyzer to determine their
energy. The photoelectrons are counted once they exit the energy analyzer, by means of a
multichannel detector.

Hemispherical Energy Analyzer

! —

X-ray Monochromator

' Extraction '
J L:}— Detector
- Lenses

X-ray Source

Figure 2.4. Schematic diagram of the setup for an X-ray photoelectron spectrometer. Reproduced
from ref. [64]. Copyright © 2014, Springer Science+Business Media New York.

For the XPS experiments described in this work, an XPS spectrometer from Physical Electronics
USA with a spectral resolution of ~0.5 eV was employed, equipped with an Omicron XM1000
quartz monochromator to filter the Al Ko component (hv=1486.7 eV) from an Al anode. For the

electron energy analysis, a 125 mm hemispherical analyzer was used along with 7 Channeltron®
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detectors. In a typical XPS experiment, the hemispherical energy analyzer was operated at a pass
energy of 15 eV.

The XPS spectrometer calibration of the binding energy was performed based on American
Society for Testing and Materials (ASTM) Standard procedures.®® The calibration consists in the
measurement of the linearity of the binding energy and the repeatability standard deviation for
the main calibration lines. To perform the calibration, the sputtered clean metals Au, Ag, Cu, are
used, where the Au 4f7,, Cu 2psp, Ag 3ds/, peak positions are taken as the reference to extract the
binding energy linearity and the spectrometer workfunction (®,). This procedure is performed
every six months, and in the event of XPS system maintenance, the calibration is carried out after
the procedures of the XPS anode outgassing.

The peak shape of the XPS spectra exhibits a lineshape commonly fit by the convolution of
Gaussian and Lorentzian functions.”® The subtraction of the background of the XPS spectra that
is generated due to the inelastic processes and the energy loss processes is required for the
correct extraction of the integrated peak intensity and peak position. In this work, the XPS peak
analysis and deconvolution were performed using the software Aanalyzer, which allows the use

of a Voigt function and a Shirley background subtraction in the peak fitting.*®

2.1.2 Low Energy Electron Diffraction

Low-energy electron diffraction (LEED) is an electron diffraction technique employed to
determine the surface structure of a crystalline material, by measuring the long and short range
order from a surface.®® In a LEED experiment, a low energy electron beam (50-200 eV)

impinges on the sample surface and the diffracted electron beam is directed to a phosphorous
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screen for the generation of the diffraction pattern, which can be recorded using a CCD camera.
The diffraction pattern obtained from LEED represents the crystal lattice in the reciprocal space.
The low energy provides the electrons with a shallow penetration depth of ~50-100 A, depending
on the energy spread and divergence of the incident beam, making this technique surface
sensitive. In this work, LEED was carried out in-situ in the UHV cluster tool using a Scienta
Omicron LEED tool, model Spectaleed. A range of beam energies between 80 eV-150 eV was

set to obtain the LEED patterns from the TMDs surfaces.
2.2 Ex-Situ Materials Characterization Techniques

2.2.1 Raman Spectroscopy

Raman Spectroscopy is based on the molecular vibration of molecules and its interaction with
electromagnetic radiation. Raman scattering or inelastic scattering occurs when the interaction of
photons of a single frequency with molecules results in scattered photons with a different
frequency than the initial radiation. This change in frequency or Raman shift corresponds to a
determined molecular vibration mode of a molecule.®” Only those vibrational modes that cause a
polarizability change in the molecule will be Raman active and the possible vibrational modes
are determined by group theory. Information about the phase of polymorphic solid, residual
strain, identification of polymers and certain inorganic materials can be obtained from Raman
spectroscopy.

Raman spectroscopy has been a widely employed technique for the identification two-
dimensional TMDs, and for the evaluation of the crystal quality. Furthermore, the peak positions

of the main Raman modes have been associated with the number of layers in a flake or a film,
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allowing the determination the thickness in a convenient and practical manner.®® For example,
for bulk MoS;, the characteristic Raman peaks have a Raman shift of ~382 cm™ and ~ 407 cm™*
corresponding to the in-plane (Ezlg) and out-of-plane (Ay) vibrational modes, respectively.
These peaks shift to lower and higher frequencies when decreasing the layer thickness, as

presented in Figure 2.5.%°
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Figure 2.5. (a) Representation of the characteristic Raman modes in MoS,. (b),(c) Layer
dependence of the Raman peak positions in MoS, with layer thickness. Reprinted with
permission from ref.[69].Copyright (2010) American Chemical Society.
Here, Raman spectra were acquired under air-ambient conditions using a Renishaw confocal

Raman system model inVia using a 532 nm wavelength, with a laser power~0.22 mW, and spot

size ~500 nm.

2.2.2 Atomic Force Microscopy

Atomic force microscopy examines and maps the surface topography of a material using a probe
tip. The AFM operation is given by the near-field forces between the tip and the sample.
Typically, the AFM tip employed to perform the surface scanning is mounted onto a cantilever

spring. During operation, the forces between the tip and the sample are detected by a laser beam
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deflection system. AFM offers a lateral resolution in the order of 0.1-3.0 nm for the measurement
of the surface topography.®” In this work, AFM measurements were carried out under air
environment conditions using a Veeco, Model 3100 Dimension V atomic probe microscope,
employing a Si-OTESPA tip for the measurements. The system was operated in tapping mode,

and an amplitude voltage set point in the range of 200-350 mV.

2.2.3 Transmission Electron Microscopy

In transmission electron microscopy, an electron gun generates a high energy electron beam for
the imaging of a specimen in a transmission mode. Due to the short wavelength of the electrons,
a resolution in the order of ~0.1 nm can be achieved, by the proper correction of the lens
aberration. The main components of a TEM system are electron source, condenser lens,
specimen stage, objective lens and projecting lens. In addition, to increase the resolution, TEM is
commonly operated at an acceleration voltage >100 kV.%" Here, TEM imaging was employed to
analyze the structure at the dielectric/TMDs interface. It was also used to investigate the
structure of covalent-nitrogen doped MoS,, as presented in Chapter 6. The TEM characterization
was carried out by Dr. Ning Lu, Mr. Qingxiao Wang, and Mr. Xin Peng in collaboration with
Prof. Moon J. Kim at UT Dallas. For these purposes, cross-sectional samples were made by the
lift-out approach™ using an FElI Nova 200 NanoLab dual-beam FIB/SEM system. High-
resolution HRTEM imaging performed using a JEOL 2100F operated at 200 kV, and high angle
annular dark field (HAADF) scanning transmission electron microscopy (STEM) performed
using a JEOL ARMZ200F with probe spherical aberration (Cs) corrected operated at 200 kV,

were both employed in this work.
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2.3 Density Functional Theory

Density functional theory (DFT) is an ab-initio method applied to describe the ground state
electronic properties of many-body systems such as atoms, molecules, and condensed phases.”
For an N-electron atomic or molecular system, the energy can be described with the time-

independent Schrodinger equation as: "2
Ay =gy (2.8)
Where H is the Hamiltonian operator, E is the electronic energy, and ¥ is the wave function. For

this system, the Hamiltonian can be expressed as:"*

A=3Y(5v®)+ XY () + S, — (29)

Tij

Where the external potential acting on electron i from the M nuclei of charges Z, is a sum over
all M nuclei

v(ri)= X1 (Za/Tia) (2.10)
In the approximation given by density functional theory, the energy is written as a function of the
electron density, which is a function of three spatial variables. The basis of the density functional
theory is provided by the Hohenberg-Kohn theorem.” This theorem states that (1) the non-
degenerate ground-state electron density p, uniquely determines the external potential and that
(2) the total energy functional has a minimum, which is the ground state energy E; at a unique
ground state electron density p,. Here, DFT calculations were carried out using a Viana ab-initio
simulation package (VASP)”® which uses a plane wave basis with pseudopotential approach
allowing computation of large variety of materials properties. The DFT calculations were

provided by Dr. Santosh K.C., Mr. Chenxi Zhang, and Prof. Kyeongjae Cho, performed at either
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the multi-scale simulation lab (MSL) at UT Dallas or using the computing facilities provided by

the Texas Advanced Computer Center (TACC) at the University of Texas at Austin.
2.4 Thin Film Deposition Technique

2.4.1 Atomic Layer Deposition

Atomic layer deposition (ALD) is a technique for deposition of thin-films by exposing the
substrate to alternating pulses of different precursors. Different to a chemical vapor deposition
process, in ALD, the precursor dosing steps are intermitted by purging steps to avoid direct
reaction between the precursors.”® This process allows the self-limiting reactivity of the
precursors with the surface. As an example, the deposition of a metal-oxide material requires the
use of a metallic precursor commonly in the form of an organometallic coordination compound
and an oxidant precursor, commonly water. The thermal oxide dielectric ALD process consist of:
(1) exposure of the first precursor on a substrate surface, (2) the purge of the reaction chamber to
remove the unreacted precursors and the gaseous reaction by-products, (3) the oxidant precursor
pulse and (4) the purge of the reaction chamber to evacuate unreacted precursors and reaction
by-products, leaving a determined coverage of the metal oxide formed on the surface, as shown
in Figure 2.6. The temperature range for a typical ALD process is 125-500°C,” depending on the
precursor decomposition temperature and surface reactions. This process is repeated until the
film reaches the desired thickness, according to deposition rate calibrations. Some of the
advantages of ALD are the precise control of the film thickness at a monolayer level of few

angstroms because the reactions are driven to completion during every reaction cycle, extremely
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smooth and conformal (to the original substrate) films, and large area thickness uniformity and
scalability. One disadvantage is that functionalization steps of the surface may be required.

Here, the dielectric depositions were performed in-situ in the UHV cluster tool, using a
commercial Picosun™ thermal ALD reactor, which is kept at a base pressure of ~5 mbar. The
dielectric materials Al,O3; and HfO, were investigated as dielectrics on the TMD surfaces, and
for such oxides, trimethyl-aluminum (TMA) and tetrakis(dimethylamido)-hafnium were
employed as metal-organic precursors, while deionized water and ozone (in specified cases)

were used oxidant precursors.
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Figure 2.6. Schematic representation of the atomic layer deposition process.
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2.5 Mechanical Exfoliation of Transition Metal Dichalcogenides

For the XPS measurements, bulk TMDs samples were employed. The use of exfoliated mono or
few layer flakes was limited due to their dimensions, typically in the order of few microns,
whereas the XPS spot size is ~0.5 mm. Natural bulk TMDs were purchased from SPI Supplies
and 2D Semiconductors Inc. The initial surface was prepared by mechanical exfoliation of the
outermost layers using the Scotch® Magic™ tape method,' as depicted in Figure 2.7

First, a piece of Scotch® Magic™ tape-(810) is adhered to the surface of the bulk material. Due
to the weak van der Waals interaction between the layers, the outermost layers can be peeled off

by gently removing the tape out of the surface.

Scotch®
Magic™ tape

— Y ~ ﬁ ¢
— — - — s
—// —/, —/—/
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- ¥
—_ ———
—/ D

Exfoliated Surface Tape with
MX, flakes

Figure 2.7. Schematic of the mechanical exfoliation process for layered TMDs.
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The resulting surface leads to a smooth and flat surface as shown in Figure 2.8a, with a sporadic
presence of irregular areas or step edges. The tape used in the mechanical exfoliation contains
flakes of the TMD material, which can subsequently be transferred onto a substrate, commonly
Si02/Si, for the identification of mono or few layer flakes by optical microscopy by optical

contrast as presented in Figure 2.8b.

g

Figure 2.8. (a) Optical image for natural bulk MoS; as-received and after mechanical exfoliation
of the outermost layers. (b) Optical image of exfoliated MoS flakes transferred onto a 300 nm-
Si0O,/Si substrate.
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The identification of MoS, flakes on SiO,/Si with a determined thickness can also be done by
Raman spectroscopy. After mechanical exfoliation, the XPS survey spectrum from bulk MoS; in
Figure 2.9 shows the characteristics core level peaks from MoS; and a C 1s signal due to
adventitious carbon and/or from tape residues from the exfoliation process. Interestingly, the
oxygen signal is at or below the XPS detection limits. The carbon signal detected on the as-
exfoliated MoS; surface can be reduced to below detection limits by annealing at 300 °C for two

hours under UHV, which indicates the carbon contaminants are only weakly adsorbed on the

surface.
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Figure 2.9.XPS Survey spectrum from ex-situ as-exfoliated bulk MoS,.
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Later, it is shown that a UV-O3; exposure can also clean the adsorbed carbon contaminants from
the MoS; surface. The XPS resulting spectra is shown in Figure 2.10, where it is shown that the
vacuum annealing does not cause a change in the chemical state of MoS,, and the oxygen level

remains below detection limits upon annealing.
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Figure 2.10. XPS spectra (Mo 3d, S 2p, C 1s and O 1s) of as-exfoliated bulk MoS, before and
UHV annealing at 300 °C for two hours.



CHAPTER 3
SURFACE FUNCTIONALIZATION OF MOS; FOR HIGH-K DIELECTRIC

DEPOSITION

3.1 Introduction

As scaling of the silicon-based complementary metal oxide-semiconductor is reaching its
physical limits,”® two-dimensional (2-D) transition metal dichalcogenides (TMDs) are being
considered as ideal candidates for channel materials in field effect transistors (FETS) due to their
atomic thickness and bandgap comparable to that of silicon.” Recent efforts in the integration of
2-D materials have reported promising results such as field effect electron mobility in the order
of 470 cm? Vs using multilayer MoS,,”® on/off ratios of ~10%°and a low interface trap density

Di.”” It has been shown in the literature*®"®

that the presence of a high-x dielectric material on
top of the channel of 2-D material-based FETs induces an enhancement of the carrier mobility by
one order of magnitude or higher; such situation has been attributed to dielectric screening
effects.?’ Yet, uniform deposition of sub-10 nm dielectrics on TMDs by atomic layer deposition

I.ll

(ALD) results challenging due to their limited surface reactivity. McDonnell et al.™" reported the

HfO, deposition on bare MoS; leads to the formation of HfO; islands instead of a continuous

film. In a different study, Liu et al.®

showed the dependence of the Al,O3; nucleation on the
deposition temperature during the ALD process on MoS,. In that study, a temperature of 200 °C

was proposed as an optimal condition to obtain uniform Al,O3 films of ~10 nm in thickness.

34
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Later, Yang et al.*?

suggested that additional surface treatments for MoS, were needed to achieve
thin and uniform as the conditions studied by Liu et al.** were not reproducible. Performing an
oxygen plasma pre-treatment was demonstrated to improve the coverage of ALD-AI,O3 and
HfO, on multilayer MoS; flakes.** However, by this method, MoO; was formed after the oxygen
plasma treatment which could induce changes to the MoS; electrical properties due to the Mo-S
bond disruption and modify the band alignments (i.e., MoOg3 is a semiconductor with a wide
bandgap of ~3.1 eV, whereas the bandgap of monolayer MoS; is 1.8 eV). Consequently, the use
of such aggressive treatment can degrade the dielectric/MoS; interface quality and would be
impractical for monolayer-MoS, based devices.

In this chapter, the study of UV-Oj3 treatment as a non-destructive method to functionalize the
MoS; surface is presented. By this method, the selective formation of oxygen-sulfur (S-O) bonds
at the topmost sulfur layer was achieved without breaking sulfur-molybdenum bonds (i.e., no
formation of MoO3). Additionally, first principle calculations were used to investigate the
energetics that involves the formation of the S-O bonds in MoS,. Then, it is demonstrated that
the oxygen functionalized MoS; surface is an ideal nucleation layer for ALD, allowing
deposition of fully-covered and uniform Al,O3 thin films of ~4 nm on MoS,. According to the
in-situ XPS interface studies, the S-O species is reduced by the ALD process as no detectable S-
O bonding was presented at the Al,0s/MoS; interface. The DFT calculations show that S-O
bonding and the substitutional O bonding (O on a sulfur vacancy) has a minimal impact on the
MoS; bandgap for coverages less than 10%. This work highlights the importance of the UV-Os;

treatment as a route toward high-quality ultra-thin dielectrics on transition metal dichalcogenide

2-D materials.
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This chapter includes the material adapted with permission from a publication entitled “MoS;
functionalization for ultra-thin atomic layer deposited dielectrics” [Appl. Phys. Lett. 2014,
104, 111601] Copyright 2014, AIP Publishing LLC. The authors are A. Azcatl, S. McDonnell, S.
K. C., X. Peng, H. Dong, X. Qin, R. Addou, G.I. Mordi, N. Lu, J. Kim, M. J. Kim, K. Cho, and
R. M. Wallace. My contribution was in planning, executing and analyzing the XPS, LEED, and
AFM characterization, and writing the manuscript. The theoretical calculations by first principles
density functional theory were performed by S. K. C. and K. Cho, and X. Peng, N. Lu, and M. J.
Kim provided the TEM characterization. S. McDonnell, H. Dong, X. Qin and R. M. Wallace are

acknowledged for the valuable input in guiding the experiments and manuscript writing.

3.2 Experimental Details

In this work, the UV-O3; exposures were performed on the MoS; surface, and in-situ XPS was
employed to monitor the chemical state changes without exposure of samples to the environment
to avoid spurious contamination. The bulk MoS, crystal (SPI Supplies) was mechanically
exfoliated using Scotch® Magic™ Tape to remove the outermost layers. The freshly exfoliated
MoS, sample was then loaded into the ultrahigh vacuum (UHV) system within 5 min for XPS
characterization of the initial surface. Then, the sample was transferred for UV-Oj3 treatment to a
chamber equipped with a low-pressure mercury lamp (BHK Inc.). Ozone was produced by UV
photons®? at an O, pressure of PO, = 900 millibar, where the sample surface was placed within a
few mm of the mercury lamp. A detailed setup and process flow for the UV-O; treatment is
presented in Appendix A. After UV-Os treatment, in-situ low energy electron diffraction (LEED)
was performed at a beam energy of 127 eV under UHV environment. To investigate the

energetics related to the interaction of oxygen with MoS,, DFT calculations were carried out,
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where a plane wave basis set and Projector Augmented Wave (PAW) pseudopotentials were
implemented in the Vienna Ab-initio Simulation Package (VASP). The electronic wave
functions are represented by plane wave basis with a cutoff energy of 500 eV. The exchange-
correlation interactions are incorporated as a functional of Generalized Gradient Approximation
(GGA). A model of 5x5 supercell of MoS, with the periodic slab separation of 16 A vacuum in
order to avoid spurious interaction between the two surfaces of the slab was used. In these
calculations, the atoms are allowed to relax while the cell size is kept fixed. The DFT calculation
and related analysis were provided by Dr. Santosh KC and Prof. Kyeongjae Cho at UT Dallas.

Following the UV-O3 surface pretreatment on MoS;, ALD experiments were performed in an
attached Picosun SUNALE™ ALD reactor allowing for deposition and analysis without air
exposure. Trimethyl-aluminum (TMA) and H,O were used as the metal and oxidant precursors
for Al,O3 deposition, respectively, while for HfO, deposition, tetrakis(dimethylamido)-hafnium
and H,O were employed. The precursor pulse and purge times were 0.1 and 4 s, respectively, at
an operating pressure of P = 10 mbar, using ultra-high purity N, as the carrier and purging gas.
To investigate the Al,O; coverage on MoS,, ex-situ atomic force microscopy (AFM) was
obtained in tapping mode from an Atomic Probe Microscope Veeco, Model 3100 Dimension V,
located at the UT Dallas Cleanroom Facility. High-resolution transmission electron microscopy
(HRTEM) imaging was performed using a JEOL 2100F operated at 200 kV. Transmission
electron microscopy (TEM) cross-sectional samples were made by the lift-out approach” using
an FEI Nova 200 NanoLab dual-beam FIB/SEM system. An Au layer (~70 nm) was e-beam
deposited on the Al,O3 surface to eliminate electron charging. Layers of SiO, and Pt were also

deposited to protect the region of interest during focused ion beam milling. TEM sample
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preparation and HRTEM imaging were performed by M.S. Xin Pen, Dr. Ning Lu and Prof.

Moon J. Kim at UT Dallas.

3.3 UV-0O3 Exposure on MoS;

UV-Og treatment of the surface has been widely employed for surface cleaning purposes, as well
as a method to form a thin oxide on semiconductor surfaces, such as silicon. Here, UV-O3 was
investigated to determine the effect this treatment on the MoS; surface chemistry by in-situ XPS
characterization. The process employed for this purpose is described in Figure 3.1, where the

UV-O3; treatment was performed for 15 minutes at room temperature.
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Figure 3.1. Schematic of the process for in-situ surface characterization by XPS for MoS, upon
UV-O3 exposure.

The XPS spectra of the initial as-exfoliated MoS, surface are shown in Figure 3.2, where
characteristic peaks for the Mo-S bonds are detected. In MoS,, molybdenum provides four
electrons to fill the bonding states having an oxidation state of +4, whereas the oxidation state for
sulfur is —2. The XPS peak positions for these elements in MoS, are Mo 3ds;, at 229.5 eV and S
2ps;2 at 162.4 eV. As reported by McDonnell et al.,* a variation of these peak positions is
commonly observed due to the variability in the unintentional doping type across the surface.
After UV-Og treatment, the S 2p spectrum showed an additional doublet peak at 164.8 eV, and

concurrently, a peak at 530.6 eV was detected in the O 1s spectrum, suggesting oxidation of
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sulfur. The fact that the additional S 2p feature appeared at higher binding energy than the Mo-S
bond indicates the presence of sulfur in a higher oxidation state than S™. Yet, the binding energy
of 164.8 eV is lower than of SO, (168.8 eV), which was reported to be formed upon oxidation of
MoS, by RF-oxygen plasma®®. Therefore, the new sulfur state is likely to be due to oxidation

induced by the formation of a covalent sulfur-oxygen bond (S-O).
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Figure 3.2. XPS spectra for the initial as-exfoliated MoS, surface and after UV-O3 exposure for
15 min, showing the changes in the S 2p and Mo 3d, O 1s and C 1s core levels. k=1000.
Interestingly, in the Mo 3d spectra, no metallic Mo (Ma® at 227.9 eV)* or Mo-O bonds (MoOy at

232.7 eV)* were detected. The oxygen concentration is confirmed to be below the limit of
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detection while carbon (Caq4), present in a mixture of graphitic and sp* hydrocarbons, is the only
detectable contaminant on the ex-situ exfoliated MoS,. The carbon coverage on MoS; was
calculated to be ~0.5 monolayer, which was likely to be adsorbed from the environment after the
exfoliation process. The oxygen coverage on the MoS; surface was calculated using the ratio of
the S-O peak intensity (Is.o) to total sulfur peak intensity from the S-O and S-Mo bonds (ls).
From the MoS; structure, Is corresponds to the summarized intensity from the top (S;) and
bottom (S,) sulfur layers as shown in Figure 3.3, with the total intensity of sulfur being equal to
Is1 + Is2.

Therefore, the Is.o/ls ratio follows the equation (3.1):

Iso - Is0 (3.1)

Is Is1+1Is2

This equation assumes that S-O layer is not attenuated by any overlayer (Is.o = Imonolayer) and that

the UV-Oj3 treatment did not change the MoS; structure.

Figure 3.3. The layered structure of MoS;, employed to create the model to calculate the oxygen
coverage from the S 2p peak intensities. d;=0.316 nm and d,= 0.30 nm are the S; to S, distance
within the MoS, layer and the van der Waals interlayer distance, respectively.®*

The signal intensities for S; and S, are calculated as follows:

1
Is, = Imonolayer [eo +e 0 +e 20+ ] = mfi(;lfger' (3.2)

1
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Here, the distances d; and d correspond to 0.316 nm and 0.30 nm according to X-ray diffraction
measurements.?* The effective attenuation length (A) for an electron traveling through MoS,,
AmMos,=2.542 nm as calculated from the NIST electron EAL Database, version 1.3, and the take-
off angle 6 = 45°with respect to the surface plane. According to equation (3.4), the theoretical
value for the ls.o/ls ratio equals to 0.1330. Experimentally, the peak intensity ratio ls.o/ls
obtained from XPS corresponds to 0.1403 for the spectra obtained after 15 min of UV-Os;
exposure shown in Figure 3.1, which corresponds to an oxygen coverage of 1.05 monolayer
(ML). Such coverage suggests that the topmost surface of MoS; is oxygen functionalized. It was
also found from the S 2p and O 1s spectra that the S:O ratio the corresponding to the S-O bond is
1:1.3, indicating that oxygen could be not only bonded on top of each surface sulfur atom but
also could occupy interstitial sites or sulfur vacancies. Interestingly, the analysis of several MoS,
samples indicated that a S:Mo ratio of 1.93 +0.06 is obtained after UV-O3 treatment, with an
initial S:Mo ratio varying from ~2.3-1.8 for the as-exfoliated bulk Mo0S,.** Additionally, as
shown in Figure 3.1, the C 1s feature was no longer detectable after UV-Oj3 treatment suggesting

that carbon species were removed, likely through CO and/or CO, formation as reported for other
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semiconductor surfaces, >

without causing photochemical degradation as can occur for other
two-dimensional materials, such as graphene.®

The interaction of oxygen with MoS, surface was studied by Density Functional Theory (DFT).
As shown in Figure 3.4, the oxygen adatom has two possible adsorption sites: oxygen on top of
sulfur (Oqgs) and substitutional oxygen on a sulfur vacancy (Os), having formation energies of -
1.2 eV and -1.91 eV respectively. A previous study of MoS; surface defects showed that metallic
defects (likely clusters of sulfur atoms) cover only 0.1-5% of the surface.®* As such, for ~ 1
monolayer coverage of S-O species, the oxygen adsorbed on sulfur vacancy sites would have
intensities below the limit of detection of XPS. Importantly, the DFT result highlights that the
formation of S-O bonds is energetically favorable and can occur without Mo-S scission, which is
consistent with the Mo and S chemical states shown in Figure 3.1. Moreover, the density of
states (DOS) calculation shows that for low coverages of O adatoms (~0.1 ML), no gap states
exist in the band gap, but rather shallow states at the band edge are created. The minimal effect
of the oxygen adsorption on the MoS; bandgap results desirable as the electronic properties of
this 2D semiconductor are being preserved after the oxygen functionalization. The calculation
also shows that S mono-vacancy formation energy is relatively large (~2.45 eV) and a sulfur di-

vacancy is less favorable than mono-vacancy. Furthermore, Zhou et al.?’

reported. Therefore, in
the absence of pre-existing S vacancy, it would be even more unlikely for oxygen to replace
sulfur, which is consistent with the detection of O-S bond formation without detectable O-Mo

formation.
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Figure 3.4 (a) (5x5) supercell of MoS, showing the most energetically stable adsorption sites for
oxygen: oxygen on top of sulfur (Oggs) and substitutional oxygen on a sulfur vacancy (Os). (b)
Density of States (DOS) of MoS, generated upon O chemisorption on the O,y adsorption site.
Low energy electron diffraction pattern of (c) the initial as-exfoliated MoS, surface and (b) after
UV-03 exposure, taken at a beam energy of 127 eV.

To investigate the surface structure of MoS; upon oxygen chemisorption upon UV-O3 exposure,
low energy electron diffraction was carried out. The LEED pattern on Figure 3.4 shows the
characteristic hexagonal pattern of the unreconstructed MoS, (0001) surface® for the as-
exfoliated surface. After the UV-O; treatment, sharper spots were observed likely due to the

removal of the carbon contamination from the surface, as shown in Figure 3.1. Upon oxygen

chemisorption, the hexagonal pattern spacing was not altered suggesting that the oxygen
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adsorption sites are well-defined. In fact, the LEED pattern obtained after UV-O3 treatment is in
agreement with the most probable adsorption sites for oxygen, Ougs and Os, calculated by DFT.
In addition to LEED characterization, further studies were carried out on the oxygen
functionalized MoS; surface to determine possible etching effects. Previous reports showed that
when natural MoS; is treated with RF-oxygen plasma, MoOy particles developed on the surface
with a height of a few nanometers and length of 60-90 nm.® Such features were attributed to the
breakage of the surface basal plane via etching and oxidation of molybdenum and sulfur. As
shown in Figure 3.5, after UV-O3 treatment, the MoS; surface remains smooth and no additional
nanoscale features were observed. A minimal change in RMS roughness was measured in
reference to the as-exfoliated MoS, sample. This result is consistent with our observations of

lack of disruption of the MoS; surface given by in-situ XPS and LEED.

RMS: 0.81 A NoXTas

Figure 3.5. AFM images of bulk MoS; (a) as-exfoliated and (b) after UV-O3 treatment. Scale
Bar: 60 nm.

In the UV-O3 process, along with the UV photons, chemical species such as atomic oxygen,
molecular oxygen, and ozone are expected to be present, where atomic oxygen is generated by
the dissociative reaction of O, and Oz promoted by UV-light absorption.®? To identify the

reactive species that contribute to the oxygen functionalization of MoS,, atomic oxygen and
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ozone exposures were performed separately at room temperature without UV illumination. For
the atomic oxygen exposure, an oxygen cracker was employed to perform the exposure on the
MoS; surface at a pressure of 1.0 x 10°® mbar during 10 min. The ozone exposure was performed
using ozone generated from a remote source, at an ozone partial pressure of 900 mbar for 15
min. The in-situ XPS spectra are shown in Figure 3.6 for MoS; after ozone and atomic oxygen

exposure.
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Figure 3.6. XPS spectra for MoS; (Mo 3d, S 2s and S 2p core levels) after (a) ozone exposure
and (b) atomic oxygen exposure, both performed at room temperature.

It was found that the S-O bond was formed upon atomic oxygen exposure without molybdenum
oxidation, which is analogous to the UV-Os; exposure process. In contrast, there were no
detectable S-O or Mo-O bonds after ozone exposure. Therefore, atomic oxygen is expected to be

the main reactive species involved in the sulfur oxidation during the UV-Oj3 treatment on MoS,.
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This result also suggests that the contribution of the UV illumination in the formation of the S-O
bonds in MoS; is essential mainly to generate atomic oxygen from the dissociative reaction of O,
and O3 during the UV-O3 process. Importantly, bulk MoS; is known to be a resistant material
against photodegradation because the optical transitions occur between the d-states, and these
will not affect or weaken bonds between the Mo and S atoms.® Only nanoscale MoS, clusters
have been reported to be photochemically active for A > 400 nm due to the increased surface area
and reactive edges in comparison to bulk MoS;.** Since the photochemical reactivity of bulk
MoS; is negligible upon UV-light irradiation, its surface is not likely to catalyze or be involved

in the O3 or O, dissociation.

3.4 Atomic Layer Deposited Al,O3; on Oxygen Functionalized MoS,

As discussed earlier, nucleation of dielectrics on TMDs is limited by the dearth of dangling
bonds on these surfaces. However, for nanoelectronic applications, pin-hole free dielectric films
with a uniform thickness are required. Therefore, the presence of S-O bonds at the functionalized
MoS; surface could potentially enhance the nucleation in the ALD process. To investigate this
hypothesis, Al,O; depositions were carried out on UV-O; treated MoS;, samples, at different
temperatures and identical number of ALD cycles (30 cycles), and the interface chemistry of the
Al,O3/MoS; stacks was investigated by in-situ XPS.

The XPS core levels, Mo 3d and S 2p, corresponding to the O-functionalized MoS; after Al,O3
deposition are presented in Figure 3.7. Interestingly, the S-O bonds are no longer detected in the
S 2p core-level spectrum after Al,O3 deposition for all the studied temperatures. Instead, the XPS

spectra shows that MoS; preserved its chemical identify after the ALD process. It is worth to
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mention that since the total processing time for the 30 cycle films considered in this study is ~ 10
minutes and detectable S-O bonds are observed after 20 minute annealing at 150 °C, 200 °C and
250 °C, thermal desorption alone cannot explain the complete removal of the S-O feature during

deposition.
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Figure 3.7. Mo 3d and S 2p XPS spectra from oxygen functionalized MoS, after Al,O;
deposition by ALD at 150 °C, 200 °C, 250 °C, and 300 °C.

It is likely that, in addition to thermal desorption, there is a direct reaction of the precursors with
oxygen, similar to the self-cleaning effect reported for ALD on 111-Vs.%? Thus, the chemisorbed
oxygen on MoS; acts as a sacrificial layer that is removed after the precursor pulsing and leaving
a clear oxide-free MoS; surface. It is also noted that there is no detection of Mo-Al or S-Al
chemical bonds, suggesting a non-covalent bonding of Al,O3 on MoS,, similar to the case of
HfO, on MoS;. In the Al,O3 films, O-H bonds were present for all the deposition temperatures

studied in this work. Also, various carbon species were present in the Al,O3 films possibly from
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by-products of the ALD reactions, as shown in Figure 3.8. Interestingly, the deposition at 300 °C

exhibited high carbon and O-H bond atomic percentage, indicating that the ALD reactions were

not totally completed to form Al,O3 , which can be correlated to the minimal oxygen coverage at

this temperature.
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Figure 3.8. (a) Al 2p, O 1s and C 1s XPS spectra from O-functionalized MoS; before and after
Al,O3 deposition by ALD at different temperatures. (b) Atomic percent (at.%) corresponding to
the Al-O, O-H bonds and the total carbon concentration (Cr), calculated from the XPS spectra

shown in (a).

A minimal carbon concentration was obtained at 200 °C, and for this reason, this temperature is

suggested to be the optimal temperature for Al,O3 deposition by ALD on UV-O3 treated MoS,.
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Figure 3.9 shows the Al-O peak intensity obtained in Al 2p for after 30 ALD cycles at deposition
temperatures of 150 °C, 200 °C, 250 °C, and 300 °C (typical temperatures for ALD-AI,Os
processing)® on the UV-Os treated MoS, surface. The spectra of Al,O3 on exfoliated MoS, are
also presented as reference. Interestingly, a significant increase in the Al,O3; deposition was
achieved for the UV-O; treated MoS, samples in comparison to the as-exfoliated MoS,, for all
the studied deposition temperatures. The dependence of the AI-O peak intensity with the

temperature is indicative of differences in the surface coverage of Al,O3 on the MoS; surface.
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Figure 3.9 Integrated intensity of the Al-O bond detected in Al 2p on MoS; upon deposition of
Al,O3 by ALD at different temperatures.

To correlate such differences in the Al-O peak intensities detected by XPS, the Al,O3 coverage
on MoS, was investigated employing ex-situ atomic force microscopy (AFM). For the AFM
experiments, the samples employed were identical to those prepared for the XPS analysis, using
30 cycles of TMA/H,0 to deposit Al,O3 at 150 °C, 200 °C, 250 °C, and 300 °C. The resulting

AFM images are presented in Figure 3.10. It is evident that the nucleation occurs sporadically on
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the as-exfoliated MoS,, being favored at step edges. The density and size of the Al,O3 clusters on
the surface were higher at lower temperatures. This result also demonstrates that the uniform
AlLOj after 110 cycles at 200 °C demonstrated by Liu et al.®! could be caused by unintentional

functionalization due to organic contaminants on the MoS, surface.*!
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Figure 3.10. Atomic force microscopy (AFM) images of Al,O3 deposited by 30 ALD cycles at
different deposition temperature on as-exfoliated and oxygen-functionalized MoS,. Scale bar:

200 nm.

In contrast, the Al,O3 films deposited on the O-functionalized MoS, surface exhibited a
significant improvement in nucleation, which is reflected in the observed surface coverage. The
Al,O3 films showed RMS roughness values of only 0.31 nm, 0.14 nm, 0.17 nm, and 0.30 nm, for
deposition temperatures of 150 °C, 200 °C, 250 °C, and 300 °C, respectively. Interestingly, only
the film deposited at 300 °C presented pin-holes, having a depth of ~ 1 nm. The presence of pin-
hole in this film suggests that the effect of the surface functionalization on the ALD nucleation
was degraded at 300 °C. The Al,03/MoS; interface of these films was also investigated by high-

resolution transmission electron microscopy (HRTEM). The cross-section images in Figure 3.11
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show a sharp interface between Al,O; and MoS,, where the Al,O3 films present an amorphous
structure and MoS; presents the characteristic layered structure, which was not disrupted after the
UV-03 treatment. Importantly, thin and fully-covered Al,O5 films were obtained at 200 °C, with
a uniform thickness of only ~4 nm. Similar films were obtained at 250 °C, with the primary
difference being an increase in surface roughness. However, the films deposited at 300 °C
exhibit island-type growth, which is consistent with the appearance of pin-holes of 1 nm for the
corresponding AFM image. Therefore, a clear dependence of film uniformity with deposition
temperature was identified. The RMS roughness increase with deposition temperature suggests

that the oxygen functionalization layer might not be stable at temperatures greater than 200 °C.

Figure 3.11. High resolution transmission electron microscopy (HRTEM) images of the Al,0;
films deposited on the O-functionalized MoS,.

To test this hypothesis, identical O-MoS, samples were prepared and then exposed to the same
deposition temperatures in the ALD reactor for 20 min under N, at ~10 mbar without precursor
exposure. These surfaces were analyzed in-situ by XPS, and the resulting S 2p spectra are

presented in Figure 3.12.
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Figure 3.12 XPS spectra of the S 2p showing the thermal stability of the chemisorbed oxygen on
MoS2. O-MoS; was annealed for 20 min under N, environment at ~10 mbar at the ALD
chamber, without precursor exposure.

It was found that the initial S-O peak intensity from the O-functionalized MoS; decreased with
annealing temperature. The oxygen coverage on the MoS; surface obtained from XPS is also
presented in Figure 3.12. The oxygen coverage drop reflects the limited thermal stability of the
covalent S-O bond at temperatures at which the ALD process is carried out. Therefore,
desorption of oxygen from the surface can be translated as a depletion of nucleation sites for the
subsequent ALD processing, resulting in less uniform films when increasing the deposition

temperature to 250 °C and 300 °C.

3.5 Atomic Layer Deposited HfO, on Oxygen Functionalized MoS;

The HfO, deposition on the oxygen functionalization of MoS; was also investigated in this work.

HfO, is a dielectric material that has been implemented in monolayer MoS,-based FETs and it
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has received great interest as it has been related to the enhancement of the electron mobility.? For
comparative purposes, 30 cycles were employed to deposit HfO, and the ALD temperature was
set at 200 °C based on the optimized process for Al,Os. For the HfO, growth study by in-situ
XPS, the effect of the initial ALD pulse, being either H,O or TDMA-HTf, was investigated.

As shown in Figure 3.13, the S-O bond from the UV-O; treated MoS;, was removed from the
surface after HfO, deposition, as occurred with Al,O3, leaving a clean HfO,/MoS; interface with
HfO, interacting with MoS; in a non-covalent manner. An evident difference of the thickness
HfO, films was obtained depending on the first ALD pulse. From the attenuation of the Mo-S
peak in the Mo 3d region, the thickness was calculated as 2.3 nm and 3.3 nm for the films that
was deposited using as 1% pulse TDMA-Hf and H,0, respectively. Figure 3.13 also shows that
even when the first ALD pulse had an implication on the HfO, growth, the Hf-O signals
overlapped for both samples, indicating that HfO, was chemical identical. The presence of ~1
nm deep pin-holes in the HfO, film deposited with TDMA-Hf as 1* pulse is consistent with the
lower Hf 4f signal in XPS. In contrast, by using H,O as 1% pulse, the HfO, film is uniform and
pin-hole free, as shown in the AFM images in Figure 3.14. The high selectivity of the oxygen
functionalized surface towards the reaction with the first H,O pulse instead of the TDMA-Hf
pulse could be related to the increase in hydrophilicity of this surface after UV-O3 treatment, as

reported by S. Park, et. al.”

During the ALD incubation period, where the reaction of the
precursors with the nucleation sites is critical for a uniform coverage, the steric hindrance of the
TDMA-HT precursor can possibly play a role in the interaction with the nucleation sites, in this

case, the S-O bonds on the MoS, surface.
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Figure 3.13. XPS spectra from MoS, as-exfoliated, after a 15 min UV-O3 treatment and such
surface followed by HfO, deposition by ALD. The effect of the 1% ALD pulse is compared: H,0
(top) and TDMA-Hf (bottom).

Using the optimized oxygen functionalization and deposition process for HfO, on MoS,, top-
gate FETs were fabricated and the electrical characterization was carried out by Mr. Peng Zhao
and Prof. Chadwin Young at UT Dallas. This work in collaboration is contained in the
manuscript entitle “Electrical probing interface defects in the metal/HfO,/Mo0S; gate stack”,

submitted to the journal of ACS Applied Materials and Interfaces, and presented at the

International Conference on Microelectronic Test Structures (ICMTS)-2016.
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Figure 3.14. AFM surface topography and height profile of HfO, films deposited on O-
functionalized MoS,.

My contribution to this work was to perform the surface functionalization and HfO, deposition
on multilayer MoS; and assisted in the design for the fabrication of MoS,-FETs. The electrical
characterization, analysis, and writing were carried out by Peng Zhao, and Prof. Chadwin Young.
To investigate the electrical response of HfO, on MoS,, a top-gate MoS, FETs was fabricated
and the device structure is presented in Figure 3.15. For this device, MoS; was mechanically
exfoliated onto a 270 nm SiO,/ highly doped p-type Si substrate. Then, the multilayer MoS,
flake was optically identified. Later, the areas for the source and drain contacts were patterned by
conventional photolithography followed by deposition of 380 nm Au/20 nm Ti by e-beam
deposition. The sample was then loaded into the UHV system for UV-O3 treatment of MoS,,
followed by HfO, deposition at 200 °C. After high-k deposition, Au/Ti was deposited for the top

gate contact.
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Figure 3.15. The device structure of the top-gate multilayer MoS,-based FET.

The cross-sectional TEM imaging (not shown) confirmed 7 layers for the MoS; flake thickness
and a thickness of 13 nm for HfO,. Electrical measurements were carried out using a Keithley
4200 Semiconductor Characterization System and an Agilent E4980A LCR meter. The Ips-Vg
characteristics for this device show a high lon/lorr ratio of ~10°, whereas the gate leakage
current was at the level of 10™* A, which reflects good insulating properties of the HfO, gate
oxide. The threshold voltage V+t for this device occurred at -3V possibly related to the fixed
charges in the HfO, film_ The Ips-Vps characteristics for a Vgs sweep from -4 V to 0 V are also
presented in Figure 3.16. A non-linear region was found at low Vps, likely because of high
contact resistance caused by the Schottky barriers at the source/drain contacts. The electronic
properties at HfO,/MoS; interface were investigated by capacitance measurements, having the
source and drain connected to the positive electrode, and the gate to the negative electrode. The
resulting C-V curve exhibits an accumulation capacitance is 0.76pF/cm?. Knowing that the gate
oxide thickness was 13 nm, a dielectric constant value of «=11.2 is obtained. This device did not
receive post-deposition annealing, which is expected to improve the HfO, quality by passivation
of oxygen vacancies, increasing the «k value. Additionally, the presence of a frequency dependent

hump in the depletion region of the C-V curve is indicative of interface trap charges at the high-
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k/MoS; interface. A plateau region at which the interface defects will only respond to DC bias

was identified at 500 kHz.
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Figure 3.16. Electrical characterization of a top-gate multilayer MoS,-based FET, having a 13
nm HfO; as gate oxide. a) Ips - Vs characteristics at Vps= 0.5 V and gate leakage current Ig,. (b)
Ips — Vps characteristics for Vgs= -4 V to 0 V, and (c¢) C-V: frequency dependence for
frequencies in the range of 1 kHz-500kHz.

Therefore, the total interface trap density (Di;) was estimated from the oxide capacitance and the

width of the plateau region at 500 kHz, which corresponds to -0.6 V as shown in Figure 3.16,

resulting in a Di; value of 2.7x10% cm™. These results suggest that multilayer MoS, FETs with
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low leakage current and high lon/lorr ratio were realized by the implementation of the surface
functionalization and dielectric deposition processes developed in this work. The device
performance can potentially be improved by performing post-deposition gate oxide treatments to
minimize the interface trap density and to reduce the contact resistance at the source and drain

terminals.

3.6 Conclusions

In summary, the surface chemistry of MoS, upon UV-O; treatment was studied. It was found
that after UV-O3 exposure, the formation of an S-O bond at the MoS; surface occurs without the
scission of the Mo-S bond. Atomic oxygen was identified as the main reactive species in this
process, and it was indispensable for S-O bond formation under the conditions employed here.
DFT suggests two favorable oxygen adsorption sites (i.e., on top of sulfur or adsorption on sulfur
vacancies), where the experimental evidence suggests that adsorption on sulfur is dominant,
likely due to the low areal density of initial sulfur vacancy sites. In addition, the oxygen-
terminated MoS, surface was found to be ideal for ALD since high-k dielectric thin films can be
deposited uniformly on clean MoS,, allowing precise control of dielectric thickness. The
realization of top-gate MoS, based-FET was achieved by the implementation of the surface
functionalization technique developed in this work. The electrical characterization show
promising performance and low-leakage current using HfO, as the gate oxide in the top-gate
structure FET, and further improvement is expected with the optimization of the device

fabrication processes.



CHAPTER 4

HFO; ON UV-O; TREATED TRANSITION METAL DISELENIDES

4.1 Introduction

The electronic and optoelectronic properties of MoS,, a readily available material in nature, have
been extensively studied in recent years. However, the presence of a Schottky barrier at the
metal/MoS, interface has limited the MoS,-based field-effect transistors (FET) performance.®
Moving forward into the exploration of other members in the TMD library, several efforts have
focused on studying 2D WSe,, where field-effect mobility (ure) values up to ~500 cm?/V-s have
been reported.” Furthermore, band-to-band tunneling properties of WSe, for tunnel FET
applications have been demonstrated.®® Following these efforts, MoSe, has been implemented in
FETs, exhibiting a promising performance (i.e., ure ~150-200 eV) according to recent
reports.””® It has been demonstrated theoretically®™ and experimentally®® that the limiting effect
on mobility associated with Coulomb scattering can be reduced by a having a dielectric material
on the 2D channel, motivating several studies related to dielectrics on TMDs. Here, it was shown
that uniform, pin-hole free and thin Al,O; and HfO, films can be obtained by the oxygen
functionalization of the MoS, surface prior to the ALD process. Alternative processes have been
reported in order to improve the ALD high-x nucleation on TMDs such as oxygen plasma pre-
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treatment,** the use of ozone as an oxidant precursor during ALD of Al,03,' metal oxide and

organic based-seed layers.'0*1%
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However, whether the proposed processes can be directly extended to other TMDs remains an
important question, since different compositions could result in the variation of surface
properties. In this work, in-situ monochromatic XPS studies were used to characterize the effect
of a UV-ozone treatment of MoSe, and WSe; single crystal surfaces. Also, the surface reactivity
towards oxidation of these TMDs was compared and modeled by density functional theory
(DFT) calculations. It was found that surface oxides formed upon UV-Os; exposure of the
diselenides surface. Additionally, XPS monitored the interfacial chemistry between ALD-HfO,
and the UV-O3 treated TMD surfaces. Finally, the HfO, film uniformity on the UV-Og treated
TMDs was investigated and correlated with the interfacial chemistry.

This chapter includes the material adapted with permission from a publication entitled “HfO, on
UV-0O; Exposed Transition Metal Dichalcogenides: Interfacial Reactions Study” [2D
Mater. 2015, 2, 14004] Copyright 2015, IOP Publishing Ltd.
(https://creativecommons.org/licenses/by/3.0/). The authors are A. Azcatl, S. KC, X. Peng, N.Lu,
S. McDonnell, X. Qin, F. de Dios, R. Addou, J. Kim, M. J. Kim, K. Cho, and R. M. Wallace. My
contribution was in planning, executing and analyzing the XPS, and AFM characterization, and
writing the manuscript. The theoretical calculations by first principles density functional theory
were performed by S. K. C. and K. Cho, and X. Peng, F. de Dios, N. Lu, and M. J. Kim provided
the TEM characterization. S. McDonnell, X. Qin and R. M. Wallace are acknowledged for the

valuable input in guiding the experiments and manuscript writing.

4.2 Experimental Details

The UV-Og3 treatments and ALD studies described here were performed in-situ in the UHV

cluster tool. XPS was carried out using a monochromated Al Ka X-ray source (hv =1486.7 eV),
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using a 15 eV pass energy. The XPS peak deconvolution was achieved with the software
Aanalyzer, using Voigt functions with independent control of the Lorentzian and Gaussian
components, and applying a dynamic Shirley background subtraction. The top-most layers from
MoS; (SPI Supplies), MoSe, (2D Materials) and WSe, (Nanoscience Instruments, Inc) bulk
crystals (all (0001) orientation) were mechanically exfoliated using Scotch® Magic™ tape, and
the freshly as-exfoliated bulk materials were loaded immediately into UHV. All the UV-Os;
exposures were performed at room temperature. In an interconnected chamber, the sample
surfaces are placed within a few mm from a UV lamp (low-pressure mercury lamp) in the
presence of O, (O partial pressure Py, = 900 mbar) to generate ozone, as described in Chapter 3.
The ALD experiments were performed using a Picosun ALD reactor, with an operating pressure
of ~10 mbar. For the HfO, deposition, TDMA-Hf and H,O were used as the precursors for
ALD, having a substrate deposition temperature of 200 °C. The precursor pulse and purge times
are 0.1 and 4 s, respectively. High purity (99.999%) N, was used as the precursor carrier and
purging gas. After 1 full-cycle of TDMA-Hf and H,O, the samples were taken out from the ALD
reactor and transported to the XPS analysis chamber through a transfer tube under UHV (~1x10
% mbar). After analysis, the samples were transported back to the ALD reactor for further
deposition. This process was repeated for subsequent depositions for a total of 30 ALD cycles.
Tapping-mode atomic force microscopy (AFM) images were obtained ex-sifu using an Atomic
Probe Microscope Veeco, Model 3100 Dimension V. High angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) was performed using a JEOL ARM200F
with probe spherical aberration (Cs) corrected operated at 200 kV. TEM sample preparation was

accomplished using a FIB-SEM Nova 200.
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The first-principles modeling, based on DF with plane wave basis sets and Projector

Augmented Wave (PAW) pseudopotentials’®

as implemented in the Vienna Ab-initio Simulation
Package (VASP)!*1% \were conducted to find the energetics of oxidation of TMDs. The
electronic wave functions were represented by plane wave basis with a cutoff energy of 500 eV.
The exchange and correlation interactions were incorporated as a functional of the Generalized
Gradient Approximation (GGA).”*'% A 5x5 supercell of host MX, monolayers (M=W or Mo
and X=S, Se) was used for the DFT calculations. Each model has ~16 A vacuum to avoid
interaction between replica images as a result of the periodic boundary conditions (PBC). The k

point grid of 12x12x1 was adopted for Brillouin zone sampling. The energy and Hellmann-

Feynman force convergence criteria chosen were 10 eV and 0.01 eV/A, respectively.

4.3 Reactivity of Transition Metal Diselenides (TMSe;) upon UV-O3 Treatment

In order to determine whether oxygen functionalization by UV-O3; was extendable to TMDs
beyond MoS;, a room temperature UV-Oj3 treatment was performed on WSe; and MoSe;, while
MoS;, was also used as a control sample for comparison. XPS spectra of MoS,, MoSe,, and
WSe;, after 3, 6 and 15 minutes of UV-O3 exposure, is shown in Figure 4.1 The sequential UV-
O3 exposure on MoS, shows that S-O bond formation is detected after 3 minutes, and by
increasing the exposure time, i.e., 6 and 15 minutes, the oxygen adsorption saturates to form 1
ML. Under these conditions, no Mo-O bond formation is detected, as previously reported. It has
also been reported that UV-O3 can cause molybdenum oxidation in MoS; when the exposure is

much longer (60 min).**’ This implies that the oxidation process is dose and time dependent.
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In the case of MoSe,, the 3 min UV-O3; exposure initially results in the formation of Se-O
bonding, without causing Mo oxidation. The nature of the Se-O results analogous to the S-O
observed in MoS;, which may be described as chemisorbed oxygen on the surface, i.e., covalent
bond formation between oxygen and the top most selenium layer while preserving the covalent

bonding within the MoSe; layer.
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Figure 4.1. XPS spectra of the as-exfoliated (a) MoS,, (b) MoSe; and (c) WSe, surfaces and after
3 min, 6 min and 15 min of UV-O3 exposure.

However, in contrast to MoS,, the 6 minutes UV-0zone exposure results in sub-stoichiometric
molybdenum oxide (MoOy) formation. The MoOy peak shows a symmetric lineshape, suggesting
that Mo is present in only one of the seven different phases that has been identified for MoOy,
x=2.75-3.%%1% |n the Se 3d region, the previously observed Se-O bond is below the detection

limit, however, a new peak at ~59 eV indicates that selenium is further oxidized forming a
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selenium sub-oxide SeOy. In addition, an extra feature at ~0.6 eV higher in binding energy than
the bulk MoSe; peak is observed in both Mo 3d and Se 3d core levels (blue peak in Figure 4.1).

Previous studies in MoS; correlated the appearance of peaks at higher BE from the main bulk
peak, for both Mo 3d and S 2p, with the existence of molybdenum oxysulphide (MoS,0y),%%4%3
where the BE position of such peaks was dependent on the x and y values. A peak at a slightly
higher BE (~ 0.5-0.8 eV) than the characteristic MoSe; peak in Se 3d could be also correlated
with metallic Se,"** however, the fact that both core levels showed this high BE feature makes
this chemical state assignment less probable. Another possible assignment could be a sub-
stoichiometric MoSex phase, however, the existence of MoSex would cause the transition metal
peak to shift lower in BE and the chalcogen peak to broaden,*? and this situation is not
observed. Thus, the feature in blue in Figure 4.1 is associated with MoSexO, formation, caused
by oxidation during UV-O3 exposure. Finally, after UV-O3 for 15 minutes, the MoOy peak
shifted to 0.4 eV higher BE which is consistent with a higher oxygen content in MoO,.'%® 3,
Also, the MoOy oxide to bulk peak intensity ratio increases in comparison to the 6 min ratio,
showing that the oxygen is inserted deeper into the material. In the case of Se 3d, the sub-
stoichiometric SeOx shows a shift to 0.4 eV higher BE, suggesting complete oxidation to SeO..

In comparison, the XPS spectra of WSe; after UV-O3 exposure for 3 and 6 minutes, the Se-O
bond is detected. However the Se-O to bulk WSe, peak intensity ratio is lower than that for
MoSe,, and W oxidation in the form of WOy is detected after 6 minutes of exposure. Similar to

MoSe;,, the UV-O3 exposure of WSe; presents tungsten oxyselenide bonding (WSe,Oy) after 15

min of exposure, in addition to WOy and SeOy formation. Table 4.1 summarizes the bonds
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formed after UV-O3, showing their binding energy and ratios of the integrated intensity of the
corresponding peaks with respect to the bulk signal.
Table 4.1. Chemical species detected on MoS,, MoSe;, and WSe, after UV-O3; exposure,

showing the corresponding peak positions in eV. The integrated intensity ratio with respect to the
bulk peak is shown in brackets*[ ]”.

UV-0s Treatment 3 min 6 min 15 min
Time
S2p S-0 S-0 S-0
162.9[0.06 162.9[0.1 162.9[0.1
Mos, [0.06] [0.1] [0.1]
Mo 3d - - -
Se 3d Se-0 MoSe,O, Se0, MoSe, 0, Se0,
56.3[0.04 55.4[0.05 59.1[0.10 55.4[0.12 59.5[0.34
MoSe, [0.04] [0.05] [0.10] [0.12) [0.34]
Mo 3d --- MoSe,O, MoO, MoSe, 0, MoO,
229.8[0.05] 233.0[0.22] 229.7 [0.10] 233.4[0.79]
Se 3d Se-0 Se-0 Se0, W5e, O, Se0,
56.5[0.02 56.5[0.02 59.3[0.14 55.4[0.07 59.6[0.22
Wse, [0.02] [0.02] [0.14] [0.07] [0.22]
wWaf --- wo, WSe, 0, Wo,
36.1[0.18] 33.1[0.06] 36.3[0.45]

Oxidation studies of these TMDs in the bulk form were performed previously by Jaegermann et
al.,*** where reactivity towards oxidation was found to go from lower to higher in the sequence:
MoS; < MoSe; < WSe,. This tendency was related to the degree of mixed metal d-states from
the transition metal with the p-states in the chalcogenide, based on ionization energies
arguments. However, in that study, the oxidation process was performed in solution by a
photoelectrochemical method using electrolytes (i.e., K;SQO,4), which might have introduced

additional variables in the oxidation processes. To have a better understanding of the difference

in reactivity during the oxidation process in these TMDs, DFT calculations were performed.
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The calculated formation energies of the oxygen adsorption and chalcogen substitution by
oxygen are listed in Table 4.2, were equation (4.1) was employed:

Eform = E(0: MX,) — E(Pristine) — nu, — nis (4.1)
where E®™ is the formation energy of the adsorbed or substitutional oxygen on MX, surfaces
with total DFT energy E (O:MX5), E (Pristine) is the DFT energy of the pristine MX; surfaces
((M=W or Mo and X=S, Se), u, and ug are the reference chemical potentials of O (oxygen
molecule) and S (bulk sulfur) and n is the number of adsorption or substitutional O atoms. Under
this definition, negative values of the formation energy refer to thermodynamically stable
oxidation process. Figure 4.2 shows optimized structures for MoS;, MoSe,, and WSe,,
respectively, when an oxygen atom is adsorbed on top of the chalcogen (O-Se, O-S) and when

oxygen substituted the chalcogen to form a transition metal-oxygen bond (O-Mo, O-W).

(a) MoS, (b) MoSe, ,, (c) WSe2

b oo o PO woe»*w‘) }E’ 'S fil ,ca ;}
SOUEh Wirees o _"Irees, ~>~r
o «2“ o o o ob O gl L 4 A"Z} o/
0-S 0O-Mo 0-Se 0O-Mo 0-Se O-wW

Figure 4.2. Optimized (a) MoS,, (b) MoSe, and (c) WSe, structures after oxygen adsorption on
top of the chalcogen atom (top view) and after replacement of the chalcogen atom with an
oxygen atom (tilted top view).

According to the formation energies shown in Table 4.2, O-S bond in MoS; is more energetically
favorable and therefore more stable in comparison to O-Se in MoSe, and WSe,. The DFT

calculations also indicate that oxygen desorption will occur more easily in MoSe; and WSe,, in

comparison to MoS,. The formation energy required for the replacement of the chalcogen to
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form a direct bond between oxygen and the transition metal is found to be more energetically
favorable in the case of MoSe, and WSe, than for MoS;, which is consistent with the XPS results
after UV-O3 exposure.

The relative lower stability of the O-Se bond in comparison to O-S implies that desorption of

oxygen, and possibly the “kick-out™*

of O-Se species, can leave unsaturated bonds for the
transition metal, which then are readily available to form Mo-O and W-O bonds in presence of

oxygen, such as during a UV-O3 exposure.

Table 4.2. Formation energies of oxygen adsorption (Ef%) and oxygen replacement (E{”) on
MoS,, MoSe,, and WSe, calculated by DFT.

E?? (eV) E;"" (eV)

MoS, 0-S O-Mo
-1.12 -1.912

MoSeZ 0-Se O-Mo
-0.284 -2.504

\A[Se2 0-Se o-wW
-0.132 -2.814

Experimentally, this oxidation process caused the formation surface oxides of 0.36 nm and 1 nm
thickness in MoSe, for 6 min and 15 min of UV-O3; exposure respectively, while the surface
oxides in WSe, exhibited 0.33 nm and 0.66 nm thicknesses for the same mentioned exposure

times, according to XPS thickness calculations.
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4.4 Interface Chemistry of HfO, on UV-O3 Treated TMSe;

These UV-O3 exposure studies demonstrate that the controlled oxygen functionalization of the
outermost layers is more challenging for MoSe, and WSe, than for MoS,. Yet, the impact of
having surface oxides on these TMDs prior to high-« dielectric deposition by ALD is still of
interest. Thus, HfO, was sequentially deposited by ALD on the UV-O3 treated MoSe; and WSey,
while the interface chemistry was monitored by XPS. For comparison purposes, all the samples
discussed here received a UV-O3 exposure for 6 minutes.

Figure 4.3 shows that after one ALD cycle on the UV-O3; exposed MoSe;, the MoOy peak
intensity significantly decreases to ~24% its initial intensity. In Mo 3d, a new peak is detected at
231.9 eV, which is designated as Mo>*,** indicating that the Mo-O bonds are reduced (i.e., O
was transferred to Hf, resulting in a lower oxidation state of Mo). Additionally, the SeOy
intensity decreases to below the detection limit, as shown in the Se 3d region. The decrease in
oxide intensity during to precursor pulsing in ALD or “self-cleaning” effect was previously
observed for 111-V materials, such as GaAs.*? The self-cleaning reduction reactions that occurred
after one cycle involved the gradual reduction of the oxidation state from Mo®" to Mo®*. In
addition, the fact that no Mo® or other chemical state was detected suggests that MoO, went
through a ligand exchange reaction with the Hf precursor, forming a volatile molybdenum
compound possibly of the form Mo(N(CHa),)x.**" Based on the thermodynamic quantities, HfO,
with a Gibbs free-energy of formation of -251.8 kcal/mol,™® results in a more energetically
favorable reaction product than MoOy, assuming that the Gibbs free-energy of MoOy is close to -

159.65 kcal/mol,**® which is the corresponding value for MoOs.
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For the Se 3d feature, no lower oxidation states are detected (i.e., S°), indicating that SeO,, a
volatile compound, is possibly thermally desorbed from the surface in the vapor phase.'?
Finally, the MoSexOy peak is not observed after one cycle, suggesting that the MoSe,Oy phase
possibly recovers its initial state as MoSe, through the SeOy desorption channel, thus

contributing to the bulk Se peak signal intensity.
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Figure 4.3. In-situ XPS spectra for MoSe; as-exfoliated, after 6 min of UV-O3 exposure and after
sequential HfO, depositions by ALD. b) The MoOy and SeOx to MoSe; ratio obtained from their
respective integrated intensities. (c) Hf 4f spectra after 1, 5, 10 and 30 ALD cycles on UV-O3
treated MoSe;.

Further deposition of HfO, using five ALD cycles results in a decrease of the Mo®" intensity to

below the detection limit; only Mo>* remains. As shown in Figure 4.3, the Mo®" to MoSe;
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integrated intensity ratio is ~0.03, suggesting that most of the surface oxides undergo “self-
cleaning” reactions. The Se 3d spectra show no change after five cycles. After ten cycles, no
interfacial oxides from MoSe; are detected, and further HfO, deposition only caused attenuation
of the MoSe, features. It should be noted that the chemical identity of HfO, remains constant
throughout the sequential depositions.

In an analogous process, HfO, was sequentially deposited on UV-O3 treated WSe; followed by
XPS analysis. Figure 4.4 shows the evolution of WSe, chemical states through the experiment. It
is shown that in contrast to MoSe,, the decrease in intensity of the transition metal oxide in WSe;
is minimal after the first cycle. In fact, the WOy to bulk intensity ratio remains constant,
however, the Se-O intensity decreases below the detection limit, and the SeOx to WSe; ratio
decreases by ~44%. Even when the formation of HfO, is more energetically favorable than
WO, based on the Gibbs free energy (WO; ~ -195.7kcal/mol),*** WO, remains on the WSe;,
surface, exhibiting lower reactivity during the ALD “self-cleaning” reduction reactions in
comparison to MoOy. Various hypotheses can be made to explain the limited HfO, growth. First,
assuming a ligand exchange mechanism as in the case of MoSe,, then dissociation of W-O bond
would be needed. The dissociation energy of the W-O bond is 720+71 kd/mol,*?* which is much
higher than the Mo-O dissociation energy 597.2+33.5 kJ/mol** thus the oxygen loss in WO, and
subsequent formation of a volatile W(N(CHj3)x) compound requires a higher energy than MoOsy.
Secondly, WO3; and MoO; clusters are well known for their catalytic properties toward
oxidation, where it was found that Mo®" will be more easily reduced to Mo®* than W°®* to W°*

due to the high stability of WO3.}%?
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Figure 4.4. In-situ XPS spectra for WSe; as-exfoliated, after 6 min of UV-O3 exposure and after
sequential HfO, depositions by ALD. b) The WO, and SeOx to WSe, ratio obtained from their
respective integrated intensities. (c) Hf 4f spectra after 1, 5, 10 and 30 ALD cycles on UV-O3;
treated WSes.

This is consistent with our observation in MoOy and WOy reactivity after one ALD cycle. The
capability of WO, to remain in the W®* oxidation state makes WOy an effective oxidizing agent
of organic molecules.®® Thus, another possible scenario is the reaction between WO, and the
organic ligand in TDMA-Hf inhibiting ligand exchange reactions. In fact, the sequential
depositions of HfO, result in the presence of additional carbon features in WSe,, such as C-O

bonds, as shown in Figure 4.5. These carbons species were detected starting from the first ALD

cycle and they likely arise from the by-products of the ALD reactions. In contrast, the carbon
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species detected for MoSe;, upon HfO, deposition were mainly of C-C type, and are reduced in

intensity with increasing ALD cycles.
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Figure 4.5. C 1s XPS spectra of the as-exfoliated and UV-O3 exposed (a) MoSe; and (b) WSe;
surfaces, and the spectra evolution upon the sequential HfO, deposition by ALD. Auger mm
features from selenium span the C 1s energy window.

After five cycles, the WO, to WSe, peak ratio decreases by only 5% along with a WO, peak shift
to a lower BE of ~0.2 eV, while the SO, to WSe; peak ratio decreases by 31% from its previous
value. Interestingly, extra features at identical lower BE positions from the bulk WSe; signals,
for both W 4f and Se 3d are detected. The appearance of low BE peaks in WSe, was previously
reported and attributed to a non-van der Waals surfaces’?® characterized by edge planes and
stepped surfaces. Such non-homogeneous surface potential can give rise to different Fermi level
positioning, shifting the core levels in WSe, the same amount. Thus, these newly identified

peaks can be identified as WSe, with a different Fermi level in reference to the initial WSe,. A

non-van der Waals surface could be generated from desorption of surface oxides leaving regions
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in WSe, with unsaturated bonds and/or partially etched areas. After 30 ALD cycles, the SeOy is
below the detection limit, and the WO, to WSe; peak intensity ratio decreases to a value of 0.08,
with a final BE position ~0.53 eV lower than the initial WO, BE, due to lower oxygen content in
WO,.** This indicates that lower oxygen content in WO, improves the rate of ligand exchange
reactions between WO, and TDMA-HT. It should also be noted that the Hf 4f integrated intensity
is significantly different on MoSe, and WSe; for the same number of cycles as shown in Figure
4.6, where the final HfO, content on MoSe; is about three times that detected on WSe;,

suggesting differences in HfO, coverage.
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Figure 4.6. HfO; integrated intensity obtained in the Hf 4f spectra with number of ALD cycles on
UV-03 exposed MoSe, and WSes.

4.5 Interface Chemistry-Structure Correlation for the HfO,/TMSe, Stack

The surface topography of the HfO, films on the UV-O3; exposed TMDs was investigated and the

corresponding ex-situ atomic force microscopy images are presented in Figure 4.7.
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Figure 4.7. 1 um x 1 um AFM images of HfO, on (a) as-exfoliated and (b) UV-O3 treated MoSe,
and WSe,.

For comparison, HfO, was deposited (30 cycles of TDMA-Hf and H,0) on as-exfoliated non-
treated samples, where the dearth of reactive sites on the MoSe, and WSe; surfaces impeded
uniform ALD nucleation, thus HfO, is deposited following an island-type growth mechanism, as
observed on MoS;. In contrast, on the UV-Oj3 treated MoSe;,, the HfO, film is fully covered and
pin-hole free. Therefore, the presence of surface oxides formed after UV-O3; enhanced HfO,
growth rate in comparison to non-treated MoSe,, leaving a completely covered HfO, film as a
result with an RMS roughness of only 0.15 nm. Interestingly, on the UV-O3 treated WSe,, HfO,
islands with a triangular shape are formed with edge length and height in the range of 30-60 nm
and 4-5 nm, respectively. It has been shown that triangular hole-like structures can be generated

on WSe; by oxidative electrochemical etching promoted by AFM*?*'% and STM'?’ tip-sample
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voltage. In this case, the presence of triangular hole-like structures on WSe, could have served as
the nucleation site for HfO,, resulting in a quasi-ordered triangular cluster growth. This implies
that oxidative etching of WSe, could have taken place during UV-O3; exposure for 6 minutes
and/or ALD self-cleaning reactions. In fact, the last hypothesis correlates with the newly
detected WSe, XPS peaks (blue features in Figure 4.1) and in turn with the formation of a non-

van der Waals surface, as discussed previously.
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Figure 4.8. STEM micrographs of (a) HfO, on UV-Og treated MoSe, and (b) HfO, on UV-O3
treated WSes.

In accordance with the AFM results, cross-section STEM images in Figure 4.8 shows a uniform
HfO, film with thickness of ~4 nm on UV-Oj3 treated MoSe;, having a minimal variation in
thickness across a length of 0.25um Interestingly, the top-most MoSe, surface exhibits darker

contrast regions that correspond to selenium-deficient MoSe, according to electron energy loss
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spectroscopy (EELS) line scans across the HfO,-MoSe, interface. The ALD self-cleaning
reactions occurred right at the MoSe;, surface are likely to be involved in the generation of such
selenium-deficient regions. It is also evident that the MoSe; layers below the darker contrast
region are continuous and unaltered.

Finally, the high magnification STEM image provides further information about the structure at
the HfO, /WSe, interface. Figure 4.8 shows that partially etched WSe; layers are identified at the
interface, which correlates with the XPS and AFM results described above. Here, the contrast of
the partially etched WSe; layers is weaker at the HfO,/WSe, interface than it is in the bulk WSe..
This can be explained by considering that a STEM image is averaging cross-sectional
information from a finite ~ 100 nm thick material. Since the triangular hole-like structures
observed in this work have an area smaller than the thickness analyzed in cross-section by
STEM, their presence could only be observed in STEM as a weakening of the contrast, while
some signal from the un-etched portions of that same layer will always be obtained. Clearly,
various mechanisms are involved in the HfO, growth on UV-O3 treated WSe,. First, the presence
of WOy on the WSe, surface and its relatively high stability during self-cleaning reactions slows
down the HfO, growth rate in comparison to MoSe, for the same number of cycles, generating a
partially covered HfO, film. Secondly, the presence of triangular hole-like structures on WSe,
generated by etching caused the preferential HfO, nucleation on such structures, forming

triangular HfO, islands.

4.6 Conclusions

In summary, it is found that selective oxygen functionalization of the selenium-based TMDs

studied here is limited by highly energetically favorable oxidation of the transition metal. These



77

results highlight the importance that the TMD composition has on the reactivity towards
oxidation. The investigation of the atomic layer deposition of HfO, on the TMDs with initial
surface oxides elucidates self-cleaning reduction reactions and the desorption of volatile species
during the ALD process. According to the interface study, the surface oxides on MoSe, are
completely removed by the self-cleaning reduction reaction upon HfO, deposition. In contrast,
the self-cleaning effect is less effective in the oxide removal on WSe, mainly due to the relative
stability that WOy exhibits. Thus, the ability to assist the HfO, nucleation is superior for MoOy
than WOx. Finally, the coverage of HfO, on the TMDs surfaces was improved by the UV-O3 pre-

treatment.



CHAPTER 5

DIELECTRICS ON WSE, BY OZONE-BASED ATOMIC LAYER DEPOSITION

5.1 Introduction

Monolayer WSe, is a promising channel material for 2D electronic device applications,
demonstrating a hole mobility in the order of 250 cm?V-s when implemented in FETs.*
Furthermore, it has been predicted that the WSe,/SnSe; heterostructure can form a nearly broken
band alignment, which is desirable for efficient interband tunneling in a thin-tunneling FET.*
For the realization of the proposed TFET structures based on WSe;, the integration of thin high-x
dielectric films is required. However, as presented in Chapter 4, the UV-O; treatment employed
to functionalize the MoS, surface caused significant oxidation and etching of the outermost
layers in WSe,, degrading the uniformity of the dielectric films.'”® An alternative approach to
deposit high-k dielectrics on 2D TMDs consists in the use of ozone as oxidant precursor during
the ALD process. Ozone-based ALD has been proven to generate thin Al,O3 films on graphene129
and MoSz.43 Yet, it has been found that the conditions during the ALD process are critical as
oxidation or etching of the 2D material can occur due to oxidant nature of the ozone precursor. In
this work, the ozone-based ALD process was evaluated for the deposition Al,O; and HfO, on
WSe,. To understand the high-x dielectric nucleation and reactivity towards WSe,_ in-situ X-ray
photoelectron spectroscopy characterization (XPS) was employed. Differences in the reactivity
for the metal-organic precursors towards the formation of an interfacial WO were identified.

This study helped to identify the temperature ranges at which etching of WSe; is avoided while a
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uniform high-k dielectric film is obtained. Finally, the energy band alignments for Al,Os and

HfO, on WSe, were determined.

5.2 Experimental Details

For these experiments, synthetic bulk WSe, purchased from 2D Semiconductors Inc. was
employed. The initial surface was prepared by mechanical exfoliation of the outermost layers
using Scotch® Magic™ tape. The freshly exfoliated surface was immediately loaded (within 5
min) into an ultrahigh vacuum (UHV) system. Then, the WSe, sample was annealed at 300 °C
for 2 hours under UHV (~10” mbar) to remove the adsorbed carbon from the surface due to the
short air exposure after exfoliation. After annealing, the adsorbed carbon signal in the C 1s XPS
spectrum was below the detection limit. The annealed WSe, surface was then transferred in-situ
to the ALD chamber to perform the Al,O3; or HfO, deposition by the ozone-based ALD as
described in Figure 5.1. TMA was the metal-organic precursor used to deposit Al,O3; while
TDMA-Hf was used for the HfO, depositions. The metal-organic precursors were introduced
into the reactor with a pulse time of 0.1 sec, followed by a 4 sec Ar purge. Ozone generated from
a remote source was used as the oxidant precursor with a pulse time of 0.1 sec, and a flow of ~70
sccm followed by a purge time of 10 sec to complete one cycle. In order to analyze the interface
chemistry between the high-x film and WSe, by XPS, all the depositions were performed using
30 ALD cycles at different temperatures. The in-situ XPS characterization was carried out using
a monochromated Al Ka source (hv = 1486.7 eV). The XPS spectra were acquired at a take-off
angle of 45° and pass energy of 15 eV. For XPS peak analysis and deconvolution, the software
AAnalyzer was employed, where Voigt line shapes and an active Shirley background were used

for peak fitting.®
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Figure 5.1. Schematic of the ozone-based ALD process on WSe; studied in this work. The ozone
source was remotely generated and was employed as the oxidant precursor for ALD of high-x
dielectrics.

5.3 Ozone Interaction with WSe,

Prior to the discussion of the ozone-based ALD process on WSe,, the reactivity of ozone alone
with WSe; is presented. For these experiments, ozone exposures were performed on WSe; in the
ALD chamber using 30 ozone pulses of 4 sec at different temperatures. XPS was used to
investigate the surface chemistry of WSe, after the ozone exposures, and Figure 5.2 shows the
resulting XPS spectra. It was found that the ozone pulsing at 30 °C did not generate changes in
the WSe, spectra with respect to the initial WSe; surface. In addition, the resulted O 1s signal
was below detection limits. At 150 °C, a Se-O bond was formed upon the ozone exposure with at
a binding energy of 56.5 eV in Se 3d and the corresponding oxygen signal was detected at 529.7
eV. As described previously, the Se-O bond is indicative of oxygen chemisorption on the top

most selenium layer. Interestingly, tungsten oxidation was below detection limits in the W 4f
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spectra, while a low-intensity O-W peak was detected in the O 1s region, suggesting an initial
stage in the tungsten oxidation. For the ozone exposure at 200 °C, no signals from a Se-O bond
were identified in Se 3d or O 1s. Since the Se-O bond can be formed at a lower temperature (150
°C), the absence of this species at 200 °C provides evidence that the Se-O bond is not stable at
this temperature. Also, the appearance of sub-stoichiometric WSey peaks in W 4f and Se 3d is
indicative of partial etching at the surface, as described in the previous chapter. Therefore, the
XPS spectra at 200 °C suggest an initial selenium oxidation and desorption of Se-O bonds,
leaving sub-stoichiometric WSey on the surface. The spectra for the ozone exposure at 300 °C
resulted in the oxidation of WSe, forming tungsten oxide, where the corresponding peak at 36.2
eV in W 4f and stoichiometry is consistent with the oxidation state of 6+ in WOz according to the
literature.™*® At this temperature, no selenium oxide species were detected on the surface, but the
presence of WOj3 suggests that selenium should have been oxidized possibly forming a volatile
product such as Se0,.*?® In addition to the surface oxidation upon ozone exposure, the presence
of WO3; on WSe;, generated a shift of the core levels to lower binding energies by 0.9 eV, which
can be interpreted as a movement of the Fermi level towards the valence band or upward band
bending. Similar Fermi level shift has been observed for the MoO,/MoS; system characterized as
band bending at the interface due to the differences in work function of these materials.
Therefore, a similar effect is expected in the case of the WO3/WSe; system. Clearly, different
surface chemistry was obtained on WSe; upon ozone exposure as a function of temperature,
having a mild oxidation at 200 °C, to a more severe oxidation of WSe; at 300 °C. This reactivity
study results important for the understanding of the ozone-based ALD process as described in the

following section.
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Figure 5.2. XPS spectra of WSe, before and after ozone exposure at different temperatures. The
initial WSe, surface received a UHV annealing at 300 °C for one hour.

5.4 ALD Temperature Dependence on the High-k Dielectric/WSe; Interface Chemistry

541 A|203 on WSe,

A temperature dependence study was performed to investigate the effect on the growth and
interface chemistry upon Al,Osz deposition on WSe, by in-situ XPS. For this purpose, the ozone-
based ALD process was carried out using a fix number cycles, in this case, 30 cycles of TMA
and O3 while the deposition temperature was varied. The interface chemistry of WSe, after Al,O;
deposition is presented in Figure 5.3. It was found that for the deposition at 100 °C and 150 °C
did not promote the oxidation of WSe,, meaning that the chemical identity of WSe, was
preserved. Additionally, there was no evidence of reactivity between WSe, and Al,O3, suggesting
that the interaction between these materials is non-covalent. Increasing the deposition

temperature to 200 °C caused the formation of substoichiometric WOy (x<3) detected at a
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binding energy of ~36.0 eV. According to the study of the ozone reactivity with WSe;, WOy is
not expected to be generated at 200 °C. Therefore, the detected oxidation of WSe; is likely to be

promoted during the reaction between ozone and the metal-organic precursor TMA."!
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Figure 5.3. (a) W 4f, Se 3d, and (b) Al 2p XPS spectra of the initial WSe, surface and the
interface chemistry upon Al,O; deposition on WSe, by ozone-based ALD at different
temperatures.

In addition to WOy, WSe peaks were detected at 0.5 eV lower in binding energy that the bulk
WSe; peak in W 4f and Se 3d, which is indicative of partial etching of the outermost WSe; layers
as a result of non-uniform WSe, oxidation.'”® Interestingly, the oxidation of WSe, during the
ALD process did not generate selenium oxide at the interface. Similarly, the Al,O3; deposition at

300 °C led to oxidation of WSe,, generating WO3 (~36.2 eV) at the interface; yet, in this case, no

WSey peaks were detected. In addition to WO3, a chemical state at ~36.7 eV was detected.
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According to the literature, this binding energy corresponds to a tungstate compound.'** Given
the tendency of WOj; to react with Al,O3 to form Al,(WOQ,)s, this compound is possibly present
at the interface.!* Based on these results, it was found that in order to avoid interfacial reactions
and subsequent WSe, oxidation, the deposition temperatures for Al,O; on WSe, can be
performed at 150 °C or below. The corresponding Al-O peak for all the studied temperatures
shows a single chemical state. Here it should be noted that in the W 5s peak spans the Al 2p
region, and careful peak fitting was required to subtract the contribution of this peak to the Al 2p
signal from the Al-O bond. The deposition temperature effect on the Al,O3 coverage is later

discussed.

5.4.2 HfO, on WSe;,

Similarly, the ozone-based ALD process for the deposition of HfO, on WSe, was investigated by
in-situ XPS. For comparison purposes, 30 cycles were also employed in the deposition of HfO,,
at different temperatures using TDMA-H{f and ozone as precursors. In this case, the temperature
of 100 °C was not tested to avoid condensation of the low-vapor pressure TDMA-HT precursor.
Figure 5.4 shows the interface chemistry for the HfO,/WSe, interface. Analogous to Al,O3, the
deposition at 150 °C did not generate an oxide interlayer (IL) on WSe,, and only the peaks
corresponding to WSe, were detected. However, the interfacial chemistry at 200 °C differs to
that generated for Al,Os. In the case of HfO,, there were no detectable WOy or WSey species that
could indicate partial etching of WSe,. This result highlights the difference in reactivity that
TMA and TDMA-HTf exhibit towards oxidation of the substrate during the ozone based ALD
process. Such differences and the resulting lack of oxidation at 200 °C for HfO; could be related

to the relative higher steric hindrance of the TDMA-Hf precursor in comparison to TMA,
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reducing its ability to react with the oxidant precursor."** Finally, the deposition at 300 °C
resulted in the formation of WOy, with an estimated thickness of ~0.8 nm according to the
thickness calculations from the W 4f signal attenuation. Also, there was no presence of a

tungstate (WO4) compound as occurred for Al,Os at that temperature.
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Figure 5.4. W 4f, Se 3d and Hf 4f XPS core levels showing the interface chemistry for HfO,
deposited on WSe; using 30 cycles of TDMA-HTf and O at 150 °C, 200 °C and 300 °C.

The effect of the deposition temperature on the high-k dielectric thickness for an identical
number of ALD cycles was also investigated. The use of the same number of cycles allows
having a comparison of the deposition rate at the given temperatures for the ozone-based ALD
process. Figure 5.5 summarizes the estimated thicknesses for Al,O; and HfO, on WSe;
calculated from the signal attenuation of W 4f due to the overlayer film with respect to the initial

W 4f peak from bulk WSe,. In the case of WOy formation at the determined temperatures, the
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estimated thickness also accounted for the oxide IL thickness, following the procedure described

by Vitchev ez al.'* for a stack of n layers.
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Figure 5.5. Deposition temperature dependence on the Al,O3 and HfO; thickness after 30 ALD

cycles on WSe,. The thickness is estimated based on the signal attenuation from the W 4f bulk
WSe; peak, and accounting for the presence of an interfacial oxide layer. Lines are drawn to

guide the eye.
Figure 5.5 shows that increasing the deposition temperature from 100 °C to 150 °C leads to an
increase in Al,Os thickness from 0.87 nm to 1.40 nm, respectively, for the same number of
cycles. Interestingly, the increase in temperature to 200 °C caused a drop in Al,Os thickness in
comparison to 150 °C. This reduction can be related to the formation of WOy and possible
etching of WSe,, which possibly had an effect on the deposition rate for Al,Os. The deposition at
300 °C led to a significant increase in Al,O3 thickness, even when an oxide IL was formed. This
suggests that at 300 °C, the kinetics of the reaction enhanced the deposition rate, even when there

were parallel reactions for the formation of WOy and Al,(WO4); during the ALD process. In the
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case of HfO,, the difference in thickness for deposition temperatures of 150 °C and 200 °C was
minimal, and the deposition rate was increased significantly at 300 ° C. It is worth noting that for
all the tested temperatures, the deposition rate for Al,O; was superior in comparison to HfO,

using the ozone-based ALD process on WSSe:.

5.5 ALD Temperature dependence on the dielectric/WSe; topography

Following the in-situ XPS characterization, the surface topography of the deposited films was
determined by ex-situ AFM. Figure 5.6 shows the AFM images from these films along with the

schematic of the interface that was obtained from XPS characterization.
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Figure 5.6. AFM images showing the surface topography of Al,O3; deposited on WSe, at
different temperature using 30 cycles in the ozone-based ALD process.
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Significant differences were obtained for in the surface topography of these films. For the

deposition at 100 °C, Al,O; clusters were obtained which reflect island growth. The Al,O;



88

islanding is consistent with the low Al,O3 thickness obtained by XPS. Better conformity and
uniformity for the Al,O3 film grown at 150 °C was obtained. The improved growth could be
related to the possible formation of Se-O bonds due to ozone exposure, as presented in section
5.3. Furthermore, at this temperature, no oxide is expected to be formed at the interface
according to the XPS analysis. Therefore, 150 C can be a recommended temperature for Al,O3
deposition by ozone-based ALD. Yet, the film still presented a small density of pinholes with a
depth of ~1 nm. For the film deposited at 200 °C, where WOy and WSe, are expected to be
present at the interface, a higher density of pinholes was obtained, which is consistent with the
decrease in thickness estimated from XPS. Interestingly, the 300 °C film, where an oxide IL was
formed, presented pits at the surface, suggesting that the oxidation was non-uniform during the
ozone-based ALD process.

The surface topography for HfO, deposited on WSe, was also investigated. Figure 5.7 shows that
in contrast to the uniform Al,O; film deposited at 150 °C, for the HfO, deposition at the same
temperature, island growth occurred; and partial coverage was obtained after 30 ALD cycles. By
increasing the deposition temperature to 200 °C, the HfO, islands started to exhibit coalescence,
increasing HfO, coverage in comparison to the film at 150 °C. Full HfO, coverage was achieved
at 300 °C, however, an interlayer oxide forms at this deposition temperature as detected by XPS.
Interestingly, sporadic particles were found in this film, which could be formed due to an uneven
morphology of the WOs3 interlayer. This result in the surface morphology is consistent with the
lower thickness of HfO, detected by XPS in comparison to Al,Os. The poor coverage for the
depositions at 150 °C and 200°C indicates that further optimization of the ALD parameter would

be needed for the uniform deposition of this dielectric on WSe,.
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Figure 5.7. AFM images showing the surface topography of HfO, deposited on WSe; at different
temperature using 30 cycles in the ozone-based ALD process.

5.6 Dielectric/WSe; Band Alignment

The determination of the valence band offsets (VBO) and conduction band offsets (CBO) values
for the dielectric/WSe; system can serve as a guide for the design and analysis of WSe;-based
TFET. Therefore, the energy band alignment for the Al,O3/WSe, and HfO,/WSe, stacks was
obtained from in-situ XPS measurements. Since the presence of an oxide IL can contribute to the
energy band alignment, the films employed for these measurements were deposited at
temperatures at which no oxide formation was detected. Then, the VBO were calculated
according to the procedure described by Kraut et al.,"*° following equation (5.1) for ALOs and

(5.2) for HfO,:
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het [

AEy = (EAl 2p — Ew 4f) (5.1)

(EAl 2p EVBM)A1203_(EW 4f = EVMB)WS@z]

het

AEy = (Enpar — Bwar) = [(EHf af = EVBM)HfOz_(EW ar ~ Bvms )Wsez] (5-2)

Where the valence band maximum energy values (Eypy) were obtained from the linear
regression of the valence band spectra from thick (>10 nm) Al,O3; and HfO, films, and from bulk
WSe,, respectively. The differences in the core level energies (e.g., Eai2, — Ew 4r) were obtained
from Al,O3/WSe, and HfO,/WSe; heterostructures (het).

The band gap values for Al,O3; and HfO, were determined from the energy difference between
the peak position for the corresponding oxide in the O Ls core level and the onset of the O s loss

137,138

feature as shown in Figure 5.8a. The bandgap value for bulk WSe, was assumed to be 1.2

eV, according to the reported value in the literature.'*’
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Figure 5.8. (a) XPS spectra from bulk WSe;, thick Al,O3;, and from the Al,O3/WSe;
heterostructure, and the corresponding energy differences employed to construct the energy band
alignment for Al,O3/WSe; in shown (b).
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Figure 5.8 and Figure 5.9 shows the XPS spectra employed to determine the energy differences
in equation 5.1 and 5.2 to construct the energy band diagrams for the Al,O3;/WSe, and

HfO,/WSe; structures.
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Figure 5.9. (a) XPS spectra from bulk WSe;, thick HfO,, and from the HfO,/WSe,
heterostructure, and the corresponding energy differences employed to construct the energy band
alignment for HfO,/WSe; shown in (b).

To reduce the probability of thermal emission from the channel to the gate, the valence band and
conduction band offsets between WSe, and the high-x dielectric are required to be large enough
(> 1.0 eV).'"" According to the resulting band alignment, ALO; and HfO, fulfill such
requirement, suggesting that these high-k dielectrics are promising gate oxides to be
implemented in 2D WSe, TFETSs structures. Furthermore, the band alignment for Al,O3 suggests
that this dielectric can be ideal gate oxide for p-type WSe, by providing a large valence band

offset energy.
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5.7 Low-Temperature AlOy Seed Layer by Ozone-Based ALD

In order to further improve the nucleation of Al,O; on WSe, and to avoid the presence of
pinholes in the films, the use of an AlIO4 seed layer grown by ozone-based ALD was
investigated. The Al,O3 seed layer consists of exposing the surface to TMA and O3 pulses at 30
°C. In fact, it was previously shown by Cheng et al.,"® that a low-temperature seed layer allows
the uniform deposition of Al,03; on MoS;. In that study, it was found that the ozone based ALD
at 200 °C did not generate oxidation of MoS,, and using a 5 cycles-Al,O3 seed layer deposited at

30 °C was sufficient to generate nucleation sites for subsequent ALD deposition.
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Figure 5.10. XPS spectra of WSe, upon deposition of an AlOy seed layer at 30 °C and after
subsequent Al,O3 growth at 200 °C by ozone-based ALD.

In contrast, a higher reactivity is observed for WSe,, where WO, and WSey are formed at 200

°C. Because of this difference in reactivity, careful control of the ALD parameters is needed. In
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this study, the AIO seed layer consisted of 15 cycles of TMA/O3 at 30 °C, followed by the
Al,0O3 deposition at 200 °C using 30 cycles of TMA/Os. In-situ XPS was performed at each stage
and the measured spectra are presented in Figure 5.10.

It was found that upon deposition of the low-temperature seed layer, no changes in the chemical
state of WSe; occurred. This is consistent with the lack of reactivity observed for ozone only
with WSe, as presented in section 5.3 In addition, the Al 2p spectra show a single peak for AlOy
at 75.6 eV, with an Al:O ratio of 1:1.6. The estimated thickness of the 15-cycles AlOy seed layer
from the signal attenuation of W 4f'is ~0.7 nm. After a subsequent Al,O; deposition at a higher
temperature, 200 °C, on the seeded WSe,, no evidence of interfacial oxidation was detected by
XPS. Therefore, the presence of the seed layer prior the higher temperature ALD process
prevented the partial etching and oxidation of WSe,. In fact, the seed layer also enhanced the
ALD nucleation of the film grown at 200 °C, as the surface morphology of the film shows
uniformity with RMS roughness of 0.14 nm. Furthermore, the Al,O; film was pinhole-free,

which was confirmed by cross-sectional STEM imaging, presented in Figure 5.11.

(a) (b)

RMS Roughness: 0.14 nm

Figure 5.11.AFM and cross-sectional TEM imaging from the Al,O3 film grown on WSe, by
ozone-based ALD using a 30 °C ALD-AIOy seed layer followed by ALD-AI,O3 at 200 °C.
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Also, a clean and sharp interface was obtained by the ozone-based ALD process described here,
with a total thickness of 5.5 nm for the uniform Al,O; film.

Finally, this process was implemented on monolayer WSe, flakes, which were obtained by
mechanical exfoliation and transferred to a 300 nm SiO,/Si substrate for characterization by
Raman spectroscopy. The monolayer WSe, flake was first identified optically to acquire the
Raman pre-scan, and then AlOy deposition was carried out by ALD using 15 cycles of TMA/O;
at 30 °C followed by 30 cycles of TMA/O3 at 200 °C. The Raman spectrum was acquired after
ALD. Figure 5.12 shows that the characteristic Raman peaks for WSe;, E%g at 249.5 cm* and

Ayg at 260.5 cm *, were not perturbed after the ozone-based ALD process.
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Figure 5.12. (a) Optical image and (b) Raman spectra of monolayer WSe, before and after Al,O3
deposition by ozone-based ALD.

Only a signal attenuation of ~0.71 occurred after Al,O3 deposition with respect to the initial

spectrum. This result highlights that even for the case of monolayer or few-layer WSe;,, the use
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of ozone-based ALD with the optimized parameters will not induce damage (e.g., layer etching)

to the two-dimensional material.

5.8 Conclusions

In this work, ozone-based ALD was evaluated for the deposition of high-«k dielectrics on WSe;. It
was found that the interfacial chemistry, deposition rate and surface topography of Al,O3 and
HfO, exhibited a dependence on the deposition temperature. Differences in reactivity were
identified between the metal-organic precursors TMA and TDMA-Hf, upon deposition on the
WSe, surface. This study provides a temperature window for the optimal deposition of Al20;
and HfO, by ozone-based ALD on WSe,, which can serve to prevent oxidation and etching of
WSe,. The energy band alignments were determined from the high-x dielectric/WSe; stack,
which are important parameters for the device design and analysis of 2D WSe,-based FETs
Finally, the use of a low-temperature AlOy seed layer was found to enhance the nucleation for the
ALO; films grown at a conventional ALD temperature (200 °C) and it also prevented the
oxidation of the WSe, substrate. With such ozone-based ALD process, uniform and thin Al,O3
films were demonstrated. The future work includes the determination of the electrical properties
of these films through capacitor structures and integration of the Al,O3; deposited by the ozone

based ALD in TFETSs structures.



CHAPTER 6

NITROGEN DOPING OF MOS;

6.1 Introduction

Recently, the use of plasma surface treatments has been proposed as a strategy to incorporate

! and phosphorous'** in the MoS, structure. However, these

dopant atoms such as fluorine
plasma-assisted doping processes can generate undesirable side effects of such as layer etching
and degradation of the Iox current for the respective plasma doped MoS, FETs, which suggests
that improvement of the plasma processing for TMDs is still to be developed. Encouraged by the
efforts on the exploration of plasma assisted doping strategies for TMDs, the use of remote N,
plasma treatment for the introduction of nitrogen in MoS; as a dopant atom is investigated in this
work. N, plasma exposure is a practical technique that has been widely used for the

143,144

incorporation of nitrogen atoms into the lattice of various semiconductors and metal gate

145,146 147

materials, and it has been successfully applied for nitrogen doping of graphene. ™" In the

case of monolayer MoS,, nitrogen doping is predicted to induce p-type behavior according to

first principles calculations.'**'*

Here, evidence of the covalent nitrogen doping of MoS; upon
remote N, plasma exposure is provided directly. It was found that a controllable nitrogen
concentration can be realized with N, plasma exposure time. Furthermore, the electrical
characterization indicates that nitrogen acts as a p-type dopant in MoS; and, more importantly,

that the electronic performance of the N, plasma treated MoS, was preserved in reference with

the untreated MoS,. The structural changes associated with the N, plasma exposure on the MoS,

96
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surface are also presented here. We present the first report of strain induced by a single-atom
dopant in a TMD material. Finally, first principles calculations were performed to estimate the
relation between strain and nitrogen concentration in MoS,.

This chapter includes the material adapted with permission from a publication entitled
“Covalent Nitrogen Doping and Compressive Strain in MoS; by Remote N, plasma
exposure” [Nano Lett. 2016, 16, 5437-5443] Copyright 2016 American Chemical Society. The
authors are A. Azcatl, X. Qin, A. Prakash, C. Zhang, L. Cheng, Q. Wang, N. Lu, M. J. Kim, J.
Kim, K. Cho, R. Addou, C. L. Hinkle, J. Appenzeller and R. M. Wallace. My contribution was to
conceive the idea, design the experiments, analyzing the data and writing the manuscript. A.
Prakash and J. Appenzeller conducted the electrical characterization. C. Zhang and K. Cho.
performed the theoretical work. L. Cheng assisted in the Raman measurements. Q. Wang., N. Lu
and M. J. Kim performed the transmission electron microscopy. J. Appenzeller, C. L. Hinkle,

and R. M. Wallace contributed to the data interpretation and inputs on the manuscript writing.

6.2 Experimental Details

Nitrogen doping of MoS, was achieved by exposing the MoS, surface to remote N, plasma
generated by a 13.56 MHz RF plasma source at a power of 100 W, using N, as gas source
flowing at 45 sccm, at a substrate temperature of 300 °C. The schematic of the setup employed
for the remote N, plasma exposure is presented in Figure 6.1. It is important to note that a
mixture of Ar (60 sccm) and N, (45 sccm) was used to generate the plasma; however, Ar was
switched off during the treatment since Ar can cause etching of the outermost MoS; layers. All

the remote plasma exposures were performed in a chamber which has a base pressure of ~10”
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mbar and an operating pressure kept at 7x10~ mbar during the remote plasma exposure. The

distance from the source to the sample surface is ~30 cm.

S

To in-situ XPS
chamber
A
Vacuum
pump
RF- Remote

plasma source

N, gas

2
Figure 6.1. Schematic of the remote plasma system employed for the N, plasma exposures on
MoSo.

In-situ X-ray photoelectron spectroscopy characterization was performed in an ultrahigh vacuum
(UHV) system described previously. XPS was carried out using a monochromated Al Ka source
(hv=1486.7 eV) and an Omicron EA125 hemispherical 7-channel analyzer. The XPS scans were
acquired at a take-off angle of 45° with respect to the sample normal and pass energy of 15 eV.
For XPS peak analysis and deconvolution, the software 44nalyzer was employed, where Voigt
line shapes and an active Shirley background were used for peak fitting.®® For the in-situ XPS
characterization, natural bulk MoS, (SPI) was mechanically exfoliated using Scotch® tape to peel
off the top-most surface layers, followed by loading into the UHV system (within five minutes).
As noted in the text, annealing in UHV was conducted at 300 °C for one hour to desorb

physisorbed species from the minimal air exposure of the exfoliated surface.
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For the electrical characterization, MoS, flakes of various thicknesses were mechanically
exfoliated onto two identical substrates, each with a top layer of 90 nm SiO, and underlying
heavily doped (p"") Si. Flakes of various thicknesses were initially approximately identified by
optical contrast and the flake thicknesses were later determined accurately by atomic force
microscopy (AFM). MoS, flakes on one of the two substrates were subjected to annealing,
followed by the N, plasma treatment mentioned in the main text. Both sets of samples, one set
consisting of as-exfoliated MoS; and the other consisting of N, plasma treated MoS, flakes were
processed together to fabricate FETs. Electron beam lithography, followed by electron beam
evaporation and lift-off was used to define the source and drain contacts. Ni was used as the
contact metal. After fabrication of the devices, the electrical characteristics were obtained in air
in a Lakeshore probe station using an Agilent semiconductor parameter analyzer. In all
measurements, the 90 nm SiO, was used as the gate dielectric and the highly doped Si
underneath was used as the back gate.

For Raman Spectroscopy, MoS, flakes were transferred onto 300 nm Si0O,/Si substrate by
mechanical exfoliation. The Raman spectra were acquired using a 532 nm wavelength laser
using a Renishaw confocal Raman system model inVia under air-ambient conditions. AFM
characterization was performed on tapping mode, using an Atomic Probe Microscope (Veeco,
Model 3100 Dimension V), also under air-ambient conditions. The processing of the AFM
images was performed using WSxM 4.0 software.

High-resolution transmission electron microscopy (TEM) cross-sectional specimens of the N-
doped MoS, samples were made by an FEI Nova 200 dual-beam focused ion beam

(FIB)/scanning electron microscope (SEM) with the lift-out method. In FIB, SiO, and Pt layers
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were deposited to protect the interested region during focused Ga ion beam milling. For TEM
imaging, a JEOL ARM200F operated at 200 kV with a probe aberration corrector was used for
atomic resolution high angle angular dark field (HAADF) scanning transmission electron
microscopy (STEM). The contrast in an HAADF-STEM image is approximately proportional to
72, where Z is the atomic number.'*°

The modeling of the nitrogen-doped bilayer MoS; is performed within the framework of density
functional theory (DFT) using Vienna ab initio package (VASP).'” Calculations based on the

generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)'!

functional are carried out with projector augmented wave (PAW)'**

pseudopotential plane-wave
method. The few-layer, N-doped MoS; structures are optimized with a vacuum thickness of
about 18 A. The Monkhorst-Pack k-point sampling method in Brillouin zone is I'-centered with a

4x4x1 mesh in ionic optimization.'* The cutoff energy is 500 eV and the criteria of convergence

for energy and force are set to be 1x10™ eV and 0.02 eV/A, respectively.

6.3 Nitrogen Doping of MoS,

The presence and chemical identity of nitrogen in bulk MoS,; upon N, plasma exposure was
investigated by in-situ x-ray photoelectron spectroscopy (XPS). Figure 6.2 shows the XPS
spectra for as-exfoliated MoS, before and after 30 min N, plasma exposure on the as-exfoliated
surface and on a MoS, sample that received a pre-anneal at 300 °C for two hours under ultrahigh
vacuum (UHV) to remove the carbonaceous contamination adsorbed during the short air
exposure. As shown in Figure 6.2, two peaks in the Nls region are detected at 398.6 eV and

400.1 eV on the as-exfoliated (unannealed) MoS, surface after N, plasma exposure. By
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correlation with the C s region, these chemical species are identified as CNy and CNy-H,
respectively.'> Therefore, without the pre-annealing step, the adsorbed carbon that is present on
the initial MoS, surface (likely physisorbed from the brief atmospheric exposure after exfoliation
and prior to placement in vacuum) is readily available to react with the nitrogen species present
in the remote N, plasma to form the aforementioned cyano species, complicating the quantitative
analysis of the N Ls region for the identification of the Mo-N bond. On the other hand, after N,
plasma exposure on the annealed MoS,, no detectable CNy species were present on the surface.
More importantly, an evident peak was detected at 397.5 eV in the N ls region, indicating the
presence of nitrogen in MoS,. It should be noted that Mo 3ps,; spans over the N 1s region, as
evidenced by a peak associated with MoS, centered at ~394.8 eV. For this reason, the
identification of nitrogen related peaks requires a detailed analysis of the high binding energy
side of the Mo 3p;/, peak. Examining the Mo 3d region, a shoulder at ~0.4 eV higher in binding
energy than the Mo-S peak also developed after the N2 plasma exposure. By correlation of the
new chemical states in N 1s and Mo 3d, the formation of a Mo-N bond was identified, with XPS
peak positions consistent with those reported in the literature.'>*'>

In order to understand the formation of the covalent Mo-S bond in MoS, by remote N, plasma,
sequential exposures on the annealed MoS, surface were carried out, while in-situ XPS
characterization was employed to monitor the surface chemistry. The first N, plasma exposure
(“¢1”) was performed for 2 min, after which a low-intensity peak at ~ 397.7 eV was detected in
the N 1s region, as shown in Figure 6.3.

The corresponding feature in Mo 3d for the Mo-N was detected at 229.8 eV. Additionally, at ¢/

the full width at half maximum (FWHM) of the Mo-S peaks in Mo 3d and S 2p increased by
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~25% with respect to as-exfoliated MoS,, reflecting some degree of bond diversity generated at

the MoS, surface.
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Figure 6.2. XPS spectra for MoS; before and after N, plasma exposure on the as-exfoliated
surface and on a pre-annealed surface under UHV at 300 °C for two hours.

It 1s noted that nitrogen did not exhibit reactivity with sulfur, as no additional chemical states
indicative of S-N bonding (164.8 ¢V)'*° were detected in the S 2p region. With further plasma
exposures, t2=7 min, t3=15 min, 4=30 min, and #5=60 min, the intensity of the Mo-N bond in
both N 1s and Mo 3d regions increased, while no additional nitrogen species were detected
throughout the process.

In parallel with this increase in nitrogen concentration, the total sulfur content in MoS, decreased
as shown in Figure 6.3b, suggesting preferential removal of sulfur. These concomitant changes in

sulfur concentration with N, plasma exposure time suggests that the mechanism of formation of
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N-Mo bonds involves sulfur substitution by nitrogen in the MoS; structure, consistent with first

principle calculations which have shown that nitrogen will behave as a substitutional dopant.'**
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Figure 6.3. (a) XPS spectra from as-exfoliated MoS, showing the N 1s, Mo 3d and S 2p core
levels after annealing and after sequential N, plasma exposures, where /= 2 min, #2=7 min,
t3=15 min, t4=30 min, £5=60 min. . (b) Stoichiometry for the N-doped MoS, system represented
as NxMoS,. (c) peak positions for Mo 3d and S 2p from MoS2 with respect to N, plasma
exposure time obtained from the XPS spectra in (a). (d) Atomic percentage (at %) of nitrogen in
MoS; as a function of N, plasma exposure time.

The atomic concentration (at. %) of nitrogen in MoS, achieved by varying the N, plasma

exposure time obtained from the quantitative analysis of the XPS spectra is shown in Figure
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6.3c, where the at% of nitrogen exhibited a logarithmic relation with N, plasma exposure time.
Importantly, the oxygen and carbon concentration on the MoS, surface were below XPS
detection limits during the experiment, since an annealing step was carried out prior the

sequential N, plasma exposures, as shown in Figure 6.4.
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Figure 6.4. (a) O 1s and (b) C 1s from as-exfoliated MoS,, after annealing at 300 C for one hour
and after sequential N, plasma exposures (t1=2 min, t2=7 min, t3=15 min, t4=30 min, t5=60
min).

This highlights that there was no contribution from oxygen or carbon for the quantitative analysis
presented in this work, which was achieved by performing the N, plasma exposures and XPS
analysis in-situ in a UHV environment. In addition, the formation of undesirable by-products
(e.g., oxy molybdenum nitride, or CNy) was ruled out.

To estimate the areal density of nitrogen atoms on the MoS, surface, the nitrogen coverage (®y)

was calculated from the ratio of the integrated intensities of N 1s to Mo 3ds,, using equation

157,1
6.1 57,158
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Where Iy and Iy, are the integrated intensities from the N-Mo peak in N 1s and the Mo-S peak in
Mo 3ds, respectively, A, is the inelastic mean free path for Mo 3d core level electrons in
MoS, obtained from the NIST electron EAL Database, n corresponds to the number of planes
that contributes to the XPS signal, dp,s,= 0.62 nm is the distance between two molybdenum
planes in the MoS, structure, and Sy;, and Sy are the relative sensitivity factors for N 1s and Mo
3ds;, which values correspond to 1.731 and 0.477, respectively.'> All XPS spectra shown in the
main text were acquired at a take-off angle of 45°.

For the N, plasma exposure times shown in Figure 1a, the resulting ®y is 0.1 ML for ¢/, 0.35 ML
for ¢2, 0.77 ML for ¢3, 0.92 ML for #4, and 1.08 ML for ¢5, where 1 ML corresponds to 1.16x10"
atoms/cm” for the MoS,(0001) basal plane. To further study the depth at which nitrogen is
present in MoS,, a bulk-sensitive take-off angle of 80° was also used to acquire the XPS data
after 60 min N, plasma treatment on MoS,. Figure 6.5 shows that the N-Mo peak intensity
decreased when the spectra were acquired at the 80° take-off angle, indicating that nitrogen was
not inserted into deeper MoS, layers in this process. Furthermore, using the XPS data acquired at
80° the resulting @y is ~1 ML, as presented in Table 6.1, which is consistent with the coverage
obtained at 45°. According to these values of nitrogen coverage and angle-resolved XPS
measurements, the introduction of nitrogen by the remote N, plasma exposure occurs at the

outermost MoS, surface.
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Figure 6.5. N 1s spectra from 60 min N, plasma treated MoS; acquired at take-off angles of 45°
(surface sensitive) and 80° (bulk sensitive).

Table 6.1. Calculated nitrogen coverage obtained at take-off angles of 45° and 80°, and
corresponding integrated intensity ratios for N1s and Mo 3dsj,, and inelastic mean free path A
values used for the calculation.

Take-off I, /Iy, 3ds Mo N coverage
Angle Ratio (ML)
45° 0.081 2.431 0.99
80° 0.066 2.493 1.06

Nitridation of MoS; was previously reported to be achieved by exposing MoS, powder to NH3 at
750 °C. Another approach for nitrogen doping of MoS, was reported to be performed by
synthesis of MoS, nanosheets using a sol-gel method.*® In contrast, the advantage of the N,
plasma process described in this work is that a controllable concentration of the nitrogen dopant

was realized, where the newly formed Mo-N bond owns a covalent character due to the strong
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hybridization between the N 2p and Mo 4d orbitals.'®*1°? Here, the thermal stability of the Mo-N
bond was tested by performing annealing at 300 °C and 500 °C under UHV conditions (~10~
mbar).of a 20 min N, plasma exposed MoS; sample. The XPS spectra in Figure 6.6 shows that

the N-Mo/Mo-Smo3p, ) peak ratio of 0.072+0.004 remained constant upon annealing, which

suggested that no desorption or thermal diffusion of nitrogen occurred at these temperatures.

Such thermal stability of the N-Mo bond upon annealing is consistent with its covalent bonding
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Figure 6.6. N 1s XPS spectra showing the N-Mo bond in MoS; generated after N, plasma and
after annealing for an hour at 300 °C and 500 °C under UHV.

6.3.1 p-type Doping Effect of Nitrogen in MoS,

According to the peak positions for Mo 3d and S 2p, the initial as-exfoliated MoS, surface

exhibited the commonly observed unintentional n-type doping.*® Interestingly, all regions in the
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XPS spectra shifted identically to lower binding energies with N, plasma exposure from t1 to t3
as shown in Figure 6.3d, suggesting a change in the Fermi level associated with p-type doping.
Yet, the interpretation of the magnitude of the Fermi level shift for nitrogen doped MoS, (N-
doped MoSy) is not straightforward. The charge transfer due to the presence of nitrogen as a p-

type dopant,*°

with the band bending induced by the formation of Mo-N covalent bonds at the
top-most layer and the preferential sulfur removal,'®® will both contribute to the measured shift.
The overall effect on the valence band spectra reveals that the Fermi level moves closer to the
MoS; valence band.

A comparative band alignment of MoS; before and after 15 min of N, plasma treatment is
presented in Figure 6.7. The band diagrams were constructed from XPS measurements, where
the work function (®) and the valence band maximum (VBM) were obtained from the secondary
electron cutoff energy and the valence band edge, respectively. where a band gap value of 1.23
eV + 0.02 eV for bulk MoS," was employed. The band gap of bulk MoS, was assumed to
remain constant upon nitrogen doping. The resulting energy band diagram shows that the work
function increased by ~0.26 eV after 15 min of N, plasma exposure, suggesting that nitrogen
doping can potentially be applied to tune the work function of MoS,. In addition, the Fermi level
shift detected after the N, plasma exposure moves the valence band maximum from 0.87+ 0.13
eV corresponding to n-type MoS, to a value of 0.34%+ 0.07 eV for nitrogen doped MoS,,
providing evidence of p-type doping.

It is also noted that during the doping process described in this work, the oxygen and carbon

concentration on the MoS, surface were below XPS detection limits. Therefore, nitrogen was

exclusively the only element involved in the Fermi level shift towards the valence band in MoS,.
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Finally, the estimated electron affinity, which was estimated using the measured ® and VBM
values, decreased after nitrogen doping, which can be related to the modification of surface

termination in MoS,, from sulfur to nitrogen terminated.*®*
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Figure 6.7. (a) The secondary electron (SE) cutoff energy, and the valence band edge measured
by XPS to obtain the work function (®) and valence band maximum (VBM), respectively for as-
exfoliated and N-doped MoS,. Error bars for the linear fitting of the secondary electron cut-off
energy and valence band edge are shown. (b) Energy band diagram for as-exfoliated MoS, and
nitrogen doped MoS, constructed using the values of ® and VBM from (a). The band gap (E,)
was obtained from the reported value for bulk MoS, (1.23 eV)'' The electron affinity ()) was
estimated based on the measured ® and VBM. All values shown here are in eV units.
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To further investigate the electrical properties of the nitrogen doped MoS, and support the initial
evidence of p-type doping given by XPS, back-gated field effect transistors (FETS) were
fabricated with the device structure as shown in Figure 6.8. For the electrical characterization, a
15 min N, plasma exposure was performed on MoS; flakes with different thicknesses exfoliated
on a SiO,/Si substrate. Figure 6.8b shows the Ips-Vgs characteristics for back-gated nitrogen
doped MoS,-based FET for flakes of various thicknesses, while Figure 6.9 shows the Ips-Ves

characteristics specifying the number of MoS; layers employed in the measurements.
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Figure 6.8. (a) Schematic of the back-gated nitrogen doped MoS, FET on Si/SiO; structure used
in this study. (b) Ips-Vgs characteristics from various MoS, FETs based on as-exfoliated MoS,
(black) and nitrogen doped MoS, (purple), where each curve represents the measurement from a
MoS, flake having a determined thickness.

Note that in all measurements the same scan conditions and gate voltage range was used to allow
for a proper comparison of different devices. Also, while hysteresis is indeed present in the

devices, all threshold voltages were only extracted by scanning from the on-state (positive gate

voltage) to the off-state (negative gate voltage) at positive drain voltages.
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Figure 6.9. Ips-Vgs characteristics from MoS;-based FETs, where the channel thickness
corresponds to (a) monolayer, (b) 4 layers, (c) 8 layers, and (d) 14 layers. The curves for as-
exfoliated MoS, are in black and those for nitrogen doped MoS, are presented in purple.

This approach produces device characteristics that are almost identical to what is otherwise only

obtained through a pulsed measurement*®

which is known to give rise to almost hysteresis free
characteristics. The positive shift of the threshold voltage Vi, is consistent with the expected p-
type dopant behavior of nitrogen in MoS,.** Yet, a p-type branch in the characteristics was not
observed, probably due to well-known Fermi level pinning of the metal contacts the near the

MoS, conduction band.*®’
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Interestingly, and in contrast to Nb>* or NO,*® doping, no degenerate doping was observed after
N2 plasma exposure, which highlights the advantage of this process as the control of the device
current with the applied voltage was preserved. Furthermore, when correcting for the
aforementioned threshold voltage shift, device characteristics in the device ON-state above
threshold voltage reached almost identical on-current levels lon, Which suggests that the presence

of nitrogen did not enhance scattering so as to reduce the oy of the transistors.
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Figure 6.10. Dependence of (a) Vg, and (b) average Vy, shift on the layer thickness of as-
exfoliated and nitrogen doped MoS; at Ip~10 pA/um. Lines are drawn to guide the eye.

A dependence of the Vy, shift with layer thickness was also found, as shown in Figure 6.10,
where Vy, increased with decreasing MoS; layer thickness. The higher Vy, shift for mono and
few-layer MoS; is consistent with an expected higher relative atomic concentration of nitrogen,
as compared with thick MoS,. For thicker MoS, (>6 layers), the underlying MoS,, which is
expected to be nitrogen free based on the XPS analysis, will produce the more dominant

electrical response. From the Vy, shift, the p-type doping level (NA) calculated for the nitrogen
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doped MoS; ranges from 2.5 x 10" cm™ to 1.5 x 10" cm™, based on a reference value of Na ~
1.5 x 10" cm™ for the as-exfoliated M0S,.®® Here, it is worth noting that the XPS measurements
indicate that the initial bulk MoS;, was unintentionally n-type doped, of which the outermost
layer was then counter-doped upon N, plasma exposure, as shown in Figure 6.7. In the case of
the exfoliated MoS; used for the electrical characterization presented here, such flakes exhibit an
initial p-type doping possibly due to water intercalation,'® and after nitrogen doping, an increase
in the acceptor doping level was generated. Therefore, both measurements support the claim that

nitrogen acts as a p-type dopant for MoS,, which is consistent with the theoretical predictions.**

6.4 Implication of Nitrogen Doping in the MoS; Structure

The chemical characterization indicates that the N, plasma treatment is an effective method for
nitrogen doping of MoS,. However, the use of plasma exposures on the MoS; can result in side-

141192 or roughening of the surface.®*'®® To evaluate the effect of the

effects such as layer etching
N2 plasma treatment on the MoS; surface topography, atomic force microscopy (AFM) imaging
was employed. The initial surface of a MoS; flake exfoliated on SiO,/Si is shown in Figure 6.11,
where a step height of ~6 nm was observed for this flake. After 15 min of N, plasma exposure,
no evidence of layer etching was detected as the height of the step in the flake remained constant,
and no additional features which indicate physical damage were present, such as cluster-like
particles or etched areas. Instead, the MoS; surface remained smooth with a root mean square
(RMS) roughness of 0.74 nm. Interestingly, increasing the N, plasma exposure time to 60 min

causes the development of cracks across the sample surface primarily at the grain boundaries of

the MoS; surface. The depth of the cracks was ~0.7 nm consistently, suggesting that the crack
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formation occurred just within the topmost, N-doped MoS, monolayer. The majority of the
cracks were connected at an angle of ~120°, where the crack propagation reflected a hexagonal-
like symmetry. Interestingly, there was a minimal effect on the surface roughness, indicating that
a longer plasma exposure did not cause disruption of the underlying MoS, layered structure.
Further evidence of the preservation of the layered structure in N, plasma treated MoS; is

provided by cross-section STEM images, shown in Figure 6.11b.
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Figure 6.11. (a) AFM images of the surface topography of a MoS, flake deposited on a SiO,/Si
substrate, as-exfoliated and after 15 min and 60 min of N, plasma exposure. The line profile in
blue extends across a MoS, step, which height is shown in the bottom graphs. (b) Cross-section
STEM images of an N, plasma treated MoS, samples with an exposure time of 60 min.

The contrast change observed, due to the presence of nitrogen in MoS,, indicates that the sulfur
substitution occurred predominantly within the outermost MoS; layer, in agreement with the
XPS analysis. Since nitrogen has a smaller atomic radius in comparison to sulfur, its introduction
to the MoS, lattice and subsequent formation of Mo-N bonds could potentially generate
compressive strain, resulting in the development of cracks for a high nitrogen concentration at

the surface. To investigate this hypothesis, Raman Spectroscopy on few-layer, exfoliated MoS,

flakes were carried out. Figure 6.12 shows that the Raman spectra for an exfoliated MoS, flake
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on SiO,/Si substrate. The peak separation between the A4 and Ezlg vibrational modes is 21.5 cm’
! which according to the literature corresponds to exfoliated, bilayer M0S,.%° After 15 min of the
N2 plasma treatment, the E;, peak corresponding to an in-plane vibrational mode blue shifted
and split into two peaks, labeled as Ezlg as Ezlg . The Ezlg peak splitting has been correlated to
symmetry breaking of this vibrational mode generated due to the presence of strain in the MoS;
layered structure.**® The blue shift of the E3, mode with respect to the initial exfoliated MoS,

suggests that that the type of strain generated due to the presence of Mo-N bonding is
compressive,'”® which suggests the contraction of the MoS, lattice due to the introduction of

nitrogen as a dopant.
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Figure 6.12. Raman spectra from a bilayer MoS, flake deposited on a SiO,/Si substrate, as-
exfoliated and after a sequential N, plasma exposure of 15 min and 60 min. Raman shift vs N,
exposure time obtained from the measurements shown in (a).
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In fact, this situation is analogous to the case of silicon, where local compressive strain is
generated due to doping with boron or carbon atoms.''’? In addition to the effect of
compressive strain for the N-doped MoS, system, charge doping effects are likely to contribute
to the measured Raman signal, which is translated as a shift of the out-of-plane vibrational mode
Ay.'" Consistent with the p-type doping of MoS; given by substitutional nitrogen, the A4 peak
blue shifted by 0.43 + 0.07 cm™ after 15 min of N, plasma exposure.

Increasing the N, plasma exposure time to 60 min caused a blue shift up to 6.4 cm™ for Ezl_;; and
1.2 cm™ for Aqq With respect to the initial peak positions, as shown in Figure 3c. Additionally,
the Ezlg peak intensity was significantly reduced, where the E21g to Aiq ratio of the respective
integrated intensities decreased by 47% with respect to as-exfoliated MoS,. The decrease in the
Ezlg/Alg ratio is an indication of suppression of the in-plane movement related to the Ezlg mode,
which results from the compressive strain in the MoS; structure according to studies on MoS;
subjected to externally applied pressure.'™ Interestingly, there was a decrease in the FWHM of
the Ayq feature from 4.5 cm™ for exfoliated MoS, to 3.7 cm™ after the 60-minute exposure.
According to the dependence of A;g FWHM on the MoS, thickness,® this decrease in FWHM is
an indication of thinning down the effective MoS, thickness, from bilayer to monolayer due to a
complete sulfur substitution by nitrogen in the top most MoS; layer. At this stage, the effect of
strain is still present in the remaining bottom MoS; layer, which is evidenced by the fact that the
Ayq and Ezlg peaks are blue shifted with respect to the peak positions reported for unstrained
monolayer MoS,.**® Estimation of compressive strain from the E3, shift based on models

developed for biaxial strain induced by external forces'’® is not feasible for this N-doped bilayer
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MoS; system since the shifts in the Raman spectra are the convolution of compressive strain and
charge doping effects due to sulfur substitution by nitrogen.

In an attempt to estimate the magnitude of strain at different nitrogen concentrations in MoS,,
first principles calculations were performed for the N-doped bilayer MoS, system. For these
calculations, a 4x4 supercell (12.65 A x 12.65 A) of bilayer MoS; was used. When a sulfur atom
is substituted by a nitrogen atom in MoS,, the resulting bond length for the covalent Mo-N bond
is 2.01 A whereas that of Mo-S in pristine MoS, is 2.41 A. Therefore, the presence of Mo-N
generates a contraction of the MoS; lattice, which is in agreement with Raman Spectroscopy

measurements. Figure 6.13 shows the percentage of strain for different nitrogen coverages.
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Figure 6.13. Dependence of the compressive strain on the N coverage for bilayer MoS; obtained
from DFT calculations, where nitrogen is set as a substitutional dopant. The top view of the
optimized pristine and nitrogen doped MoS; structures are also presented.
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The magnitude of strain was calculated as:

e=(ay — ap)/a, (6.2)
Where ay and a, (=3.16 A) are the lattice constant of N-doped MoS, and pristine MoS,,
respectively. By correlation of the calculated dependence of compressive strain with N coverage
with the experimental XPS data shown earlier, the estimated compressive strain for the different
N coverages would correspond to: t1= 0.1%, t2= 0.5%, t3= 1.3%, t4= 1.5% and t5= 1.7%.
According to these calculations, the magnitude of the strain when nitrogen is present as a dopant
in MoS, is comparable to that obtained from a mechanically induced strain.*” Based on the DFT
calculations, the percentage of compressive strain given by one monolayer coverage of nitrogen
in MoS; is 1.7%. Experimentally, this amount of strain would correspond to a 60 min N, plasma
exposure, after which cracking of MoS; occurred. It has been reported that the strain required to
cause breaking of the MoS, structure by mechanical forces is in the range of ~6-11%.'"
Therefore, the estimation of strain given by the presence of Mo-N bonds suggests that the
cracking process observed in the outermost MoS; layers is not only related to the compressive
strain, but also to other factors that can promote crack formation. Recent theoretical calculations
have shown that the amount of strain needed to cause cracking of MoS, can be reduced by
chemical absorption of molecules on the MoS; surface since the generation of crack lines results
energetically favorable at the adsorption sites during chemisorption.’”” Therefore, the chemical
adsorption of nitrogen possibly promotes the cracking process by reducing the amount of strain
needed to generate crack lines. Importantly, the experimental evidence of strain induced by

single atom doping presented here opens the possibility to identify the window at which doping
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concentration and strain can be used to modify the electronic properties of two-dimensional
TMDs.

Finally, it should be noted that given the evidence of compressive strain generated in MoS; due
to nitrogen doping, a band gap change of MoS; is not excluded. If the MoS, band gap was
modified due to strain, that change is expected to have a minimal contribution in the electrical
characteristics presented here. The percentage of strain for the nitrogen doped MoS,-based FET
measurements is estimated to be of the order of ~1.3%. According to previous reports, such
levels of strain, generated mechanically, can induce a band gap change on the order of ~100 meV
or less depending on the MoS; layer thickness.'” While in general a change in bandgap can be

extracted from changes in the device characteristics,'’

the absence of clear ambipolar behavior
in the case of MoS; prevents such an analysis here. However, using the inverse subthreshold
slope from the I-V characteristics shown in Figure 6.8 to translate the gate voltage axis into an
energy scale, we conclude that a hypothetical increase in the MoS; band gap of 100 meV would
only explain a change in the threshold voltage of up to 2 V, much smaller than the observed
threshold voltage shifts. Therefore the Vy, shift shown in this work is expected to be dominated

by charge doping given by nitrogen. Further studies will be needed to determine possible strain

induced band gap tuning of MoS, upon nitrogen doping, in a controllable manner.

6.5 Conclusions

In summary, the use of N, plasma as a strategy for nitrogen doping of MoS, was evaluated in
this work. The surface chemistry of MoS, upon N, plasma treatment indicated that nitrogen
forms a covalent bond with molybdenum through chalcogen substitution of S. It was found that

the nitrogen concentration in MoS, can be controlled with N, plasma exposure time. The
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electrical characterization shows that nitrogen acts as a substitutional p-type dopant in MoS,,
consistent with theoretical predictions and XPS analysis, while the electrical performance of the
nitrogen doped MoS, based FETs was preserved in reference to the as-exfoliated MoS, based
FETs. It was also demonstrated that the doping process through the use of remote N, plasma
induced compressive strain in MoS,, and while the layered structure of MoS, was not damaged,
cracking did occur with significant concentrations of N incorporated. It was shown that nitrogen
concentration can be applied to tune the level of compressive strain in MoS,. This work paves

the way for the realization of substitutional covalent doping in two-dimensional materials.



CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In this work, different approaches for the surface modification of layered TMDs were
investigated. As presented in Chapter 3, it was found that the UV-O; treatment is a practical and
non-disruptive route for surface functionalization of MoS, while preserving its structural and
electronic properties. Additionally, it was demonstrated that the S-O bonds formed upon UV-O3
treatment on MoS, enhance the nucleation of dielectrics during thermal ALD processes. By
optimization of the ALD growth on the oxygen functionalized MoS; surface, uniform, and thin
dielectric films were obtained. The electrical characterization of the HfO, film grown by the
processes developed here shows promising results when implemented in MoS,-based FETS, such
as low leakage current and good lon/lorr ratio. As future work, the effect of thermal annealing
under different environments is still to be studied to possibly enhance the dielectric properties of
the gate oxide and to reduce Dit.

In Chapter 4, significant differences in the reactivity of transition metal diselenides in
comparison to MoS; were identified upon UV-O3 treatment. It was found that the surface oxides
formed on after UV-O3 on MoSe; and WSe,. Importantly, these surface oxides could be removed
from the surface after deposition of HfO, by ALD due to a clean-up effect, where the removal
was more effective for MoSe; in comparison to WSe,. The surface chemistry has an impact on
the HfO, deposition by ALD, where films were uniform on MoSe; while triangular islands were

obtained on WSe,. Yet, as shown in Chapter 5, by using an alternative ozone-based ALD
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process, the nucleation of Al,O3; was enhanced on WSe;. By the optimization of the deposition
temperature, oxidation of WSe, during ALD was prevented. The electrical properties of the
dielectrics deposited by ozone-based ALD on WSe, are to be determined.

Doping of MoS; was also an area of study in this work, as presented in Chapter 6. It was found
that nitrogen can be introduced in the MoS, lattice by remote N, plasma exposure, where a
substitutional doping mechanism was identified in this process. Furthermore, the remote N,
plasma did not generate disruption of the layered structure of MoS,. The electrical
characterization provided evidence of the p-type behavior of the nitrogen dopant in MoS,.
Interestingly, the presence of nitrogen induced compressive strain in MoS,, which was dependent
on the atomic nitrogen concentration. This study contributes to the understanding of the chemical
and structural implications of substitutional doping in TMD materials. The following steps in this
work are the understanding of the effect of nitrogen doping on the MoS, bandgap by systematic
photoluminescence and scanning tunneling spectroscopy studies since it has been shown that
strain can induce bandgap changes in TMDs. Additionally, the use of a high workfunction
contact such as MoOy to enhance the carrier injection in p-type MoS; is another proposed work
to be carried. Furthermore, this technique for covalent nitrogen doping can also be extended to
WSe,, according to preliminary results, where the electrical results showed a similar p-type
doping effect for WSe,. The future work will be to investigate possible changes in the WSe;
bandgap due to nitrogen doping, and with a proper design, to implement n-type/p-type
heterostructures. Ultimately, it is expected that the processes for dielectric integration and p-type

covalent doping of TMDs can be applied in the fabrication of tunneling field effect transistors.



APPENDIX |

UV-O3; TREATMENT

The UV-O; treatment employed in this work for the surface functionalization of TMDs is based
on the procedure described by J. R. Vig.*? The specific set-up and process to perform this surface

treatment in the UV-O3; chamber, which is connected to the UHV cluster tool, is described below.

A. UV-O3; Chamber Set-Up

The UV-03 treatment is performed in the UV-O3; chamber equipped with a mercury grid lamp
(MHK Inc.) for UV radiation, a leak valve that allows the introduction gas into the chamber, and
a carousel to place sample plates, as shown in Figure I-1. The power source of the UV-lamp is

located next to the UV-O3 chamber.

§ UV-O; Chamber

= UV-0; Chamber

Carousel

Sample Plate

UV-Lamp Power Supply

Figure I-1. Front-side configuration of the UV-O3 chamber.
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UV-0; Chamber-Back

: Gate Valve

Leak Valve

Figure 1-2. Back-side configuration of the UV-O3 chamber.

B. Process
1) Sample Loading and Chamber Preparation
1. Load the sample to be exposed to UV-O3 on a 4” plate
2. Transfer the sample plate to the UV-O3 chamber and place the plate facing down on the
bottom slot of the carousel.
3. Take out other plates (if any) from the UV-O3 chamber to avoid the ozone exposure on
those samples.
4. Lower down the carousel so that it is within ~0.5 cm close to the grid that contains the
UV lamp. The sample should not touch the grid.
5. CLOSE GATE VALVE BETWEEN THE UV-O; CHAMBER AND THE BUFFER
CHAMBER. Check that the fork used to load the samples is all the way out of the

chamber before closing this gate valve.
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6. CLOSE TURBO PUMP GATE VALVE. This allows us to perform the UV-O;
treatment in a static mode.

7. Check that the power supply is off, and plug in the UV lamp power supply to the
adequate voltage source.

8. Pump down the gas line connected to the leak valve.

a. Connect the turbo pump controller and monitor the rotation speed of the turbo
pump.

b. Open the gas valve that is connected to the turbo pump slowly to pump any
residual gas that could be trapped in the gas line. At this point, the gate of the
turbo pump should be close, which avoids the background gas to leak into the
chamber.

c. Pump the gas line for about 5 min.

d. Close the turbo pump gas valve

I1) UV-O3; exposure
9. Open the oxygen gas valve located in the lower left-hand side of the gas manifold
10. Open the main gas valve of the UV-O3; chamber that connects to the leak valve
11. Leak oxygen in using the leak valve and watch closely the pressure in the gauge.
12. Leak oxygen into the chamber until the pressure reaches a value of 900 mbar. Once such
pressure is read, close the leak valve.
13. Close the oxygen gas and the main UV-O3; chamber gas valve.
14. Set the timer. A 15 minutes exposure is the standard time needed for an oxygen coverage

of ~1 ML on MoS,
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15. Turn on the UV lamp and start the timer.
16. Once the treatment time is finished, turn off the UV lamp
I1) Pumping down UV-O3; chamber:
17. To pump down the UV-O3; chamber:
a. Isolate the turbo pump from the roughing pump by closing the gate between these
two (located next to the turbo pump)
b. Open the valve that connects to the roughing pump and watch the pressure of the
chamber which should start to drop
c. Once the pressure reaches ~2x10 mbar, close the roughing pump valve.
d. Open the gate between the turbo and roughing pump.
e. Open the gate valve of the turbo pump
18. Wait for the pressure to reach 1.0 x10™ mbar or lower, and then open the gate of the UV-

O3 chamber to transfer the sample out.



APPENDIX 11

REMOTE N, PLASMA EXPOSURE

In this appendix, the detailed description of the surface treatment for nitrogen doping of MoS; is
presented. All the remote N, plasma exposures were performed using the remote RF-plasma

source of the sputtering chamber in the UHV cluster tool.

A. Sputtering Chamber Set-Up

The sputtering chamber set-up is shown in Figure 11-1.

Left-Side View

Figure 11-1. Sputtering chamber interconnected to the UHV cluster system.
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The sputtering chamber contains four RF-plasma sources for sputtering deposition of metals. In
this study, the N, plasma exposures were performed at relatively low power (100 W) and having
all shutters closed, the metal targets shutters and the sample shutter so that the metal deposition
was prevented. The gas lines to RF-plasma source is connected to mass flow controllers and
water lines are also connected to the RF-plasma system for cooling purposes. Additionally, the
sputtering chamber is equipped with a Pt-heater for annealing purposes through heat transfer.
The temperature set in the heater controller was calibrated using a Si wafer-thermocouple that is
placed in direct contact to the heater.
SAFETY NOTE: Be aware of all gas connections to the chamber. Do NOT enable explosive
mixtures of gasses to be admitted into the chamber, such as forming gas and O5!
B. Process
I) Sample Loading and Pre-Annealing
1. Load into the UHV system the sample to be treated on a 4” Ti plate using Mo screws
2. Transfer the sample plate (facing down) to the sputtering chamber
3. Check that the water line to the heater is open
4. Ramp up the temperature in the heater controller up to 330 °C for an actual temperature
of 300 °C. Monitor the current applied to the heater so that this does not exceed 10 A.
Ramp up the temperature in stepwise so that the pressure in the chamber does not exceed
2x10” mbar.
5. Anneal for two hours at the set temperature of 330 °C
6. Before the annealing duration time is complete, prepare for the N, plasma exposure.

a. Open the N, and Ar valves in the gas manifold
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b. Open the water line to the RF-plasma source

1) N, Plasma Exposure

1.

2.

After the two-hour anneal, keep the heater temperature at 300 °C (controller T: 330 °C)
Set the turbo pump to stand-by mode (it takes ~3-5 minutes to reach 345 Hz)

Turn the ion gauge emission control OFF

Open the gas valve of the selected RF-plasma source [typically source 412 (Hf)] and
pump the gas line, while monitoring the pirani gauge. Keep the gas valve open after
pumping it.

Close the adaptive pressure gate valve (“butterfly gate”) by pressing first “ZERO” and

then “CLOSE”.

VAT ADAPTIVE PRESSURE CONTROLLER

LEARN

Figure 11-2. Adaptive pressure controller of the sputtering chamber.

6.

Check that the sample shutter is closed, and all the shutters of the metal targets in the

sputter sources are closed. Also, CLOSE the shutters of the chamber windows.
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11.

12.

13.

14.
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Switch the RF-power generator knob ON. If no water is flowing, the screen will show an
interlock error. Then, set the RF power to 200 W. (See Fig 11-3(b)).

In the mass flow controller screen, set Channel 1 (Ar) to 60 sccm and Channel 3 (N>) to
45 sccm. Verify that the flow set for Channel 2 (O) and Channel 4 (N,/H;) is 0 sccm.
(See Fig. 11-3(a) below).

Leak the gas into the chamber by setting the “status” of Channels 1 and Channel 3 to
“ON”. Then, press “ON” and “ALL”.

At this point the lower message should read “FLOW ON GAS ON”, and the pressure
should rise up to ~4x10"> mbar in the adaptive pressure controller.

Press the “ON” pad of the RF-plasma generator, and wait until the reflected power goes
down to 0 W. At this point the plasma should be on. If the error message “overload”
appears, increase the Ar flow to 80 sccm or alternatively, increase the power to 220 W,
and wait for the reflected power to reach zero.

Immediately after the reflected power reaches zero, reduce RF-power to 100 W, and turn
off the flow of Channel 1 (Ar).

Set the desired exposure time; see plot of nitrogen concentration in MoS; vs time in
Figure 6.3 (Chapter 6).

During the N, plasma exposure, the mass-flow controller screen and RF-power
generation should read as Figure 11-3. Also, the color of the N, plasma in the sputtering

chamber should look as in figure 11-4, consistent with N, ionization.
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Figure 11-3. (a) Mass-flow controller screen and (b) RF-power supply showing the
parameters during the N, plasma exposure.

15. Press “pressure mode” in the adaptive pressure controller. After this step, the pressure

should be regulated to ~7x10 mbar.

16. Once the plasma exposure time is up, press the OFF pad on in the RF-power generator

and switch the knob of this generator OFF.

17. Close the N; gas by pressing “OFF” and “ALL” in the gas flow controller screen.
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Figure 11-4. Afterglow plasma color during a typical N, plasma exposure.

111) Pumping Down the Sputtering Chamber:

1.

2.

Press “OPEN” in the adaptive pressure controller to open the butterfly gate valve.

Close the gas valve connected to the RF-plasma source.

Set the turbo pump to 100 % rotation by pressing the stand-by button. The rotation should
be recovered to 660 Hz.

Close the gas valves in the gas manifold.

Close the water line to the RF-plasma source.

Once the rotation reached 660 Hz, turn on the ion gauge to read the pressure.

Reduce the temperature to room temperature stepwise in steps of 50 °C every 10 min.

Wait until the pressure recovers to ~1 x10® mbar to take the sample plate out.
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