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ABSTRACT

In this study, the growth mechanism, surface/interface properties, and potential
applications of MoS, are demonstrated. The thickness-dependent surface states of MoS;
thin films grown by the CVD process on the SiO,-Si substrates are investigated by XPS.
Both the core levels and valance band edges of MoS, shift downward ~0.2 eV as the
film thickness increases from 3 to 10 layers, which can be ascribed to the variations of
Fermi level. Grainy features observed from the AFM topographies, and defect states
illustrated at the valance band spectra indicate the influences of both surface states and
bulk defects, which lead to the variations of Fermi level in n—type MoS; with thickness.
When Au contacts with our MoS; thin films, the binding energy reduces due to the
hole-doping characteristics of Au, and easy charge transfer from the surface defect sites
of MoS,. HER performance also exhibits that the easy charge transfer and the decrease
in reaction barrier at the thin MoS; surface.

The anisotropic crystal structure and different properties between edge and basal
plane of MoS; have given rise to versatile applications. Here, we are able to manipulate
the orientations of MoS, by controlling the sulfurization kinetics in both MoO3 and Mo
precursors. Thermodynamic information and SEM observations indicate that MoOj3 has
much higher sulfurization rate than Mo metal in H,S. Introducing H, with H,S is able to
enlarge the rate difference between these two precursors. Raman and XAS studies
further reveal the orientation evolution of MoS, is related to the MoOs/Mo ratio in the
precursor, so that MoOs-derived MoS; is terrace-terminated whereas Mo-derived one is
edge-terminated. The differences in the orientation of MoS, and sulfurization rate

between MoOs; and Mo metal are attributed to the crystal structures of the Mo
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precursors and the reaction routes with H,S. The formation of terrace-terminated MoS,
on the Mo surface is also expected to suppress sulfurization of the bottom Mo metal.
The hybrid hexagonal material of 2D-MoS; and 3D-ZnO is utilized as a memristor.
The microstructure of this hybrid material was analyzed by Raman, XRD, and HRTEM.
ZnO grown by atomic-layer deposition shows c-axis preferred orientation on
terrace-terminated MoS;, and stable 1-V behavior at the ZnO/MoS; interface, while
edge-terminated MoS, results in randomly oriented ZnO and unstable I-V
characteristics, which could arise from the chemical reaction at the interface. The device
with dual-oriented MoS, on Mo metal is demonstrated by employing both MoO3 and
Mo precursors. The MoS,/ZnO interface plays an important role for the resistive
switching behaviors. Good retention and endurance of the device is achieved, which
could be attributed to the formation of dual-oriented MoS; on the Mo back contact that
offers a stable interface with ZnO. The negative differential resistance (NDR)
characteristics and voltage-dependent HRS are observed at the reverse bias, which could
be related to the surface properties of MoS,. The shift in binding energy after the
formation of MoS,/ZnO n-n" heterojunction indicates the generation of interface states.
Temperature-dependent [-V measurement illustrates that carrier transport mainly
follows the trapping/detrapping controlled SCL process accompanying with ionic
transportation. The complete switching mechanism is also proposed. This work
demonstrates that the combination of oxide with TMD could be a potential

configuration for electronic applications.

Keywords: MoS,, surface/interface properties, thickness, Fermi level, orientation,

resistive switching, strain
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Chapter 1  Introduction

1.1 General background

Since the single-atom-thick graphene crystallite was extracted from bulk graphite
and transferred onto the SiO,-Si substrate with the scotch tape technique in 2004, new
physical properties emerge when a bulk crystal of macroscopic dimension is thinned
down to one atomic layer.[1, 2] Although graphene has many fascinating properties,
such as ultrahigh mobility, high transparency and long spin relaxation time, the lack of
bandgap limits its applications in the electronics and optoelectronics.[3-5] As a result,
two-dimensional transition metal dichalcogenides (TMDs) becomes an alternative series
of material for practical applications because this family can perform not only metallic
but also insulating, semiconducting, superconducting behaviors by changing the

composed elements, as illustrated in the Table 1.1.[6, 7]

Table 1.1 Electronic character of different layered TMDs.

Group M X Properties

4 Ti,Hf,Zr S,Se,Te  Semiconducting (E,=0.2-2eV).
Diamagnetic.

5 V,Nb,Ta S5,Se,Te Narrow band metals (p~10"*Q.cm) or

semimetals. Superconducting. Charge
density wave (CDW). Paramagnetic,
antiferromagnetic, or diamagnetic.

6 Mo, W S,5e, Te  Sulfides and selenides are semiconducting
(E,~1eV). Tellurides are semimetallic
(p~10"Q cm). Diamagnetic.

7 Tc, Re S,5e, Te  Small-gap semiconductors. Diamagnetic.

10 Pd, Pt S,5e, Te Sulfides and selenides are semiconducting
(E;=0.4eV) and diamagnetic. Tellurides

are metallic and paramagnetic. PdTe,
is superconducting.

p, in-plane electrical resistivity.
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TMD has the general chemical composition of MX; (M = Mo, W, etc. and X = S,
Se, etc.), and most of them crystallized in a graphite-like layered structure, where one M
layer is sandwitched between two X layers.[8] Each MX; layer is typically 6~7 A in
thickness. The intra layer M-X bonds are predominantly covalent in nature, whereas the
sandwich layer are coupled by weak van der Waal forces thus allowing the crystal to
readily cleave along the layer surface. The strong anisotropy in the bonding nature gives
rise to the significantly different electrical, chemical, mechanical, and thermal

properties between basal plane and cross-plane of MX;.[9]

Figure 1.1 (a) A typical MX; structure with the chalcogen atoms (X) in yellow and the
transition metal atoms (M) in grey; (b) Photograph of a bulk MoS, crystal; (c)
Schematic crystal structures of bulk MX,. The lattice constants a are in the range
3.1~3.7 A for different materials. The stacking index c represents the layer number per

repeating unit, and the interlayer spacing is ~6.5 A .

Monolayer TMDs exhibit only either trigonal prismatic (Dsn group) or octahedral
(Dsg group) phases. On the other hand, bulk TMDs may have three structural polytypes:
2H (hexagonal symmetry, two layers per repeat unit, D3, coordinate), 3R (rhombohedral

symmetry, three layers per repeat unit, D3, coordinate), and 1T (tetrahedral symmetry,
2

doi:10.6342/NTU201603487



one layer per repeat unit, D3y coordinate), as illustrated in Figure 1.1.[8] The electronic
structure of TMDs strongly depends on the coordination environment of the transition
metal and its d-orbital characteristics. According to ligand field theory, D3, compounds
exhibit three splitting d orbitals whose character is predominantly d,z (A1), d,z_y2,,
(E), and d,,,, (E’) (from bottom to top), while D3y compounds form degenerate
dyzy2_y2 (Bg) and dy, ., xy (tg) that accommodate the TMDs’ d electrons as

illustrated in Figure 1.2.[10] In both D3, and D3q4 coordinates, the non-bonding d bands
of the TMDs are located within the gap between the bonding (¢) and antibonding (¢*)
bands. The diverse electronic properties of TMDs arise from the progressive filling of

the non-bonding d bands from group 4 to group 10 species.[7]

a
a,
deds
20 e
Ef———— &
&) G
d
. % ey
5 /
S
df\y xz d.l@’
Group 4 (Dyy) Group 5 (Dy,) Group 6 (Dg,) Group 7 (Dgg) Group 10 (Day)

Energy

Figure 1.2 (a) d-orbital splittings in trigonal prismatic (top, D3,) and octahedral (bottom,
D3q) crystal field; (b) Qualitative schematic illustration showing progressive filling of d
orbitals that are located within the bandgap of bonding (o) and anti-bonding states (¢*)

ingroup 4,5, 6, 7and 10 TMDs.
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Intercalating materials into layered TMDs generally alters the electronic structures
and induces new physical properties different from the original host material. For
example, when SnS inserts into the van der Waal gaps of TiS,, a natural superlattice of
(SnS)12(TiS,), is formed, which weakens interlayer bonding, decreases transverse sound
velocity, and reduces thermal conductivity, as depicted in Figure 1.3(a).[11]
Intercalation-induced instability in electronic structures of TMDs may also result in
higher temperature of charge-density-wave (CDW) phase due to the Jahn-Teller
distortion in which the splitting of partially filled degenerate orbitals causes a reduction
of the free energy.[7] Moreover, a new superconducting state is discovered near x = 0.04
in the Cu-intercalated TiSe, (CuxTiSey), and the CDW transition is continuously

suppressed as illustrated in Figure 1.3(b).[12]
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Figure 1.3 (a) HRTEM image (top) and corresponding lattice thermal conductivity
(bottom) of TiS, layer after SnS intercalation; (b) Phase diagram of Cu-intercalated
TiSe,, where transition among metal, CDW, and superconducting (SC) phases is

presented.
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1.2 Fundamental properties of MoS,

MoS; as one of the TMD family has exhibited its unique properties based on its
layered structure, especially when the size reduces from bulk (three dimensions) to
monolayer (two dimensions). Bulk MoS; is a semiconductor with indirect bandgap of
about 1.29 eV. Theoretical calculation has predicted an indirect to direct bandgap
transition when the bulk MoS; is thinned down to a single layer, as illustrated in Figure

1.4(a).[13]
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Figure 1.4 (a) Calculated band structures of MoS, evolving with layer number; (b)
Photoluminescence spectra normalized by Raman intensity for MoS, with various layer

numbers.

The evolution of electronic structures of MoS, with various thicknesses is also
reflected on the photoluminescence (PL) spectra (Figure 1.4(b)), where the pronounced
emission can be observed at ~670 and ~627 nm for monolayer MoS; arising from the
direct excitonic transitions at the Brillouin zone K point. The emission intensity is
inversely proportional to the thickness of MoS,. The energy difference between these

two peaks is attributed to the spin-orbit splitting of the valence band energy.

5

doi:10.6342/NTU201603487



° By By Ey A, {B. B

EEEEE
L€ 4 4

Raman active ' inactive

C axis

o
(o]
S
o
@

@
o
1

426
-~ 406 . .m 5
5 60 g 24 g
s “ > 404 3 5
= g 402 12§
3 g : 1 3
c 201 2 %)
& £ X 120§
= P | T 1 2
0. g 13 :
i i 382 | E' —o {18 T
| 1 29
-20 A — T
360 380 400 420 0 1 2 3 4 5 6 Buk
Raman shift (cm™) Thickness (L)

Figure 1.5 (a) Schematic drawing of the four Raman active and two inactive modes for
MoS,; (b) Raman spectra of MoS; with various layer numbers; (c) Frequencies of Ay

and E;, Raman modes and their difference as a function of layer number.

Raman spectroscopy has been widely used to determine the number of layers in
two dimensional (2D) materials, as well as to examine the changes in material
properties with thickness.[14] Theoretical calculation predicts four Raman active modes
in TMDs, including one out-of-plane mode A4 and three in-plane modes Eg, E%g, and
Eﬁg, as shown in Figure 1.5(a).[15] Experimentally, E%g mode is at very low
frequencies (~30 cm™), and Eig mode is forbidden in back-scattering geometry on a
basal plane. Only A;y and Eig modes are accessible in measurement, which exhibit
sensitive thickness dependence (Figure 1.5(b)). The frequency difference between the

two modes increases with increasing the material thickness, which is an excellent
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indicator for the layer number of MoS,. The opposite direction of frequency shifts can
be related to the interlayer coupling, Coulombic interactions, and perhaps
stacking-induced changes of the intralayer bonding.[16]

When the MoS; thins down to atomic thick, it breaks the structural centrosymmery
that makes piezoelectric effect achievable in this material. Applying uniaxial tensile
strain on monolayer MoS; alters its electronic structure, which is observed both in the
PL and Raman spectra, as shown in Figure 1.6(a).[17] The pronounced strain-induced
decrease in the PL intensity and optical bandgap indicates the direct-to-indirect
transition. With increased strain, the Aiq peak shows no measurable shift in position

while the degenerate E%g peak splits into two sub-peaks.
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Figure 1.6 (a) The influence of uniaxial tensile strain on the phonon spectra and band
structures of monolayer MoS,; (b) Schematic diagram depicts inverse piezoelectric

effect via applying electric field along S to Mo direction.

The strain in MoS, can also be induced by applying external electric field from S
site to Mo site. This inverse piezoelectric effect stretches the Mo-2S dipole and

elongates the unit cell of MoS,, creating compressive stress in the x direction and tensile
7
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stress in the y direction, as shown in Figure 1.6(b).[18] The robust piezoelectricity of
MoS; has exhibited its potential in atomically thin piezoelectric device which will make
profound impacts in ultrasensitive sensors, nanoscale electromechanical systems, and
the next generation of low-power electronics.

The other unique property corresponding to the single layer of MoS; is the
inversion symmetry breaking together with spin-orbit coupling (SOC), leading to
coupled spin and valley at the valence band edges, as illustrated in Figure 1.7.[19] The
difference between MoS; and graphene is the strong SOC originating from the metal d

orbitals.
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Figure 1.7 (a) Schematic drawing of the band structure at the band edges located at the
K points; (b) Hllustration of spin-valley coupling in monolayer (left) and bilayer (right)

MoS; under circularly polarized excitation.
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It is demonstrated that optical pumping with circularly polarized light can achieve
complete dynamic valley polarization in monolayer MoS,, while both K and K’ valleys
are equally populated in bilayer MoS, and only a net spin orientation is produced.[20]
The viability of optical valley control suggests the possibility of valley-based electronic

and optoelectronic applications in monolayer MoS,.

1.3  Preparation of MoS,

1.3.1 Top-down process

Mechanical cleavage has been a traditional method to obtain 2D flakes containing
tens to hundreds of crystal layers. Since Novoselov et al. successfully produced various
single-layer 2D crystals from the bulk with the aid of scotch tape in 2004, people apply
this approach to study the fundamental properties of TMDs varying with thickness
because the sample quality is similar to its bulk form, as illustrated in Figure 1.8(a).[1,
21] However, this method only produces small pieces of crystals with poor control in
layer number, which limits the practical applications.

The other top-down approach is chemically exfoliating TMD sheets in the solution
assisted either by sonication process or by ion intercalation (Figure 1.8(b) and Figure
1.8(c)).[22, 23] The former process requires a proper solvent whose surface energy is
similar to that of the layered material to prevent the exfoliated crystals from aggregation,
such as dimethylformamide (DMF) or N-methyl-pyrrolidone (NMP). The
electrochemical lithiation is originally a half reaction in a battery test process. Here the
insertion of lithium ions can weaken the interlayer van der Waal force, as well as react

with water to form Li(OH) and H, gas and further push the layers apart. Although the
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Figure 1.8 (a) Schematic drawing of mechanical exfoliation for layered materials; (b)

Stable suspensions of layered materials from sonication-assisted exfoliation of MoS, (in
NMP), WS, (in NMP), and BN (in IPA). (c) Electrochemical lithiation and exfoliation

process for producing 2D crystals from the layered bulk materials.

solution process can provide high yield to solve the scalable problem in mechanical
exfoliation process, the surface contamination and structure distortion or damage are
inevitable, which varies the material properties from expectation and is difficult for
electronic devices. Therefore, bottom-up approach, especially vapor phase process, is
regarded as the most reliable procedure for producing high quality monolayer or

few-layer MoS; in a large scale so far.

1.3.2 Chemical vapor deposition (CVD)

The synthesis of atomically thin TMDs in a large area with good layer
controllability and uniformity has remained a challenge for a long time. Very recently,
CVD technique has shown its promising ability to produce high quality MoS, with a

scalable size, controllable thickness, low cost, and excellent electronic properties.
10
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® Sulfurization from metal or metal oxide precursors

A general strategy for producing wafer-scale MoS; is a two-step CVD process. Mo
or MoO,/MoQg precursors are pre-deposited on the substrate, followed by sulfurization
in the sulfur vapor or H,S (Figure 1.9(a) and Figure 1.9(b)).[24-26] Due to the simple
reaction mechanism, the thickness and size of the as-grown MoS, can be determined by
the precursors. However, the challenge for this approach is to obtain a uniform
precursor film, especially when the target is less than 3 layers of MoS,. Accordingly,
atomic layer deposition (ALD) is an alternative technique to achieve thin and uniform

precursor film even on the substrate of high aspect ratio (Figure 1.9(c)).[27]

oaction at 750 'C
and annealing at 1000 *C

WSO, Mo, imfSio, MoS, film/Floxiblo substrate

MoO, evaporation
B -

i T )

H2/Ar

(1T, 500°C, 1hr) sulfurization
(6007, 1000°C, 30min) 0

cathode

Figure 1.9 (a) Growth MoS; via Mo metal precursor on a SiO,-Si substrate; (b) Growth
MoS; via MoOj3 precursor on a sapphire substrate; (¢) ALD-grown MoO3 on ITO as the
buffer layer in an organic photovoltaic device; (d) Rapid sulfurization to produce
vertically aligned MoS,.
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Using metal precursor to produce MoS; may give rise to metallic transport
behavior with a low o/off current ratio, which could be due to the presence of unreacted
metal impurities. Rapid sulfurization on the metal precursor can further tune the
orientation of MoS, to vertically aligned layers on the substrate (Figure 1.9(d)).[28] On
the contrary, MoS, derived from oxide precursor exhibits a high on/off current ratio
rather than the resistor-like behavior. The obtained MoS; is generally terrace-terminated

and difficult to change the orientation.

® Single vapor phase reaction and transport process

a Vapor Phase Reaction
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Figure 1.10 (a) Schematic diagram of the experimental setup for the single-step CVD
process; (b) Optical reflection images of a typical large-grain MoS; on a SiO; grown by
MoO; precursor; (c) Schematic illustration of the self-limiting growth with layer
number control by using the MoCls precursor; (d) Schematic drawing of the seeding

promoter for MoS, growth.
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Atomically thin MoS; can be synthesized by direct chemical vapor phase reaction
of MoO3; and S powders, where the two precursors are separately placed at two zones,
as illustrated in Figure 1.10(a).[29] During this single-step process, MoOs. is likely
formed as an intermediate phase and diffuse to the substrate, and further react with
sulfur vapors to grow MoS; layers. This method allows the growth of single crystalline
MoS, flakes on arbitrary substrates dependent on the nucleation density (Figure
1.10(b)).[30] The Mo source can be replaced with MoCls to improve the reactivity. The
balance between the partial pressure of the gaseous MoS, and the vapor pressure of the
MoS; film provides the self-limiting growth mechanism to precisely control the layer
number of MoS; on a large substrate.[31]

The growth of MoS; is very sensitive to the substrate chemistry. It has been
discovered seeding the substrate with graphene-like species can promote the lateral
growth of MoS, crystal to carry out the large area, continuous and high quality MoS,
monolayer.[32] Direct growth of MoS; on an insulating substrate can also be achieved
by ALD process or other vapor phase processes, such as physical vapor deposition
(vapor phase transport method) and molecular beam epitaxy.[33-36] However, the cost,
uniformity, and the control of layer number for producing high quality MoS; in a large

scale still cannot compete with CVD process so far.

® Bandgap and heterojunction engineering

Bandgap engineering of MoS; is critical for the applications in electronics and
optoelectronics. Although applying strain can tune the bandgap, it is not practical for
real electronic device fabrication. Alternatively, the metallic or semiconducting
behaviors of TMD family (MX;) provide the degree of freedom to tune the intrinsic

bandgap by partially substituting either transition metal or chalcogen for MoS..
13
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Figure 1.11 (a) Two-dimensional Mo x\W,S, monolayer alloys show tunable bandgap in
PL; (b) Monolayer MoS;1-xSexx (Se-doped MoS;) shows over 10% optical bandgap

modulation.

It has been reported both Mo W,S; and MoSyuSex  exhibit their
thermodynamic stability at room temperature to form ternary van der Waals alloys
without phase separation.[37, 38] The bandgaps are modulated with the concentration of
the dopants which can be observed from the PL measurement as illustrated in Figure
1.11. This strategy is also applied in CZTS-based thin film solar cell, where substitution
of Se for S in CZTS adjusts the bandgap for light absorption.

The concept of the 2D materials as the building block, analogous to Lego blocks,

for novel heterostructures has been first proposed by Geim et al (Figure 1.12(a)).[39]

14
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*W *Se *Mo *
Figure 1.12 (a) Building van der Waal heterostructures as Lego blocks; (b) Schematic,
optical and SEM images of the vertically (top) and in-plane (bottom) stacked WS,/MoS;
heterojunctions; (c) Optical (top), HR-STEM (middle) images, and atomic model

(bottom) show the interface structure between WSe; and MoS,.

This idea inspires a huge variety of designed van der Waal heterostructures
assembled vertically to bring about new physical or chemical properties for applications.
Very recently, bottom-up approach has achieved not only vertically stacked but also
in-plane heterojunctions between WS, and MoS,, which expands the junction design of
2D materials to another dimension (Figure 1.12(b)).[40] Moreover, the successful in
epitaxial growth of a monolayer WSe,-MoS; lateral p-n junction with an atomically
sharp interface further demonstrated the possibility for fabricating lateral electronic or
optoelectronic devices in an atomic level (Figure 1.12(c)).[41] All these efforts have

shined the lights on the future material and device designs based on the TMD materials.
15
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1.3.3 Transfer MoS, onto arbitrary substrates
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Figure 1.13 (a) General transfer process of MoS, from a sapphire substrate; (b)

Surface-energy-assisted transfer process of MoS; onto arbitrary substrates.

Transferring an atomically thin TMD material from the original growth substrate
without damaging its properties is critical for either fundamental studies or applied
researches. The transfer process for MoS; is similar to that for graphene. General
procedure is coating a polymer film on the MoS, (such as PMMA), etching out the
bottom substrate (oxide layer) in a hot base solution, fishing out the film on the target
substrate, and then remove the top polymer, as illustrated in Figure 1.13(a).[25] This
process is effective, but is time-consuming. The properties of transferred MoS, may be
altered due to the contamination from the etchant or the capillary-force-induced
wrinkles. Recently, a simple, quick, and clean process is developed based on the surface
energy difference between MoS, and sapphire.[42] By the assistance of water, the
hydrophobic MoS; can be easily peeled off from the hydrophilic sapphire substrate and
transferred to other desired substrates with no observable wrinkles, cracks, and polymer

residues, which maintains similar properties as the as-grown one (Figure 1.13(b)).

16
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1.4  MoS,-based applications

MoS; is traditionally used for lubrication due to its anisotropic bonding nature of
covalent at in-plane direction and weak van der Waal gaps between layers. The high
chemical stability at the basal plane is also examined both by experiments and
molecular-orbital calculations.[43] In MoS,, the outer shell S-3p hybridizes with Mo-4d
to form molecular orbitals, while the inner shell S-3s are buried in an atomic orbital that
has low probability of electron density above the basal plane. Hence, those orbitals that
are available for bonding are empty leading to chemically inert at the basal plane of
MoS,. The energy levels of antibonding orbitals are too high to involve the bonding
behavior. Based on these two characters, MoS; is an excellent solid lubricant for high
precision space-borne uses, such as satellite bearing, gears, and gimbals operating under
extreme temperature ranges, as well as in microsystems, where the effects of surface

forces are more significant than those of gravity.[44]

1.4.1 Field-effect transistor (FET) based electronics

One of the most important applications of semiconductors is for transistors in
digital electronics, whose progress is driven by scaling down the size of transistors to
extremely small dimensions. Subsequent reduction in scale will soon approach limits
due to statistical and quantum effects and difficulty with heat dissipation, motivating the
search for new device concepts and materials. On this point of view, the atomically thin
2D materials just match this demand to replace Si in CMOS-like digital logic devices.
Semiconducting 2D TMDs have unique features that make them attractive as a channel
material in FETSs, such as the lack of dangling bonds, structural stability, and mobility

comparable to Si.[8]
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Figure 1.14 (a) Schematic illustration of HfO,-top gated monolayer MoS, FET device
and the source-drain current (lqs) versus top gate voltage (V) curve; (b) Photoswitching
characteristics of single-layer MoS, phototransistor at different optical power (Piigh) and
drain voltage (Vgs); () Bilayer-MoS; FET device and real-time current response to NO

exposure with increasing concentration.

The first top-gate transistor based on monolayer MoS, is demonstrated to have
excellent on/off current ratio (~108), n-type conduction, room temperature mobility of
>200 cm?/V-s, and subthreshold swing of 74 mV per decade (Figure 1.14(a)).[45]
Thin-film transistors made of MoS, from liquid exfoliation also have similar
performance, suggesting possibilities for flexible and transparent electronics.[46] Other

logic devices based on this configuration are also demonstrated in recent years.[47, 48]
18
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Optoelectronic devices are electronic devices that can generate, detect, interact
with or control light. Because single-layer MoS; has direct semiconductor bandgap, it is
of great interest for applications in optoelectronics and because it is atomically thin and
easily processed, it has great potential for flexible and transparent optoelectronics, such
as displays and wearable electronics. Thickness-dependent bandgap variations within
the visible range and the high photosensitivity make MoS, a good photodetector (Figure
1.14(b)).[49] The phototransistors based on the single-layer (Eg ~1.82 eV) and
double-layer (Eg ~1.65 eV) MoS; are promising for the green light detection, while the
triple-layer MoS, (Eg ~1.35 eV) is suitable for detection of the red light.[50]
Incorporating materials of different bandgaps with MoS, may realize the concept of
multi-junction solar cells that allow photons of different energies in the full solar
spectrum to be efficiently absorbed.[51]

Chemical, biological and gas sensors based on FETs have been receiving
continuous attention, which is realized by monitoring the change in conductance of the
FET channel upon adsorption of target molecules. When NO gas exposes to the n-type
MoS; based FET channel, the electron-withdrawing feature will cause p-doping of the
channel, leading to an increase in channel resistance and a decrease in current (Figure
1.14(c)).[52] Further functionalization of the MoS; thin film with Pt nanoparticles (NPs)
increases the sensing sensitivity by ~3 times with a detection limit of as low as 2 ppb for
NO,. Electrochemical sensing is another important strategy for detection of chemical
and biological species. MoS, nanosheets have been used for glucose sensing, and
selective detection of dopamine in the presence of uric acid and ascorbic acid.[53] Thus,
it is expected that MoS, and other TMDs may represent new class of highly active
electrochemical materials. Their composites with some types of catalytic nanostructures,

such as noble metals, may further improve sensing performance.
19
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1.4.2 Energy storage
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Figure 1.15 (a) Schematic representation of intercalation of lithium into MoS,; (b) TEM
image of MoS,/rGO hybrid material and rate capability at different current density: (1)

MO0S,/rGO (L:1), (2) MoS,/rGO (1:2), (3) MoS,/rGO (1:4).

Layered materials, such as graphite or TMDs, have been used for energy storage
for decades. The electrical energy can be transformed into chemical energy for storage
due to the ion intercalation into the layered materials and changes the valence states of
transition metal in the host, as illustrated in Figure 1.15(a).[44] Lithium ion batteries
(LIBs) and supercapacitors are two major applications in this electrochemical process.
MoS; in a LIB system serves as an anode material, which undergoes lithiation and
de-lithiation process driven by the electrochemical potential accompanying with the
volume variations. A hybrid MoS;, and carbon-related material (rGO) has been
demonstrated to have high capacity of ~1100 mAh/g at a current of 100 mA/g, as well
as excellent cycling stability and high-rate capability (Figure 1.15(b)).[54] This superior

performance suggests the novel 2D composite holds great potential for LIBs.
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1.4.3 Catalyst
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Catalysis is a crucial technology that can positively influence the quality of our
lives and the health of our environment. Currently, there is a significant drive to
relinquish our dependence on fossil fuels and to minimize the emission of CO,.
Reducing environmental impact will require entirely new catalysts which are for new
processes, more active and more selective, and made of earth abundant elements. In
chemistry and biology, catalysis can accelerate the rate of a chemical reaction through
providing an alternative mechanism involving a different transition state and lower

activation energy, which accounts for its applications in diverse fields.[55] The catalytic
21
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properties of a material are in principle determined completely by its electronic structure,
so the objective is the engineering of electronic structure by changing composition and
physical structure (Figure 1.16 (a)).[56]

2D TMDs have wild range of electronic structures which not only boots the
development of low-dimensional electronic and optoelectronic devices, but also
facilitates the applications into catalysis due to the strong correlation between electronic
and catalytic properties. These electronic structures can be effectively tuned through

different methodologies, as illustrated in Figure 1.16(b).[9]
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Figure 1.17 (a) STM images show one-dimensional metallic edge states in single MoS;
cluster; (b) Volcano plot of exchange current density as a function of DFT-calculated
Gibbs free energy of adsorbed atomic hydrogen for MoS, and pure metals; (c) The free
energy diagram of hydrogen evolution at zero potential and zero pH for MoS; edge sites
and some metals; (d) Schematic illustrations for defect-free, defect-rich, and atomic

reconstruction of defect-rich MoS.,.
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Catalysis is a surface reaction process, in which the coordination number of surface
atoms plays a crucial role in affecting their catalytic activities. In this regard, single
layer of MoS; cluster has few dangling bond at the basal surface, while the edge of the
cluster possesses unsaturated atoms that can serve as the active sites for catalytic
reaction (Figure 1.17(a)).[57] The edge site of MoS, has been examined to have
metallic properties that can easily transfer charges for catalytic reaction, such as
hydrogen evolution reaction (HER).[58] The comparable activity of MoS, edges with
noble metals in HER can be attributed to the low binding free energy of the intermediate,
where H atoms are bound to the active sites, giving rise to high activity (Figure 1.17(b)
and Figure 1.17(c)).[56] Although increasing the edge sites in MoS, seems to improve
the HER activity, the disordered structure would block the electron transport along the
collapse of 2D electron conjugation resulting in the poor overall electrical conductivity,
which limits the HER process.[55] Therefore, MoS, with a moderate degree of disorder
can provide both abundant active sites and high overall electrical conductivity, which
ensures superior HER performance (Figure 1.17(d)).

Since the metallic behavior of MoS; is the key for the HER performance, many
strategies have been developed to increase the number of active sites in MoS,. One is
increasing the exposure number of edges by the assistance of porous templates, such as
double-gyroid structure (Figure 1.18(a)) and the porous Ni foam (Figure 1.18(b)).[59,
60] Another method is preparing the edge-terminated MoS, vertically aligned on the
substrate (Figure 1.9(d)), followed by an intercalation process, as illustrated in Figure
1.18(c).[61] During the lithiation process, MoS, will transform from a semiconducting
2H phase to a metastable metallic 1T phase. The phase transformation will turn all the
bulk MoS; to metallic behavior rather than edges only, which further boosts the HER

activity due to the strains in the distorted 1T lattice help lower the reaction free energy.
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Figure 1.18 (a) Structural model for mesoporous MoS, with a double-gyroid (DG)
morphology; (b) Optical and SEM images of MoS, grown on graphene-protected Ni
foam; (c) Schematic of the edge-terminated MoS, lithiation process and galvanostatic
discharge curve with schematic of charge transfer and phase transition; (d) Illustration
of MoS; with strained S-vacancies on the basal plane that optimizes the thermodynamic

requirement for HER activity.

The other strategy is to tune the electronic structure of MoS, by both creating
plenty of S-vacancies on the basal plane and applying strains from the substrate, as
illustrated in Figure 1.18(d).[62] By proper control of the amount of S-vacancies and the
strain, the zero free energy for H atoms adsorption can be achieved, which is consistent

to the simulated expectation (Figure 1.17(c)), and thus optimizes the HER performance.
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Figure 1.19 Hot electrons of Au nanorods activate the electrocatalysis of hydrogen

evolution on MoS, nanosheets.

Traditional catalytic reaction, such as HER, requires charge transfer between active
material and reactants, so metallic MoS; is essential as a mediate to deliver electrons for
chemical reaction. On the other hand, MoS; is intrinsic a semiconductor with tunable
bandgaps in the visible range and has good photo-response. The direct bandgap
transition in monolayer MoS, makes it a potential photocatalyst. However, the
limitation of this application for monolayer MoS; is the thickness, which is too thin to
absorb enough light so as to generate enough electrons for catalytic reaction. To
compromise the light absorption, plasmonic effect is introduced by fabricating Au
nanorods and MoS, composites (Figure 1.19).[63] The increase of carrier density of
MoS; induced by the injection of hot electrons from Au nanorods (plasmon-excited hot
electrons injection mechanism) matches the energy level of HER leading to decrease the

overpotential.

1.4.4 Heterojunction device for memory

Heterostructure devices composed of MoS, and other 2D materials have shown
many extraordinary performances than an individual MoS, device because they provide

different electronic structures for tuning the synergistic device behaviors. For example,
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Figure 1.20 (a) Energy band diagrams and transfer curve of GBM heterostructured
memory devices; (b) Gate voltage dependent photocurrent induction and switching
operation of graphene-MoS; hybrid structure and schematic of charge exchange process;
(c) Solution-processed MoO,/MoS, memristors on a plastic foil and resistive switching

characteristics.

fabricating semiconducting MoS, with semi-metal graphene and insulating BN with the
floating gate configuration carries out a nonvolatile memory in atomic level (Figure
1.20(a)).[64] Hybrid graphene and MoS, can make a multifunctional photoresponsive
memory device (Figure 1.20(b)).[65] Softly oxidizing the surface MoS, to MoOy also
brings about significant resistive switching behaviors for the heterostructure (Figure
1.20(c)).[66] All these efforts suggest the modulation of charge trapping in MoS; and in

corresponding heterojunctions is crucial for flexible and transparent memory devices.
26

doi:10.6342/NTU201603487



1.5 Motivation

Although MoS,; has versatile applications, it has been demonstrated that we cannot
predict the contact properties of metal-MoS, by merely considering the work functions
and the Schottky theory.[67-69] Au/MoS, interface is still in debate on the Schottky or
ohmic behavior, and the formation mechanism of the contact is vague so far.[45, 69-72]
The elusive surface properties of MoS, may result in the limited device performance
and impede the development to compete with Si-based devices. This situation will
become more complicated when the layer number of MoS, reduces because the
electronic structure changes with the thickness.[13, 73, 74] The optical and the transport
properties through the interface will then be affected. Therefore, the puzzles left on the
surface or interface drive us to study the surface properties of MoS, especially when the
thickness reduces from bulk to few layers.

To fit the practical demand, CVD process is the most efficient way to produce
large-area MoS,, where MoO3; and Mo metal are two common precursors. Mo metal has
revealed its flexibility to grow either terrace-terminated or edge-terminated MoS; on the
SiO,/Si substrate.[26, 28] On the other hand, it seems difficult to grow MoS, of
different orientations from MoOj3 without the aid of a specifically oriented substrate.[75]
Although utilizing Mo metal as a precursor can perform alternative orientations
depending on the sulfurization conditions, the vertically aligned MoS; is generally
applied for catalysts.[28, 61, 76, 77]

It was reported that Mo is a suitable contact metal to MoS, with zero tunnel and
Schottky barrier under source/drain contact, as well as an ultra-low Schottky barrier (0.1
eV) at source/drain-channel junction due to strong Fermi level pinning.[67] Applying

metallic 1T-Mo0S, as a contact for 2H-MoS, can further reduce the contact resistance to
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~200 Q-um at zero gate bias.[78] Since the edges of MoS, have metallic properties, the
vertically aligned MoS; is probably able to bridge the Mo metal and in-plane MoS; to
achieve low contact resistance in electronic devices. However, control of sulfurization
kinetics is highly required to construct the sandwich configuration.

MoS,-based heterojunction devices have exhibited promising applications in
catalysis,[79] photovoltaic,[80] and nonvolatile memory.[64, 65] Selecting a proper
material that has similar structure with MoS; and tunable electronic properties in the
heterostructure brings about versatile material designs based on the applications.
Two-dimensional TMDs are general selections for MoS,. ZnO, on the other hand, is
also a hexagonal material as MoS;, but has three-dimensional lattice structure. The
lattice mismatch is estimated to be small between ZnO and MoS; (~2.8%). Both ZnO
and MoS; also have distinct photoresponse and have potentials in memory applications.
Combining these two materials as a heteostructure material may give rise to

extraordinary synergy effects.

1.6  Thesis layout

Chapter 2 introduces the procedures of sample preparation and device fabrication.
Several tools and techniques | used to characterize samples are also presented. Chapter
3 discusses the variations in surface properties of MoS, thin films with various film
thicknesses, which are observed from the XPS results. The growth conditions of MoS,
thin films on SiO,-Si substrate are optimized for the thickness and quality control.
Potential application based on our findings is also demonstrated.

Chapter 4 compares the sulfurization kinetics between MoO3z and Mo precursors

from both the thermodynamic and experimental points of view. The orientations of
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MoS, derived from different oxide to metal ratio are analyzed by Raman and XAS
techniques. ALD process is utilized for fabricating hybrid ZnO-MoS; vertically stacking
device. The interface issue is also pointed out at the end of this chapter.

Chapter 5 continues the study of the ZnO/MoS; heterojunction by measuring the
resistive switching behavior. Electrical measurements at various conditions are carried
out to understand the device performance and junction properties. The possible
mechanism for the carrier transport is also proposed.

In Chapter 6, Raman spectra of MoS, grown on various substrates are compared.
Electrostatic force and surface treatment by ozone are introduced to improve the
nucleation of ZnO on the MoS; surface in the ALD process. Finally, the conclusion of

this thesis is presented in Chapter 7.
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Chapter 2 Experimental and Analysis Techniques

In this chapter, we introduce the experimental overview of this thesis, including the

sample preparation on various substrates, properties characterization, and device

fabrication for HER and resistive switching.

Substrates for Mo$S, growth

[ (A) SiO,-Si ] [(B)Graphene paper(GP)] [ (C) Mo-glass

& A 4

Sample preparation [ Thermal evaporation of MoO;with thickness control ][ Surface oxidiation ]

v

[ CVD system for sulfurizationin H,S and Raman analyses ]

v

Surface properties

v

!

Sulfurization kinetic

\ 4

Characterization

Thickness: AFM, HRTEM
Binding energy: XPS
Conductivity: van der Pauw
Structure: XRD

Thickness: SEM
MoS,; orientation: Raman XAS

\ 4

Device fabrication &
Application

HER

2D-3D heterojunction
of dual oriented
MoS,/Zn0O

ALD-ZnO
-V measurement

A 4

[ Resistive switching ]

Figure 2.1 Schematic diagram illustrates the experimental procedure.
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2.1 Sample preparation and device fabrication

Different thicknesses of MoS; thin films on various substrates were prepared via a
two-step CVD process. First, a thin MoOg layer with controlled thickness was deposited
by thermal evaporation process as a precursor. Then MoS; thin films were obtained after

sulfurizing the precursor in a CVD system.

2.1.1 CVD process for sulfurization

Cold zone | | Hot zone

= »

\ —‘——,"

| - > - -l

RVYR
2om.5<- = W
45 2.5 5

1atm

(scecm)

> time
30 min

Figure 2.2 Schematic of the CVD system for sulfurization.

The CVD system utilized for sulfurization is illustrated as Figure 2.2. Initially, the
system was vacuumed to below 1 mtorr to remove oxygen species. The MoOs precursor
experienced a fast temperature ramp from room temperature to 1000°C when it was
transferred from the cold zone to the hot zone, and reacted with diluted H,S (H,S:H2:Ar
= 1:2:9) at 1 atm for 30 min to produce MoS,. After sulfurization, the reactant gases
were removed, and the sample was transferred to the cold zone and quenched down to

room temperature with air blowing outside the quartz tube.
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2.1.2 ALD process for ZnO growth

10s  20s

Temp. control

N, carier
H,O/N, &zpulge

0.1s10s:

& purge

DEZnINz N, carner N

Cycle 1 Cycle 2

M\ul S 1

Figure 2.3 Schematic of the home-made ALD system for ZnO growth,

To fabricate the hybrid vertical heterostructure of ZnO and MoS,, we adopt the
ALD process to directly grow ZnO on the top surface of MoS,. The system is illustrated
in Figure 2.3, and the growth parameters are listed in Table 2.1. Zn precursor of diethyl
zinc (DEZn, SAFC Hitech.) and H,O were alternatively fed into the 150°C reaction
zone with the N, carrier gas to produce ZnO. The working pressure was controlled at

few torr, and the growth rate was estimated as 2.75 A /cycle.

Table 2.1 Controlled parameters for ZnO growth in the ALD process.

Dose time Dose Purge time Purge
) pressure -~ pressure
(torr) (torr)
2.2 10 0.7

DeZn

H,0 40 10 1.8 20 0.7
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2.1.3 Device fabrication for resistive switching

(D H, reduction @ Pt protection layer (SP) (3 MoO0; deposition (TE)

» M » -

¥

(® Photolithography (® ZnO deposition (ALD) @ Sulfurization (CVD)

v_’rﬂl'{a*i'arﬂ'z(’f_ﬂ.;‘ﬁ. ; « g « ! MoS, //

¥

Lift off photoresist
& Polish out Pt protection layer

(D Pt top-electrode (SP)

Figure 2.4 Schematic illustration of the fabrication process for the Pt/ZnO/MoS,/Mo
heterojunction device, where SP refers to sputtering and TE refers to thermal

evaporation.

Mo-glass (MG, Junsun Tech.) of 1x1 cm in size was used for sulfurization, and the
thickness of the Mo metal on the glass is 1 um. After washing the MG sequentially by
acetone, isopropyl alcohol (IPA), and de-ionized water, the substrate was put into a
single zone CVD system, and annealed at 500°C for 1h in 10% H,/Ar with the ramping
rate of 30°C/min. A ~150 nm thick Pt layer was deposited on one side of the H,-treated
MG as a protection layer by sputtering. Thin MoO3 layer with thicknesses ranging from
3 to 10 nm was deposited on the rest uncovered Mo surface via thermal evaporation.
The MoOs/MG specimen was sulfurized at 500°C for 10 min by CVD process. A ZnO
of ~100 nm in thickness was directly grown on the MoS, via ALD and the deposition

rate of 2.75 A /cycle at 150°C. A photomask with the pad size of 100x100 pm (LxW)
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was fabricated on the ALD-ZnO surface by the conventional photolithography process.
Top Ti/Au electrode (30:100 nm in thickness) was deposited by e-beam evaporation
with the deposition rate of ~0.2 A /sec. Pt top electrode was deposited by sputtering as
previous conditions. After lifting off the photoresist and polishing away the Pt
protection layer from the Mo surface, the electrical properties of the devices were

measured. The whole process is illustrated in Figure 2.4.

2.2  Micro-Raman and micro-PL spectroscopy

Raman spectroscopy is the most powerful tool for analyzing 2D materials because
it is highly sensitive to the short range order of crystal structure, layer number, and
orientation of 2D materials, which can be revealed from the lattice vibration modes. PL
spectroscopy here can provide supporting information about the bandgap of MoS,,
which is related to the layer number. In our work, Raman and PL spectra were recorded
using a Jobin-Yvon LabRAM H800 with a 532 nm Nd:YAG laser as the excitation
source and the spot size was ~1 um (Figure 2.5). Spectra at several positions inside the

continuous films were collected to check the uniformity of the films.

\

Coup\vling : Coupling part

Monochromator

Microscope

Figure 2.5 Overview of Raman system.
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2.3 Interaction of x-ray with matter

X-ray is a sort of electromagnetic radiation with a wavelength smaller than UV
radiation, and can be sub-divided into soft x-ray (100 eV ~ 3 kev), which does not
penetrate air, and hard x-ray (above 3 keV). If an x-ray hits a solid material, the material
starts to emit electrons. This is essentially the photoelectric effect that transfers energy
from incident photons to excite electrons. This energy transfer process is not straight
forward and has many consecutive effects that bring about versatile spectroscopic
techniques (Figure 2.6 (a)). For example, when O-1s electrons in an oxide are collided
with x-ray photons, the final states of excited photoelectrons will then be determined by
the incident photon energy, as illustrated in Figure 2.6(b). If the energy is just sufficient
for electron transition to unoccupied states, we may observe an absorption process;
while if the energy is greater than the bound energy, photoelectrons will be ejected with

a kinetic energy.

a b -530 -0 -5 0 5 10 15 20

ANNANANNNNNS \/C\>/ No interaction " 1 .,//I | | R s I ER |

O

Q
R ° o Photoelectron % vacuum
o P > Q Py
W= Absorption - .

/\/\/\/\/\/\/\/\/\/‘S\)» a2 ] | Unoccupled states

<) 9 \ /\,‘\'\ "t K-characteristic x-ray
Nucleus& (L — K transition)
&% @ Q | \&w
N2 NN~ ;C;"{/\i\/\/\ 2 ¢
) % o E.=E . 1
\ i Rayloigh scattering i Occupied states |
d
o P
o »
\A\/\/L 3 )0 -~ Recoil electron 8
& W/ 60 )
Incident 2 Compton scattering
x-ray  with incident energy, E, . . —— . .
photons - Es<E -530 0 5 0 5 10 15 20
Core level Energy (eV)

Figure 2.6 (a) Photons interact with inner shell electrons of oxygen atoms; (b)
Schematic DOS of an oxide. The oxygen 1s electron at energy -530 eV is excited by an

X-ray.
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2.3.1 X-ray photoelectron spectroscopy (XPS)
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Figure 2.7 (a) Generalized energy-band diagram at an abrupt interface between a
semiconductor and vacuum, metal, insulator, or a different semiconductor; (b) Overview

of XPS system.

X-ray photoelectron spectroscopy (XPS) is a surface sensitive quantitative
spectroscopic technique that analyzes the elemental composition, chemical and
electronic states of the elements that exist within a material. According to the energy
conservation, the electron binding energy can be calculated from the following
equation:

EB :hV_EK_¢ (21)
where Eg is the electron binding energy of a core level, hv the is incident photon energy,
Ex = h?k?/2m is the kinetic energy of the escaped photoelectron that can be detected by

the spectrometer, and ¢ is the work function depending on both the spectrometer and
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the material. Photo-emitted electrons can undergo inelastic collisions, recombination,
exicitation of the sample, recapture of trapping in various excited states within the
material, all of which can reduce the number of escaping photoelectrons. Thus, the
signal measured by XPS is an exponentially surface-weighted signal, and this fact can
be used to estimate the surface band bending of a semiconductor, as illustrated in Figure
2.7(a).

In this work, the surface properties of MoS, thin films were characterized right
after the CVD process with high-resolution XPS (Thermo Scientific Theta Probe) using
Al K, radiation (1486.6 eV) (Figure 2.7(b)). The spot size we used to probe the sample
was fixed at ~400 um. All XPS peaks were corrected for inelastic scattering by initially
subtracting the Shirley background, followed by fitting the peaks with Voigt shape
peaks. The peak positions were adjusted carefully with respect to C-1s and Au-4f core
levels. The atomic sensitivity factors used in this work were 3.321 for Mo and 0.666 for
S, respectively. Each specimen was measured five different points to confirm the spectra
coherency. The deviation of measured binding energy (BE) between each point after
calibration was around 0.02~0.04 eV. The spectra of valence band edges were recorded

by fine scanning the energy range from -10 to 10 eV.

2.3.2 X-ray absorption spectroscopy (XAS)

The interaction of x-rays with matter is expressed by the Fermi-Golden Rule,
which states the transition probability between a system in its initial state and final state

by absorbing the incident photon with energy hv.[1]

]XAS“‘|(¢f|H|‘Di)|25(Ef —E;—hv) (2.2)
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The initial and final state wave functions are built from an electron part and photon part,
which can be regarded as core level and the empty state in the material, respectively.
The delta function takes care of the energy conservation, and a transition takes place if
the energy of the final state equals the energy of the initial state plus the x-ray energy.
X-ray absorption process can be described with the dipole transition, thus the interaction
Hamiltonian can be determined by the photon polarization and the electron position
(é-7).

When x-rays are absorbed by the photoelectric effect, the excited core-hole will
relax back to a “ground state” of the core atom. A higher level core electron drops into

the core hole, and a fluorescent x-ray or Auger electron is emitted (Figure 2.8(a)).
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Figure 2.8 (a) Schematic of fluorescence yield and Auger effect for data collection; (b)
Schematic of general experimental setup for XAS measurement; (c) Illustrations of

three regions of a XAS spectrum.
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XAS is a widely used technique for determining the local geometric and electronic
structure of matter. The experiment is usually performed with synchrotron radiation
sources, which provide intense and tunable x-ray beams for energy scan. The general
experimental setup is illustrated in Figure 2.8(b). The spectrum can be collected by
transmission, fluorescence mode, or electron yield depending on the sample conditions.
Transmission mode directly measures the signals after photons penetrate through the
sample. The attenuation of the photon intensity follows the Beer’s law. Fluorescence
mode measures the emitting x-ray energy which equals to the difference of the core
level. Electron yield records the electron energy that is promoted to the continuum from
another core-level. The radiative process of the fluorescence mode can provide more
bulk information of the material than the electron yield which is non-radiative and
surface sensitive.

A full XAS profile can be divided into three regions, pre-edge, near edge, and
extended region, as illustrated in Figure 2.8(c). Each region can provide different
information about the material. XANES is relatively sensitive to the electronic and
structure symmetry of the core atom. EXAFS is the outcome of the interference between
outgoing wave function from the core atom and backscattered wavelets from the

surrounding atoms, which can be expressed as follows:[2]
N 22 )
x(k)~ Z Wsj(k)lfj(k)e“’i e AK)sin[2kR; + 6;;(k)] (2.3)
j ]

where the scattering amplitude F(k) and phase shift (k) are photoelectron scattering
properties and depend on atomic number Z of the scattering atom, so the neighboring
atom can be determined. If we know F(k) and 8(k), we can also determine the distance

R to neighboring atom, coordination number N of neighboring atom, and mean-square
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disorder o* of neighbor distance.

In this work, Mo K-edge and S K-edge x-ray absorption spectra (XAS) of
CVD-grown MoS, were recorded respectively at the Beamline 01C and Beamline 16A
of the National Synchrotron Radiation Research Center (NSRRC) in Taiwan. The ring
energy of NSRRC was operated at 1.5 GeV with a typical current of 360 mA. The
spectra were taken in fluorescence mode with a constant incident angle of photons at

45° and a Lytle detector for collecting the signals.

2.4  Hydrogen Evolution Reaction (HER)

Hydrogen has the largest energy density that other fuels in the world (like methanol)

cannot compete with. When it reacts with oxygen, huge energy can be produced:[3]

2H,(g) + Oa(g) > 2H,0() (AH = -286 kd/mol) (2.4)

Obviously, the energy density of hydrogen is E = 286 kJ/mol x 0.5 mol/g = 143 kJ/g. In
a fuel cell, hydrogen acts as the anode and splits into protons and electrons under the
assistance of catalyst. Protons move from anode towards cathode through a conductive
electrolyte, and electrons go through external circuit and meet with protons and oxygen
in cathode. The voltage of this cell can be calculated by the Gibbs free energy, AG =
-237.1 kJ/mol, which gives the voltage applying the Nernst equation E = -AG/nF =
(237.1 kJ/mol)/(2 x 96485 C/mol) = 1.229 V. This voltage is reversible, which indicates
that 1.23 V is the lowest limit voltage we need to split water into hydrogen and oxygen.
However, the voltage is calculated thermodynamically. Kinetically, higher voltage is

needed depending on the electrode we use.
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For HER with acid electrolyte, hydrogen evolves from the reaction 2H + 2e -
H2(g). The rate of this reaction is determined by the current through the circuit. The
relationship between the current and the voltage we apply is known as the

current-overpotential equation:[4]

CO (O, t) e—anfn . CR(O' t) e(l_a)nfn]

=1 CS C; (2-5)

where Co and Cg represent the concentrations of participants, i, is the exchange
current, o is the asymmetry coefficient, f = F/RT, and n = E - E¢q is overpotential. When
the overpotential goes too negative, the left term in Eqg. (2.5) is much larger than the
right one, and the equation can be written as i = ie~*"". The current increases
exponentially with overpotential, which is named as Tafel behavior. From this behavior,
we can extract two important parameters, exchange current i, and Tafel slope 1/anf by
fitting the linear relationship between log(i) and #. These two parameters are the
criterions for the catalytic activity of catalyst. The best catalyst for HER should have the
largest exchange current and the smallest Tafel slope. So far, platinum is the champion
catalyst for HER which has the exchange current density of 4.5x10™* A/cm?, and the
Tafel slope as small as 30 mV/decade.

However, platinum is very scarce in the earth and extremely expensive.
Alternatively, MoS, has been estimated to have comparable performance with Pt for
HER. The whole process of HER can be divided into two steps: First, the protons from
the solution are attached onto the catalytic sites of the electrode. The electrons from the
electrode combine with the protons to form hydrogen atoms. Two hydrogen atoms
combine together to become a hydrogen molecule. Finally, the molecular hydrogen

desorbs from the electrode. One of the two steps may be the rate determine step. For Pt,
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the rate determine step is the desorption step because the Gibbs free energy is uphill,
while the rate determine step for MoS; is the absorption step. When the free energy
approaches to zero, the catalyst becomes very active due to the rate determine step is
also very fast.

In this work, the MoS, for electrochemical studies was grown on the 1 x 1.5 cm
graphene paper (GP, AzTrong) with thickness control. HER was carried out in the 0.1 M
HCIQ, solution by a three-electrode system with Ag/AgCl as the reference electrode and
a graphite rod as the counter electrode. Linear sweep voltammetry with scan rate of 2
mV/s, and AC impedance spectroscopy with 0.1 to 100k Hz and amplitude of 10 mV

were recorded by a Zahner Zennium workstation.

2.5 Resistive Switching Behavior

Resistance switching memory cells can be described as so-called memristors,
which have been predicted by Leon Chua as the fourth basic circuit element because of
the conceptional symmetry with the resistor, capacitor, and inductor, later extended to
memristive devices (Figure 2.9).[5, 6] He described a generailized flux as time integral
of voltage V(t) and relates this to the charge g as time intergral of current I(t). If the
resistance representing the ratio V/I depends on the charge q(t) passed through the

device, it becomes a memristance M(q(t)) according to

V(t) = M(q(®)/t (2.6)

In this case, the memresistance shows hysteretic behavior with can be exploited as

non-volatile resistance switching memory cell.
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Figure 2.9 (a) The four fundamental two-terminal circuit elements: resistor, capacitor,

inductor, and memristor; (b) MIM structure and general requirements of RRAM.

A non-volatile memory based on electrically switchable resistance has been named
as resistance (switching) random access memory (RRAM or ReRAM). A resistive
switching memory cell in a RRAM is generally built by a capacitor-like MIM structure,
composed of an insulating or resistive material (1) sandwiched between two electron
conductors (M). These MIM cells can be electrically switched between at least two
different resistance states, after an initial electroforming cycle which is usually required
to activate the switching property. To compete with the current commercial memories
and satisfy the future technological progress, a number of requirements for RRAM shall

be made, as illustrated in Figure 2.9(b).[7]

2.5.1 Working Principles

When applying an electric field to a resistive switching cell, there are two general

schemes to switch the device resistance, as illustrated in Figure 2.10(a).[7]
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Figure 2.10 (a) Two basic operation schemes of resistance switching memory cells. cc
denotes the compliance current; (b) Classification of the resistive switching effects
which are considered for non-volatile memory applications; (c) A series of in-situ TEM
images and the corresponding 1-V measurements illustrate the formation of conducting

filament in ZnO at SET process.

When the switching procedure is independent on the electrical polarity of the writing
voltage, the operation is called unipolar. During the switching process, the SET voltage
is always higher than the RESET voltage, and the RESET current is always higher than
the compliance current of the control circuit. The switching operation is called bipolar
when the SET to and ON-state occurs on one polarity of the voltage or current and the
RESET operation requires the opposite polarity. In some systems, no current

compliance is used. The MIM system needs to have some asymmetry, such as different
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electrode materials M, or a dedicated voltage polarity during the initial electroforming
step, in order to show bipolar switching behavior.

A large variety of physical phenomena can lead to non-volatile resistive switching
memory effect, as illustrated in Figure 2.10(b). The actual physical driving force of the
resistance switching, though electrically induced in all case, is quite different. Here, we
are more interesting in thermal, electrical, or ion-migration-induced switching
mechanisms because they are more related to our research. The ion-migration effects are
coupled to redox processes which cause the change in resistance. They are subdivided
into cation-migration cells, based on the electrochemical growth and dissolution of
metallic filaments, and anion-migration cells, typically realized with transition metal
oxides as the insulator, in which electronically conducting paths of sub-oxides are
formed and removed by local redox process.[8] Therefore, this resistance switching
mechanism involves not only electrical carrier transport, but also ionic migration that
varies local chemical composition. The most prominent characteristic in this mechanism
is the formation and rapture of the conducting filament during the switching process,
which has been directly observed in Pt/ZnO/Pt by the in-situ TEM technique (Figure

2.10(c)).[9]

2.5.2  Transport mechanism

An electrical bias generates two main effects in a switching material: an electric
field and Joule heating, which is given by high current densities (> 10° A/cm?). Electric
field and Joule heating generally coexist in all memristive switching, though their
relative importance varies depending on the device stacking, materials, electrical
operation history and so on. This leads to four main classes of switching commonly

observed in oxide-based switches, as shown in Figure 2.11(a) to Figure 2.11(d).[10]
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Figure 2.11 The driving forces, electrical characteristics, transport mechanisms of ions
and electrons for the switching of anion-based device. (a)-(d) Simplified schematics of
conduction channels (red) in switching matrix materials (blue) in four typical switching
devices, where both electric field and Joule heating drive the switching. The grey
arrows indicate the idealized ionic motion: (a) bipolar nonlinear switching, (b) bipolar
linear switching, (c) unipolar non-volatile switching, and (d) unipolar threshold
switching; (e)-(h) Schematic illustration of the factors that influence oxygen anion
motion for drift: (e) electric potential gradient, (f) electromigration (electron Kinetic
energy), (g) Fick’s diffusion (concentration gradient), and (h) thermophoresis
(temperature gradient); (i) Schematic of the possible electron transport paths in the
devices: (1) Schottky emission, (2) Fowler-Nordheim tunneling, (3) Direct tunneling, (4)
tunneling from cathode to traps, (5) emission from traps to the conduction band
(Frenkel-Poole emission), (6) tunneling from trap to conduction band, (7) trap-to-trap
hopping or tunneling, ranging from Mott hopping between localized states to metallic
conduction through extended states, and (8) tunneling from traps to anode. Ef, Fermi
level; Ey, valence band; Ec, conduction band; E,, Schottky barrier height; E;, trap

barrier height.
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In all cases there are four main driving forces that work independently or together to
influence atomic motion or rearrangement (Figure 2.11(e) to Figure 2.11(h)). Both
electric field and electron kinetic energy are polarity dependent and can cause bipolar
switching. Joule heating is more complicated and not fully understood yet. High
temperatures induced from Joule heating significantly enhance drift and diffusion, and
may also generate a high temperature gradient laterally. Drift and electromigration move
dopants vertically along conducting channel, while the temperature gradient might
contribute dopants diffusion in both vertical and lateral ways. The less polarity effect
from Joule heating may induce unipolar switching, which is less stable in retention than

the bipolar switching dominated by electric field.

2.5.3 Key challenges

The key challenges in a RRAM arise from the matrix material itself or the device
performance. To form a resistance switching system, both conductive and insulating
phases are required. Reliable switching requires these two phases do not react with each
other chemically or form a new phase, even at the high temperatures induced by Joule
heating, which is essentially unavoidable in the devices. This would require a simple
material system, whose phase diagram is like the illustration in Figure 2.12(a).[10]
Thermodynamically stable conductive and insulating phases with temperatures may
give rise to stable switching performance.

Device variability (or reproducibility) and integrated device design are the two
major obstacles that need to be overcome for RRAM development. Selecting a proper
material can lead to a stable channel-materix system and thus reduce the variations in
switching from cycle to cycle in a device. However, the variance from device to device

stems mainly from the random formation of conducting filaments and their various
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Figure 2.12 (a) Simplified schematic phase diagram of a metal-oxide (Me-O) system
with only two solid-state phases at low temperature; (b) Device performance
requirements for representative applications; (c) Schematic of devices and

corresponding comparison of memory and storage technologies.

structures in different devices. Engineering control probably is the solution to reduce
this variance. On the other hand, using a transistor as the select device at each
crosspoint in a crossbar array limits the footpoint of each cell and its 3D stacking
capability and would thus not realize the potential scalability of memristive devices.
New circuit and system designs may be required for solving this problem. Memristive

devices combining all the desired properties would be beneficial for many prospective
applications as illustrated in Figure 2.12(b).[10] Compared with other types of
memories, memristor has exhibited better or compatible performances (Figure
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2.12(c)).[10, 11] Once these drawbacks are overcome, it will soon replace all the other
commercial memories.

In our work, the resistive switching behavior of the Pt/ZnO/MoS,/Mo
heterojunction device is studied by doing the current-voltage (I-V) sweeping
measurement. Keithley 2400 is used as voltage source and current probe. All the
measurements are done at room temperature in air ambient. Temperature-dependent I-V

was also performed for MS5 device at the range of 80 K to 400 K.

2.6  Other characterizations

UV-—visible absorption spectrometry was adopted by using a JASCO 670
spectrometer. Atomic force microscopy (AFM) images with height profiles were carried
out by a Veeco Dimension-Icon system with the scan rate of 1 Hz and 1024 scanning
lines to examine the thickness of MoO3 precursors and the corresponding MoS; films.
To observe the surface topographies of MoS; thin films, the tapping-mode AFM images
were collected by a JPK NanoWizard Il. The conductivities of MoS, films were
calculated by van der Pauw method where Keithley 4200 was used to perform the 1-V
curves. High resolution cross-sectional image of grown MoS; thin film was performed
by the field emission transmission electron microscope (FETEM, JEOL JEM-2100) to
confirm the layer number of MoS,. The specimens for TEM were prepared by
focused-ion-beam (FIB) cutting with 50 nm BCP as a protection layer. TEM-EDX
mapping with Quantmap adjustment and x-ray diffraction (XRD, Bruker D8) patterns
were analyzed to identify the composition and structure of MoS; films. Top-view and
cross-section images of oxidized MG and sulfurized specimens were performed by the

field-emission scanning electron microscope (FESEM, JEOL 6700).
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Chapter 3  Thickness-Dependent Surface Properties

In this chapter, the surface properties of CVD-grown MoS; are studied. The defects
in MoS; seem to affect the surface properties intensively, especially when the thickness

of MoS; reduces, because the properties transit from bulk to surface dominant.

3.1 Preparation of MoS, from MoO;

3.1.1 Optimize the sulfurization conditions

A schematic illustration for the preparation of MoS; thin films with different
thicknesses is shown in Figure 3.1(a). In order to optimize the sulfurization conditions,
samples of 10 nm MoO;3 layer were annealed in 10% H,S/Ar mixture at various
temperatures and time. Figure 3.1(b) shows the Raman spectra of samples sulfurized at
temperatures ranging from 500°C to 1000°C. Two characteristic peaks at around 382
cm™ and 407 cm™ correspond to the Eyg" and Ay vibrational modes, respectively.
Obviously, the peak intensity enhances with annealing temperature; the peak width
reduces instead. This indicates the improvement of the crystal quality and the grain
growth of the MoS; particles at high temperature.

In addition, the peak ratio of A;q to Epg" decreases dramatically from 2.3 to 1.4
when the annealing temperature reaches 1000°C as shown in the inset figure of Figure
3.1(b). Asg and Ez;" modes result from the atom displacements that are orthogonal to
one another. The out-of-plane Ay mode illustrates the symmetric vibration of S atoms
along the c-axis, and the in-plane Ezgl mode illustrates the opposite vibration of two S
atoms with respect to the Mo atom.[1] Q. Li et al. suggested that the peak ratio of A4 to

Ezgl may provide an indication for the degree of structural coherence along the c-axis
58

doi:10.6342/NTU201603487



direction in MoS, nanomaterials.[2] They also observed that the morphology of MaS;

varied from agglomerated nanoparticles to ribbon-like flakes when the sulfurization

temperature was above 800°C. This implies that the decrease of the intensity ratio, in

our case, can be correlated to the morphology transformation due to the anisotropic

growth rate of MoS, grains and the atomic rearrangement, similar to Q. Li’s work,

which affects the atom displacements especially along the in-plane direction.
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Figure 3.1 (a) A schematic diagram demonstrates the two-step process to produce the

MoS; thin film with various thicknesses; (b) The Raman spectra of MoS; thin film

grown at various sulfurization temperatures; (c) The Raman spectra of MoS; thin film

grown at v

arious sulfurization time.
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The Raman frequencies of Aiq and Eggl peaks have been demonstrated to vary with
the layer number of MoS,.[3] In Figure 3.1(b), the frequency difference remains almost
the same at 23.5 cm™ as the temperature increases from 500°C to 750°C which
corresponds to 4-5 layers of MoS,. On the other hand, the frequency difference
increases to 25.7 cm™ at 1000°C which is beyond 6 layers of MoS,. The explicit
increase in frequency difference at high temperature could be attributed to the grain
growth of MoS, and the variation of the stacking orientation. This also implies the
morphology of MoS; will change as the annealing temperature increases.

Except for the Ay and Eg", we also found E;q mode at 285 cm™, and an unknown
peak at 226 cm™ at low temperature. It is worth to note that Eig is forbidden for
backscattering experiments on a basal plane,[4] which is just the major orientation that
MoS, grows at high temperature. The disappearance of these two peaks at high
temperature further indicates the morphology change and the improvement of the
structure inhomogeneity in our MoS, thin film. Therefore, we believe that 1000°C is a
suitable temperature for our following material preparation.

Figure 3.1(c) shows the Raman spectra of 10 nm MoOj; samples annealed at
1000°C for various time. When the annealing time increases from 5 to 30 min, both the
intensity ratio of Ay to Eay' and the peak width of Ex" decrease, and they tend to reach
a stable value after 30 min. On the other hand, the frequency difference between A4 and
Eaq' increases a little bit from 5 min to 15 min, but remains at 25.6 cm™ after 15 min.
These results demonstrate that prolonging the sulfurization time does not affect the
thickness of MoS;, much compared to the temperature effect, but it improves the crystal
quality and the stacking orientation. Based on the Raman results of MoS, prepared at
various temperature and time, we, thus, regard the best sulfurization condition as

1000°C for 30min.
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3.1.2 Quantum confinement effects

After finding the optimized conditions for sulfurization, MoS; of various film
thicknesses were prepared. For simplicity, MoS, samples are named as MS3, MS5,
MS10, and MS20 corresponding to the original oxide layer of 3, 5, 10, and 20 nm,
respectively. Figure 3.2 shows Raman spectra of the MoS, thin films prepared by
sulfurization of MoOj3 with various thicknesses at 1000°C for 30 min. Intense Eq' at
382 cm™ and Ay at 407 cm™ are observed. After normalization to the intensity of Si
signal, the peak intensities of Ay and Ezgl increase from MS3 to MS20, merely

reflecting the increase in the thickness of MoS,.
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Figure 3.2 Raman spectra of MoS;, with various film thicknesses. The inset figure
illustrates the frequency evolutions of Ay, and E,s' modes with deposited MoO;

thickness.
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The Raman frequencies of Aiq and Ezgl peaks have been demonstrated to vary with
the layer number of MoS, in the opposite way mainly due to the changes in the
interlayer coupling.[3, 5] The frequency differences between A4 and Eggl from MS3 to
MS10 are 23.5, 24.8, and 25.8 cm™, respectively, which correspond to around 3, 5, and
10 layers of MoS,.[3, 6] On the other hand, MS20 does not show obvious peak shift
compared to MS10, which indicates that MS10 has already possessed bulk properties of

MoS,. Thicker MoS; might show similar behaviors with MS10.
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Figure 3.3 AFM images and height profiles of MoOj3 thin films with various thicknesses:
(@ 3 nm, (b) 5 nm, (c) 10 nm, and (d) 20 nm. The oxide layer was deposited on the

Si0,-Si substrate with thickness control by the thermal evaporation.
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Figure 3.4 AFM images and height profiles of MoS; thin films with various thicknesses:

(a) MS3, (b) MS5, (c) MS10, and (d) MS20.

AFM images with height profiles were analyzed to confirm the film thickness
before and after the MoS, formation, as illustrated in Figure 3.3 and Figure 3.4. The
oxide thickness is as our expectation ranging from 3 to 20 nm and is homogeneous on
the SiO2-Si substrate. After sulfurization, the thickness of formed MoS2 reduces by
around 30% compared to its oxide precursor; specifically, the resultant film thickness is

2.3, 3.5, 6.9, and 14.1 nm for MS3, MS5, MS10, and MS20, respectively, corresponding

to around 3, 5, 10, and 20 layers of MoS,.
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Figure 3.5 (a) Absorption spectra of MoS, with various film thicknesses. The inset
figure illustrates the transformed tauc plot. (b) Photoluminescence spectra of MoS, thin

films with various thicknesses.

In order to estimate the band gaps of prepared MoS; thin films, the absorption

spectra were measured, as shown in Figure 3.5(a). The prominent A/B peaks (1.7 to 2.0
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eV) are the spin-orbit-split pair arising from the band edge exitonic transitions at the
Brillouin zone K point. The broad C/D peaks are interband transitions from the
occupied d;, orbital to unoccupied dxz, dy,, dxy, and dyo.y orbitals.[7, 8] As illustrated in
Figure 3.5(a), the A/B peaks show a slight blue shift from MS10 to MS3, which can be
attributed to the quantum confinement effect.[9] We estimated the optical band gap by
the tauc plot with the indirect allowed transition for the few-layered MoS,, as shown in
the inset of Figure 3.5(a). The increase of the optical band gaps from 1.57 eV to 1.66 eV
is apparent with the reduction of the film thickness from MS10 to MS3. PL spectra in
Figure 3.5(b) exhibit similar results as the absorption spectra but different behaviors.
Two distinct emission peaks are observed in MS3 and can be attributed to the direct
exitonic transition corresponding to A/B pair in absorption spectra. The emission
intensity dramatically diminishes and disappears in MS10, which is attributed to the
direct to indirect transition of the bandgap energy. For ultrathin MoS; layers where local
field effects are relative small, the Raman/Absorption and PL intensities show opposite
layer dependence. The intensity evolution in PL also indicates MS3 has higher

luminescence quantum efficiency than thicker MoS; films.[10]

3.1.3 Layer number, structure, and oxide-residual identification

To determine the layer number precisely, we performed the HRTEM and collected
the cross-sectional images of our MoS; films. Figure 3.6(a) illustrates the photographs
of the MoOj thin films with various thicknesses and the corresponding MoS, films after
sulfurization. Our two-step process has successfully achieved large-area and
homogeneous growth of MoS, film with good thickness control. Figure 3.6(b), 3.6(d),
and 3.6(f) illustrate the cross-sectional TEM images of FIB-cutting MS10, MS5 and

MS3 specimens, respectively, where it elucidates that our MoS, films are continuous
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and flat rather than discrete random-orientated particles. The corresponding HRTEM
images of higher magnification, Figure 3.6(c), 3.6(e), and 3.6(g), clearly show that the
layer number of MoS, for MS10, MS5, and MS3 is around 10, 5, and 3, respectively,

which is consistent with the AFM and Raman results.

10 nm 5nm 7 3 nm

Figure 3.6 a) Photographs of the as-deposited MoO3 films on 1 x 1.5 cm SiO,-Si
substrates, and the corresponding MoS; films after the oxides were sulfurized. The
oxide thickness was controlled as 3 to 10 nm. Cross-sectional HRTEM images of MoS,
films with thickness of (b), (c) MS10; (d), (e) MS5; and (f), (g) MS3.
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Figure 3.7 TEM-EDX mapping images of (a) MS10, (b) MS5, and (c) MS3. Red, green,
and blue colors refer to the Mo, S, and O elements, respectively. The EDX images were

adjusted by the Quantmap.

TEM-EDX mapping was performed to identify the existence of the oxygen
impurities, as illustrated in Figure 3.7. Obviously, the oxygen signals dramatically
decrease in the MoS, layers regardless the film thickness. This indicates the
sulfurization process can turn MoO3 into MoS, completely. The structures of our MoS;
films were analyzed by XRD, as shown in Figure 3.8. Compared with the standard
powder diffraction profile (ICDD:37-1492), our MoS, films exhibit strong (002)
diffraction peaks, implying a c-axis prefer orientation. The reduced intensity and peak
broadening in thinner films arise from the decrease in z-direction resolution in 6-20 scan

mode when the film thickness decreases. The XRD results have revealed that our MoS,
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Figure 3.8 XRD profiles of MS10, MS5, and MS3. Commercial MoS, powder is

utilized as a comparison. The standard patterns of MoS,, MoO,, and MoO; are also

shown as references.

is hexagonal symmetry with c-axis perpendicular to the substrate, which is consistent
with the observation in TEM images. Also, the XRD profiles only show (002) and
related high index diffraction peaks. No oxide signal, such as MoO, or MoQs, is found
in the XRD profiles, which further examines there is no oxide residual in our
CVD-grown MoS; thin films.
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3.2 Binding energy analyses

3.2.1 Core level spectra
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Figure 3.9 The XPS core-level spectra of (a) Mo-3d, (b) S-2p, (c) C-1s, (d) Si-2p, and

(e) O-1s, collected from MoS, with various film thicknesses

Table 3.1 The energy values of Mo-3d and S-2p core levels obtained from Figure 3.9.

All the values in the table are in the unit of eV

MoS, Mo ASO EgMe  AEMe S ASO P AEqS EqMe-Ei®  S/Mo
3dy, 3ds 2p1n 2psn
MS10 232.62 229.49 3.13 231.06 0.11 163.50  162.32 1.18 162.91 0.08 68.15 2.01
MSs5 232.74 229.59 3.15 231.17 163.58  162.40 1.18 162.99 68.18 2.02
0.09 0.08
MS3 232.83 229.68 3.15 231.26 163.66  162.48 1.18 163.07 68.19 1.98
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The surface chemical states of prepared MoS, thin films analyzed by XPS are
shown in Figure 3.9. The detailed results are listed in the Table 3.1. The MoS; exhibits
two characteristic peaks at around 229.6 and 232.7 eV, corresponding to the doublet Mo
3ds;, and 3ds,, for Mo**. There are one peak at around 226.7 eV and two peaks at around
162.4 and 163.6 eV assigned as S-2s, and the doublet S 2ps3, and 2pyp, respectively.
After adjusting the energy by the C-1s position, both Mo-3d and S-2p core levels are
found to shift ~0.2 eV toward high binding energy (BE) as the film thickness decreases.
Meanwhile Si-2p and O-1s core levels from the substrate remain in the same positions
and their peak intensities increase with reducing film thickness. On the other hand, the
binding energy does not show obvious shift for thicker MoS, film (MS20) in either
Mo-3d or S-2p compared to MS10, as shown in Figure 3.10. This indicates that the BE

shift may relate to the surface effect on MoS, rather than the bulk.

Vg
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Figure 3.10 XPS core-level spectra of Mo-3d and S-2p in MS10 and MS20.
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To clarify the correlations for the unique BE shift with the film thickness, we
discuss as follows. First, the BE shift may result from the variations .in the chemical
environment of the surface Mo and S atoms due to the improper control during the
synthesis. This indicates the oxidation states of Mo and S may change with the film
thickness. Originally they should be Mo*" and S* in an ideal MoS,. Since we prepared
the MoS, from MoOs, where it is Mo®, if part of the oxides is not fully sulfurized,
especially in the thicker film, mixed valances of Mo will be observed in the Mo-3d
core-level spectrum. However, TEM-EDX mapping (Figure 3.7) and XRD profiles
(Figure 3.8) indicate that there is no detectable oxide impurity in our MoS; thin films. If
the sulfur deficient sample is obtained, the zero valance Mo may appear (MoSx > MoS;
+ Mo), which will also contribute to the Mo-3d spectrum.[11, 12] During the
sulfurization, sulfur-rich phase MoS; could form as an intermediate state, which can be
considered as Mo'v(S%)(S,*) and reflects on the changes in S-2p core level.[13]
However, we do not observe the peak broadening, shape change, or shoulders in the
spectra because of the average oxidation state of Mo or S increases or decreases.
Therefore, we rule out the possibility that BE changes with valence states.

Second, the surface of MoS; could be charged positively when the photoelectrons
leave the sample surface. The accumulated positive charges at the sample surface will
trap the following photoelectrons leading to the increase in the measured BE. Although
the electron flood gun was employed to neutralize the surface charges, we still observe
the BE shift in Mo-3d and S-2p core-level spectra. As illustrated in Figure 3.5(a), the
band gap energy of MoS; increases when the film thickness reduces, which intuitively
implies the conductance of MoS; thin film decreases and results in surface charging.
Nevertheless, it was reported that the conductance of MoS; has little dependence with

the thickness.[14] On the contrary, the conductivity of MoS; increases as the film
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thickness decreases, which indicates that the surface of MoS, is more conductive than

the bulk. In our work, the thicknesses of three MoS, thin films are all less than 10 nm,

and get thinner from MS10 to MS3, which means the surface properties are dominant.

Figure 3.11 depicts the electrical measurements of our MoS; thin films with van der

Pauw configuration, where it shows all the MoS, films have the conductance in the

same order of magnitude regardless of the film thickness. However, the conductivity of

MS3 is more than 20 times higher than that of MS10, indicating that the surface is more

conductive than the bulk. Thus, surface charging shall not account for the BE shift,

especially for MS3 which exhibits the highest binding energy of Mo-3d and S-2p

among these three samples.
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Figure 3.11 I-V curves of MS3, MS5, and MS10 measured by van der Pauw

configuration. The device and the linearly fitting results are shown in the inset figures.

The conductivities of MoS, films were calculated and listed in the table, where G is

conductance, t is the film thickness obtained from AFM, and ¢ is conductivity.
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To further confirm the surface charging effect, we also prepared reference samples,
which are MoS; grown on the conducting substrate (graphene paper, GP) via the same
processes as those grown on the SiO,-Si substrates. As shown in Figure 3.12, the
Raman results demonstrate that MoS, thin films were successfully grown on the
conducting carbon material with similar qualities to MoS, grown on the SiO,-Si. The
XPS core-level spectra of MoS, grown on various substrates are illustrated in Figure
3.13. Comparatively, it is quite clear that the substrate will not influence the Mo-3d and
S-2p core levels significantly, whereas the change of film thickness induces the BE shift.

This result also suggests that there is no or negligible surface charging effect on our

MoS, thin film.

MS3/GP-2 A
MS3/GP-2

MS3/GP-1 ) L ) L

Si

Intensity (a.u.)
Intensity (a.u.)

MS$3/8i0,-Si

T Ll L] L)
1000 1500 2000 2500 3000 300 350 400 450 500 550
d Raman shift (cm™) Raman shift (cm™)

Figure 3.12 (a) The photo image of graphene paper (GP) and the MoS, grown on the
top of it; (b) Raman spectra of HOPG, GP, and GP with MoS; grown on the top of it.
The corresponding measured positions are illustrated in (a); (¢) Raman spectra of MoS,
grown on the GP and SiO,/Si substrates; (d) SEM images of bare graphene paper, 3 nm

MoOj3 deposited on the GP, and after sulfurization at 1000°C for 30 min.
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Figure 3.13 XPS core level spectra of (a) C-1s; (b) Mo-3d; (c) S-2p of MS10 and MS3

grown on SiO,-Si and graphene paper (GP), respectively.

Third, the composition deviation from the stoichiometry at the MoS, surface may
lead to the BE shift. It was demonstrated that the binding energy of Mo-3ds/, decreased
progressively as the x in MoSx decreased, while the binding energy of S was
independent of the MoSy stoichiometry.[12] Recent reports also elucidated that the
variations in the S/Mo ratio would reveal the n-type or p-type behavior of MoS,.[15]
Sulfur-deficient MoS2 (S/Mo < 2) generally has n-type feature because the local formed
sulfur vacancies act as electron donors, shifting the Fermi level toward the conduction
band minimum (CBM). On the contrary, sulfur-rich or Mo-deficient (S/Mo > 2) will
lead to the p-type feature, causing the Fermi level to move away from the CBM.
Intentional surface treatment to turn the S/Mo ratio was also discovered to change the

threshold voltage of MoS; field-effect transistors.[16] Since the BE detects the energy
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differences from core levels referenced to the Fermi level of the system, the variations
in the Fermi level will influence the measured BE. However, it is noted that it seems no
strong correlation between the film thickness and MoS; stoichiometry. In our work, both
Mo-3d and S-2p core levels vary monotonically with film thickness, and the calculated
S/Mo ratios are all closed to 2, as listed in Table 3.1. Thus, the deviations in
composition shall not be blamed for the BE shift in our case.

Except for the chemical composition, the extrinsic doping may be another way to
vary the Fermi level in two-dimensional materials. For example, impurities, like Na, at
the MoS,/SiO, interface will generate a defect-induced shallow donor level right below
the Fermi level, resulting in n-type doping to the MoS, conduction band.[17] It has also
been proposed that impurities in natural MoS,, whose concentration is less than the
detection limit of XPS, can have significant impacts on its electronic properties.[18]
However, we prepared each MoS; film via the same CVD process, which is much
different from the natural environment. The concentration and composition of impurities
shall be similar in our MoS; films, and their effects on the material properties could be
independent with the film thickness. When we changed the substrate from SiO,-Si to
graphene paper (GP), we still observed BE shifts with MoS; thickness (Figure 3.13).
Thus, the impurity effects on the BE may not be the suitable answer in our case.

Moreover, recent study illustrated that the physically adsorbed O,/H,0O at the MoS,
surface reduces the Fermi level due to its hole-doping characteristic.[19] The competing
screening effect between the surface- and the substrate-O,/H,O molecules was claimed
for the work function variations with the MoS; thickness. However, it is not the scenario
for the BE shift in our case. The characteristic peak of O-1s in Figure 3.9(e) is located at
around 533.1 eV, corresponding to the SiO, from the substrate. Its intensity decreases

with increasing the MoS; thickness, and becomes invisible for the MS10, which implies
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the oxygen signal in our case mainly originates from the substrate rather than the

adsorbed O,/H,0.

3.2.2 Valence band spectra

The other possible reason for the BE shift is the variations in the measured valance
band position and/or the core levels at the MoS; surface corresponding to the surface
band bending (SBB). As shown in Table 3.1, both Mo-3d and S-2p core levels
downshift as the film thickness increases, and the energy differences between Mo-3d
and S-2p (Ec . M°-E¢,®) are comparable, which imply that SBB would occur in our MoS,
thin films. Addou et al. has proposed the concept of SBB on natural MoS,, which was
attributed to the influences of surface defects.[18] Mahatha et al. was also reported that
the metallic edge steps and negative-charged dislocations would generate the electric
field gradient on the MoS; surface, leading to the inhomogeneous SBB so as localized
Fermi level pinning (FLP) which caused the BE shift in XPS.[20] Figure 3.14(a) to
3.14(c) are AFM images, where they exhibit the surface topographies of MoS; thin
films. Within the 2 x 2 um, the MoS, thin films prepared from the thermal-evaporated
MoOj3 on the SiO,-Si substrate show polycrystalline features with the grain size of ~100
nm. The high density of edges and grain boundaries (GBs) also reflects on the Raman
results shown in Figure 3.2, where it demonstrates that the intensity of Ezgl is lower than
that of A;g. However, the edge densities among these three samples are so similar that
the impacts on the BE shift may be ignored.

To further clarify the effect of SBB, the valance band spectra of MoS; thin films
were collected by fine scanning near the Fermi level of the system, where the binding
energy is 0. Figure 3.14(d) illustrates the valance band spectra of MoS; thin films and

the details are listed in Table 3.2. The valance band maximum (VBM) of MoS; can be
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Figure 3.14 AFM topographies of (a) MS3, (b) MS5, and (c) MS10; (d) Valance band

spectra of various MoS; film thicknesses; (e) Calculated band offsets in our MoS; films

from (d) and Figure 3.5(a); (f) Schematic diagram for the band structures of MS3 and

MS10.

Table 3.2 The valance band edges of various MoS; thicknesses obtained from Figure

3.14(d). All the values in the table are in the unit of eV.

MoS, Ey!  Ey? AED AEy!  AEy?  EM-Ey? EoSE?  Eg
defect Mo-4d  Ey2Ey!
MS10 065 131 0.66 012 013 22975 161.60 1.57
MS5 0.77 1.44 0.67 229.73 161.55 1.62
0.12 0.11
MS3 0.89 1.55 0.68 229.71 161.52 1.66
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regarded as the density-of-state (DOS) of Mo-4d, which locates at 1.55 eV relative to
the Fermi level for MS3 and decreases the relative energy to 1.31 eV for MS10.
According to the optical band gap estimated in Figure 3.5(a), it illustrates that our MoS;
is n-type. It has been reported that the VBM of MoS; at the I point downshifts with
respect to the local maximum at the K point as the layer number decreases.[10]
However, based on the direct measurement of VBM by angle-resolved photoemission
spectroscopy (ARPES), we can regard it as almost no variations in VBM when the
MoS, is more than 3 layers.[21] The energy differences among the three samples at
valence band edges are almost the same to those at core levels, indicating that the SBB
does occur in our MoS;. It is worth to note that there is a small band tail in front of the
valance band edge, which could be regarded as a defect-induced gap states. Zhou et al.’s
calculation proposed that the sulfur vacancies would create a shallow occupied defect
level right adjacent to the VBM, and two deep unoccupied defect levels below the CBM
in n-type MoS,.[22] Thus, the small defect band that we observed in Figure 3.14(d) may
be originated from the local sulfur vacancies due to the high edge densities and GBs in
our MoS; thin films.

Since the defect bands are attributed to the sulfur vacancies, these positively
charged defects may form donor-like (or metallic-like) surface states that contribute
additional free electrons to the MoS; surface and generate an electric field pointing from
the surface to the bulk.[15] The electrical potential formed near the surface will then
bend the bands downward. Figure 3.14(e) illustrates the band offsets of MoS; films with
various thicknesses, which clearly shows the consequence of band bending when the
film thickness reduces. Although the BE refers to the energy difference between core
levels and Fermi level at the MoS, surface, it is an average outcome of the detected

volume in the real case rather than a single measured plane. Therefore, we obtain larger
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BE in thinner MoS; than the thicker one due to the bending down feature. The SBB we
proposed also implies that thinner MoS, possesses higher conductivity because higher
electron density at the surface leads to CBM close to Fermi level, which is consistent
with our electrical measurement results (Figure 3.11). Other two-dimensional materials
were also found to have such thickness-dependent variations in conductivity and might
be explained by the SBB effect. Besides, MoS, has been demonstrated as a good
piezoelectric material.[23-25] The electric field applied from the S site to the Mo site
will stretch the Mo-2S dipole, creating tensile stress along the field direction and
compressive stress at the orthogonal direction. Therefore, the built-in surface potential
in our MoS; thin film could induce the piezoelectric effect to elongate its lattice
constant in c-axis and reduce in a/b, corresponding to increasing Ezgl and decreasing
Aig in Raman. Similar phenomenon has been discovered on GaN nanorods.[26] This
effect is proportional to the field strength; i.e., the thinner MoS,, the lattice alters more.
The frequency evolutions of E,4" and Aq with MoS; thickness in Figure 3.2 also reflect
on the changes of lattice constants due to the piezoelectric effect in a certain extent.
Although SBB seems to match our observation, the variations of defect densities in
our MoS; films may not be ignored, which would shift Fermi level as well. As shown in
Figure 3.14(d), the DOS of defect bands slightly increases from MS3 to MS10, which
implies that defects in the bulk may also contribute to the defect band near the VBM.
The thicker MoS; films probably have higher defect number in between MoS; layers,
such as the point defect of interstitial or the line defect of dislocation. Those bulk
defects would form localized trap states in the band gap of MoS,, and part of them
locate near the VBM.[27, 28] Thus, the higher DOS of defect bands in MS10 might
result from the formation of additional acceptor-like defect states in the bulk, as shown

in the Figure 3.14(f). The bulk defects would capture free electrons leading to lower
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Fermi level.

However, sulfur vacancy is the main defect in MoS;, due to its low formation
energy so that it is expected to have the greatest impacts on the Fermi level compared to
other structural defects.[22, 27] Addition to the defects, strain in our MoS; films,
originated either from the substrate or the thermal treatment in CVD process, is also
possible to alter the band structure leading to the BE shift. The largest direct band gap
shift can be estimated to 300 meV per 1% biaxial compressive strain in a tri-layer
MoS,.[29] However, it is difficult to make such high strain difference among our MoS;
films without bending the substrate. Part of the strain could also be relaxed by the GBs
in our polycrystalline MoS, films. Thus, the effect of strain-induced band structure
variations shall be limited in our case. Based on previous discussion, though slight
quality variation can be observed among our MoS; films, which would affect the Fermi
level so as the BE, surface states is still the dominant effect on the BE shift. In addition,
the proposition of the donor-like surface states in the CVD-grown MoS; films could

also explain the downward SBB observed in Figure 3.14(e).

3.3 Fermi level tuning

3.3.1 Au deposition

A thin layer of Au (~1 nm) was deposited by utilizing the e-beam evaporator under
high vacuum to see how the BE varied at the MoS2 surface with a metal contact. Figure
3.15(a) to 3.15(c) illustrate the core-level spectra of Au-deposited MoS,, where Mo-3d
and S-2p core levels down shift after the Au deposition, while Au-4f shifts oppositely
toward higher energy, implying the charge transfer between Au and MoS,. The valance

band spectrum of Au/MoS; shows three distinct edges, as labeled in (1), (11), and (111) in
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Figure 3.15(d). Compared to bare MoS; and pure Au, the energy positions of (I) and (111)
are right consistent with the band edges of Au, while (Il) is the contribution of Mo-4d
with the energy position shifting ~0.3 eV toward the Fermi level. This indicates that the
high work function metal (¢,, = 5.1 eV) serves as a p-type material and attracts
electrons from the n-type MoS, surface when they contact each other.[30] After
reaching the thermal equilibrium, the accumulated electrons at the MoS, surface will be

reduced so as the Fermi level position, leading to BE downshift.
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Figure 3.15 XPS core-level spectra of (a) Mo-3d, (b) S-2p, and (c) Au-4f of MS5 before
and after Au deposition; (d) Valance band spectra of bare MS5, Au-deposited MS5, and

pure Au; () Raman spectra of MS5 before and after Au deposition.
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It is worth to note that Mcdonnell et al. have shown if there is no chemical reaction
occurring at the metal/MoS; interface, the BE will not shift.[15] In Figure 3.15(a) and
3.15(b), the core-level spectra exhibit no chemical reaction or surface damage at the
AU/MoS; interface, indicating the BE shift after Au deposition in our case shall result
from other factors. The metallic behavior of MoS, has been discovered at the
Mo-terminated edges (sulfur-deficient sites) or two different types of 60° GBs
consisting of distinct 4-fold ring chains.[22, 31] These defects have been shown to
transfer charges easily, leading to good catalytic performance.[22, 32] The Schottky
barrier at MoS; and Au interface is also discovered lower than expectation because the
metallic-like surface defects on MoS,.[15] Since our MoS, thin films exhibit
polycrystalline characteristics with many edges and GBs, they may provide free charges
at the interface to realign the Fermi level after contact with metal and shift the BE.
Furthermore, it has been reported that p-doped MoS, gives rise to the increase of
relative intensity and frequency difference between A4 and Eggl modes.[30] The Raman
spectra of MoS; before and after Au deposited were compared in Figure 3.15(e). After
normalized the peak intensity of Eaq', the A;qg mode of Au-deposited MoS, shows higher
intensity and blue-shift to higher frequency than bare MoS;, which also illustrates the

hole-doping characteristics of Au on our MoS; films.

3.3.2 HER application

Since our previous results show that Fermi level in our MoS, monotonically
changes with film thickness and the polycrystalline feature may facilitate the charge
transfer at the surface, we try to demonstrate its catalytic behavior by hydrogen
evolution reaction (HER). Figure 3.16(a) shows the linear sweep voltammetry (LSV)

curves of our MoS; grown on the GP. It is obvious that the onset potential dramatically
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Figure 3.16 (a) LSV curves for the GP substrate and MoS,/GP with various MoS;
thicknesses; (b) Schematic diagram of potential energy surface vs. reaction coordination
for HER; (c) Schematic diagram of the equivalent circuit in our electrochemical system
for HER; (d) Corresponding Bode plot for HER at -10 mA/cm? obtained by the

impedance measurement from 0.1 to 100k Hz with amplitude of 10 mV.

downshifts when there is MoS; on the GP surface, and further decreases when the MoS,
thickness reduces. The corresponding potential at -10 mA/cm?® decreases 140 mV
between GP and MS10, and 70 mV between MS10 and MS3, respectively. The onset
potential here represents the potential that is required to drive HER, which is related to
the Fermi level of our MoS, film and the chemical potential of HER. As a result of the
identical electrolyte we used for each specimen, the lower onset potential indicates
lower reaction barrier required to be overcome for HER, as shown in Figure 3.16(b).
The evolution of the onset potential with the MoS, film thickness in Figure 3.16(a)
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implies that MS3 has the highest ground state in the potential energy surface for HER,

i.e. the highest Fermi level near the CBM, which is consistent with the trends we

observed in the XPS.
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Figure 3.17 Raman spectra of (a) MS3 and (b) MS10 before and after HER.

To further illustrate the charge transfer between our MoS; films and the reactants

(protons) in the electrolyte, the impedance measurements of the electrochemical system

were carried out. Figure 3.16(c) shows the equivalent circuit in our electrochemical

system, where Rs is the resistance including the electrode resistance and the electrolyte

resistance, Cq is the double layer capacitance near the MoS, surface, Rcr is the charge

transfer resistance between our MoS; and reactants in the electrolyte, and Zy is the

Warburg impedance related to the mass transfer of the protons from the electrolyte to
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the MoS; surface. Rct can be extracted from the Bode plot because it is independent of
applied frequencies. Figure 3.16(d) shows the Bode plot for bare GP and MoS,/GP
specimens at -10 mA/cm?. After subtracting the effect from Rs, Rer decreases
monotonically from MS10 to MS3, indicating the charge transfer from MoS, surface to
the protons becomes faster and more efficient when the MoS, thickness reduces. This
result is consistent with our electrical measurement, which exhibits higher conductivity
for thinner MoS,. Moreover, comparing the Raman spectra of MoS, films before and
after HER for more than 100 cycles (Figure 3.17), it is interesting to note that the
profiles clearly overlap for either thin (MS3) or thick (MS10) MoS; indicating the high

chemical stability of our MoS; under a catalytic reaction.

3.4 Summary

We prepared MoS; thin films on SiO,-Si with thickness ranging from 3 to 10
layers via CVD process, and observed the BE of Mo-3d and S-2p monotonically
downshift ~0.2 eV with an increase in film thickness by XPS analyses. Defect-induced
Fermi level variation is suggested to explain the thickness-dependent behaviors.
Polycrystalline features shown in the AFM images and the defect bands appeared
adjacent to the VBM of MoS, which indicates the sulfur vacancies exist in our MoS,
thin films. A downward band bending is proposed based on the defect-induced surface
states to explain the BE shift with MoS, thickness. Meanwhile, the bulk defects
appearing in the thicker MoS, may form acceptor-like trap states in the band gaps,
giving rise to lower Fermi level. The thickness-dependent Fermi level variation can also
be applied on other two-dimensional materials where the conductivity increases with a

decrease in film thickness. The electrical field generated at the MoS, surface might
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trigger the piezoelectric effect to alter the lattice constants, which is consistent to our
frequency evolutions of Ezgl and A, in Raman. Depositing Au on the MoS; 1s found to
reduce the BE ~0.3 eV because of its hole-doping characteristics, which implies the
Fermi level can be tuned by the surface treatment. The Fermi level in the MoS,; films
affects the interfacial transport properties in MoS,-related applications. We have also
demonstrated here that the onset potential for HER evolves with MoS, film thickness,
which is related to the Fermi level variation in our MoS, films. The lower charge
transfer resistance in thinner MoS, 1is also an indirect support for the
thickness-dependent conductivity and SBB effect. The tunable Fermi level and the high
chemical stability make MoS, a potential material for catalytic reactions. We believe
our discoveries will also stimulate novel concepts in designing new catalyst systems and

flexible electronic devices based on the two-dimensional materials.
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Chapter 4 Modulation of Sulfurization Kinetics for

Orientation Control

In this chapter, the sulfurization kinetics in two general MoS, precursors is
compared. Different sulfurization mechanisms are discussed which make the orientation
control in MoS; become possible. An electronic device based on dual-oriented MoS; is

also demonstrated.

4.1 Sulfurization rates of Mo metal and MoO3 in H,S

4.1.1 Thermodynamic information

In this work, we used H,S gas as the sulfur source. The sulfurization reactions for

Mo metal and MoO5 can be written as follows:

2H (4.1)

Moy +2H,S ) > MoS, + 2H,

MOO3(S) + 3HZS(g) > MOSZ(S) + 3H20(g) + 1/282(g) (4.2)

To compare the sulfurization rates of Mo metal and MoOs, we first analyzed the
thermodynamic information for the sulfurization reactions. Table 4.1 shows the standard
Gibbs free energies of formation for the reactants and products in Eg. (4.1) and Eq.
(4.2).[1] The Gibbs free energies of Eq. (4.1) and Eq. (4.2) at 800K were then calculated
as -150.82 kJ/mol and -178.545 kJ/mol, corresponding to the equilibrium constants of

7.05x10° for Eq. (4.1) and 4.55x10™ for Eq. (4.2), respectively. Both reactions exhibit
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negative free energy of reaction, indicating the reactions occur spontaneously at 800K.

The equilibrium constant for Eq. (4.2) is two orders of magnitude higher than that of Eq.

(4.1), implying that MoO3 is more easily sulfurized than Mo under H,S atmosphere at

800K.

Table 4.1 Standard Gibbs free energy of formation for reactants and product compounds

in the sulfurization reaction. Free energy of sulfurization reactions at 800K and 1300K

are also calculated. The energy values in this table are collected from ref. [1]

Compound AG; (KJ/mol)*

300k 800k 1300k

MoO, (s) -531.7 -440.5 -354.1

MoO; (s) -667.6 -542.1 -423.7

MoS, (s) -267.1 -242.2 -161.8

H,0 (g) -228.5 -203.5 -175.8

H.S (g) 341 -45.69 -26.18

S, (2) 79.38 10.03 0

S, (g) 91.04 23.6 72.42

Se (2) 534 532 128.6

Ss(2) 48.26 3.368 185.1
(4.1) Mo + 2H,S = MoS, + 2H, -150.82 -109.44
(4.2) MoO; + 3H,S = MoS, + 3H,0 + 1/2S, -178.545 -186.96

(4.4) 4S, 2 S; -36.752 185.1
(4.5) H, +1/2S, 2 H,S -50.705 -26.18
(4.6) MoO; + 2H,S + H, 2 MoS, + 3H,0 -219.22 -213.14
(4.7) MoO; + H, 2 MoO, + H,0O -101.9 -106.2
(4.8) MoO, + 2H,S = MoS, + 2H,0 -117.32 -106.94
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4.1.2 Comparison of sulfurization rates

0 4 e © ] by L s A ]
p ' .".‘ "‘-. 4 J ,\\

Figure 4.1 Photographs, top-view and cross-section SEM images of Mo-glass oxidized
at 500°C for various time in O,/N, mixture. (a) pristine Mo-glass (MG), (b)
MOG-15min, (¢) MOG-30min, (d) MOG-1h, (¢) MOG-2h. Corresponding photos and
SEM images of specimens after sulfurization at 500°C for 2h in H,S. (f) MG-S, (g)

MSG-15min, (h) MSG-30min, (i) MSG-1h, (j) MSG-2h.
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To further confirm the difference of sulfurization rates between MoO3; and Mo, we
oxidized the Mo-glass (MG) in O,/N, mixture (1:4) at 500°C for various time to obtain
films of different oxide to metal ratios. Figure 4.1(a) to 4.1(e) illustrate the photographs
of MGs oxidized for 0~2h. The corresponding top-view and cross-section SEM images
are also shown underneath the photos. The significant changes of the film color indicate
various thicknesses of oxide layer formed, which interfere the reflection lights from the
surface of the oxide layer and the oxide/Mo interface. When elongating the oxidation
time, from the top-view images, the uniform grainy Mo particles gradually turn into
large and dense oxides.

The thickness of the oxide layer is almost undetectable for 15 min oxidation, but is
~200 nm for 30 min oxidation. It is interesting that the cross-section image shows
tri-layer structure for 1h oxidation (Figure 4.1(d)): top is the micro-grain oxide,
nano-grain oxide is in the middle, and the bottom remains the Mo metal. It seems that
the top oxide hinders the oxygen diffusion to the bottom, leading to the size gradient in
the oxide layers. Moreover, the residual Mo metal is ~500 nm, but the total film
thickness expands significantly to ~1.5 um. This refers that ~500 nm of top Mo metal is
responsible for the ~1 um oxide layer. Figure 4.1(e) shows that the oxide is layered
structure, and the thickness expands to ~3 um with negligible residual Mo metal. Figure
4.2 is Raman spectra of oxidized MG for various oxidation time at 500°C. It exhibits
that the oxide formed on the Mo surface is MoOgs rather than MoO,. The enhancement
of peak intensity with oxidation time indicates the oxide thickness increases.

The pristine MG and oxidized MGs were all sulfurized at 500°C (773K) for 2h in
10% H,S/Ar to produce MoS,. To simplify the descriptions to the specimens, the
oxidized MG is named as MOG-t, and sulfurized specimen is named as MSG-t, where t

is oxidation time. Figure 4.1(f) to 4.1(j) are photos and SEM images of sulfurized
93

doi:10.6342/NTU201603487



Oxidation time

MOG-2h

MOG-1h
’;; — MOG-30min
S — MOG-15min
2>
K7
c
g
k=

AL A
MoO3
200 400 600 800 1000

Raman Shift (cm™)

Figure 4.2 Raman spectra of Mo-glass oxidized at 500°C for various time in O./N;

mixture.

specimens corresponding to Figure 4.1(a) to 4.1(e). The film colors of sulfurized
specimens further change and also have evolution with MoS; thickness. The whole film
of MSG-2h (Figure 4.1(f)) peeled off from the bottom glass substrate, which may be
attributed to the weak interaction between MoS, and glass, and different thermal
expansions between them.[2] The top-view images of the sulfurized specimens show
surprisingly similar surface morphology and particle size to those corresponding
un-sulfurized specimens. The cross-section image in Figure 4.1(f) clearly shows that top
Mo metal has been sulfurized, and the thickness of MoS, is ~100 nm. With increasing
the MoOs/Mo ratio, the thickness of obtained MoS; increases. From the edge image in
Figure 4.1(j), the MoS; film shows polycrystalline features with the grain size in

nanometer scale.
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There are several interesting findings in Figure 4.1. First, after the oxidation of Mo
metal, the thickness of the oxide layer is more than two times of the consumed Mo. The
volume expansion is reasonable because Mo is body-centered cubic (bcc) structure with
lattice constant of 3.147 A, while MoOs is orthorhombic structure with much larger unit
cell (a=3.962 A, b=13858A, c=23.697 A), where Mo is octahedral coordinated
surrounding by six oxygen atoms. Second, after sulfurized at 500°C for 2h, the surface
morphology of MoS, seems to follow the shape of oxide, but the grain size is still
within nanometer scale. This indicates that the roughness of the MoS, film could be
controlled by modulating the surface morphology of the oxide precursor. Third,
compared Figure 4.1(f) and Figure 4.1(j), it reveals that MoO3z has much higher
sulfurization rate than Mo metal, which is consistent to the thermodynamic expectation.
From the cross-section image in Figure 4.1(f), MoS; derived from the Mo metal is ~100
nm. Considering the volume expansion, the consumed Mo shall be less than 50 nm in
thickness. On the other hand, in Figure 4.1(j), the oxide layer (~3 um) transforms into
MoS, completely, indicating the sulfurization rate of MoOj is at least 60 times higher

than that of Mo metal.

4.1.3 Sulfurization mechanism

It is worth to note that MoOj is the most stable compound compared to MoS, and
Mo metal according to the Gibbs free energies in Table 4.1 (MoO3; < MoS; < Mo).
However, the free energy of sulfurization in H,S for MoOs is smaller than that for Mo
metal. To understand the physical meanings behind the energy difference, we first
consider the molecular/atomic interactions in MoO3z and Mo metal. Compared the
melting points of MoOs (795°C) and Mo (2623°C), the latter is significantly higher than

the former, implying that the interactions among Mo atoms are much stronger than that
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among MoOsz molecules. At the sulfurization temperature (500°C), the molecular
interactions in MoO3; may be reduced especially between the van der Waal connected
layers because it is close to the melting point of MoOj3, whereas Mo metal may not be
affected as much as MoO3. Moreover, Weber et al. has proposed that in the beginning of
sulfurization, H,S is favor to protonate the terminal -Mo=0; groups that weakens the
Mo-O and S-H bonds, and facilitates the subsequent substitution of sulfur for oxygen to
form the MoOS,; oxysulfide as the intermediate product.[3] For Mo metal, H,S will
directly react with the surface Mo and release the hydrogen to form Mo-S during the
sulfurization. The adsorption of sulfur atoms seems no preference to the Mo atoms
because the difference in the electronegativity between Mo (2.16) and S (2.58) is small.
This implies the activation energy for Eq. (4.2) is smaller than Eq. (4.1), leading to
faster sulfurization. It also gives us a hint that if the kinetic parameters of sulfurization
can be well-controlled, it is possible to directly grow MoS; on Mo surface from a thin

layer of MoO3 without sacrificing the Mo metal.

4.2  Orientation evolution of MoS,

4.2.1 Raman analyses

Figure 4.3 shows Raman spectra of sulfurized specimens. Three distinct
characteristic peaks are observed at ~408.6 cm™, ~383.2 cm™, and ~285.5 cm™,
representing A, Eggl, and Eiq4 vibration modes of MoS,, respectively.[4] Aiq and Eigq
refer to the symmetric vibration of sulfur atoms along the c-axis and basal plane of
MoS,, respectively. Eggl involves both Mo and sulfur atoms vibrating oppositely along
the basal plane. It is noticed that after normalized the Ezgl peaks, the peak intensities of

Aqq to E1q dramatically decrease with increasing the oxidation time, i.e. MoOs/Mo ratio
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Figure 4.3 Raman spectra of oxidized Mo-glass after sulfurization at 500°C for 2h in

H,S. MSG-t, t denotes various oxidation time before sulfurization.

before sulfurization. The intensity ratio of Ay to E,y' can be estimated from
approximate 3.5 decreasing to 2.3 when the oxidation time increases from 0 to 2h.
During the sulfurization, except for MoOs3, part of the Mo metal underneath the MoOj3
may also be sulfurized. Since the sulfurization rate of MoOg3 is much higher than that of
Mo metal, it is expected that the ratio of MoOs-derived MoS; to Mo-derived one shall
increase with the oxidation time, and be responsible for the evolution of Raman modes
in Figure 4.2(b). Generally, E;g4 mode is forbidden for the plane perpendicular to the
c-axis (basal plane) in a backscattering geometry.[5] The decreasing intensity of Ejq

with increasing oxidation time implies that MoS;, turns to expose terraces. The
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significant variations of Alg/Ezgl ratio can also be attributed to the stacking tendency of
MoS,. Kong et al. has demonstrated that edge-terminated MoS, film preferentially
excited Ay, mode due to the polarization dependence, whereas E,;" mode is
preferentially excited for terrace-terminated film.[6] Thus, we may regard that MoS,
derived from Mo metal prefers to expose edges with respect to the substrate in our
sulfurization conditions. In contrast, MoS, sulfurized from MoO; tends to expose

terraces on the substrate.

4.2.2 XANES analyses

Figure 4.4 illustrate the Mo K-edge XANES before and after sulfurization of
oxidized MG specimens. Absorption spectra of MoO, and MoO3; powders were also
collected as references. The fluorescence mode was adopted to reveal the bulk
information of the target element. The absorption edge of MOG-2h in Figure 4.4(a)
locates at higher energy than Mo metal and MoO,, and close to MoQs, indicating the
valance state of Mo is 6+ in MOG-2h. It also shows a clear pre-edge feature
representing an allowed 1s to 4d transition in Mo of a distorted octahedral
coordination,[7] which is similar to the spectrum of MoO3. These results confirm that
the oxide layer derived from the Mo metal is MoOj3. On the other hand, the absorption
edge of MOS-1h locates between Mo® (Mo metal) and Mo** (M0O,), and shows a small
pre-edge feature. According to the results in Figure 4.1(d), which exhibit that nearly half
of the Mo metal was oxidized to MoOgs, the average valance of Mo in MOS-1h is then
estimated as ~3+, which is consistent to the result in Figure 4.4(a). The absorption
profile of MOS-1h can also be regarded as the superposition of Mo metal and MoOs3.
After sulfurization, MG-S in Figure 4.4(b) does not show clear difference with the

un-sulfurized Mo-glass, indicating few Mo was sulfurized. MSG-1h and MSG-2h,
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however, show progressively shift of the absorption edges to the higher energy,

indicating the changes in the average valence of Mo due to the formation of MoS,.
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Figure 4.4 Mo K-edge XANES of (a) Mo-glass oxidized at 500°C for various time, and

(b) corresponding specimens in (a) after sulfurization at 500°C for 2h in H,S.

Figure 3(c) illustrates the sulfur K-edge XANES of sulfurized specimens, which

qualitatively reveal density-of-states (DOS) of unoccupied sulfur 3p states in the

conduction band.?” Here, we collected the signals with fixed incident angle of x-ray

photons at 45° with respect to the specimen. In Fig. 3(c), it is obvious that the white line
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Figure 4.5 (a) S K-edge XANES of oxidized Mo-glass after sulfurization at 500°C for

2h in H,S; (b) Schematic illustration of polarization-dependent XAS on MoS,.

Calculated A1/A2 ratios from (a) are listed in the table. The angles () between incident

photons and the basal plane of MoS; are estimated from Figure 3 in ref. [8]

(peak A) decreases with increasing the oxidation time. It has been demonstrated that the

x-ray absorption coefficient u varies angle-dependently due to interactions between the

E-field vector (E) of the incident photons and the oriented MoS; orbitals, which can be

written as:[8]

100

u(8) = py + (uy — py)cos?6
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where 6 is defined as the angle between the incident photons and the basal plane of
MoS,. p, is the absorption coefficient with E parallel to the basal planes of MoS; (6 =
90°), which excites electrons to the states of pyy character; while u, is the absorption
coefficient with E perpendicular to the MoS; layers (6 = 0°) giving rise to transitions to
p; states. It was reported that the Mo 4d bands split into the lowest d,, states at the
valance band maximum, dy..,2, O, States at the conduction band minimum, and dy,, dy, at
higher energy levels in the conduction band due to the ligand-field effect of the
hexagonal MoS; with the trigonal prismatic coordinated Mo.[9-11] The splitting of peak
Ainto Al at ~2470.2 eV and A2 at ~2471.9 eV is observed in Figure 4.5(a), and is
attributed to the hybridization of the unoccupied Mo 4d sub-bands with different DOS
of sulfur pyy and p; states.[8]

As a result of the fixed incident angle (45°) for the x-ray photons, the evolutions of
peak A shall originate from the variations of MoS; orientation on the MG. The angles (6)
of photon-MoS; interaction were estimated by calculating the A1/A2 ratio and tabulated
in the Fig. 3. As the table shows, the higher MoOs/Mo ratio before sulfurization, the
smaller A1/A2 ratio and the angle & are. This implies that less electrons are excited to
the sulfur pyy states for specimens of higher MoOs/Mo ratio before sulfurization due to
the E becomes less horizontal to the MoS, layers. Noted that MG-S possesses the
highest A1/A2 ratio, and the angle @ is ~90° indicating the MoS, stands ~45° on the
MG. In contrast, A1/A2 ratio is the smallest in MSG-2h, and the angle 6 is ~41°, which
is close to the incident angle, implying the MoS; layers are in-plane oriented on the MG.
Therefore, the results in Figure 4.5 illustrate that MoOg3-derived MoS; prefers to expose
terrace on the substrate, but Mo-derived MoS; has vertically aligned tendency, which is

consistent to the Raman results in Figure 4.3.
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Since the rate-limiting process of sulfurization has been proposed as the sulfur
diffusion,[6] the crystal structure of the precursors may play an important role to
determine the orientation of formed MoS,. MoQg3 is a layered material with the stacking
tendency parallel to the substrate, as shown in Figure 4.1(e). During the sulfurization,
H.S may not only react with the surface-terminated oxygen of MoOs3, but also has
possibilities to react from the edges of the MoOj3 layers into the van der Waal gaps due
to the reduction of the interlayer interaction at high temperature. This could be the
reason that MoQgs is sulfurized fast and the formed MoS; tends to expose terraces on the
substrate as MoO3 does. It also implies that if the crystal orientation of MoO3 can be
controlled, the orientation of oxide-derived MoS; may be manipulated like Mo metal
precursor. On the other hand, it was reported that quick sulfurization of Mo metal gave
rise to the vertically aligned MoS,.[6] The metal-derived MoS, was able to retain its
orientation even after further annealing at the same sulfurization temperature (550°C),
but it preferred to restack and lie down at high annealing temperature (800°C) to reduce
the total surface energy. In our work, we are able to obtain MoS; with edge-exposed
tendency by slowly sulfurizing Mo metal at 500°C in H,S environment. As previous
discussed, Mo metal is bcc structure, and H,S has no preferential sites to react with.
This implies that the orientation of Mo-derived MoS, may be dominated by the
diffusion path of H,S into the Mo metal, which is normal to the substrate in principle, at

relatively low sulfurization temperature (500°C) rather than the sulfurization kinetics.

4.3 Introduction of H, with H,S

Higher sulfurization rate of MoO3 than Mo metal has been demonstrated based on

both the thermodynamic analyses and the experimental results. To enlarge the rate
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difference, we further examine the Eq. (4.2) from the thermodynamic points of view. As
listed in Table 4.1, when MoOj reacts with H,S, it produces S, gas except for MoS, and
H.O. At the sulfurization temperature, in fact, S, tends to form larger sulfur molecules,
such as Sg (EQ. (4.4)), because it is energetically favored (Free energy is -36.752 kJ/mol

at 800K).

482(9) > S8(@1) (4.4)

However, once the large sulfur molecule forms, the substitution for oxygen of
MoO3 will be affected. Meanwhile, it may also hinder the H,S diffusion from the
surface to the bulk, which reduces the efficiency of MoS, formation. Moreover, it is
well known that H,S will decompose into H, and S, at high temperature (reverse
reaction of Eq. (4.5)). According to the Le Chatelier's principle, losing S, will promote
the decomposition of H,S, leading to more large sulfur molecules form and less MoS,
produces. To improve the situation, introducing H; is required, and Eq. (4.2) will

become Eq. (4.6).

H2(g) + 1/282(9) 2> HZS(g) (4.5)

MoO,, +2H,S  +H, > MoS,, +3H,0, (4.6)

Both Eq. (4.5) and Eq. (4.6) show negative free energy, indicating the reactions
prefer to move toward right hand side, especially for Eq. (4.6), whose free energy
(-219.22 kJ/mol) is much lower than Eq. (4.2) (-178.545 kJ/mol). It implies that

introducing H; in H,S may further accelerate MoS, formation from MoOs, whereas Eq.
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(4.1) may be retarded according to the Le Chatelier's principle. Since the Hj is

introduced, it is inevitable that MoO3 will undergo two-step sulfurization:

MoOg(s) + H2(g) > MOOZ(S) + HZO(g) 4.7

MoO,, +2H,S , > MoS, +2H,0 (4.8)
However, compared the free energy of Eqg. (4.7) (-101.9 kJ/mol) with Eq. (4.2)
(-178.545 kJ/mol), it shows that MoOs is favor to react with H,S as the first step.
Therefore, enlarging the difference in sulfurization rate between MoO3; and Mo metal
seems achievable by feeding H, with H,S.

In Table 4.1, we also discover that at higher sulfurization temperature (1300K), the
free energy of Eqg. (4.1) decreases (-109.44 kJ/mol), but the free energy of Eq. (4.2)
increases (-186.96 kJ/mol), resulting in the larger energy difference than that at 800K. It
is noted that the free energy of Eq. (4.4) becomes positive at 1300K, indicating that S,
does not favor to form large molecules at such high temperature. On the other hand, at
1300K, the decomposition of H,S becomes more severe that withdraws Eq. (4.1) from
moving toward right hand side. This implies that we may also achieve larger rate
difference between MoO3; and Mo metal by raising sulfurization temperature, but the
introduction of H is still suggested to suppress the H,S decomposition. In our work, we
fed H, at 500°C in the subsequent experiments to carry out large rate difference rather

than increasing the temperature because MG cannot survive at 1300K.
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4.4  Dual-oriented MoS, for electronic device
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Figure 4.6 Raman spectra of sulfurized Mo-glass with various thicknesses of MoOj3

deposited on the surface by thermal evaporation before sulfurization.

To have better control in the thickness and roughness of the oxide layer on the MG,
we deposited MoO3 by thermal evaporation with the film thickness ranging from 3 nm
to 100 nm rather than oxidizing the MG. The following sulfurization proceeded at
500°C in H,S/H,/Ar mixture (1:2:9) for 10 min. Figure 4.6 illustrates the Raman spectra
of the sulfurized MoO3/MG composites with various MoO3 thicknesses. The sulfurized

specimens are named as MSd (d = 3~100 referring to the thickness of MoO3in nm) for
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simplicity. All specimens exhibit distinct Ay, Eggl, and Eyq characteristic peaks of MoS,,
but several additional peaks appear as the MoOj thickness larger than 50 nm, which can
be assigned as MoO,. The Alg/Ezgl ratio is ~2.5 for MS3, and gradually decreases as the
MoOs; thickness increases. After the MoOs thickness reaches 25 nm, the A;y/E,q’ ratio
seems to keep at ~2.1. The evolution of A;4/Eyq ratios implies that part of Mo metal was
sulfurized to MoS, that possesses different orientation with oxide-derived MoS,. The
thicker is deposited MoOs3, the larger ratio of oxide-derived MoS; to Mo-derived MoS;
is, giving rise to reducing Alg,/Eggl ratio. Therefore, to obtain a MoS; thin film with
terrace-terminated tendency on Mo metal, we can either deposit MoOj3 for more than 10

nm to prevent Mo metal from sulfurization, or reduce the sulfurization time.

4.4.2 ZnO/MoS, heterostructure device

Kang et al. addressed that Mo is a suitable contact metal for MoS; because of the
ultra-low resistance in between, and edge contact in multilayer MoS, can metallize all
the MoS, layers and contact all the conducting channels.[12] Since the orientation of
MoS, can be manipulated by selecting the precursor of Mo and utilizing a proper
sulfurization process, a vertical device with edge-terminated MoS; on the Mo bottom
contact can be carried out. Here, we grew ZnO via ALD process on two different
oriented MoS, for electronic devices as comparison: One of the MoS, films derived
from directly sulfurizing MG for 30 min, and the other derived from sulfurizing
MoOs-deposited MG for 10 min (MS5). Figure 4.7(a) illustrates the x-ray diffraction
spectra of ZnO grown on these two MoS; thin films. Compared with the standard
diffraction pattern of powder ZnO (ICDD: 36-1451), ALD-ZnO grown on the
MoOs-derived MoS; exhibits preferred orientation along [002] direction (c-axis), while

it randomly stacks on the Mo-derived MoS,.
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Figure 4.7 (a) XRD patterns of ALD-ZnO grown on the MoS,/MG, where the MoS;
derived from the Mo-glass with MoO;3; (top) and without MoOs; (bottom). High
resolution TEM images of ZnO/MoS,/Mo interfaces, where the MoS; derived from the

Mo-glass (b) with MoOj3 and (c) without MoOs.

Figure 4.7(b) and 4.7(c) show the TEM images of ALD-ZnO grown on the
MoOs-derived MoS; and on the Mo-derived MoS,, respectively. It is obvious that there
are two orientations of MoS; in the MS5 (Figure 4.7(b)): the one connecting to the Mo
metal is perpendicular to the substrate, and the other connecting to ZnO is parallel to the
substrate. The thickness of former one is ~10 nm, and that of latter one is ~4 nm, which
corresponds to 5~6 layers of MoS,. On the other hand, Mo-derived MoS; (Figure 4.7(c))
shows single orienting tendency perpendicular to the substrate.

MoS; is a two-dimensional hexagonal material with lattice constants a = 3.16 A
and ¢ = 12.3 A, and ZnO can also be regarded as a three-dimensional hexagonal
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material with lattice constants a = 3.25 A and ¢ = 5.2 A. Thus, the lattice mismatch
between MoS; and ZnO at the ab plane can be calculated as ~2.8%. The TEM image in
Figure 4.7(b) demonstrates that MoOgs-derived MoS; has the orientation parallel to the
substrate, which may facilitate the following epitaxial growth of ZnO, resulting in the
(002) preferred orientation. However, the high surface energy of edge-terminated MoS,
in Figure 4.7(c), and large lattice mismatch (~57.7%) between MoS; and ZnO at planes
orthogonal to ab plane may complicate the nucleation and growth mechanism of ZnO in
ALD process giving rise to random orientation.

It is worth to note that Mo-glass is a common-used substrate in CZTS-based thin
film solar cell. One of the key issues to deteriorate the cell performance is the formation
of MoS; at the surface of Mo back contact.[13-15] The thickness of the unwanted MoS,
in-between the CZTS/Mo interface can be few hundred nm,[16] but numerical
simulation showed that 50 nm is sufficient enough to induce adverse effect.[17] Recent
report showed that the oxygen content in the Mo layer is beneficial to reduce the MoS,
thickness.[18] This implies that the oxide on the Mo surface may play a role in
suppressing MoS, formation. In our case, the MoS; derived from the Mo metal in MS5
is ~10 nm, which is much thinner than the MoS; layer formed in the general CZTS
system. The intentionally deposited MoQj3 thin layer on MG may serve as a sacrificing
layer, and form MoS; faster than the bottom Mo metal. Once the oxide-derived MoS;
layer forms, it may become a diffusion barrier for sulfur diffusing into Mo metal due to
its in-plane orienting feature, which suppresses the sulfurization of bottom Mo metal.
Since the formation of MoS, layer seems inevitable in CZTS-base solar cell,
intentionally formed MoS, from MoO3; may impede further MoS, formation from Mo

back contact, and reduce the series resistance in the device.
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4.4.3 |-V behaviors

To illustrate the interface properties between ZnO and two different terminated
MoS,, the I-V curves were measured by fabricating devices A and B, as shown in Fig. 6,
with the ohmic metal (Ti/Au) on the top surface of ZnO. The I-V measurements were
performed by sweeping the voltage between +2V to -3V with the sequence from (I) to
(IV) for 10 cycles. Both devices exhibit an obvious turn-on behavior with a small
hysteresis loop at positive bias, while a smaller current response with a distinct
hysteresis loop at negative bias. The turn-on behavior at positive bias is attributed to the
carriers transporting through a barrier at MoS,/ZnO interface, which is similar to the
diode feature. The hysteresis loop at negative bias, originating from the synergy effect
of ZnO/MoS;, can be divided into a low resistance state (LRS) and a high resistance

state (HRS), which can be applied as a memory.
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0.08 -
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Figure 4.8 I-V behaviors of Ti-Au/ZnO/MoS,/Mo devices, where the MoS, derived

from the Mo-glass with MoOg (red) and without MoOs (blue).
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However, the interface with the single, vertically-oriented MoS, (w/o MoOj3 on the
MG before sulfurization) in device A shows unstable I-V behavior during cycling,
especially at the negative bias. The ON/OFF ratio degrades with cycles, and the current
at LRS is smaller than that in device B. In contrast, the interface with dual-oriented
MoS; (in-plane MoS, from MoO;3; and out-of-plane one from Mo metal) in device B
shows much stable I-V curves, and larger ON/OFF ratio.

The MoS /Mo interface in both device A and B is expected as ohmic contact due to
the MoS; is edge-connected. The top Ti/Au electrode is also an ohmic metal to ZnO.
Thus, the different I-V behaviors between device A and B shall mainly result from the
variations in the MoS,/ZnO interface. Although the MoS, layer in device A is
edge-terminated, the high surface energy could bring about chemical reactions at the
MoS,/Zn0O interface during the ZnO growth and I-V measurement, leading to the
formation of oxysulfides where the valance of Mo could be 5+.[3, 19, 20] The
oxysulfides at the MoS,/Zn0O interface act as a transport barrier for carriers, and may
grow thicker with sweeping cycles, leading to the increase of series resistance and
degradation of the ON/OFF ratio. On the other hand, basal plane of MoS; is relatively
chemical inert from both molecular orbital and experimental points of view.[21] The
stable I-V performance in device B is attributed to the terrace-terminated MoS; at the
MoS,/ZnO interface. However, further investigations are required to confirm the

interface properties.

4.5 Summary

We have demonstrated that MoO3 has much higher sulfurization rate than Mo at

500°C in H,S environment based on both thermodynamic analyses and experimental
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observations. The comparison of two MoS, precursors is summarized in Figure 4.9.
Raman and XAS results reveal that MoO3-derived MoS, tends to expose terraces, while
Mo-derived MoS, prefers to expose edges. The orientation discrepancy in MoS, could
be attributed to the different crystal structures of the precursors and the reaction routes
of H,S. Introducing H, with H,S is expected to enlarge the difference in sulfurization
rate between MoOj3 and Mo; thus, the pre-deposited MoOs thin layer on MG can form
terrace-terminated MoS; in a short time. This intentionally grown MoS, layer with
in-plane orientation may suppress further MoS, formation from Mo metal, which is
beneficial for CZTS-based solar cell. ALD-grown ZnO on the edge-terminated MoS,
exhibits random orientation, and the fabricated device shows unstable I-V behaviors due
to the probably formed oxysulfides at the MoS,/ZnO interface. In contrast,
Terrace-terminated MoS, promotes ZnO to grow along c-axis on its top. The device
performs stable I-V characteristics at MoS,/ZnO interface which can be applied as a
memory. It is interesting that large difference in sulfurization kinetics between oxide
and metal makes it possible to develop diverse combinations of MoS, with different
orientations on various substrates for either electronics or catalysts. Similar

characteristics may also occur on producing other TMD materials.
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Chapter 5 Oxide and Chalcogenide Heterojunction

In this chapter, the resistive switching behavior of Pt/ZnO/MoS,/Mo heterojunction
device is demonstrated. The interfacial properties are crucial to the switching behavior.
Carrier transport is studied at room temperature and low temperature, and a switching

mechanism is then proposed.

5.1 Device structure

' A Mo(110)
—s—Mos, on Mo-glass « & "¢
' ) - ZnO on MoS /Mo-glass
. g Pt(111) e
3 A5=248 cm’ ' =
s AJE'=23 | g+ £ PY200)
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Figure 5.1 (a) Schematic diagram and (b) cross-sectional HRTEM image of the
Pt/ZnO/MoS,/Mo heterostructure device. Corresponding HRTEM images of the red
circles in (b) illustrate three interfaces in the device: (¢) Pt/ZnO interface, (d) ZnO/MoS;
interface, and (e) MoS,/Mo interface. The scale bar in (c) to (e) is 5 nm. (f) Raman
spectrum of the dual-oriented MoS; thin films on Mo-glass. (g) XRD profile of

ALD-ZnO gown on MoS,/Mo-glass.
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Pt/ZnO/MoS,/Mo heterojunction devices were fabricated to study the resistive
switching properties, as illustrated in Figure 5.1(a). The detailed fabrication process is
described in previous chapter (Figure 2.4). Figure 5.1(b) shows the cross-sectional
HRTEM image of the device, where the thicknesses of ZnO and MoS, are around 100
and 20 nm, respectively. A Pt layer of 200 nm in thickness and 100 um x 100 um in area
was deposited as the top electrode (TE). The interfacial images of Pt/ZnO, ZnO/MoS,
and MoS,/Mo are illustrated with higher magnification in Figure 5.1(c) to 5.1(e),
respectively. Pt/ZnO and MoS,/Mo show sharp interfaces without any alloys or
intermediates. MoS, exhibits dual orientations in the device, where edge-terminated
MoS; (e-MoS,) of around 15 nm in thickness contacts with the Mo bottom electrode
(BE), and terrace-terminated one (t-MoS;) of around 5 nm contacts with ZnO. The
formation of dual-oriented MoS; is discussed in previous chapter. This configuration is
benefit for ohmic contact with Mo and chemically stable interface with ZnO. The
Raman spectrum in Figure 5.1(f) and XRD profile in Figure 5.1(g) reveal that ZnO

layer is grown on dual-oriented MoS; with c-axis preferred orientation.

5.2  Resistive switching behaviors

5.2.1 |-V characteristics

The I-V curve of the Pt/ZnO/MoS,/Mo device was performed in the ambient and
dark environment at room temperature by sweeping the voltage between +2 V to -5 V
with the compliance current (C.C.) of 0.1 A. An asymmetric I-V curve including five
steps is observed in Figure 5.2(a). Initially (step (1)), the system is at a high resistance
state (HRS). With increasing the applied voltage, the system suddenly switches into a

low resistance state (LRS) at around 2 V and reaches the C.C. of 0.1 A (step (I1)).
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Figure 5.2 (a) I-V characteristics of a Pt/ZnO/MoS /Mo heterojunction device, where
C.C. denotes compliance current and NDR refers to negative differential resistance; (b)
Cumulative distribution of the HRS/LRS for the Pt/ZnO/MoS,/Mo devices at both
forward and reverse biases; (c) Retention test of a Pt/ZnO/MoS,/Mo device at both
forward and reverse biases; (d) I-V characteristics of a Pt/ZnO/MoS,/Mo device with

lower C.C. (0.08A) and various RESET voltages; (e¢) and (f) Endurance test of a
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This process is named as a SET or forming process. The resistance changes can be
attributed to the formation of the conducting channels in the active material.[1] When
reversing the bias, the system remains at LRS and continues to increase current to the
maximum value where the voltage reaches Vp (step (II1)). After Vp, the current
gradually decreases (step (IV)), and the system performs a negative differential
resistance (NDR). When the voltage sweeps back from -5 V to 0 V, the system follows a
HRS path (step (V)). It is obvious that our system obeys a bipolar switching behavior
because the resistance changes with changing the electric-field direction. It is noted that
there is no distinct RESET process and no electroforming step in our case, which is
different from most of the ZnO-based RRAM devices.[2-4]

Figure 5.2(b) shows cumulative probability distributions of resistances at
HRS/LRS by a read voltage of 0.7 V at both forward and reverse biases. The statistic
distributions of the resistances for 100 cells are nearly vertical with a slight fluctuation,
indicating the switching behavior is very uniform. The ON/OFF current ratio at 0.7 V is
calculated as ~10°. The retention test was carried out to evaluate the ability of
nonvolatile data storage, as illustrated in Figure 5.2(c). At the read voltage of 0.7 V,
HRS/LRS for both forward and reverse biases show good retention characteristics up to
10 sec without obvious degradation. However, the system becomes unstable when we
read the device at NDR region (-2.5 V). This implies the NDR could be a dynamically
metastable state rather than a thermodynamic stable state.

Figure 5.2(d) shows the I-V curve of a Pt/ZnO/MoS,/Mo device with lower C.C.
(0.08 A) compared to Figure 5.2(a) and various RESET voltages (Vgeser). When the
C.C. decreases from 0.1 A to 0.08 A, the HRS is found to decrease while the LRS
increases, resulting in smaller ON/OFF current ratio. If the Vgeser is further reduced

from -5V to -2V, it is obvious that the current at LRS does not change so as the Vp, but
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the HRS dramatically evolves with the Vgeser. Noted that SET voltage (Vser) is also
strongly affected by the Vgeset. There is no distinguishable Vsgr when the Vggser < -3
V. The Vgreser-dependent Vsegr property could be related to the interfacial properties at
ZnO/MoS; in the device. The endurance test is illustrated in Figure 5.2(e) and 5.2(f),
where it exhibits the switching behavior is stable for at least 100 cycles. The variations
in the Vser reveal that the conducting channels formed in the active material vary with
cycles, whereas Vp corresponding to the rupture of the conducting channels shows a

relatively stable value at around 1.29 V.

5.2.2 Junction properties in Pt/ZnO/MoS,/Mo

Interface properties have been considered as the dominant factor in most of the
transition-metal-oxide based memristors. Since our device has multi-junctions, the
junction properties need to be clarified for the resistive switching behavior. Figure 5.3(a)
illustrates the 1-V curves of the Pt/ZnO/Mo device, where a bipolar behavior is observed.
Distinct resistance switching from HRS to LRS occurs in the SET process. At the LRS,
the device exhibits an ohmic-like behavior. When we change the potential sweeping,
high C.C. (0.1 A and 0.05 A) case gives rise to unstable RESET process. The dielectric
breakdown could be attributed to the thermal effects induced by the high current density.
Operating the device at low C.C. (0.01 A) can obtain a stable resistive switching
behavior with clear SET and RESET features. However, the electroforming process is
required. The ON/OFF current ratio (~10%) and the Vser in the Pt/ZnO/Mo device are
similar to those of the Pt/ZnO/MoS,/Mo device, implying the SET process in the later
device may relate to the Pt/ZnO interface.

Figure 5.3(b) illustrates the I-V curves of the Pt/MoS,/Mo device, where the MoS,

is dual-oriented and derived from 5 nm MoO3 (MS5). The device also exhibits a bipolar
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Figure 5.3 (a) I-V characteristics of a Pt/ZnO/Mo device with various compliance
currents; (b) I-V characteristics of a Pt/MoS,/Mo device; (c) 1-V characteristics of a
Ti-Au//ZnO/MoS,/Mo  device with various Vgeser; (d) 1-V  characteristics of

Pt/ZnO/MoS,/Mo devices with various MoS, thicknesses.

character with ohmic-like LRS as Pt/ZnO/Mo, but dramatic degradation occurs within
few cycles under C.C = 0.1 A. Figure 5.3(c) illustrates the 1-V curves of the
Ti-Au//ZnO/MoS,/Mo device, where the Ti-Au is an ohmic metal to ZnO. This
configuration allows us to explore the ZnO/MoS; junction. At forward bias, the device
exhibits unclear SET process with small hysteresis, while the curve features are quite
similar to Pt/ZnO/MoS,/Mo device at reverse bias (Figure 5.2(d)). It is worth to notice
that devices of only ZnO or MoS, show ohmic-like LRS, but combining those two

brings about the non-linear curve at LRS, indicating a junction barrier probably exists at
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the interface. Utilizing Ti-Au as the TE does not show Vgeset-dependent Vser behavior,
which could be owing to unclear SET process. This also implies Pt is a better TE to
obtain high ON/OFF current ratio in the device.

Since the MoS; in our devices is dual-oriented, different ratio of t-MoS; to e-MoS;
may lead to various behaviors in I-V measurement. Figure 5.3(d) illustrates the I-V
curves of Pt/ZnO/MoS,/Mo devices with various MoS; thicknesses, where the MoS;
thickness is controlled by the deposited MoOs. It is obvious that thicker MoS; exhibits
larger Vser and Vp at HRS, while the conductivity at LRS is also lower. Among these
three thicknesses, MS5 has the largest ON/OFF current ratio at low read voltage,
especially under reverse bias, which probably arises from it compromises the
conductivity and the ZnO/MoS; junction properties. Thus, the following analyses will

focus on this specimen.

5.3  Transport properties

5.3.1 Effects of carrier trapping

Trapping and detrapping of the charge carriers at the metal-semicondoctor interface
or in the bulk of the semicondoctor has been considered as the main mechanism on the
electronic conduction in the ZnO-based memristor.[5] This trapping/detrapping
character is based on the space-charge-limited (SCL) conduction with filled or unfilled

traps.[6] SCL conduction with no traps can be described by Child’s law:

_ 9€g€,uV?

e (5.1)

where J is the current density, €, is the permittivity of free space, €, is the static
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Figure 5.4 1-V characteristics of a Pt/ZnO/MoS,/Mo device in a double-logarithmic plot:

(a) forward bias and (b) reverse bias. Arrow indicates sweeping directions.

Table 5.1 Fitting slopes in Figure 5.4.

JxV® (4) (1) (2") (meV)
Ohmic SCL TFL SCL Ohmic SCL
Forward 1.26 2.02 3.08 1.43 2.04 53.8
Reverse 1.2 1.67 2.83 2.29 1.36 1.78 47.3
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dielectric constant of the semiconductor, p is the carrier mobility, and d is the
semiconductor thickness. When the traps are confined in single or multiple discrete
energy levels locating near the conduction band edge (called shallow traps), the form of

SCL conduction is given by:

_ 9€g€,puV?

8d? (62)

in which 6 = P/(P + Py), where P is the density of free carriers and P; is the density of the
trapped carriers. When the traps distributed exponentially within the forbidden energy
gap, at high injection current, the filling traps results in the current being governed by
the density and energy distribution of the traps.[7] Then, the SCL conduction can be

expressed as:

2l+1 I €€, V!

+1 53
l+1) (l+1 Nt)d”+1 3)

J = q 'uNg(

with | = T¢/T, where T¢ is a characteristic temperature related to the trap distribution
and is given by T¢ = Et/k. N¢ is the density of states in the conduction band and k is the
Boltzmann constant. Et is the characteristic energy of the exponential distribution and
marks the width of the exponentially distributed traps. Small Et leads to trap
distributions varying rapidly with energy, while large Et approximates a slowly varying
trap distribution.

Figure 5.4 illustrates the I-V curves of a Pt/ZnO/MoS,/Mo heterojunction device in
a double-logarithmic plot. The linear fitting results are listed in Table 5.1. At low current
injection in forward bias (Figure 5.4(a)), both HRS and LRS show ohmic-like

conduction. With increasing applied bias, it will become SCL conducting mode. Under
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high current injection, trap-filled limit (TFL) conduction is observed at HRS. The filled
traps with electrons will lead to the sudden current jump corresponding to the SET
process. The trapping/detrapping behavior in the reverse bias (Figure 5.4(b)) is similar
to that in the forward bias, but the calculated slopes are smaller for the SCL conduction.
The smaller slopes indicate the SCL conduction is controlled by single shallow traps
which is close enough to the conduction band to be in thermal equilibrium with
electrons in the conduction band.[7] The additional trap-free SCL conduction at high
voltage implies the saturated hysteresis and resistance change when all the traps are
filled by the injected carriers into exponentially distributed energy. Thus, the shifts in
the conduction modes at the HRS for the reverse bias case depend on the carrier
trapping level. When reducing the sweep voltage, the trapping level decreases with the
injecting carrier density. The lower Et at reverse bias indicates the narrower energy

distribution resulting in rapid switch of the conduction mode.

5.3.2 Effects of ion migration

Except for the electronic conduction, ionic transport is another dominant factor for
the resistive switching behavior in ZnO-based memristors.[8] The resistance switching
between HRS and LRS is attributed to the formation and rupture of the conduction
channels in the dielectric layer, which has been directly observed by in-situ TEM
images.[9] The conducting channel in ZnO originates from its intrinsic defect, which is
oxygen vacancy (Vo). The positive charged Vo will migrate in the ZnO bulk toward the

interface under high electric field. The contribute current can be described as:[10]

FApyoCyoAE
ivo & ”V‘?% x VE (5.4)
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Figure 5.5 I-V characteristics of a Pt/ZnO/MoS,/Mo device (a) with various sweep rates
and (b) with switching sweep rate between 0.5 s/pt and 5 s/pt. S.S. denotes the steady

state.

where F is the Faraday constant, A is the cross-section area, Lo is the mobility of Vo in
the bulk ZnO, and Cg is the concentration of V. From Eq. (5.4), the current at steady
state is proportional to the potential gradient within the ZnO, which implies that
changing the sweeping rate (dV/dt) may lead to the fluctuation of the migration current.
This strategy has been adopted to study the NDR properties in Cu,S/ZnO, where Cu® is
responsible for the migration ion.[11]

Figure 5.5(a) illustrates the 1-V curves of a Pt/ZnO/MoS,/Mo device performed
with various sweep rates at steady state. The sweep rate of 0.5 s/pt is the parameter that
we generally adopt for recording I-V curves. When the sweet rate reduces, Vp at reverse
bias and the current at 1/2Vp decrease, while the limiting current (i,) slightly increases.
Increasing the sweep rates will obtain opposite results. Same behavior can be observed
when we suddenly switch the sweep rate between slow (5 s/pt) and fast (0.5 s/pt), as
illustrated in Figure 5.5(b). This sweep-rate dependent current and Vp characteristics

reveal the relations between NDR and the Vo migration.
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5.3.3 Temperature-dependent I-V measurement
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Figure 5.6 1-V characteristics of a Pt/ZnO/MoS,/Mo device at various temperatures

To further explore the transport properties in the Pt/ZnO/MoS,/Mo heterojunction
device, the temperature-dependent I-V curves were performed, as illustrated in Figure
5.6. It is obvious that among the five steps in a full cycle, step (1) and (IV) are less
dependent on the temperature change, while step (II), (lll), and (V) are highly
temperature dependent. Step (1) is a SET process and is related to the Pt/ZnO interface.
The formation of the conducting channels due to the migration of Vo toward the Pt/ZnO
interface assists the filled trap conduction of electrons, which switch the resistance from
HRS to LRS at forward bias. Although the conductivity of ZnO and the mass transport
of Vo will be degrades with increased temperatures, sufficient concentration of Vo in
the ZnO may decoupled the relation between Vser and temperature.

Step (1) and (111) are LRS at forward and reverse biases, respectively. The I-V
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behavior at this state can be correlated to the ZnO/MoS; interface, which is expected to
have a barrier based on the band alignment. The electronic conduction at LRS is
dominated by the ohmic behavior at low current injection and SCL conduction (with
single shallow traps) at higher applied voltage. Both ZnO and MoS; are semiconductors.
The conductivity will decrease as temperature decreases, which also affects the
conduction at low bias. SCL conduction is in principle independent of temperature (Eq.
(5.2)). However, the SCL conduction here accompanies with the mass transport of VO,
which will be retarded at the low temperature due to the lower mobility leading to slow
current response. Moreover, part of the carriers transport across the ZnO/MoS; junction
barrier through thermionic emission will also be reduced at low temperature.

Step (IV) is the NDR region with the limiting current of around 0.02 A. At the
limiting condition, the positive and negative charge carriers are highly separated in the
Zn0O, which induced a strong electric field opposite to the applied direction. The inverse
E-field will limit the carrier transport like the trap-free SCL conduction mode. The
highly accumulated electrons at the Pt/ZnO interface under reverse bias may follow the
Fwoler-Nordheim (F-N) tunneling path way to overcome the high Schottky barrier at
the interface. However, the number of electrons that are available for tunneling may be
limited by the space charge distribution. Both SCL conduction and F-N tunneling are
temperature independent, and the dynamic balance between them gives rise to the stable
limiting current. At step (V),

The highly polarized ZnO at high reverse bias in step (IV) will act like a capacitor
(electrons at Pt/ZnO interface and Vo at ZnO/MoS; interface). When the voltage further
sweeps back from -5 V to 0 V (step (V)), high concentration gradient of the carriers will
detached from the interface to the bulk by the diffusion. At low temperature, diffusion

rate is low. The capacitance effect induced by the polarized carriers will lead to the
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current drop when the dV/ dt switches from positive to negative. At high temperature,
high mobility of the carriers will reduce the polarization effect and have high current at

HRS.

5.3.4 Origin of the NDR in Pt/ZnO/MoS,/Mo

It is worth to note that the RESET process in the Pt/ZnO/MoS,/Mo is not distinct
as pure ZnO or pure MoS; based devices.(ref) The unique Vgeser-dependence of Vet is
also first observed in our system (Figure 5.2(d)). Thus, exploring the origin of the NRD
at reverse bias is required to understand the full picture of the resistive switching
mechanism. Figure 5.7(a) illustrates the evolution of the peak current (Ip) and voltage
(Vp) with temperature at reverse bias. When the operating temperature increases, lp
increases, but Vp decreases. Vp originates from the max current before the rupture of the
conducting channels, which is related to the migration of the Vo from Pt/ZnO interface
toward the bulk ZnO. Lower Vp indicates the faster rupture of the conducting channels
due to the higher Vo migration rate at high temperature. This circumstance becomes
more severe as the temperature higher than 300 K. The increase of the max current with
temperature can be attributed to the increase of material conductivity and more carriers
transport through the barrier at ZnO/MoS, due to the thermal effect. The black dash line
in Figure 5.7(a) represents the tolerable power output at various temperatures, where
300 K has the maximum value implying the high ON/OFF current ratio can be obtained
at this temperature. High Ip and proper Vp make 300 K as the better operation
temperature for the Pt/ZnO/MoS,/Mo device.

From Figure 5.6, we can calculate the activation energy (Ea) at HRS and LRS by
the Arrhenius equation, as illustrated in Figure 5.7(b). Regardless the direction of

potential sweep, LRS has larger Ea than HRS, and Ea decreases as voltage increases.
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voltage; (c) Schematic illustration of interaction between sulfur vacancies from MoS,

surface and oxygen atoms from ZnO under reverse bias.

In general, Ea at LRS shall much less than that at HRS due to the injected electrons

move in the conduction band of the dielectric layer after the trap sites are filled.[12]

However, we obtain an opposite results in our device, which indicates the switching

mechanism in the Pt/ZnO/MoS,/Mo is different from other system.
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The low values of Ea in our system represents that the traps in ZnO or MoS; can be
easily filled, implying the electronic conduction is not the main cause for the different
I-V behavior. On the other hand, the transport of Vo is the key factor to switch the
resistance in the ZnO-based memristor. If the transport scheme is disturbed, it will lead
to different I-V response. As a result of the thin MoS; layer, our system can be regarded
as a ZnO-based memristor with the interface modified by a MoS, layer. Thus, the
ZnO/MoS; interface plays an important role to alter the ionic transportation.

A lot of defects have been discovered at the MoS, surface, especially the sulfur
vacancies, which will create the donor-like surface states, as described in Chapter 3.
When ZnO contacts with the MoS, surface, the oxygen atoms from ZnO may be bound
with these surface states physically or probably partially oxidize surface MoS, due to
the high electron negativity, as shown in Figure 5.7(c). If this circumstance occurs,
migration of Vo in the ZnO toward ZnO/MoS, interface at reverse bias might be
retarded, resulting in a wide RESET process (step (IV)). At LRS, it presumably
accompanies the chemical reduction of the surface MoS,, while it is an oxidation
process for MoS; surface at HRS. The lower Ea at HRS may be attributed to the easier
oxygen adsorption on the surface defect sites of MoS,. The decrease of Ea with voltage
can be imagined like climbing the potential surface with increasing applied bias. The
reduction and oxidation rates may approach comparable values at high bias, which
results in less difference in Ea. The Vgeser-dependent Vger feature may also be
explained by the surface reduction of MoS,. The less reduction of the MoS; surface at
low Vgeser indicates less Vo reaches the ZnO/MoS; interface and most Vo stays at
Pt/ZnO interface, which facilitates the SET process and reduce the Vser. Since the
redox reaction may take place at the ZnO/MoS; interface, our device shall belong to a

valence change memory.
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54 ZnO/MoS, interface

Based on our previous proposition, the adsorption and desorption of oxygen from
the ZnO/MoS; interface dominates the 1-V behavior in the Pt/ZnO/MoS,/Mo device.
This process will change the chemical states of MoS, surface so we measured the XPS
spectra for the MoS, specimens with and without ZnO deposition, as illustrated in
Figure 5.8(a). To carry out the XPS measurements, the ZnO was deposited by ALD with
20 cycles for around 2 nm in thickness on MoS, surface. It is obvious that the binding
energies of both Mo-3d and S-2p core levels downshift for around 0.4 eV after few nm
of ZnO grown on the MoS; surface. The downshift in BE can be attributed to the charge
transfer between MoS; and ZnO. In addition, there is a small peak at around 231 eV in

the Mo-3d spectra after ZnO deposition, which can be assigned as the Mo>" indicating
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Figure 5.8 (a) XPS spectra of Mo-3d and S-2p before and after ZnO deposition; (b) PL

spectrum of ALD-ZnO grown on the MoS; (MS5).

slightly oxidation of the MoS, surface may take place.[13] The PL spectrum of

ALD-ZnO was also identified to confirm the quality as shown in Figure 5.8(b). The
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main peak at ~382 nm arises from the bandgap emission of ZnO, corresponding the to
the optical bandgap energy of 3.25 eV. The side shoulder peak at ~390 nm and a broad
peak located at ~500 nm can be referred to the Zn interstitial (Zn;) and the oxygen
vacancy (Vo), respectively, which implies the ALD-ZnO is n-type.[14, 15]

Since both MoS; and ZnO are n-type semiconductors, the junction barrier between
them shall depend on their band positons and the Fermi level positions. The schematic
band diagram of ZnO and MoS; before contact is depicted in Figure 5.9(a). In our case,
ALD-ZnO has Zn; and Vo as the electron donors (Figure 5.8(b)). The carrier
concentration in the ALD-ZnO could be higher than that in the MoS,, leading to higher
Fermi level position. Accordingly, when they contact each other, it may form an ideal
n-n* heterojunction with a small barrier at ZnO conduction band and an electron trap at

MoS; side as illustrated in Figure 5.9(b). However, the XPS results reveal the charge

c
Ideal n-n* heterojunction Real MoS,/Zn0 junction

EZ2

b

Figure 5.9 Schematic band diagrams of MoS, and ZnO: (a) before contact, (b) ideal

junction, and (c) real junction.

transfer between MoS; and ZnO, and the oxidation of MoS; surface (Figure 5.8(a)).
This will result in the smaller band bending at the ZnO/MoS; junction, and the
formation of the interface states, as shown in Figure 5.9(c). The lower barrier at the

ZnO/MoS; interface facilitates the electron conduction, while the interface states may
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Figure 5.10 STEM-EDX line scan profiles of a Pt/ZnO/MoS,/Mo heterojunction

device.

become the trap centers, leading to the non-linear I-V behavior at LRS.

To further examine the composition at the ZnO/MoS; interface, the EDX analysis
in the STEM mode was performed with the line-scan, as illustrated in Figure 5.10. It is
obvious that the oxygen has the concentration gradient in the ZnO, which elucidates the
existence of the Vo in the ZnO and it is responsible for the resistive switching. The
oxygen-rich feature at ZnO/MoS; interface also supports the proposition that oxygen
favors to bind with MoS; due to the donor-like surface states, which increases the Ea at

LRS and extends the RESET process at NDR region.

5.5  Switching mechanism

Resistive switching in the Pt/ZnO/MoS,/Mo heterojunction device is not a purely

electronic behavior, but also involves the ionic transportation for the conduction. Figure
133

doi:10.6342/NTU201603487



5.11 shows simplified diagrams of the proposed switching mechanism. Generally, the
I-V feature at HRS is dominated by the ZnO and Pt/ZnO interface, while ZnO/MoS,
dominates the LRS.

According to previous discussions, the mechanism can be described by the
trapping/detrapping controlled (SCL) transport at HRS, where the traps are easily filled
due to the low Ea. Meanwhile, the Vo transport in the ZnO will cause formation and
rupture processes of the conducting channels, which assist to the resistance switches
between HRS and LRS. The transition of the charge trapping modes at HRS
corresponds to fill the trap sites from shallow to deep in the energy level. The ZnO in
our device has revealed two donor defects of Zn; and Vo from the PL spectrum (Figure
5.8(b)). The former one is a shallow defect, while the later one is in a deep energy
level.[15] At low injection current, the shallow defect (Zn;) may contribute to the SCL
conduction. With increasing the applied voltage, Vo tends to move toward Pt/ZnO side,
which may produce more deep defects in ZnO at the interface. The distribution
characteristic of these defects in energy could be expressed by Et. Once these deep traps

start being filled at high forward bias, trap-filled limit (TFL) behavior will exhibit.
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Figure 5.11 Schematic diagrams illustrate the proposed resistive switching mechanism

at (a) forward bias and (b) reverse bias.
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After all the traps are filled and the Vo conducting channels form at the Pt/ZnO
interface, SET process takes place leading to resistance drop suddenly, when the
electron mainly transports in the ZnO conduction band.

On the other hand, the transport barrier formed at ZnO and MoS; interface after the
band alignment results in nonlinear I-V behavior at LRS when applied low bias.
Carriers will transport through the barrier by either thermal effect or trap assisted
hopping (scheme | and Il in Figure 5.11(a)) At forward bias, the trap states in the
ZnO/MoS; are filled. Electronic conduction will then be dominated by Pt/Zn, especially
for HRS. The formation of the interface states at the ZnO/MoS; results in the NDR
feature corresponding to the desorption of oxygen from MoS; at the interface and high
Ea. The RESET potential determines the reduction reaction at ZnO/MoS, or the
oxidation reaction at Pt/ZnO. The less amount of Vo (or more stoichiometric ZnO) left
at Pt/Zn0O, the more stable junction properties leading to stable SET process. At reverse
bias, the trap states in the ZnO/MoS; are refilling (Figure 5.11(b)). The highly separated
carriers at Pt/ZnO and ZnO/MoS; generates opposite E-field to limit the further charge
separation. Electrons transport through Pt/ZnO may follow F-N tunneling, which is

independent with temperature variation.

5.6 Summary

A hybrid 2D-MoS; and 3D-ZnO hexagonal material has been applied as a memory.
Pt/ZnO/MoS,/Mo heterojunction device were successfully fabricated. The -V
characteristics illustrate the bipolar behavior with ON/OFF current ratio ~10% Good
endurance and retention at read voltage of 0.7 V are also demonstrated which could be

attributed to the dual orientation of MoS,. E-MoS, offer good conduction between Mo

135

doi:10.6342/NTU201603487



BE and t-MoS,, and t-MoS; has better chemical stability for ZnO/MoS; interface. Three
unique characteristics are observed in our I-V curves: non-linear LRS, long RESET
process, and Vgreser-dependent Vser. At positive potential sweep (HRS, dV/ dt > 0),
Pt/ZnO controls the electronic conduction, where trapping/detrapping and the Vo
migration are the major mechanism. At negative potential sweep (LRS, dV/dt < 0),
the interface states formed at ZnO/MoS, dominate the RESET and NDR properties,
which further influences Vsgr. The Pt/ZnO/MoS,/Mo device has shown the
dual-oriented MoS; can be applied in electronics. Since both ZnO and MoS; have good
photo-response, our device may create additional states for multi-bits by shining light or
for other optoelectronic applications. Other oxide-MoS; or TMD-based heterojunction

devices may also exhibit unique properties for novel applications.
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Chapter 6 Substrate Effects on MoS, Growth and

ALD Process

In this chapter, MoS; thin films grown on various substrates in previous results are
compared. The surface properties of MoS, are found to influenced by the growth
substrate and further affect the ZnO deposition during the ALD process. Surface
treatment is adopted to modify the MoS, surface and eventually improves the ALD

efficiency.

6.1 Growing MoS, on various substrates

In our previous results, we have demonstrated MoS; thin film can be easily grown
on various substrates by two-step CVD process, such as a substrate with a dielectric
layer on the surface (SiO,-Si in chapter 3), or a conducting substrate (graphene paper in
chapter 3 and Mo-glass in chapter 4). Among these substrates, SiO,-Si and graphene
paper (GP) can survive at high temperature sulfurization (1000°C), but Mo-glass (MG)
can only tolerant sulfurization at relatively low temperature (~500°C). Here, we adopt
Si0,/Si as a standard to compare the substrate effect for MoS, growth.

Figure 6.1(a) to Figure 6.1(c) show the photographs and corresponding AFM or
SEM images of MoS, grown on various substrates at 500°C and 1000°C, respectively.
From the AFM images in Figure 6.1(a), it is clear that MoS, grown at 1000°C has much
larger grain size (~200 nm) than that at 500°C (~50 nm). It also depicts that MoS; can
be grown in a large scale with a smooth surface topography regardless the type of

substrates.
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Figure 6.1 MoS; thin film grew on (a) SiO,-Si, (b) Mo-glass (MG), and (c) graphene
paper (GP); (d) Raman spectra of MoS, grown on various substrates. The MoS, thin

film was derived from 10 nm MoOs.

Figure 6.1(d) illustrates the Raman spectra of MoS, grown on various substrates,
where MoS, was derived from 10 nm MoOs3;. Compared to SiO,-Si, MoS; grown on MG
at 500°C has similar Alg,/Egg,1 ratio and frequency difference (~24.6 cm™) between them.
The slight deviation may result from the sulfurization of bottom Mo metal in MG which
possesses vertically aligned orientation. When the sulfurization temperature increases to
1000°C, the Raman peaks become sharper, indicating improved crystallinity of MoS,
which is consistent with the AFM results in Figure 6.1(a). The AlglEzg1 ratio decreases a
lot and the frequency difference between Ay and Ezgl increases obviously. The lower
Alg,/Ezg1 ratio in high temperature MoS, refers to higher c-axis oriented MoS; lying on
the substrate. The increase in frequency difference between A;q and Epg" from low to
high temperature indicates improvement on MoS; stacking order.[1] It is noticed that
MoS;, grown on GP has even lower AlglEzg1 ratio and larger frequency difference
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between Ajq and Exg" than MoS; on the SiO,-Si substrate. The lower Ayy/Exg" ratio could
be attributed to the similar hexagonal structure of MoS, and the graphere sheets in GP
top surface, which assists MoS, to grow along the same direction with GP. Monolayer
MoS, grown on the few-layer graphene (FLG) has been reported to have similar Eggl
position and larger A4 frequency with respect to that on the SiO; due to the substrate
doping effect.[2] In Figure 6.1(d), our MoS; grown on GP shows both downshift in Ezgl
and upshift in Aig in Raman spectrum, indicating the substrate doping is not the cause
for the peak shift. On the other hand, substrate-induced tensile strain is proposed to vary
the lattice constants of MoS, and to shift the Raman peaks. The expansion in a/b and
shrinkage in ¢ would give rise to higher A4 and lower Ezgl, which is consistent with our
observation. Lower Ayy/E,4" ratio and higher order in MoS; stacking on the GP substrate
also imply larger grain size of MoS;, on GP or stronger interaction between MoS, and

GP, which enhances the strain induced from the substrate.

6.2 Growing ZnO on MoS; via ALD process

To fabricate a MoS,-based heterostructure device, ZnO is selected to grow on the
MoS, surface because its small lattice mismatch and synergistic optoelectronic
properties. Here, we adopt atomic layer deposition (ALD) process to grow ZnO on the
MoS; due to its highly precise thickness control and the high aspect ratio deposition.
Figure 6.2 illustrates the results of ZnO grown on various substrates. It is obvious that
ZnO can be successfully grown on the MoS,/SiO,-Si and MoS,/MG. However, we
found it is difficult to grow ZnO on MoS,/GP.

GP is an ultra-light and flexible substrate, which means it requires to be fixed on

other support to prevent from sucking by the pump. Besides, we have tried vacuum tap,
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silver paste, and metal clips to fix MoS,/GP on the Si-SiO,. However, none of them can
successfully grow ZnO on the MoS; surface, as shown in PL spectra in Figure 6.2(c).
ALD process for growing ZnO can be generally divided into two half cycles. First
is H,O adsorption on the MoS, surface, and second is DEZn react to the adsorbed H,O
molecule, as shown in Figure 6.3(a). Growing oxide on clean MoS; surface via ALD
process was reported to be difficult because the lack of nucleation sites on the basal

plane.[3] However, we can still grow ZnO on the MoS,/SiO,-Si and MoS,/MG
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Figure 6.3 (a) Schematic illustrate of two half cycles in the ALD process for growing
ZnO; (b) Schematic illustration of H,O adsorption in the strained MoS; during the first

half cycle in the ALD process.

uniformly. In Chapter 3, we have demonstrated that there are sulfur vacancies at our
polycrystalline MoS; surface, which may facilitate the H,O adsorption as the first step
in the ALD process due to the dipole-dipole interaction (Figure 6.3(a)). Based on this
inference, MoS,/GP shall have sufficient sulfur vacancies to proceed ALD process,
while it failed to grow ZnO on the top surface. The reason may result from the difficulty
in H,O adsorption via van der Waal interaction (physisorption).

Since the GP provides tensile strain to the MoS,, the MoS; lattice will stretch at
in-plane direction and shrink at cross-plane direction, as shown in Figure 6.3(b). The

compressive transformation in the z direction would trigger piezoelectric effect to
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generate electric field pointing from bottom to the top surface,[4] which might impede
the H,O adsorption due to the opposite dipole moment to the induced electric field. The
difficult in H,O adsorption on the strained MoS; surface leads to uneasy growth of ZnO

in the ALD process.

6.3  Surface treatment

To grow a uniform ZnO thin film on the strain MoS,/GP via ALD process, two
main problems need to be overcome. One is to fix the ultra-light sample on the support
without the aid of any organic material or metal. The other is to improve the H,0O
adsorption on the strained MoS; surface.

Wang et al. has discovered that graphene can be clean transferred without coating
the organic supporting layer, such as PMMA.[5] Electrostatic force is introduced on the
target substrate and then graphene can be easily and clean transferred on it with the
attractive force. Since GP is composed of graphene sheets, we tried to adopt similar
method to attach MoS,/GP on the SiO,-Si, as illustrated in Figure 6.4(a). We first
supplied negative charges onto the SiO,-Si surface by the electrostatic generator.
Afterwards, the MoS,/GP with relatively positive bottom surface was put on the
negatively charged SiO,-Si surface and automatically attached well due to the attractive
force. This clean attachment of MoS,/GP on SiO,-Si can sustain in the whole ALD
process without detachment.

Lee et al. has reported that ozone treated graphene present uniform hydrophilic
groups on the graphene basal plane, which improve the oxide growth homogeneity in
ALD process.[6] The ozone adsorption on graphene surface is gentle and reversible due

to the small reaction barrier that will not damage graphene surface. Here, we adopted
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Figure 6.4 (a) Schematic illustrate of electrostatic-assisted attachment of MoS,/GP on
Si02/Si; (b) Contact angles of GP and MoS,/GP respectively with various O3 treatment

time.

similar treatment on both bare GP and MoS,/GP, and measured the contact angles with
various Ogj treated time, as shown in Figure 6.4(b). Bare GP originally is the
hydrophobic. After 30 sec O3 treatment, it becomes hydrophilic. Further treatment with
O3, the contact angle continues to decrease and saturates after 180 sec, when the contact
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angle is ~79°. Compared to bare GP, the surface of MoS,/GP is already hydrophilic

(contact angle ~ 82°), which could be attributed to the sulfur vacancies at the surface.

After O3 treatment for 30 sec, the contact angle reduces to ~74° and almost saturates

when elongating the treatment time. Thus, we select 30 sec as the best condition for the

O3 treatment time.

Figure 6.5 illustrates the photographs, PL spectra and SEM images of the MoS,/GP

after ZnO deposition by ALD process. Compared to the untreated specimen, ZnO can

grow homogeneously on the MOS,/GP after O3 treatment. The higher PL intensity

indicates thicker ZnO film on the MoS2 surface. The SEM images also illustrate high

uniformity of ZnO deposited with good aspect ratio even at the edge steps of GP.
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Figure 6.5 (a) Compared photographs of untreated and Os-treated MoS,/GP after ZnO

deposition via ALD process; (b) Photoluminescence spectra of ZnO on untreated and

Os-treated MoS,/GP respectively; (¢) SEM images of ZnO on Os-treated MoS,/GP.
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6.4 Summary

MoS; thin film can be successfully grown on SiO,-Si, MG, and GP by two-step
CVD process. Among different substrates, MoS, encountered tensile stress when it grew
on the GP, which may be attributed to the large grain size and strong interaction
between MoS; and the graphene sheets at GP top surface. The strained MoS, may also
affect the H,O physisorption in the first half cycle of ALD process because the
piezoelectric effect induced E-field is opposite to the H,O dipole moment, which leads
to ZnO difficult to nucleate at the surface. Applying electrostatic force provides a clean
procedure to fix MoS,/GP on a solid support. Oz treatment for 30 sec further modifies
the surface chemistry of MoS, to more hydrophilic, especially the basal plane, giving
rise to homogeneous deposition of ZnO thin film with good aspect ratio even at the
step-edge of GP. Our findings provide an easy, clean and gentle treatment on the surface
of two-dimensional materials, which can be applied on other TMDs for fabricating

heterostructure configuration.
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Chapter 7 Conclusions

In this thesis, | have successfully produced MoS; thin films on various substrates
(Si-Si0O,, graphene paper, and Mo-glass) by a two-step CVD process. The thickness of
MoS; can be well-controlled by thermal evaporation of MoOs3 precursor. The surface
properties of MoS; are found to strongly correlate with the thickness. Surface defects,
especially sulfur vacancies, will generate donor-like surface states that will bend the
surface bands downward leading to higher conductivity in thinner MoS,. This surface
band bending feature, corresponding to the Fermi level variation, can be tuned by the
surface treatment. Higher Fermi-level position near conduction band minimum in
thinner MoS; has shown its better catalytic performance for hydrogen evolution reaction
due to the lower activation energy.

| have also demonstrated that two common precursors (Mo metal and MoS;) have
different sulfurization kinetic response. Applying this characteristic with well-controlled
sulfurization conditions, different orientations of MoS; can be obtained, which makes
combining two orientations of MoS; in an electronic device with vertical configuration
become possible. Edge-terminated MoS; can serve as the conduction media bridging the
metal contact and terrace-terminated MoS,. This configuration can be the base for
heterostructure applications with better interface properties than edge-terminated MoS,
only. ZnO, grown by ALD process, is selected for the hybrid hexagonal material with
MoS,. A Pt/ZnO/MoS2/Mo heterojunction device is fabricated as a memristor, which
exhibits unique resistive switching behaviors related to the ZnO/MoS, interface
properties, and the switching mechanism has been thoroughly discussed.

My thesis has illustrated a simple, effective, and easily controlled growth process
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for MoS,. The strain (from different substrates), orientations (from different precursors),
and surface properties (from different thicknesses and surface . treatments) of
CVD-grown large area MoS; can be manipulated by tuning the growth conditions. Two
applications related to the surface (HER) and interfacial (RRAM) properties are also
demonstrated. The physical concepts of surface states induced Fermi level variations
and the strategy for orientation control may be applied for other TMD materials. The
unique properties in oxide-MoS, heterojunction device also show the possibility for

designing novel TMD-based heterostructure applications.

150

doi:10.6342/NTU201603487



Publications

Yu-Kai_Lin, Ruei-San Chen, Tsu-Chin Chou, Yi-Hsin Lee, Yang-Fang Chen,
Kuei-Hsien Chen, and Li-Chyong Chen, “Thickness-Dependent Binding Energy
Shift in Few-Layer MoS,; Grown by Chemical Vapor Deposition”, ACS Appl.
Mater. Interfaces, Manuscript ID: am-2016-066158.R1 (accepted) [IF = 6.723]
Ching-Hsuan Lin, Ruei-San Chen, Yu-Kai Lin, Sheng-Bo Wang, Li-Chyong
Chen, Kuei-Hsien Chen, Meng-Chieh Wen, Mitch Ming-Chi Chou, and Liuwen
Chang,”Photoconduction Properties and Anomalous Power-dependent Quantum
Efficiency in non-polar ZnO Epitaxial Films Grown by Chemical Vapor
Deposition”, ACS Photonics, Manuscript 1D: ph-2016-00615f (submitted) [IF =
5.404]

Chin-Hsuen Lin, Ruei-San Chen, Yu-Kai Lin, Seng-Bo Wang, Li-Chyong Chen,
Kuei-Hsien Chen, M. C. Wen, Mitch Ming-Chi Chou, and Liuwen Chang,”
Photoconductivities in m-plane and c-plane ZnO Epitaxial Films Grown by
Chemical Vapor Deposition on LiGaO, Substrates: A Comparative Study” RSC
Advances, Manuscript ID: RA-ART-07-2016-018344 (submitted) [IF =3.289]
Cheong-Wei Chong, Meng-Jie Huang, Hsien-Cheng Han, Yu-Kai Lin, Jien-Ming
Chiu, Yi-Fang Huang, Hong-Ji Lin, Tun-Wen Pi, Jauyn Grace Lin, Li-Chyong
Chen, Kuei-Hsien Chen, and Yang-Fang Chen, “Resistance Memory Device of
Lag7Sro3sMnO3 on Si Nanotips Template”, Appl. Phys. Lett. 103, 211606 (2013).
[IF = 3.515]

Ying-Chu Chen, Yu-Kuei Hsu, Yan-Gu Lin, Yu-Kai Lin, Ying-Ying Horng,

Li-Chyong Chen, and Kuei-Hsien Chen, “Highly Flexible Supercapacitors with

151

doi:10.6342/NTU201603487



Manganese Oxide Nanosheet/Carbon Cloth Electrode”, Electrochim Acta 56,
7124-7130 (2011). [IF = 3.832]

Chien-Cheng Li, Ran-Jin Lin, Hong-Ping Lin, Yu-Kai Lin, Yan-Gu Lin,
Ching-Chun Chang, Li-Chyong Chen, and Kuei-Hsien Chen, “Catalytic
Performance of Plate-type Cu/Fe Nanocomposites on ZnO Nanorods for
Oxidative Steam Reforming of Methanol”, Chem. Commun. 47, 1473-1475 (2011).
[IF = 6.169]

Yu-Kai Lin, Yi-Han Su, Yun-Hsin Huang, Chia-Jung Hsu, Yu-Kuei Hsu, Yan-Gu
Lin, Ko-Hsiung Huang, San-Yuan Chen, Kuei-Hsien Chen, and Li-Chyong Chen,
“Efficient Hydrogen Production Using Cu-based Catalysts Prepared via
Homogeneous Precipitation”, J. Mater. Chem. 19, 9186-9194 (2009). [IF = 4.795]
Yan-Gu Lin, Yu-Kuei Hsu, San-Yuan Chen, Yu-Kai Lin, Li-Chyong Chen, and
Kuei-Hsien Chen, “Nanostructured Zinc Oxide Nanorods with Copper
Nanoparticles as a Microreformation Catalyst”, Angew. Chem. Int. Ed. 48,

7586-7590 (2009). [IF = 11.829]

Manuscripts in preparation

1.

Yu-Kai_Lin, Yang-Fang Chen, Kuei-Hsien Chen, and Li-Chyong Chen,
“Modulating Sulfurization Kinetics in Mo Precursors to Grow Large-scale MoS;
with Dual Orientations for Electronic Devices”.

Yu-Kai Lin, Yang-Fang Chen, Kuei-Hsien Chen, and Li-Chyong Chen, “A 2D-3D
Hybrid Material for Memory: Resistive Switching Behavior at MoS,/ZnO
Heterojunction”.

Yu-Kai_Lin, Oliver Ming-Ren Chyan, Chen-Kai Chang, Yang-Fang Chen,

152

doi:10.6342/NTU201603487



Li-Chyong Chen, and Kuei-Hsien Chen,” Visualization of Surface Energy

Topography on Large-scaled Graphene by Electrochemical Approach”.

153

doi:10.6342/NTU201603487



Appendix A

Visualization of Surface Energy Topography on Large-scaled

Graphene by Electrochemical Approach

Abstract

Toward a good junction between CVD-graphene and adjacent materials without
contamination of unwanted chemicals in a multi-leveled electronic or spintronic device,
directly growing materials on graphene was adopted. The growth mechanism is highly
influenced by the surface properties of the substrate, namely graphene. In the present
study, the surface energy topology of the large-scaled, untransferred CVD-graphene was
successfully reified by utilizing the electrochemical technique to selectively deposit
MoO; onto the graphene surface. Our results show that the better discrimination of the
graphene domains is obtained at -0.75 V (vs. Ag/AgCl) for seconds in the 0.2 mM
MoO,* solution which is a diffusion-controlled electrodeposition near the threshold
potential. The nucleation of MoO, and its distribution were explained by the modified
classical nucleation theory which is related to the local properties of the substrate. Both
the defect density of graphene and the surface states of the Cu-foil substrate were also
proposed to affect the topology of surface energy. By visualize the surface energy
topology, it helps understand the surface properties of graphene and is beneficial for

using graphene as a substrate to grow materials on top of it.
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Figure A.1 (a) the sketch of the electrochemical system used in this study; (b) cyclic
voltammetry (CV) curves measured at 5 mV/s in the electrolyte with and without 1 mM
MoO,* for HOPG electrode; (c) SEM images of MoO, nanowires grown at different

applied bias for 5 min on the step-edge of the HOPG electrode; (d) Raman analyses of

the electrodeposited MoO..
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Figure A.2 (a) The Raman spectrum of the selected low-quality graphene for MoO,
deposition. (b) The measured current densities with the evoluted deposition time of
various growth conditions. The inset is the average current densities calculated from the
deposition time of 30 to 60 sec. (c) Plot of the average current density of the first 30 sec
in (b) as a function of the inverse square root of the deposition time. The table listed left
is the estimated charge transfer numbers and diffusion coefficients of MoO,* by the

Cottrell equation fitting (Eq. 3) in (c).
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Figure A.3 The SEM images of the MoO, nanoparticles deposited on the graphene/Cu
surface at (a) -0.9 V for 30 sec in 1 mM MoO,* , (b) -0.9 V for 30 sec in 0.2 mM
MoO,%, (c) -0.75 V for 30 sec in 1 mM MoO4, (d) -0.75 V for 10 sec in 0.2 mM
MoO,%, (e) -0.75 V for 30 sec in 0.2 mM MoO4%, (f) -0.75 V for 90 sec in 0.2 mM
MoO4*, (g) The morphological evolutions of the MoO, under different controlled

parameters, i.e. concentration of MoO4%, Co ; overpotential, #; deposition time, tg.
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Figure A.5 (a) The optical image of the graphene transferred onto the SiO, substrate
and the corresponding Raman mapping image of Ip/lg ratio. (b) The distribution of the
MoO, nanoparticles on the graphene/Cu which were deposited at -0.75 V for 30 sec in

0.2 mM MoO,>.
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Figure A.6 (a) The Raman spectra of the graphenes with different defect densities. (b)
The distribution of MoO, nanoparticles on the graphene/Cu with different defect

densities.
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Appendix B
Defect Modulation and Morphology Evolution of Copper-

doped ZnO Nanorods via Electrochemical Method

Abstract

ZnO has been attracted considerable interests to the optical and electronic
industries, because of its electrical, optical, and acoustic characteristics. As in many
semiconductors, defects in ZnO influence its electric and optical properties greatly. ZnO
with a wurtzite structure is naturally an n-type semiconductor because of a deviation
from stoichiometry due to the presence of intrinsic defects such as O vacancies (Vo) and
Zn interstitials (Zni). Moreover, copper was chosen as a dopant in this study due to its
characteristic of hole acceptor and its potential for band-gap engineering to ZnO. This
additional modification of ZnO was expected to change its crystal structure as well as
the electronic structure which can broaden the application of ZnO. The types and the
densities of the defects in ZnO are strongly correlated to the growth conditions. Here we
adopt electrochemical method to deposit ZnO nanorods on FTO substrate. By varying
solution compositions and tuning the applied bias in the electrodeposition process, the
defects in ZnO can be modulated. XRD and SEM were first analyzed to check the
crystal structure and the morphology evolution of Cu-doped ZnO after electrodeposition.
The mechanism of electrodeposition process was also discussed. We found that the pH
value at the electrode surface would play an important role on the deposition rate, and
the anions in the solution would affect the morphologies of ZnO:Cu. X-ray absorption

spectroscopic (XAS) techniques were employed to analyze the electronic structures of
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ZnO:Cu. Based on the results of XAS, we found that some defects, such as Vo and
anion impurities, in the ZnO:Cu lattice can be reduced or rearranged after post
annealing treatment. This alteration of defects was not only observed in the
photoluminescence, but also affected the magnetic properties of ZnO:Cu. In this regard,
we expect that ZnO:Cu can be a potential material for optoeletronic and spintronic

application by controlling its defects and morphologies well.
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Figure B.1 Preparation of ZnO-based nanostructures via electrochemical deposition.
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Figure B.2 Morphology and composition of EC-prepared ZnO:Cu nanorods.

Surface pH value
[Decomposed rate of Hp0;)

(1] Diffusion af H0, towsd the nstace
Wl = 0], kS

3] DaHudbon of Zn/Cu lend towd the sunlsce
P = Enoand Cu
(=], = [na), A

(3] Elatrachamical reduction of H0, ot the
wrfsce

[Hyo,l, + 26 = JOW],

(4] Teild:Cu foarmation by reaction with hydroxide
lons [electrodeposition]
|M"|I + FOH], &0 ZnD:Cu » HD bk

(%] Back diffunbon of hydroxide lons toward the
o lutho
|OH], = [Q)y, k™

6] Skl rescthon
[Cu* ]+ 2+ Cu |

Conservation of OH-

BIOH ], - i i
[ m_l :i%_ k5" 0F"), - 2(k (0K 1541 -k, )

Atst crate |assume g=2 6= 1)
Z = kIO, + 2( 0K TEMT, R )

g7+ i s o pe e 26)
Sk [MT],
Faradaic efficiency of electrodeposition
_ E3FIGE],
I fF
With complexing sgent:
Bindiing to ZnD (D001} crystal faces

<+ [Halaled
< [OH].-L

= 1y {for Znd deposition] 1
3 Sde eactiont (i1

[CHTT.=

fusually ke i

=1

Figure B.3 Analysis of surface pH value in our electrodeposition system.
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Figure B.4 XANES of ClI K-edge in EC-prepared ZnO:Cu.
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Figure B.6 K-edge XAS and XRD patterns show the effects of post annealing on ZnO

nanorods.
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Figure B.7 SEM, XRD, and UV-Vis. spectra show the effects of releasing chlorine in

ZnO nanorods.
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Figure B.8 Magnetic moment of ZnO:Cu nanostructures at room temperature.
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Figure B.9 Cu and O K-edge XAS and XMCD spectra.
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