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Abstract of Dissertation
Studies on Direct Synthesis of Transition Metal

Dichalcogenides for Electronic Applications

Seoungwoong Park
Department of Chemistry
The Graduate School

Seoul National University

Transition metal dichalcogenides (TMDC) have been identified as
excellent platforms for developing the next-generation commercial flexible
logic devices and sensors, owing to their outstanding mechanical, optical, and
electrical properties. The TMDCs can be used to produce novel form-factors
for wearable electronic devices. Typically, synthesis of large-scale TMDC thin
film have been achieved by complexity vacuum-based approach. Therefore, it
is essential to develop a simple and effective method to boost-up mass
production of TMDC thin films on a large scale upon arbitrary substrates. In
this regard, the solution-based TMDC synthesis method is advantageous
because it proposes a simplification of the fabrication processes and an easy
scaling-up of the material with a non-vacuum system.

In Chapter 1, we summarize the evolution of the solution-based thin-

film preparation and synthesis of the TMDCs; subsequently, we discuss the



merits and drawbacks of the recently developed methods to form TMDC thin
films directly from the deposited precursor. Finally, we discuss the practical
applications of the TMDC thin films, which demonstrate the feasibility of their
commercialized applications in electronic devices and sensors.

In Chapter 2, we introduce a direct and rapid method for layer-
selective synthesis of MoS; and WS, structures in wafer-scale using a pulsed

laser annealing system (A = 1.06 um, pulse duration ~ 100 ps) in ambient

conditions. As a proof of concept, we demonstrated the behavior of a MoS»-
based field-effect transistor, a skin-attachable motion sensor, and a
MoS,/WS;-based heterojunction diode in this study.

In Chapter 3, we demonstrate synthesis technique to adjusting MoS,
morphological structure, so that a surface-crumpled MoS,; TENG device
generates ~40% more power than a flat MoS, one. Compared to other MoS»-
based TENG devices, it shows high-performance energy harvesting (up to
~25 V and ~1.2 pA) without assistance from other materials, even when the
counterpart triboelectric surface has a slightly different triboelectric series.

In Chapter 4, the summary and conclusion of the thesis are depicted,
finally.

Keywords: Transition metal dichalcogenides, Laser annealing, Solution-based
process, Electronic devices, Strain sensors.

Student Number: 2019-35429
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Fig. 2-T4. Comparison of different methods of solution based-TMDs synthesis.
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directed MoS;. (b) Atomic percentage of sulfur (S),



molybdenum (Mo) and oxygen (O) extracted by the XPS spectra.
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Fig. 3.6. XPS spectra (scanning Mo3d and S2p energy levels) of the F-, LC-
and MC-MoS; structures.
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the F-MoS,- and MC-MoS;-based TENG devices under the
external mechanical input of 1 Hz and 160 N as a default setting,
with the forward connection to measuring equipment. (¢) PFM
analyses showing electromechanical coupling responses of laser-
directed F-MoS; and MC-MoS,. (d) Schematic diagrams
presenting the device mechanism of the MC-TENG in its 5 states:
i) initial, ii) pressed, iii) releasing, iv) released and v) pressing
state.

Fig. 3.9. (a) Open-circuit voltage and (b) Short-circuit current generated from

the F-MoS;- and MC-MoS;-based TENG devices under the



external mechanical input, with the reverse connection to
measuring equipment. (c) Area of a single generated current
signal peak of F- and MC-TENG devices.

Fig. 3.10. (a) Generated instantaneous output power levels of the F-TENG and
the MC-TENG according to external resistance load. (b)
Durability test of the MC-TENG devices over 10000 pressing
cycles. (c) Frequency and (d) applied force dependence of
generated current signals from the MC-TENG device. (e)
Photograph of the commercial 25 blue LED bulbs connected to
a rectifier and the MC-TENG devices (the upper panel). The 25
blue LEDs turned on by the MC-TENG (the lower panel). (f) A
6 nF capacitor stored up to 15.1 V for 90 s by the MC-TENG
device.

Fig. 3.11. (a) Optical microscopy images of the F-MoS; surface before and after
the durability test (tens of thousands of cycles) of TENG
device.(b) Durability test of the F-TENG devices over 10000
pressing cycles.

Fig. 3.12. Optical microscopy images of the MC-MoS; surface before and after
the durability test (tens of thousands of cycles) of TENG device.

Fig. 3.13. (a) Frequency and (b) applied force dependence of generated voltage
signals from the MC-TENG device.

Fig. 3.14. Energy harvesting output generated from the F-TENG under varied



applied force and frequency. Frequency dependence of generated
(a) voltage and (b) current signals. Force dependence of
generated (c) voltage and (d) current signals.

Fig. 3.15. (a) 106 nF and (b) 10 uF capacitors stored by MC-TENG up to 4 V
for 90 s and 1 V for 180 s, respectively. Inset: the TENG device
connected with a bridge diode rectifier circuit with the capacitors.

Fig. 3.16. (a) Photograph of the laser-directed patterned MoS,-based flexible
triboelectric haptic sensor array on a human hand. Inset: the MC-
MoS; and printed Ag electrode of a haptic sensor unit. (b)
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MoS:-based flexible triboelectric haptic sensor.



Chapter 1.
Introduction of Large-Scale Synthesis of Transition

Metal Dichalcogenides

[*The contents of this chapter is reproduced from: Seoung-Woong Park, Yong Jun Jo, Sukang
Bae, Byung Hee Hong, and Seoung-Ki Lee” Applied Science and Convergence Technology (2020)

29 (6), 133-142. © 2020 The Korean Vacuum Society]

1.1. Introduction

Two-dimensional (2D) materials provide a versatile platform for
investigating various electronic and optoelectronic phenomena. Since the
exfoliated graphene was demonstrated in 2004, 2D materials have been one of
the central research topics in the last two decades in the field of material science
! physics 2, and electronics, *“ providing. Various merits and applications of
2D materials have been verified through numerous analytical methods. In the
next step, the synthesis of large-area 2D materials for their commercialization
has become the focus of subsequent investigations. Bae and co-workers °
developed the method of scaling-up of graphene, grown up to 30 inches by the
chemical vapor deposition (CVD) method. Since then, various progressive
strategies have been introduced for the production of high-quality graphene,
even by companies, such as Sony ® and Samsung ’.

The successful scalability of graphene boosted the mass production of



other 2D materials, which belong to the family of transition metal
dichalcogenide (TMDC) & The TMDCs, which have semiconducting
characteristics, are preferred as the target materials for developing the next-
generation electronic devices because of their unique properties, such as direct
or indirect band gap modulation °, quantum-confinement °, transparency 1%,
and flexibility 2. Therefore, the uniform synthesis of TMDCs on a large-scale
is important to accelerate their mass production ** 4, Large-area TMDC thin
films can be successfully fabricated via CVD, which can be used to grow
vertically or horizontally stacked heterostructures *>'. However, the CVD-
based synthesis is limited by several factors, such as the requirement of high
temperatures (= 1000 °C), difficulties in modulating the deposited film
thickness to a desired value, and long processing time, which cause delay in the
material preparation 8, Recently, solution-phase deposition methods have been
reported, which have several technical advantages, such as relatively low
processing temperature °, compatibility with various substrates, including
polymer film (e.g. polyimide (P1)) %, easily controlled layer thickness 2°, rapid
synthesis, and scalability with the help of existing coating techniques 2.
Recently, the lithography-free approach has been developed to form patterns
directly on a TMDC film 224 In this paper, we review an industrially
applicable solution-based TMDC synthesis method, involving trial and error of
the solution-phase deposition and its underlying mechanisms. Further, we

discuss the corresponding applications, such as in transistors, sensors, and



diodes, in detail. The achievements of the advanced synthesis method include

large-scale fabrication of novel TMDC thin films for industrial applications.

1.2. Synthesis of TMDC thin films by thermolysis

Solution-phase synthesis of TMDC thin film is generally performed in
several steps: the preparation of a precursor solution, deposition of the precursor,
and conversion of the precursor's chemical structure. The thickness or
uniformity of the synthesized TMDC film can be adjusted by controlling the
precursor concentration, solution composition, and coating environment. In this
section, we review the development of various deposition and synthesis

methods for fabricating TMDC thin films.

1.2.1 Principles of thermolysis

The solution-deposited TMDC compounds are usually synthesized by
thermolysis of a precursor [A].s[MX]a+s, Where A is a cation that facilitates
dissolution in the solvent, M is a transition metal, and X is a chalcogen that
produces charge balance between A and M to support the precursor structure.
MZX is the anion in the precursor structure. This MX anion has a high bonding
strength, which maintains its structure via the chalcogen bonding.

For example (Fig. 1-1 a), synthesis of MoS; requires an ammonium
thiomolybdate ([NH4]2[Mo03S13-:2H>0]) precursor and a two-step thermolysis 2.

The precursor dissolves in a solvent as an anion [Mo3S;3]* and a cation [NH4]*".



In the first step, at temperatures 120 < 7 < 360 °C (where T represents
temperature), the [Mo3S13]* clusters cleave along an intermolecular bonding
weakness to produce sulfur as H»S. Additionally, as the bond strength of the
Mo—Mo bond in MosS;3 obtained by a thermal reaction gradually weakens, it
decomposes to amorphous MoSs4. Subsequently, for 7> 440 °C, the remaining
Mo-S bond breaks to yield a poorly crystallized MoS,. The second thermolysis
reaction produces sulfur as well as emits H,S gas that escapes from the
precursor, thereby producing a sulfur vacancy; therefore, to ensure a stable
reaction, H, or H,S gas is injected constantly into the reaction chamber. On
completion of the reaction, MoS, is synthesized as a bulk structure (rod, wire,
and dot) instead of being deposited on a specific substrate (Fig. 1-1 a, right).
Generally, [NH4]2[Mo3S3] has a high molecular weight; therefore, it is difficult
to control the layer thickness, and this drawback impedes the formation of
atomically thin TMDC films.

As an alternative precursor, ammonium tetrathiomolybdate (ATM,
[NH4]-MoS3) is used to facilitate thermal decomposition for the fabrication of
the MoS; film '® (Fig. 1-1 b). In the ATM structure, [NHs]> is a cation; Mo
maintains the bonding as the center of the precursor, and S; maintains the
precursor structure. Prior to the two-step thermolysis, ATM is deposited on a
specific substrate and all residual solvents are removed by heating at 100 °C.
Next, amorphous MoSs is synthesized at 120 < T < 360 °C in the first

thermolysis step. In the second thermolysis step, a thin film of MoS; is



synthesized under an atmosphere of a mixture of Ar and S (i.e., Ar + S), with
Ar injected into the chamber at 7 > 440 °C. The crystallinity of thermally
decomposed MoS; can be improved by increasing 7 to 820 °C during the

second thermolysis step 2.

1.2.2. Characteristics

The Raman spectral characteristics are generally used to analyze the
intrinsic property of the TMDCs (MoS,, WS,, MoSe,, WSe:, and etc). Liu et al.
12.27 comparatively analyzed the Raman spectrum of the thermally decomposed
MoS; films on sapphire substrate, under Ar and Ar+S atmosphere. Fig. 1-1 ¢
shows two representative Raman absorption peaks, which are ascribed to the
E'5; and A, modes of the MoS; vibration. The E', mode reflects the in-plane
vibration and A, mode reflects the out-of-plane vibration of the MoS; as the
difference in the energy level of electron from Raman absorption. A higher
intensity of the Raman peak implies a better quality of the MoS, film. Therefore,
the sulfur gas aids in the filling of the sulfur vacancy, thereby enhancing the

quality of the MoS, film during thermolysis. In Fig. 1-1 d, the frequency

difference between the A, and E';; modes (Aw = w, g T Ezg) can be used to

identify the number of layers of the synthesized MoS; (Fig. 1-1 d, bottom). The
Raman mode spacing is considerably narrow (Aw = 25 cm™!), which indicates
that the MoS; film is composed of five layers; a mono layer has Aw = 16.5 cm™!

2829 As the number of layers of the synthesized MoS, approaches one, this



synthesized monolayer develops a direct band gap and has optical properties; it
absorbs light of a specific wavelength (672 nm). Fig. 1-1 e shows the
photoluminescence (PL) of a tri-layer MoS; film, thermally decomposed on a
sapphire substrate. The PL peaks also exhibit a stronger intensity when Ar+S
gas mixture is injected; the result indicates that a MoS; film of better quality is
formed. Next, X-ray photoelectron spectroscopy (XPS) analysis was conducted
to identify the chemical composition of the thermally decomposed MoS; film
(Fig. 1-1 f). The Mo 3d shows two peaks at 229.3 and 232.5 eV, which are
attributed to Mo 3ds, and S 2s peaks, indicating that the chemical composition
of the MoS; film exists during the 2H phase formation. The S 2p peaks, shown
in the inset, indicate the intramolecular bonding of divalent sulfide ions (S*).
Accordingly, the two distinguished peaks are observed approximately at 163.3
and 162 eV, corresponding to the S 2pi2 and S 2ps); orbital splits. As a result, it
is possible to verify the intrinsic chemical composition of MoS; through the
thermolysis of [NH4]:MoS4. Additionally, the thickness modulation of a
synthesized MoS; film can be demonstrated by adjusting the concentration of
the ATM precursor %. Fig. 1-1 f shows the atomic force microscopy (AFM)
image of a MoS; thin film, synthesized through a two-step thermolysis reaction
with different concentrations of ATM precursor. Thus, a MoS; thin film, with
one (0.65 nm) to a few layers (3.2 nm), can be synthesized by a two-step

thermolysis method.
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Figure 1-1. (a) Schematic of the chemical composition of bulk-type MoS;
formation from (NH,)2 [M03S13]. (Reprinted with permission from A. Giri et
al., Adv. Mater. 30, 1707577 (2018), © 2020, John Wiley and Sons *8). Optical
microscope image of rod-type MoS; (right). (Reprinted with permission from
Z. Huang et al., Angew. Chem. Int. Ed. Engl. 54, 15181 (2015), © 2020,
Elsevier ). (b) Schematic representation of the synthesis of thin-film MoS; via
two-step thermolysis from (NH4)2[MoS4]. (Reprinted with permission from T.

Zhang et al., Chem. Asian J. 11, 1392-2398 (2016), © 2020, John Wiley and
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Sons 44). Optical microscopic image of synthesized MoS; thin film on SiO/Si
substrate (right). (c) Raman spectra of two-step thermally decomposed MoS;
under Ar or Ar+S atmosphere. (d) Energies of the two characteristic peaks:
Variation of the spacing between Ezy and Az with number of MoS; layers. (e)
PL intensity of the thermally decomposed triple layered MoS; film. (f) XPS
spectra of the thermally decomposed MoS; film: Mo 3d and S 2s peaks.
(Reprinted with permission from Liu et al., Nano Letters 12, 1538-1544 (2012),
© 2020, American Chemical Society #'). (g) Surface topographic images (insets)
and cross-sectional height profile of the thermally decomposed MoS, with
thickness modulation by adjusting (NH4)2[Mo0S4] concentration. (Reprinted
with permission from H. Yang et al., Nanoscale 7, 9311-9319 (2015), © 2020,
Royal Society of Chemistry 2°).

1.2.3. Synthesis of TMDC films on a large scale

To synthesize a TMDC film from a solution on an arbitrary substrate (e.g.,
Si10,/Si, and sapphire), it is important to monitor the precursor deposition since
it determines the scale, thickness, and patterning of the TMDC films. Here, we
first describe the dip coating deposition method, which is proposed by Liu and
co-workers ?’. In this method, (NH4)2MoS4 is dissolved in dimethylformamide
(DMF) to form a precursor solution. A SiO; substrate that is prepared via the
oxygen treatment is immersed into the (NH4)2MoSs4 solution. Next, the substrate
is pulled out slowly (0.5 mm s™') from the solution. The deposition yield of
(NH4):MoS; film is determined by the precursor—substrate wettability and

separation speed. The process is very simple; however, controlling the thickness



of the precursor layer is difficult; thus, this method is not suitable for the mass
production of TMDC films.

Fig. 1-2 a illustrates the spin-coating strategy to obtain wafer-scale
MoS; thin films through the dissolution of (NH4)>MoS4 in n-methylpyrolidone
(NMP) *°. Spin coating is widely used to deposit photoresists during the
semiconductor manufacturing; the coating thickness can be controlled easily by
varying the rotation speed. Therefore, using the spin coating method, the
precursor film thickness can be controlled by varying the concentration of the
solution and rotating speed, thereby yielding precisely tuned mono-/bi-/tri-
layers of the thermally decomposed MoS; film. Spin coating is advantageous
for thickness control; however, only one solvent is used; therefore, the wetting
of a substrate is low. As a result, the viscosity or surface tension of a precursor
cannot be controlled easily. Therefore, this method is useful only to synthesize
TMDC films on a relatively small scale.

Yang and co-workers 2° proposed a solution engineering that can easily
control the wetting of precursors in the solution with the substrate. The DMF-
based (NH4)>MoS4 solution is reformulated additionally with two types of
amino alcohol-based solvents. Before the spin coating, an oxygen plasma
surface treatment is applied to increase the wettability of the precursor solution
with the substrate. The quality of the spin-coated precursor film is gradually
improved owing to the additive solvent (Fig. 1-2 b, left to right). During the

spin coating of the precursor, the additive solvent promotes the solvation of



(NH4)2MoS, with balanced viscosity and surface tension. An optimized solvent
mixture of DMF: n-butylamine: 2-aminoethanol = 4.5:4.5:1 (v/v/v, where v
represents volume) generates a uniform spin-coating of the precursor, without
pinholes or dewetted regions. Ionescu and co-workers *! reported a spin coating
technique, wherein the (NH4)>:MoS4 precursor is dissolved into a dimethyl
sulfoxide (DMSO):ethylenediaminetetraacetic acid (EDTA) co-solvent. During
the spin coating, the DMSO increases the wettability between the (NH4),MoS4
precursor and SiO» substrate, and EDTA stabilizes the precursor by chelation.
Another method of improving the synthetic area of the MoS; thin film is the
polymer-assisted precursor deposition technique, which was engineered by
Yang and co-workers ?!. A linear polymer matrix (poly ethyleneimine, PEI) (Fig.
1-2 ¢) allows the viscosity modulation of (NH4)MoS4 precursor with full
coverage of the spin-coated MoS; on a 6-inch SiO,/Si wafer (Fig 1-2 d). The
film thickness can be tuned by adjusting the concentration of the (NH4)2MoS,4
precursor.

Although the solution-engineered precursor deposition method increases
the film area, this method has several drawbacks, such as low production yield,
differences in the crystal growth depending on the substrate, and high
production cost. Owing to these limitations, Lim and co-workers ** developed
a synthetic method of producing 20-inch-scale MoS, thin films using a roll-to-
roll process (Fig 1-2 e). They suggested that spray coating of the (NH4)>MoS,

precursor on a Ni foil can improve the production yield and crystallinity *. The
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precursor deposited film is heated in a furnace at 800 °C under Ar or H,
atmosphere to thermally decompose the (NH4)>MoS4 precursor. This method
significantly increases the production of the MoS: thin films on a large scale. A

high yield can be achieved by controlling the various process parameters.
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Figure 1-2. (a) Schematic representation of spin coating based 4 inch scaled
MoS; thin-film synthesis. (Reprinted with permission from A.S. Gergo et al.,
Adv. Funct. Mater. 24, 7461-7466 (2014), © 2020, John Wiley and Sons ). (b)
Optical microscope images of the spin coated (NH.):[MoS.] films using
different compositions of the solvent. (Reprinted with permission from Yang et
al., Nanoscale 7, 9311-9319 (2015), © 2020, Royal Society of Chemistry 29).
(c), (d) Schematic diagram of the polymer-assisted spin coated (NH4)2[M0S4]
film and its thermal decomposition on a 6-inch scaled SiO,/Si wafer. (Reprinted
with permission from Yang et al., Chem. Mater. 29, 5772-5776 (2017),© 2020,
American Chemical Society 2%). (e) Schematic illustration and photographs of
the roll-to-roll based 20-inch scaled MoS; thin-film synthesis: solution coating
and thermal decomposition. (Reprinted with permission from Y. Lim et al., Adv.
Mater. 30, 1705270 (2018), © 2020, John Wiley and Sons *?).

1.2.4. Synthesis of direct-patterned TMDC films

To use a TMDC thin film in a practical electronic device, the fabricated
film should be isolated to form a source—drain array. Therefore, a TMDC
pattern is typically fabricated via the additional photolithography or oxygen
plasma treatment-based mask process. To simplify this process, the precursor
deposition and synthesis methods have been developed to form TMDC patterns
directly, without the additional patterning step. Lee and co-workers 3*
demonstrated the direct pattern formation in the TMDC precursor film through
a dip coating method for the synthesis of WS, or MoS; wires. In this process, a
piece of SiO», Si, or quartz wafer is soaked in (NH4)2MoS4 (or ammonium

tetrathiotungstate, (NH4)2WS,) solution in de-ionized water. Next, the SiO», Si,

or quartz wafer is lifted in the upward direction, and the precursor is
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precipitated simultaneously in the form of a periodic wire. This method can
yield both homostructured WS>—MoS; wires and WS,/MoS; heterostructured
wires, under optimized parameters, such as proper pH and concentration of the
aqueous precursor, required humidity and evaporation speed in the environment.
The addition of isopropyl alcohol can tune the solvent’s evaporation speed,
thereby modulating the thickness of the precipitated precursor layer.

Later, Lee and co-workers ** developed cross-aligned WSex/MoS,
heterostructures through partial pinning of the solution to the substrate, which
generates a regular and repetitive circular convection flow, i.e., Marangoni flow,
during the precursor feeding (Fig. 1-3 a). The precursor nuclei in the solution
continuously adhere to the SiO,/Si substrate; therefore, vertically (directionally)
heterostructured TMDC wires can be precipitated (Fig. 1-3 b, ¢). Such a direct
method to form precursor patterns is useful to fabricate a specific heterojunction
or to form patterns on a single material without using an additional patterning
process. The fabricated cross-aligned wires show different cross-angles of 45°
and 90°; this arrangement is advantageous for producing stacked TMDCs to
develop integrated electronic devices (Fig. 1-3 d, e).

Park and co-workers #* have recently developed a novel process that
can freely form TMDC patterns through a pulsed laser annealing method. Using

the precursor deposition method of Yang and co-workers 2

, a precursor is
initially deposited on a 4-inch TMDC thin film by spin coating. Next, a pulsed-

laser source of wavelength 1.06 um is irradiated on the precursor to achieve
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photothermolysis (Fig. 1-3 f, g). As a result, a fine WS, or MoS; homostructure
is formed with a WS, or MoS, vertical heterostructure pattern. This method
allows the synthesis of a large-area patterned TMDC film only with a single-
step heat treatment at room temperature and pressure in a shortened process
time. Further, the fabrication is accomplished without the additional processes
by easily blocking the external oxygen in a chalcogen gas (S, Se) rich
atmosphere, wherein the gas is derived from the TMDC precursor. Details on

the aforementioned synthesis methods are summarized in Fig. 1-T1.
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Figure 1-3. (a) Schematic diagram representing the synthesis of self-assembled
WSe,/MoS; wires. (b), (c) Image of cross-aligned WSe,/ MoS; wires showing
their growth directions. (d), (e) Optical microscopy images of different angles
of WSe,/MoS; wires: 90° and 45°. (Reprinted with permission from Lee et al.,
Adv. Mater. 31, 1904194 (2019), © 2020, John Wiley and Sons #). (f)
Illustration of MoS, and WS, pattern formation, including spin coating,
photothermal decomposition, and rinsing. (g) Photograph of the patterned
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15 -
7 42T 8t



permission from Park et al., ACS Nano 14, 8485-8494 (2020), © 2020,

American Chemical Society 2®).
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Deposition Solution Method Area
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Figure 1-T1. Comparison between the different of solution-processed TMDC

thin film synthesis.
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1.3. Applications of TMDCs

TMDC thin films obtained from a solution (e.g., MoS,, WS,, WSe») can
be synthesized on a large scale using simple thermal decomposition processes
and therefore have a variety of applications in electronic devices. In this section,
we review the electronic devices and sensors that have been developed by using

the solution-based synthesis methods.

1.3.1 Field-effect transistors (FETs)

One of the key characteristics of a TMDC thin film is its semiconducting
property. A TMDC thin film has a tunable band gap depending on the number
of its layers *>3¢. Liu and co-workers %’ first reported the fabrication of an FET
from the solution-based thermally decomposed MoS, thin films. The
synthesized triple layered MoS; film has the property of n-type behavior and
shows good field-effect electron mobility (4.7 cm? V-!s™!). The variation of the
electron mobility, depending on the number of layers of the solution-
synthesized MoS; film, is systemically investigated by Lee and co-workers 4.
Fig. 1-4 a shows a comparison of the transfer curves (Ips vs Vgs) associated
with the thickness modulation of the ion-gel gated MoS; wires. The transfer
characteristics show that the current increases with increasing thickness of the
wires (3 to 32 nm). In the case of a thick MoS, wire (32 nm) exhibits symmetric
ambipolar behavior, indicating that enhanced electron and Hole mobility was

observed. Fig. 1-4 b shows the variation of the mobility with the MoS; film
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thickness. The statistically evaluated average effective mobility is
approximately 100 cm? V-'s!, as observed from Fig. 1-4 b. These results are
due to the fact that, as the thickness of the MoS, films increase, their
vulnerability to carrier scattering decreases, which in turn increases their carrier
mobility 373, Several solution-synthesized MoS; thin films have been applied
to FETs. However, they have low average effective carrier mobility, 23! and
are therefore not suitable for commercialization. The performance of the

solution-processed MoS, FETs are summarized in Fig. 1-T2.

1.3.2 Photodetectors

Shifting the perspective to the optoelectronic properties of the solution-
based MoS, thin films, Lim and co-workers ** developed a thermally
decomposed MoS;-based visible light photodetector on a 4-inch SiO,/Si wafer.
They focused on the spatial distribution of the large-scale MoS; thin film with
100 devices (10 rows x 10 columns). The result of the homogeneous
photoresponse is displayed in Fig. 1-4 e, which indicates that the device yielded
a periodically varying photocurrent under a halogen lamp irradiation with a
tunable power, regardless of the bias voltages (1, 5, 10, 15, and 20 V). For a
fixed photocurrent at a bias voltage of 20 V, the illumination power increases
from 7.0 to 12.5 mW cm™; this observation implies that the photocurrent is
proportional to the illumination power, owing to an increase in the carrier-

generation rate. Thus, the photocurrent of a photodetector is linearly dependent
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on the illumination power.

Furthermore, Lee and co-workers ?? recently demonstrated a solution-
based cross-aligned Wses/ MoS: p-n junction structured photodiode and
detector. The analyzed photo responsivity of the fabricated device is ~5.39 A
W1, which is higher than that of the previously reported TMDC-based
optoelectronic devices that are made up of monolayer homo- and
heterojunctions. Park and co-workers ** demonstrated a p-n diode with
vertically stacked solution-processed WS»/MoS, thin films prepared by
irradiating (NH4)WS4/MoS; films with an ultra-short laser pulse (~100 ps) to
cause selective thermolysis of (NH4),WSs, since it shows ~60 times higher
absorbance than the MoS; film during the laser annealing (1.06 pm). The
process converts (NH4), WS4 to a WS; film with high crystallinity despite the
instant formatting on the MoS, lattice. This p-n diode that uses WS»/MoS,
produces good electrical rectification with a forward-to-reverse current ratio of

~10°.

1.3.3 Hydrogen evolution reactor (HER)

Another solution-based TMDC application has attracted considerable
attention in the field of catalysis. Deng and co-workers *° developed hydrogen
evolution reaction (HER) catalysts from the one-step photothermal
decomposition of PI and MoS, precursor by using a continuous-wave laser to

ensure strong heating. The laser-irradiated sample must include a composite of
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laser-induced graphene and MoS, nanoparticles; the composite significantly
influences the HER activity by increasing the specific area and producing heat-
induced surface defects. The results of the linear sweep voltammetry
measurements, showing the polarization curves of bulk MoS,, hydrothermal
MoS,, MoS,/carbon hybrids, and Pt/ carbon, are shown in Fig. 1-4 e. The
MoS,/carbon hybrids exhibit a higher overpotential (216 mV) and a lower Tafel
slope (64 mV dec™) than other samples (Fig. 1-4 ). Hasani and co-workers *°
demonstrated a solar-driven HER sensor having a heterojunction formed by
thermally decomposed n-type MoS, on a p-type Si. This sensor shows the
highest catalytic activity with the lowest Tafel slope of 65 mV dec™!, when an

appropriate MoS; thin-film thickness (16.8 nm) is used.
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Figure 1-4. (a), (b) Transfer curves (los vs Vgs) of the ion-gel gated
MoS./graphene hybrid FETSs, depending on the thickness of the wires in the
channel and their effective charge mobility. (Reprinted with permission from
Lee et al., Adv. Mater. 27, 4142-4149 (2015), © 2020, John Wiley and Sons *4).
(c), (d) Time-resolved photocurrent response of the thermally decomposed
MoS; on PI film (Reprinted with permission from Y. Lim et al., Adv. Mater.
28, 5025-5030 (2016), © 2020, John Wiley and Sons *). (e), (f) Polarization
curves of a series of samples: Pt/C, bulk MoS;, hydrothermal MoS,, and
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photothermally decomposed MoS,. (Reprinted with permission from Deng et
al., J. Mater. Chem. A. 4, 6824-6830 (2016), © Royal Society of Chemistry *).
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Figure 1-T2. Comparison of the performance of the FETs, produced by
solution based-TMDC synthesis.

1. 3. 4. Strain and haptic sensors

The previously reported methods of TMDC-based strain sensor
fabrication used thin films grown using CVD, with several subsequent
photolithography steps to pattern the strain gauge *"#>. Park and co-workers
demonstrated the direct pattern formation of a MoS»-based strain gauge and

proposed that a lithography-free approach can be applied to develop a three-
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axis strain gauge rosette. The application of an external force on the MoS, strain
gauge causes strain-induced deformation of the conductive pathways, which
changes the electrical conductivity of the material (Fig. 1-5 a). Notably, the
relationship between the conductivity and strain is linear, and the gauge
operates reversibly, without hysteresis, at a strain < 1.67%. Therefore, the range
of the strain is restricted to the linear regime (= 1.5%), and the mechanical
response of the strain gauge shows a stable response over 1000 repeated cycles
(Fig. 1-5 b). When mounted on a human wrist, this three-axis strain gauge
rosette can simultaneously respond in unknown X” and Y° directions (Fig. 1-5
c). The time-resolved resistance response of the rosette shows an
omnidirectional sensing ability.

Direct-pattern formation by photothermal decomposition is used to
fabricate self-powering haptic sensors that use a MoS; active layer. Park and
co-workers ** fabricated large-scale patterned MoS, thin films and developed
strain induced crumpled MoS,. The crumpled MoS; has distinct characteristics
compared to the pristine MoS;. A widening in the MoS; lattice and a decrease
in the orbital overlap increase the work function of the sensor; these changes
increase the charge-transfer effect during the generation of self-powering signal,
i.e., the triboelectric current generation. Hence, the haptic sensor is self-
powered and includes a triboelectric touchpad on a latex glove. The 4 x 4
arrayed, crumpled MoS, haptic touch sensor has a time-dependent mapping

trajectory, according to the movement of a stylus (Fig. 1-5 d).
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Figure 1-5. (a) Relative resistance variation and gauge factor of the MoS,-
based strain gauge in the range of 0.5-3.0%. (b) Mechanical stability of MoS,-

based strain gauge up to 1000 cycles with different strain levels. (¢) Operation

of the MoS,-based 3-axis strain gauge rosette with sensing ability from

unknown directions. (Reprinted with permission from Park et al., ACS Nano
14, 8485-8494 (2020), © 2020, American Chemical Society 2%). (d) Time-

resolved trajectory mapping of the MoS;-based haptic sensor using a stylus pen

movement. (Reprinted with permission from Park et al., Nano Energy 78,
105266 (2020), © 2020, American Chemical Society *).
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1. 4. Perspectives and Summary

This thesis covers a wide range of large-scale, inexpensive, and simple
methods for synthesizing TMDC thin films from solutions with direct-pattern
formation, in addition to elucidating their practical applications. Various
precursor deposition methods have been developed to increase the film area and
modulate the solution composition, which yields the appropriate coating
conditions for large-scale fabrication. Thus, the thickness of the TMDC film is
easily modulated by adjusting the precursor concentration. Notably, direct
formation of the TMDC patterns is also achieved using the solution-phase
precipitation and photothermal decomposition. These processes yield vertically
stacked TMDC-based heterostructures, without complex processing steps. The
synthesis of TMDCs from solutions can be practically applied to readily
fabricate devices, such as FETs, photodetectors, HER catalysts, diodes, and
mechanical sensors.

However, the TMDC thin film synthesis method covered in this review
is still problematic to be applied to high performance electronic devices because
of the small TMDC grain size. Therefore, the development of another
methodology for the mass production of highly crystallinity of TMDC thin
films is crucial for their applications in the semiconductor industry and

researches.
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Chapter 2.
Layer-Selective Synthesis of MoS: and WS: Structures

under Ambient Conditions for Customized Electronics

[*The contents of this chapter is reproduced from: Seoungwoong Park, Aram Lee, Kwang-Hun
Choi, Seok-Ki Hyeong, Sukang Bae, Jae-Min Hong, Tae-Wook Kim, Byung Hee Hong", and

Seoung-Ki Lee* ACS Nano (2020) 14, 8485-8494. © 2020 American Chemical Society]

2. 1. Abstract

Transition metal dichalcogenides (TMDs) have attracted significant interest
as one of the key materials in future electronics such as logic devices,
optoelectrical devices, and wearable electronics. However, a complicated
synthesis method and multistep processes for device fabrication pose major
hurdles for their practical applications. Here, we introduce a direct and rapid
method for layer-selective synthesis of MoS; and WS; structures in wafer-scale

using a pulsed laser annealing system (A = 1.06 um, pulse duration ~ 100 ps) in

ambient conditions. The precursor layer of each TMD, which has at least 3
orders of magnitude higher absorption coefficient than those of neighboring
layers, rigorously absorbed the incoming energy of the laser pulse and rapidly
pyrolyzed in a few nanoseconds, enabling the generation of a MoS; or WS;
layer without damaging the adjacent layers of SiO; or polymer substrate.

Through experimental and theoretical studies, we establish the underlying
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principles of selective synthesis and optimize the laser annealing conditions,
such as laser wavelength, output power, and scribing speed, under ambient
condition. As a result, individual homostructures of patterned MoS, and WS,
layers were directly synthesized on a 4 in. wafer. Moreover, a consecutive
synthesis of the second layer on top of the first synthesized layer realized a
vertically stacked WS»/MoS, heterojunction structure, which can be treated as
a cornerstone of electronic devices. As a proof of concept, we demonstrated the
behavior of a MoS»-based field-effect transistor, a skin-attachable motion sensor,
and a MoS,/WS;-based heterojunction diode in this study. The ultrafast and
selective synthesis of the TMDs suggests an approach to the large-area/mass

production of functional heterostructure-based electronics.

2. 2. Introduction

Transition metal dichalcogenides (TMDs) have garnered plenty of
attention, and high expectations have been raised in both the fundamental
research field as well as industry due to their distinctive electronic and optical
properties originating from two-dimensional (2D) quantum confinement .
Over the past decades, significant investigations on TMDs have shown
impressive potential applications in sensors, logic devices, and optoelectronics,
meeting expectations.”* As the functions that can be implemented with TMDs
become concrete, synthesizing materials in a more effective manner to produce

practical electronics has become important. Pioneering improvements have
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been achieved based on chemical vapor deposition (CVD). Since the first
synthesis of single-crystalline graphene, in spite of the 2D crystals with biatom-
based honeycomb lattice structure, wafer-scale fabrication MoS, and h-BN
could have been achieved 3*. Recently, several routes for forming vertically or
horizontally layered heterostructures (e.g., MoS:/BN, MoS»/WS, and
WS,/WSe») through a modified CVD approach were reported % '°, and these
structures worked as versatile Schottky junctions and p-n junctions, showing
clear rectification, photoresponse, and photovoltaic action. However, despite
remarkable achievements in material preparation, the practical applications
have been delayed due to several limitations of CVD. First, generating TMD-
based heterostructures with clean sharp interfaces without chemical complexes
is still challenging due to the difficulty of selective control of the heat
distribution. Second, an additional patterning process after synthesis of the film
is essential. Current patterning techniques, including lithography and plasma
etching, require a protective layer to define the desired pattern, which not only
inevitably causes contamination but also increases the device fabrication
complexity. These separated fabrication steps (synthesis — patterning) negate
some of the advantages of CVD, delaying real applications. Although a few
attempts aiming at patterned synthesis of TMD-based heterostructures using
substrate treatment, patterned precursors, and self-assembly methods have been
reported, these approaches are used in conjunction with complicated

pretreatment steps in a vacuum chamber, and implementing a clear pattern at a
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precise location over a large area with reproducibility is still difficult -3,

In this paper, we introduce a strategy for the direct synthesis of patterned
MoS; and WS; structures by driving layer-selective thermolysis via laser beam
annealing. By means of the atomic-scale modulation of temperature through the
depth of pre-synthesis structure, the target precursor layer was selectively and
effectively converted into MoS; from the (NH4),MoS,. The instant laser-based
local treatment enabled the generation of a patterned MoS; structure on a 4-
inch wafer within several minutes under ambient conditions without damaging
the substrate, dramatically reducing the process time. Moreover, we succeeded
in the selective synthesis of WS, layer on a MoS, layer and accordingly
generated a WS,/MoS:; heterostructure with a sharp and clean junction interface.
We performed a combined experimental and theoretical study to elucidate the
mechanism of selective synthesis and to optimize the laser annealing conditions
such as laser wavelength, output power, and scribing speed. The direct
formation of high-quality patterned TMDs under ambient conditions effectively
reduced the process steps, cost, and time for device fabrication. Furthermore,
the versatility of patterned TMDs was proven through functional devices such

as rectifiers, transistors, and strain sensors.
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2. 3. Experimental

Spin-coating of precursors on SiO/Si wafer: Highly p-doped SiO,/Si wafer
(dielectric layer 300 nm) is immersed into a cleaning solution (ethyl alcohol for
10 min and deionized water for 10 min) and O plasma-treated at 100 W for
100 s to increase the hydrophilicity of the substrate and enhance the coating
adhesion. Aqueous type precursors were separately prepared by dissolving each
of (NH4):MoS4 (Sigma-Aldrich, CAS No. 15060-55-6) and (NH4),WS4 (Alfa
Aesar, CAS No. 13862-78-7) in DMF (n-butylamine : 2-aminoethanol = 5:2:1
(v/v/v)) and they were sonicated at 50 °C for 30 min. Then the prepared
precursors were drop-casted onto the plasma-treated wafer and consecutively
spin-coated at 500 rpm for 10 s and 2500 rpm for 30 s. The residual solvents

were removed by baking on hot plate at 150 °C for 3 min.

Selective laser annealing process for MoS> and WS> based Heterostructure:
The spin-coated (NH4)>MoS4 precursor was irradiated by pulse laser (Universal
laser, pulse duration ~100 ps, repetition rate 50 kHz) to thermally decompose it
by the absorbed optical energy. The heat treatment area was precisely drawn
via a preprogrammed pattern using a commercially available graphic design
software (CoreIDRAW Graphics Suite). After laser scribing, the precursor layer
in the nontreated area was removed by DMF solvent, leaving a patterned MoS»
film. Then the solvent of WS, precursor ((NH4),WSs was deposited on the

patterned MoS; film through spin-coating at 2300 rpm for 20 s and pre-baking
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at 130 °C for 3 min. The WS, precursor/MoS; structure was again irradiated by
the pulse laser and the top WS, precursor layer was selectively annealed due to
its much higher optical absorbance. Finally, the untreated region of WS,

precursor was removed by DMF solvent again.

MoS:>-based FET fabrication and electrical characterization: Source and
drain electrodes (5/50 nm, Ti/Au) were thermally deposited on the laser
patterned MoS; channel to evaluate its semiconducting property. The
specifically chosen electrode helps the operation of n-type MoS, FET by
formation of Ohmic-contact. Top-gated FET configuration was adopted to
measure the dielectric characteristics, where an ionic liquid (1-Ethyl-3-
methylimidazolium bis imide, Sigma-Aldrich, CAS No. 174899-82-2) was
used as the top-gate. The sample was kept in a vacuum (~107 torr) shielded
probe station (MSTECH, M5VC) and its three-probe characteristic was

measured using a parameter analyzer (Keithley 4200-SCS).

Temporal monitoring of electrical resistance in rosette strain gauge: We
utilized a custom-built strain test machine, which is equipped with a motorized
stage to apply strain and output exact value of the resulted strain, to measure
the performance of our MoS;-based strain gauge which is transferred on a
stretchable substrate (PSA, polysulfonic acid). A pair of contact pads (indium

gallium eutectic, Sigma-Aldrich, 495425) was drop-casted at each end of the
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strain gauge and the accordingly generated resistance variation was measured

using a parameter analyzer (Keithley 4200-SCS).

2. 4. Results and discussion

Fig. 2-1 shows the strategy for selective thermolysis with the help of
focused laser energy. The fabrication of patterned molybdenum disulfide (MoS,,
n-type) and tungsten disulfide (WS,, p-type) films began with full covering of
each precursor film, i.e., ammonium tetrathiomolybdate ((NH4)>Mo0S4) and
ammonium tetrathiotungstate ((NH4)>WS4), respectively, onto the target wafer.
Dimethylformamide (DMF) was selected as the main solvent, and amine and
amino alcohols were added into the precursor solution to control its surface
tension and viscosity, which improved the uniformity of the film '*. First, to
synthesize patterned MoS,, (NH4)2MoS4 precursor was spin coated on a silicon
wafer, covered with 300 nm-thick SiO», and annealed at 150 °C for 3 min to
evaporate the residual solvents as a start of 1% cycle. (NH4)2Mo0S4 requires high
thermal energy (temperature > 500 °C) under inert or sulfur-rich conditions to
thermally decompose into MoS, ' 6. Here, we used a pulsed fiber laser
(Universal Laser, wavelength =1.06 um, pulse width ~100 ps) to induce a local
photothermal reaction, as shown in Fig. 2-1 a. The heat treatment area was
precisely defined via a preprogrammed pattern drawn by a commercially
available graphic design software (Core]DRAW Graphics Suite). After laser

scanning, the precursor layer in the nontreated area was simply removed by
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DMF solvent, leaving a patterned MoS; film (“T” and “D” text on the wafer,
Fig. 2-1 b). Fig. 1c and d provides the mechanism of selective conversion of
(NH4)2MoS; precursors into MoS,. When the laser beam irradiated, a fraction
of the laser energy was absorbed depending on the optical absorption of each
material. To more deeply examine the thermodynamics, we conducted an
analytical study by equating the absorbed optical energy (£,,) to the increase in
the thermal energy (Es). A commercial optical FDTD simulation tool
(Lumerical FDTD) was used to numerically estimate the amount of optical
energy absorbed in each layer under pulse irradiation. The required optical
parameters of the materials, e.g., precursor, MoS,, and substrate, were directly
measured by ellipsometry and applied to the simulation, enabling the
temperature profile of each stacked layer to be obtained (Fig. 2-2 and Fig. 2-1
T1). The measured absorption coefficients ( ) of the (NH4)>MoS4, MoS,, and
SiO;, substrates are plotted in Fig. 2-1 d '7. We found that the difference in the
optical absorption factors between each material is a key parameter for the
selective synthesis of patterned MoS,. Notably, because of the ~10* times
higher absorption in the precursor volume (@ = 6.7 X 10* m™1) than in the
SiOs (@ ~ 1 m™1) at wavelength of laser (A\=1.06 um), the precursor layer was
selectively self-heated to ~ 700 °C under a sub-nanosecond of pulse irradiation
and converted to MoS, while releasing sulfur by pyrolysis. In our simulation
that considered both inter- and intra-layer thermal transports through the entire

geometric domain, a slight increase in the temperature of SiO, was observed as
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well due to the consideration of heat transports from each of precursor and bulk
Si substrate. However, given with the low thermal conductivity of SiO,, such
vertical thermal transports and following temperature change were highly
suppressed, resulting in negligible effect on the synthesis of MoS,. More
specific time-domain simulation was described in Fig. 2-3. Importantly, once
MoS, was synthesized, it could avoid additional energy injection by the
successively incoming pulses due to its increased transparency, wherein the
absorption coefficient of the MoS; layer (a = 1.2 X 103 m™1) is ~ 60 times
lower than that of the (NH4)2MoS4 precursor. Thus, the synthesized MoS, can
be preserved during harsh laser-based thermal annealing. After fabricating the
MoS,, patterned WS, was synthesized with the same process sequence and
mechanism but using a different precursor material (NH4),WS.) as a 2" cycle,
completing the MoS.- and WS;-based homostructures at room temperature and
pressure (Fig. 2-4). Fig. 2-1 b shows a representative example of selectively
patterned homostructure of n-type MoS; and p-type WS, on a 2-inch wafer. The
quality of synthesized MoS, and WS, were characterized by Raman
spectroscopy as shown in Fig. 2-1 e. For MoS,, the in-plane stretching mode
(E2) at 383 cm™ and out-of-plane stretching mode (Aig) at 406 cm™ were
identified. In addition, the WS, (B) exhibited two signals corresponding to the
E»; and A, modes at 350 and 418 cm™!, respectively, suggesting the formation
of a two-dimensional crystal structure. The detailed description of pulsed laser

simulation and synthetic procedure were followed below (Fig. 2-2 — Fig. 2-5).
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Figure 2-1. Layer-selective syntheses of homostructure MoS; and WS,. (a)
Schematic illustration of selective synthesis: MoS,- and WS,-based
homostructures. (b) Photograph of patterned MoS; and WS, on 2-inch SiO/Si
substrate. (c, d) Synthesis mechanism of MoS, and absorption coefficient
profile of each layer. () Raman spectra of synthesized MoS;and WSs. (f) SEM
image of line-patterned MoS; with difference scribing speeds. (g) Pattern width
and pitch variation as a function of scribing speed. (h) Three-dimensional

surface morphology of MoS;.
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Figure 2-2. (a) GUI control panel of Lumerical FDTD optical simulation. (b)
[lustration of laser-induced synthesis of MoS, homostructure. (c) Profiles of
absorption coefficient and electric fields under a pulse irradiation and

estimation of temperature change.
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Figure 2-3. Transient temperature decays under a single laser pulse irradiation
att = 0 (pulse width ~ 100 ps) for the synthesis of MoS; (blue) and WS; (red)
homostructures. Temporal analysis was carried out by solving the 3D Laplacian
of temperature distribution. The thermal diffusion time constants for each case
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are found to be 1.8 ns and 2.4 ns, respectively, which are much longer than the

time scale of energy input.
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Figure 2-4. Time-domain thermal analysis of entire TMD synthesis
configuration (precursor: 18 nm-thick / SiO,: 300 nm-thick / Si: 675 pm-thick).

Magnified views of each interface are provided on the right.

1stCycle : MoS,

Wavelength
B (1.06 um)

1. Spin-coating of 2. Laser thermolysis of 3. Rinsing of remaining
(NH,4),MoS, (NH,),MoS, precursor

—— 2" Cycle : WS,

®

Wavelength
(1.06 pym)

1. Spin-coating of 2. Laser thermolysis of 3. Rinsing of remaining
(NH,),WS, (NH,),WS, precursor
41

5 X 2o st @

g
—

& o



Figure 2-5. Schematic illustration of consecutive synthesis of individual MoS,
and WS, homostructure patterns. Each cycle consists of 1) precursor spin

coating, 2) laser annealing, and 3) rinsing of remaining precursor.
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Figure 2-T1. Optical parameters of all materials used in the thermal analysis.

Given with the angstrom-scale flat structure of spin-coated nanolayers in
conjunction with the clear interface formed by abrupt change of refractive
indices (n) between each layer, there exists a preferable condition for the
appearance of multiple reflection at optical wavelengths. In such circumstance,
an accurate measure of the interaction between laser pulse and parallel
interfaces of the nanostructure is required. We adopted a commercial optical
FDTD simulation tool (Fig. 2-2 a, Lumerical FDTD) to numerically estimate
the amount of optical energy absorbed in each layer under a pulse irradiation.
The real/imaginary refractive indices, which were observed by the ellipsometry,
govern the optical geometry in the simulation.

For a synthesis of homostructure MoS; layer (Fig. 2-2 b, the simulation

assumes that a precursor layer is stacked on top of the SiO, substrate, and it
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estimates the intensity of electric field along the depth, as shown in Fig. 2-2 ¢
(green). Interestingly, the intensity is found to be even higher along the depth
of precursor layer, which is commonly supposed to be at the outermost surface.
Such phenomenon is due to the multiple reflection and accordingly induced
optical interferences, where it signifies the need of optical simulation. In a more
complicated structure, which may be studied in further works, e.g., a stack
consisting of tens of multiple nanolayers, the E-field distribution will be quite
off from the simple estimation of Beer-Lambert law throughout the structure,
and above process of optical simulation will become essential.

The product of the squared electric field (green) and absorption coefficient
(blue) along the depth results in the amount of optical energy absorbed in each
layer, which later be converted to the temperature change (red) (AT = AE/cm,
c: specific heat, m: mass) under the assumption of 100 % energy conversion.

The thermal simulation in current study considers all heating and thermal
transports in the entire geometric domain, which spans all of TMD synthesis
configuration (precursor: 18 nm-thick / Si0,: 300 nm-thick / Si: 675 pm-thick).
To visualize the intra-/inter-layer thermal transports, above simulation result
provides the temporal changes of temperatures for 50 ns from the pulse
irradiation. For a specific representation of the two interfaces of our interest
(precursor/SiO; and Si/Si0O,), the thick volume of Si (z < -350 nm) was omitted
in the visualization. Also, due to 1 ~ 2 order of different temperature scales in

each top and bottom regions of visualization, they are colored with different
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color scales (0-700 °C for precursor/SiO, and 0-15 °C for Si/Si0O;). The two
magnified views of interfaces are shown on the right to clearly indicate the
downward and upward heat transports from each heat source (precursor and Si,
respectively).

As a result, the initial heat generation and temperature increase in Si
(AT ~ 15 °(C) is found to be much smaller than the precursor (AT ~ 700 °C)
roughly as much as the ratio of their absorption coefficients. In addition, due to
the low thermal conductivity of SiO; (interfacing layer between precursor and
Si), the upward heat transport from Si to SiO; is suppressed and the thermal
energy in Si, whose thermal conductivity is ~2 orders higher, preferentially
dissipates horizontally within itself. Similarly, the downward heat transport
from precursor to SiO can penetrate only a few nanometers into the depth of
Si0,, and followingly, the two vertical thermal transports are hardly bridged
through the interfacing layer. Therefore, we could safely consider that the two
thermal systems in precursor and Si are independent during the pulsed laser
based synthesis. Such consideration was applied to our manuscript as well, and
thus for a simplicity, only the layers of precursor and SiO, were presented in
the main Fig. 2-1 c.

Interestingly, under the optimized laser condition, we could not
obsenge spectrum analysis (Fig. 2-6). The detail oxidation issue of MoS, that
may arise during atmospheric synthesis will be discussed later. Fig. 2-1 f shows

an SEM image of patterned MoS; with microscale resolution, where the darker
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area represents the synthesized film. Specifically, regarding the linewidth of the
resulting micropatterns, Fig. 2-1 g shows the variation obtained by drawing
straight line patterns at different laser scribing speeds (5, 10, 15, and 20 mm/s).
At a slow speed (5 mm/s), the pattern width was ~2 times wider than the
irradiated beam size (~ 20 pm) due to in-plane thermal diffusion. However, such
dispersion could be alleviated with faster scribing speeds, and at 20 mm/s, the
width became nearly comparable to the beam size. Moreover, the maskless
patterning technique can fundamentally avoid the polymer-induced
contamination commonly observed in conventional photolithography. As
shown in Fig. 1h, we confirmed that the MoS; film has a clean and atomically
flat surface even after the pattern was formed. In addition, to demonstrate the
broad applicability of our laser-based synthesis, above procedure was repeated
by another type of commercial laser, e.g., CO; laser, and successful synthetic
quality was confirmed by the Raman analysis in Fig. 2-7.

Next, we conducted a set of controlled tests by tuning two variables,
s0 as to obtain deeper insight into the selective synthesis: 1) the fluence of the
laser pulse (Fpuise) and 2) the thickness of precursor layer. Fig. 2-8 a shows the
Raman spectra of MoS; obtained at different laser fluences with a constant
scribing speed of 5 mm/s. At low fluence, no distinct peaks were observed,
similar to the (NH4):MoS, precursor, whereas E,, and A, peaks began to be
observed under the stronger fluences above 2.45 J/cm?. This peak proves that

the amorphous precursor was converted to crystalline hexagonal MoS; because
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the sufficient injection of optical energy locally heats the precursor layer to over
the pyrolysis temperature of ~ 500 °C. Specifically, for the optimally
synthesized MoS, film at Fpue = 2.62 J/ecm? an X-ray photoelectron
spectroscopy (XPS) analysis was conducted. The regimes of higher/lower
binding energies are separately shown in Fig. 2-8 b and c, respectively, and Mo
3ds, and S2 p3» peaks were observed at 229.6 eV and 162.6 eV, respectively,
which signifies the formation of 2H-MoS, '* 1. Strikingly, the absence of the
Mo®" 3ds,, peak at 236 €V and S 2p peaks at 168 and 170 eV indicates successful
synthesis of MoS, under open-air conditions without oxidation of Mo and S.
Fig. 2-8 d shows the atomic ratios of sulfur, molybdenum, and oxygen extracted
from the XPS spectra for intuitive comparison of the composition according to
the laser fluences from 2.5 J/cm? to 3.0 J/cm?. At the two opposite cases of
lowest (2.5 J/cm?) and highest fluences (3.0 J/cm?), relatively high oxygen
concentrations were observed, whereas the S/Mo atomic ratio was close ~2 at
the optimal level of fluences (2.6 J/icm? = Fpuse < 2.9 J/cm?). As a result of
cross-checking with Raman analysis of the synthesized film for the tracking of
oxygen (Fig. 2-6), it was identified that the intermediate reactant (e.g., M0QO)
was remained in the film due to incomplete pyrolysis at low (= 2.5 J/em?)
fluence condition 2* 2!, On the other hand, when the pulse fluence was higher
than 3 J/cm?, the surface of the MoS; film began to be oxidized and damaged
because of the excessive photothermal energy **%. In addition, we found that

the appearance of a small amount of oxygen under the optimized condition (2.6
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Jlem? = Fouse = 2.9 J/em?) is attributed to the underlying SiO» layer, not to the
MoS; film. Although the specific mechanism in the chemical reaction of the
above partial thermolysis is not yet clear, an important piece of information is
already obtained from the Raman and XPS analyses: high-quality MoS; can be
synthesized even under ambient conditions if the precursor is rapidly pyrolyzed.
Under such a rapid laser-induced photothermal reaction, we speculate that the
S dramatically released from the precursor may push out the oxygen, which
locally generates a sulfur-rich atmosphere and enables the synthesis of MoS..
At low fluence (= 2.5 J/cm?), the Raman peak of MoO:; (i.e., intermediate
reactant) was observed at 284.4, 663.5, 820.8, and 993.3 cm™ due to incomplete
pyrolysis (Fig. 2-6 a). On the other hand, such oxygen peaks were not observed
at the optimal level of fluences (2.6 J/cm? = F = 2.9 J/cm?). In this reason, we
can conclude a small amount of oxygen measured by XPS under the optimized
condition is attributed to the underlying SiO; layer, not to the MoS; film. In
addition, peaks of MoO; (oxidized MoS,) at 225.3, 565.6, 750.7, and 823.5 cm’
L were observed at high fluence (2 3.0 J/cm?), which was originated by oxidized
or ablated MoS; due to excessive photothermal energy.

Moreover, we controlled the thickness of precursor layer to modulate the
thickness of accordingly synthesized MoS; film, where the resulted variation
could be directly measured by an atomic force microscopy (AFM) or indirectly
estimated by comparing the mode spacing between E,, and A, Raman peaks

(Aw = w4, — wg, ) 24_ As a result shown in Fig. 2-8 e, an increasing trend of
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MoS; thickness during the use of thicker precursor layer was confirmed from
both AFM and Raman estimation. Additionally, at the thinnest precursor layer
of ~ 6 nm, the resulted thickness of MoS; was found to be 2.2 nm by AFM and
the Raman mode spacing was as narrow as Ao = 22.3 cm!, indicating a
synthesis of approximately 3-layered MoS,. The thickness uniformities of
precursor film as well as followingly synthesized MoS, were confirmed by the
mapping of height profiles using AFM across the 4 inch wafer. To demonstrate
wafer-scale uniformity, the key factor is the deposition of homogeneous
precursor film on the substrate by precise determination of the volume fraction
of mixed solvent, concentration of solution, and volume dispensed on the wafer
prior to spin coating. Detail parameters of spin-coating and the thicknesses of
prepared precursor and resulted MoS; films are provided in Fig 2-T2. As a
result, we were able to synthesize wafer-scale homogeneous MoS; films with
their thicknesses from 8.2 + 1.1 to 2.2 = 0.4 nm while controlling the
thicknesses of the precursor films from 24.1 &+ 1.2 to 6.1 + 0.6 nm, respectively
(Fig. 2-9). The cross-sectional transmission electron microscopy (TEM) images
in Fig. 2-8 f provide direct information on the number of MoS: lattices through
the depth of the film. Due to the high crystallinity of our laser-annealed MoS;
appearing as clear fringes in the TEM images, the resulted film thickness was
measured as 6.2, 4.1, and 2.6 nm, which can be considered as 8L, 5L, and 3L
of MoS; film, respectively. The insets in Fig. 2-8 f display top-view optical

microscope images of the patterned MoS, film. The monotonous color
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distribution means that all the synthesized areas have a uniform thickness.
Overall, the results have proven the feasibility of the laser-based thermolysis
method in controlling the physical (thickness) properties of the MoS, layer.
Furthermore, the high degree of freedom provided by selective laser synthesis
can further enable the fabrication of customized devices while providing
extraordinary versatility in their designs and structures. Throughout these
synthetic parameters (i.e. precursor preparation and spin coating) were

explained in followed descriptions.
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Figure 2.6. (a) Raman spectra of MoS, films synthesized at different laser
fluences. (b) XPS spectra of Mo3d and S2p from different pulse laser fluences.
(c) Detail information of Mo3d and S2p orbitals and their S/Mo ratios.
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Figure 2-7. Raman spectra of MoS, and WS, films synthesized by different
type of laser (CO; laser: A=10.6 um and 9.3 um).
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Figure 2-8. Crystallographic characterizations of selectively synthesized MoS..
(a) Raman spectra of MoS; depend on laser fluence (J/cm?) at fixed scribing
speed 5 mm/s. (b, ¢) XPS results of Mo 3d and S 2p orbitals of synthesized
MoS; film (2.62 J/cm?). (d) Atomic ratios of Mo, O, and S in MoS; films
synthesized at difference laser fluences. (e) Thickness modulation of MoS; by
using different thicknesses of precursor layer (left: thickness of MoS,, right:

mode spacing between Eq and Ayg). (f) Cross-sectional HR-TEM images of the

35 Thickness =2.2 &+ 0.4 nm Thickness = 4.2 = 0.8 nm

8 x 8 MoS; array

N —
O—ANuAU!m\lg

y r
<4 wafy AP 8
]

Figure 2-9. AFM-measured height profiles of 8x8 MoS, arrays with three

different mean thicknesses.
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In a synthesis of MoS, in wafer-scale, the uniformity of resulted film
thickness highly depends on the quality of its precursor deposition, which often
adopts a spin-coating with following parameters: precursor concentration (i.e.,
precursor amount), solvent volume fraction, and spin-coating condition (rpm
and time). Thus, through optimizations based on multiple tryouts, appropriate
ranges of these parameters and recipe of mixture were defined for the
preparation of homogeneous precursor film.

First, the precursor concentration was demonstrated in the manuscript for the
control of synthesized MoS; film thickness as summarized in above Fig. 2-T2.
Though, at a nominal extent of the concentrations (< 5 mM), the thickness
control was successful with high uniformity, but further excessive dose
inevitably brought in a non-uniformity, which was presumably attributed to the
limited solubility of the precursor in solvent.

Second, the DMF solvent was mixed with two additives of n-butylamine and
2-aminoethanol because, in the use of DMF by itself, significant amount of
pinholes and dewetted regions were observed on the spin-coated precursor film.
Thus, n-butylamine was introduced to enhance the solvation of precursor by
increasing hydrogen bondings of thiomolybdate, where the enhanced
dispersion decreased the chance of pinhole generation. Additionally, 2-
aminoethanol was added to control the viscosity and surface tension of the
mixture in an attempt to increase the chance of adsorption on the substrate

during the spin-coating, resulting in a complete cover of entire wafer without
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leaving a vacancy. The volume fraction of the mixture was optimized as DMF :
n-butylamine : 2-aminoethanol =5 : 2 : 1 (v/v/v).

Last but not least, the rpm and duration of spin-coating were carefully
adjusted. Specifically, once the sufficient amount of precursor solution was
drop-casted on a 4-inch wafer, the sample was pre-rotated at 500 rpm for 10 s
to gently spread out the bulk solution throughout the surface and remove the
excessive remaining volume. Consecutively, the rpm was increased to 2500 and
maintained for 30 s to enforce stronger centrifugal force to leave a least amount,
where the accordingly resulted thickness throughout the substrate was
dominantly regulated by the attractive force between precursor molecules and
substrate.

Given with the optimized method of precursor deposition, MoS; films were
synthesized at each precursor concentration listed in above Fig. 2-T2, and
characterized by AFM. In general, the thickness of synthesized MoS; film

L2 and

approximately followed one third of the original precursor film
attributing to the homogeneous precursor film, the resulted MoS; thickness

distributions were found to be reasonably narrow.
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*(DMF : n-butylamine : 2-aminoethanol)

Precursor Solvent Precursor Precursor MoS,
. volume . . . .
concentration - amount Spin coating thickness thickness
(mM) fraction (mg) (nm) (m)
(VIVIV)
3.6 38 241+12 82+11
2.4 25 181+1.1 6.2+1.2
---------------------------------- 5:2:1 e 150500 rpm, 10s
18 in 6 ml 19 2" : 2500 rpm, 141+0.8 52+11
------------------------------------------------------------ 30s
1.2 13 11.1+1.2 42+0.8
0.6 6 6.1+0.6 22+x04

Figure 2-T2. Optical parameters of all materials used in the thermal analysis.

It is also important to clarify the electrical characteristic of the synthesized
two-dimensional material. To this end, we directly formed a micropatterned
MoS; array on a 4-inch SiO,/Si wafer, where each pattern works as a channel
of a field-effect transistor (FET). Notably, only 5 min (with a scribing speed of
10 mm/s) was required to create 1600 rectangular micropatterns (150 pm x 300
pm). Then, the micropatterns were combined with a pair of thermally deposited
Au/Ti contact electrodes, resulting in the representative wafer-scale MoS,-
based FET array shown in Fig. 2-10 a. Fig. 2-10 b plots the typical output
characteristics obtained from the ion-gel gated MoS,-based FET. The drain
current (/ps) exhibited saturation behavior and gradually increased as the
positive gate voltage (Vgs) increased, showing the typical operation of an n-
type semiconductor. The transfer characteristics (Ips—Vgs) of a 6 nm-thick MoS;
transistor at three different Vps are shown in Fig. 2-10 c, with its log-scale in

the inset. In an attempt to claim a uniform FET operation throughout the array,
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50 randomly chosen devices were electrically characterized in terms of their
threshold voltage, on/off ratio, and field-effect mobility, resulting in their
statistical distributions summarized in Fig. 2-10 d-f, respectively. The same test
was carried out three times for each FET array on a separate wafer with different
mean thicknesses of MoS,, i.e., 2.2, 4.2, and 6.2 nm. From the repeated
characterizations, the production yield was estimated at approximately 90 %
and the rest of failure cases were not presented. As a result, the mean threshold
voltage was found to be ~ 1.9 V with almost no dependence on the active layer
thickness and the on/off ratios of drain currents were reasonably high up to ~
10%. In addition, the mean mobilities at increasing MoS, thicknesses were
calculated to be 2.17, 4.54, and 6.39 cm?/V-s, respectively, and such positive
correlation is attributed to the decrease in 1) interfacial coulomb impurity
scattering and 2) contact resistance with increasing MoS; thickness > ¢, In
addition to the MoS; with n-type aspects, we confirmed the feasibility on our
selective synthesis of WS, which exhibits p-type semiconducting behavior. The
uniformity of synthesis was validated by electrical characterizations of 50
different FET devices with mean thickness of 7.2 nm as shown in Fig. 2-11. It
is noteworthy that even though the MoS;and WS; were synthesized under room
conditions, still maintain their performances comparable to those of

conventional solution process-based method as summarized in Figure 2-T3.
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Figure 2-10. Electrical characterizations of selectively synthesized MoS.. (a)
Photograph of a MoS;-based FET array on a 4-inch SiO./Si wafer, inset:
magnified image of MoS, FETS, scale bar: 100 um. (b) Output curve (IpsVs Vos)
and (c) Transfer curve (los vs Vgs) of ion-gel gated MoS, FET, inset:
semilogarithmic scale. (d) Accumulated transfer curves (lps vs Vgs) from
randomly selected MoS,-based FET devices (50 samples for each set of
thickness), inset: distributions of threshold voltages. (e) On/off ratio. (f)
Distributions of charge mobility for each set of MoS; film thickness.
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Figure 2-11. (a) Output curves (Ips vs Vps) and (b) transfer curves (Ips vs Vas)

of ion-gel gated WS,-based FETs, inset: semilogarithmic scale. Statistical

distributions of (c) threshold voltages and (d) charge mobilities.
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MoS,, WS, laser annealing (NHa),WS, 10 6.39 Our work

Figure 2-T3. Comparison of electrical properties of transistors fabricated by
different synthetic methods.
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Throughout the experimental verifications in this study, our laser based
layer-selective thermolysis approach has been confirmed to allow rapid
formation of various patterns over a large area without damaging the
surrounding materials and is capable of the production of customized electronic
devices. As a proof of concept, we directly demonstrate MoS,-based strain
gauge on rubber substrate to monitor human motion, which requires various
patterned structures depending on the purpose of detecting mechanical
deformations such as bending, stretching, and distortion. The fabrication
process of strain gauge is presented in Figure 2-12 a, which follows almost the
same layer-selective synthesis of homostructure in Figure 2-1, but the only
difference is the existence of pressure-sensitive adhesive film (PSAF, 200 pm-
thick) as a rubber substrate on top of the precursor (step 1). Due to the high
transparency and low absorption coefficient « = 25m™1 of PSAF at A =
1.06 pm (Figure 2-13), its quality could safely be maintained under the laser
irradiation even while the underlying precursor layer was selectively heated
(step 2). After that, the synthesized MoS; with a flexible PSAF substrate was
naturally separated from the original SiO,/Si substrate by wet-etching of
underlying SiO; sacrificial layer (step 3). The direct synthesis of MoS; on a
rubber substrate can be regarded as a representative advantage of our layer-
selective synthesis, where only the precursor layer was selectively annealed
while the adjacent layer could avoid excessive temperature increase. The

completed strain gauge was then transferred to a stretching machine for an
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accurate application of tensile strain, and the following change in the relative
resistance of the gauge was monitored in a range of 0 to 3 % as shown in Figure-
12 b. Under low strain (<1.67 %), the gauge operated reversibly without
hysteresis, and its resistance was linearly proportional to the strain, known as
the piezoresistive effect. However, as the strain increased (1.67 % <& <2.6 %),
its response slightly shifted to the nonlinear regime with poor reversibility,
attributed to microcrack formation in MoS, ?’. At even higher strains above
2.6 %, the device suffered from large fractures and lost its functionality. In the
linear regime, which will be used for the normal range of operation, the gauge
factor (G.F.) was found to be 51.2, which was slightly lower than but
comparable to that obtained with CVD-grown MoS; (= 70) 2®. We speculate that
the lower G.F. value originated from the larger thickness of the MoS; film,
resulting in a narrow and indirect bandgap ». A single strain gauge of MoS>
was subjected to a rigorous repeatability test to evaluate its mechanical stability
at different strain levels between 0 and 1.5 %, and the resulting relative resi
stance changes are shown in Figure 2-12 c. Up to the highest strain in t
he linear operation regime (¢ =1.5 %), the strain gauge presented a sta
ble response throughout 1000 repeated test cycles. Next, we demonstrate a
rosette strain sensor consisting of three strain gauges offset by 120° from each
other, which can be used to find the direction of unknown stress. For calibration,
a spot near each gauge was gently pressed, and all configured sensors worked

uniformly. The detail each gauge information was demonstrated in Figure 2-14.
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Figure 2-12 d summarizes the simultaneously measured resistance variation for
each aligned gauge when stress was applied in unknown X° (purple) and Y*°
(orange) directions on the wrist. Since each gauge experiences different
effective strains that depend on the direction of applied stress, we can estimate
the unknown direction through the mutual resistance variation behavior.
Therefore, the values of the above X° and Y° were obtained as 30° and 240°,

respectively *°.
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Figure 2-12. Layer-selectively synthesized MoS, strain gauge on rubber
substrate. (a) Schematic illustration of the fabrication process of MoS;-based
rosette strain gauge. (b) Changes of relative resistance and gauge factor in a
strain gauge under different amount of enforced strains, inset: magnified view

of linear regime. (c) Fatigue test (1000 cycles) of MoS; strain gauge with a
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variety of strain levels within 0.05 % and 1.5 %. (d) Operation of MoS,-based

rosette strain gauge on a human wrist.
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Figure 2-13. Transmittance of PSAF (left) and photograph of MoS,-based
strain gauge (right).
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Figure 2-14. (a) Resistance change in MoS, strain gauge under different
amount of enforced strains. (b) Operation of rosette strain gauge with three
sensing branches placed in each different direction. (c) Directional responses

of rosette strain gauge.
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The laser-based selective synthesis method proves its real worth when
implementing vertically stacked WS,/MoS heterostructure. For this, we coated
(NH4), WS4 precursor layer on top of a pre-synthesized MoS, layer and
continued with the abovementioned laser annealing. Here, we note that the
optical absorption coefficient of (NH4) WS4 (a = 7.1 X 10* m™1) is ~ 60 times
higher than that of MoS,. Accordingly, when the laser pulse was irradiated onto
the (NH4)>,WS4/MoS; structure, only the (NH4), WS4 layer rigorously absorbed
the incoming optical energy and selectively decomposed into WS,, whereas the
bottom MoS; layer experienced a minor temperature increase, as shown in
Figure 2-15 a. For the quantitative analysis of such heterostructure thermolysis,
the temperature profile throughout the depth of the stacked structure was
simulated. Due to the use of a sub-nano pulse, whose time scale is much shorter
than the thermal diffusion into the surrounding volume, the maximum
temperature increase can simply be assumed to be linearly proportional to the
input energy: AT = E,,/cm (c: specific heat, m: mass) *'. The
thermomechanical parameters of all materials under consideration are listed in
Table S1. Finally, the vertical temperature profile of the heterostructure was
obtained, as shown in Figure 2-15 b, and it is in good agreement with the
abovementioned selective thermolysis; only the (NH4);WS4 precursor layer
experiences a severe temperature increase to > 700 °C, which is a sufficient

32

temperature for pyrolysis °°, while the pre-synthesized MoS, immediately

beneath the hot precursor remains cold (< 100 °C) such that it is not thermally
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degraded. Hence, the above result has proven that selective annealing by a
pulsed laser is an effective way to produce layer-by-layer TMD structures.
Moreover, it is noteworthy that the selective synthesis without possible damage
to the neighboring structure is not yet available for conventional CVD-based
thermal annealing systems. Figure 2-15 c¢ provides a TEM image of the
WS,/MoS; heterostructure obtained with the selective synthesis method, whose
junction interface is clearly identified by the color differences arising from
different atomic numbers. The precursors were fully converted into WS, and
MoS,, and their interlayer spacing were 6.3 A (WS,) and 6.8 A (MoS.), which

33, In addition, no impurities were

is comparable to conventional results
observed within the interface or at the top surface. Figure 2-15 d shows a Raman
mapping image of the cross-aligned WS, (green, A)/MoS, (red, B)
heterostructures and their junction (C), whose colors represent the intensity of
the A1, mode. The three representative Raman spectra observed at each location
are compared in Figure 2- 15e. From position A and B, narrow and sharp Eo,
and A, peaks were confirmed, which indicate the formation of MoS; and WS,.
Importantly, the Raman signal at the crossing point (WS,/MoS; heterostructure,
C) presents all the above four Raman modes, which means that the crystallinity
of the bottom MoS, was preserved during exposure to the pulse. The electrical
rectification property of WS,/MoS;-based p-n heterojunctions was evaluated

after depositing Au/Ti and Au/Pd metal contacts for efficient charge injection.

During the sweep of electric potential from -3.5 V to 3.5 V, the vertical
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heterostructure exhibited good rectifying behavior, showing a forward-to-
reverse current ratio of up to 10° as shown in Figure 2-15 f. Given with above
confirmations on the successful synthesis of TMDs and their various
applications to the electrical devices, our laser-based thermolysis are expected
to have advantages over the previously reported solution-based methods, e.g.,
liquid-phase-precursor-assisted  method, hydrothermal method, and
microwave-assisted method, in terms of its simultaneous patterning, short
synthesis time, and hybridization with other TMDs. More details on the above
comparative analyses are displayed in Figure 2-T4.

Our synthetic approach can be promise mask-less with p-n junction about
the previous researches. In this perspective, the comparison of characteristics
was descripted in below. The solution-based syntheses of transition metal
dichalcogenides (TMDs) hold promises for a various opportunities because of
their scalable and high-yield products by using low-cost precursors. In addition,
the method can precisely control the composition of solution at the molecular
level, which makes rational modifications on the process and composition of
synthesized materials. With these advantages, the solution-based methods have
become promising research for the synthesis and hybridization of 2D materials
as summarized in Figure 2-T2. The representative solution-based synthesis
methods can be classified into the hydrothermal and thermolysis methods.
Generally, the former method has a form of nanosheets dispersed in a solution,

the latter has a form of a thin film on a target substrate. Because of their
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11 the thermolysis method is preferred for the

morphological differences
demonstration of large-area electronics in array configurations.

In thermolysis method, the first remarkable achievement was reported in
2012 by using (NH4),MoS, precursor 3. This method became the standard for
solution process-based TMDs synthesis. However, the relatively long process
time (~ 2 hour) for sufficient decomposition of the TMDs precursor under high-
temperature (~1000 °C), requiring a thermal furnace with pressure-controlled
chamber, was considered as a huddle to be overcome. To reduce the thermal
annealing time, U. Jeong group reported microwave-assisted annealing method.
The method not only significantly reduced the synthesis time (45 ~ 90 sec), but
also allowed a direct formation of TMDs film on a Si wafer substrate '2.
Furthermore, a study introducing functional additives in order to increase the
film uniformity and production area was also reported 2. However, their result
in a form of thin film requires an additional patterning step in order to be
mounted on an electronic device, demanding further processing time. In this
regard, a direct patternable synthesis method by controlling the internal flow of
solution precursor was suggested '* 4. By inducing anisotropic precipitation
during the dip coating process, unidirectionally oriented TMDs ribbons were
produced simultaneously with the synthesis. Although this method realized a
MoS,/WSe; heterojunction by allowing the TMDs to be stacked with other two-

dimensional materials, but there was limited room for varying the patterns and

enlarging the size. Considering above discussed research trends, our proposed
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method of laser-based synthesis can achieve the formation of TMDs-based p-n

junction structures with simultaneous patterning as well as the synthesis of

wafer-scale active layer on a substrate within short processing time.

Recently, an interesting result of synthesizing doped TMDs using liquid-
phase precursor was reported !°. Although this method still seems difficult to

synthesize in large areas, it presents important insights that can extend the

functionality of TMDs which fabricated through the solution process. Therefore,

if the synthesis mechanism is applied to the laser-based synthesis method

suggested by us, it will be a unique way to fabricate TMDs with functionality

as well as productivity.

) ) . p-n
Materials Synthetic Synthetic Syn_thetlc junctio Patterna Ref.
method area Time ble
MoS, Hydrothermal Nanosheet 12 hr X X 9
MoS, Hydrothermal Nanosheet 24 hr X X 10
WS,
o,/ Hydrothermal Nanosheet 24 hr X X 11
MoS,
MoS, Thermolysis 1x1cm? 1.3 hr X X 3
(furnace)
MoS, Thermolysis 6 inch 1.4 hr X X 2
(furnace)
MoS, Thermolysis 2 x 2 cm? 45~90 s X X 12
WS, (microwave-
MoSe,,W assisted)
Sez
MoS, Thermolysis 1x1cm? 2 hr o (¢} 13
WSe, (furnace)
MoS, Thermolysis 1x1cm? 3hr 0 0 14
WS, (furnace)
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Thermolysis

MoS; o 30 x 30

ReS, (Liguid-phase um 0.45 hr (6] X 15
precursor)

MoS, Thermolysis . N . Our

WS, (pulsed laser) 41inch 10 min o o work

Figure 2-T4. Comparison of different methods of solution based-TMDs

synthesis.

2. 5. Conclusion

In summary, we have successfully demonstrated the fabrication of
patterned semiconducting MoS, and WS, films over a large area under ambient
conditions using a rapid pyrolysis via laser annealing method. The high light
absorption of the precursor allows selective and immediate heating, thus
enabling the implementation of a patterned homostructure as well as a vertically
stacked p-n heterojunction structure with a sharp interface. The resulting
capabilities could facilitate applications not only in the fabrication of wafer-
scale transistor arrays but also in customized electronics that require the
formation of various patterns in a short time even under air condition. The
obvious advantages, such as the ultrafast fabrication speed with process
simplification, solution-based scalable/inexpensive process, and open-chamber
process, are highly compatible with mass production. Our study is expected to
contribute to the realization of high-performance TMD-based electronics with

a similar technique as for present silicon-based electronics.
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Chapter 3.
Laser-Directed Synthesis of Strain-Induced Crumpled
MoS: Structure for Enhanced Triboelectrification

toward Wearable Haptic Sensors

[*The contents of this chapter is reproduced from: Seoungwoong Park, Jiseul Park, Yeon-Gyu
Kim, Sukang Bae, Tae-Wook Kim, Kwi-Il Park, Byung Hee Hong, Chang Kyu Jeong®, and

Seoung-Ki Lee” Nano Energy (2020) 78, 2211-2855. © 2020 Elsevier]

3. 1. Abstract
Two-dimensional (2D) transition metal dichalcogenide (TMDC)

nanomaterials are currently regarded as next-generation electronic materials for
future flexible, transparent, and wearable electronics. Due to the lack of
compatible synthesis and study, however, the characteristic influences of 2D
TMDC nanomaterials have been little investigated in the field of triboelectric
nanogenerator (TENG) devices that are currently one of the main technologies
for mechanical energy harvesting. In this report, we demonstrate a fast, non-
vacuum, wafer-scale, and patternable synthesis method for 2D MoS, using
pulsed laser-directed thermolysis. The laser-based synthesis technique that we
have developed can apply internal stress to MoS; crystal by adjusting its
morphological structure, so that a surface-crumpled MoS; TENG device

generates ~40% more power than a flat MoS; one. Compared to other MoS;-
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based TENG devices, it shows high-performance energy harvesting (up to
~25V and ~1.2 pA) without assistance from other materials, even when the
counterpart triboelectric surface has a slightly different triboelectric series. This
enhanced triboelectrification is attribute to work function change as well as
enlarged surface roughness. Finally, the direct-synthesized MoS, patterns are
utilized to fabricate a self-powered flexible haptic sensor array. The technique
we propose here is intended to stimulate further investigation of the

triboelectric effects and applications of 2D TMDC nanomaterials.

3. 2. Introduction

As human interface technologies continue to develop, an increasing
number of electronic devices are capable of being implanted in or attached to
the human body. For this reason, small-scale energy devices are regard as
essential to pursuit fourth-generation industrial innovations for operating
Internet of Things (IoT) electronics which are portable and mobile ! 2. Because
mechanical energy sources are omnipresent in the surrounding environment, a
wide range of piezoelectric and triboelectric energy harvesting technologies
have been studied that convert biomechanical movement and environmental
vibration into electric energy that can be utilized by self-powered electronic
devices or sensors >, In particular, triboelectric nanogenerator (TENG) devices
have attracted extensive attention both in academic research and the industrial

sector, since they are capable of generating high electrical output as well as
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being manufactured by low-cost and easy processes > 7%,

The mechanism of the TENG system is based on the coupling effect between
triboelectrification resulting from surface frictions and electrostatic induction
through equivalent circuits * !°. Numerous materials for obtaining triboelectric
effects from frictional surfaces have been investigated in previous studies,
including polymers, ceramics, metals, and even some liquids ''. Unfortunately,
however, in spite of some progress in the development of TENG technologies,
the field of self-powered triboelectric devices remains well short of its target:
atomically thin two-dimensional (2D) transition metal dichalcogenide (TMDC)
nanomaterials (e.g., MoS,, WSe», etc.), regarded as the most representative
future electronic materials for the flexible, transparent, and/or nanoscale
devices of tomorrow '> 13, While a few studies have been conducted of 2D
TMDC nanomaterials in triboelectric devices that use exfoliation processes or
chemical vapor deposition (CVD) methods '*!". These approaches have critical
drawbacks, including restrictions in synthesis area, time, and/or cost problems.
For example, the active surface area in triboelectric devices is important for the
density of current output generated. More significantly, these conventional
methods for fabricating 2D TMDC nanomaterials have been unable to
demonstrate reliable morphological controllability, even though surface
morphology and proper roughness are highly crucial in triboelectric effects and
related TENG performance '®.

This limitation remains a critical hurdle to overcome in the investigation of
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triboelectric phenomena in 2D TMDC nanomaterials and related self-powered
device applications. The well-known transfer technique after exfoliation or
CVD synthesis is ineffective for morphological modifications, particularly for
subsequent device fabrications with patterning '> ' 2, Additional processes
using 2D TMDC nanomaterials in device patterning have shown similar
limitations with regard to aching fast and cost-effective device fabrications.

To investigate the triboelectrification principles of 2D TMDC nanomaterials,
we present here a direct single-step laser processing method for
morphologically controlled synthesis of atomically thin 2D MoS; layers, using
a the photonic thermolysis mechanism. This directly patternable laser synthesis
method tunes the surface topography of 2D MoS; layers in non-vacuum
atmosphere, without any additional treatment or modification. The single-step
morphological tunability results from interfacial cavities caused by the laser-
assisted separation of the underlying SiO; thin film layer on the Si wafer. Both
flat and crumpled MoS; layers synthesized by laser-directed thermolysis are
thoroughly investigated using various material characterizations to analyze
triboelectric phenomena on MoS, layers, as well as TENG device properties
more generally. The flat MoS; TENG device produces an energy harvesting
output of 17 V, 0.85 pA, and 1.6 uW, whereas the crumpled MoS, TENG
generates 25V, 1.2 pA, and 2.25 pW. On the basis of these results, it is evident
that the crumpled MoS; TENG generates ~40% more power than the flat one.

Throughout the comprehensive material characterizations, the main
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determining factors in the performance enhancement are not only the increased
surface roughness but also deviations in the work function of the laser-assisted
crumpled 2D MoS$; layers 2!. Finally, we transfer the patterned crumpled-MoS,
layers onto a flexible plastic substrate to show a practical application. The
crumpled MoS;-based self-powered haptic sensor array detects well the
movement of a stylus pen. By means of the noteworthy laser synthesis that it
uses, this approach overcomes the limitations of previous 2D TMDC
nanomaterials in the field of triboelectric energy harvesting and self-powered

devices.

3. 3. Experimental

Synthesis method for laser-directed flat and crumpled MoS>: Several pieces of
highly p-doped SiO-/Si (thermally oxidated SiO; thin film, 300 nm in thickness)
were sonicated for 10min under ethanol and deionized water (DI water), in each
case. To enhance hydrophilicity of the SiO, surface, O, plasma treatment was
implemented at 100 W for 100 s, which provides good adhesive properties
between the precursor solution and the SiO,/Si wafer. The MoS, precursor,
ammonium tetrathiomolybdate ((NH4)>MoS4, Sigma-Aldrich), was dissolved
in the co-solvent of N,N-dimethylformamide (DMF): n-butylamine: 2-
aminoethanol = 5:2:1 (v/v/v) to tune the surface tension and viscosity of the
precursor. The precursor was then spin-casted onto the surface-treated SiO»/Si

wafer at 2000 rpm for 40 s. The residual precursor solvent was dried at 150 °C
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for 3 min. The deposited precursor was subsequently irradiated by a pulsed fiber
laser system (Universal Laser Systems, Inc., wavelength of 1.06 pum, pulse
width of ~100 ps, frequency of 50 kHz), under non-vacuum and simple open-
chamber conditions. Prior to the laser irradiation, the printing condition was
optimized with tuning Z-height (working distance) from 1 mm to 2.5 mm to a
defocused laser beam for synthesizing MoS; film type. After characterizing
laser condition, laser scribing was implemented onto the coated precursor film
((NH4)>2MoS4 solution on the SiO,/Si wafer), which was thermally decomposed
by the absorbed photonic energy. The irradiated area and the scribing pattern
information were controlled by Corel DRAW software and laser scribing
software, respectively. To remove residual precursor film from non-irradiated

regions, the specimen was immersed in DMF at 130 °C for 10 min.

Triboelectric nanogenerator (TENG) fabrication process: 2D MoS; (10 mm
x 10 mm of active area) synthesized onto the SiO»/ Si wafer was used for
triboelectric layers with different surface morphologies. The highly p-doped Si
wafer was also used for a bottom electrode. The polydimethylsiloxane (PDMS)
(SYLGARD 184, Dow-Corning) used for the counterpart triboelectric surface
was prepared using silicone elastomer base and curing agent mixed at a ratio of
10:1 (w/w). The PDMS liquid was spin-coated several times onto an Al plate
as a top electrode, followed by curing. Copper wires were connected to each

electrode for measurement. The TENG's overall structure was established on
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an acrylic fixture with four elastic springs and a gap of 3 mm, to produce an

optimized contact-separation mode TENG .

Flexible haptic touch sensor fabrication process: The 4 x 4 direct patterned
array of MoS, active layers was synthesized onto the SiO»/ Si wafer from a
laser-directed synthesis method. The area of a single MoS; sensor unit was 3
mm % 3 mm. The patterned Ag electrode was then directly formed on the MoS,
array using an inkjet printer (Voltera, Q-V_ONE) with injection rate of 1 uL-s
!, speed of 10 mm-s™!, and working distance of 1 mm for measuring the self-
powered sensor signals. To transfer the sensor array device to a flexible
substrate, the PDMS film was spin-coated and cured on the prepared Ag/MoS,
array patterns. The PDMS-covered Ag/MoS; array device was soaked in a wet
etchant (buffered oxide etchant (BOE) : HF solution=3 : 1 (v/v)) for 20 min to
eliminate the underlying SiO; layer (i.e., sacrificial layer). Finally, the
transferred sensor array device was cleaned by DI water to remove etchant
residue. Then each MoS,/Ag patterns was connected with an electrometer
(Keithley 6514) measured the triboelectric signal of flexible haptic sensor

during the single, multi, and dragging touch under the real-time.

Electrical measurements: Mechanical stress was periodically applied to the
TENG devices using a bespoke pressing machine, a function generator

(33220A, Agilent) and a power amplifier (pa-138, Labworks Inc.). The energy
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harvesting signals extracted from the TENG devices were measured by an
electrometer (6514 Electrometer, Keithley, USA). An oscilloscope (DPO

5204B, Tektronix, USA) was also used for frequency and force variation
measurement. It should be noted that the electrometer has a large internal
resistance, so it is easily capable of observing the electrical signals typically
generated by TENG devices. However, it is relatively difficult to follow
sensitive responses according to frequency and force changes. For this reason,
an oscilloscope was used to monitor frequency and force changes, even though
the measured signals tended to be reduced slightly due to the smaller internal

resistance of the oscilloscope .

3. 4. Results and Discussion

Figure 3-1 a schematically illustrates the synthesis procedure for
generally the flat MoS;, as well as for the crumpled MoS, structure. Our
photonic synthesis approach is based on the thermolysis of spin-coated
(NH4)2MoS; precursor film to form atomically thin 2D MoS, layers, using a
laser-directed annealing method on a thermally-oxidized silicon wafer (Si wafer
with 300 nm-thick SiO; thin film). As shown in Figure 3-2, the (NH4)>MoS4
precursor (light blue region) demonstrates strong sensitivity to the fluence of
the fiber laser (at a wavelength of 1.06 pm) and its irradiation working distance.
For this approach, the fluence of the laser pulse (Fpuise) Was precisely controlled

while working distance was set at 2.0 mm. When the laser is irradiated onto the
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precursor/ SiO»/ Si substrate, the photothermal interaction leads to heating of
the precursor above a thermal threshold, forming a 2D MoS; layer (yellow
region). Subsequently, (NH4)>2Mo0S4 residual precursor film from non-irradiated
regions was immersed in DMF at 130 °C for 10 min. It has been reported that
the (NH4)>MoS4 precursor was almost pyrolyzed stepwise at a temperature

above 500 °C, as shown in the following chemical formulae .

(NH4)2MOS4 —  2NHj3 + H,S + MoS3

MoS; — MoS,;+S

It should be noted that we successfully synthesized 2D MoS, using
fast laser irradiation in non-vacuum and ambient environments, without
needing to use a high-temperature furnace or chamber as an energy source for
inducing thermolysis ** 2%, The high optical absorptivity of (NH4):MoS; at the
wavelength of 1.06 um (a = 6.7 x 10* m™") results in conversion to 2D MoS,
layers while releasing ammonia and sulfur through absorption-induced self-
heating under a Fpuse level above 2.52 J-cm™. Due to instantaneous heating by
the laser beam, around 12 nanoseconds are sufficient to synthesis 2D MoS;
layers. A further noteworthy aspect of the MoS, synthesis method we have
developed, then is that it has dramatically reduced the time of synthesis itself
compared to previously reported methods >*2°. Although some optical synthesis

methods have been reported for graphene, 2-2°. Almost none have been reported
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for 2D TMDC materials. Using various laser Fpuise levels, it was determined that
the synthesized 2D MoS; layers have a flat surface when laser power is within
the range from 2.52 to 2.61 J-cm? (indicated in blue pentagon shape in Figure
3-2). By contrast, the MoS, surface becomes three-dimensionally distorted and
wrinkled when the irradiating Fpuse is stronger than 2.62 J-cm?. As Fpuse
increases, the small wrinkles that occurred in the early stages merge with one
another, causing the larger crumpled structure, as seen in the optical microscopy
(OM) image of Figure 3-3. As Figure 3-1 b illustrates, in this study, each surface
structure of 2D MoS; is employed to contact-separation type triboelectric
nanogenerators (TENG) devices to investigate the effect of 2D TMDC layers
on triboelectric devices. Polydimethylsiloxane (PDMS) is used as a counterpart
triboelectric material. Triboelectric output is generated by mechanical input that
applies contact and separation between the two surfaces to induce triboelectric
charges and surface potential differences.

Figure 3-1 ¢ shows the cross-sectional scanning electron microscopy (SEM)
images depicting the crumpled structure composed of a series of hills (red
dotted lines) and valleys (blue dotted lines). Interestingly, the hill regions result
from the interfacial separation between the underlying SiO; thin film and the Si
mother wafer at repetitive parts, thus creating interfacial cavities. In the valley
regions, the 2D MoS, and SiO, layers have remained in close contact. The
distinct layer information of synthesized film was defined as a few layers of 2D

MoS; parallel to the underlying SiO, layer, as shown in the cross-sectional
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transmission electron microscopy (TEM) image (Figure 3-1 c, inset). The
magnified images (right panels of Figure 3-1 c) confirm that the MoS,/SiO;
layers clearly detach from the bottom Si wafer without mechanical cracking
while forming the local cavities.

This interfacial separation phenomenon can be explained by the principle
of the laser-lift-off (LLO) process and intrinsic compressive stress on the
thermally oxidized SiO; thin film as a result of the molar volume discrepancy
between the Si and Si0; 32, At Fyuse of around 2.6 J-cm, the SiO/Si interface
containing the sub-stoichiometric oxide species begins to deteriorate,

weakening interfacial adhesion 3*

. As the Fpuse increases, the internal
compressive stress of SiO; is correspondingly relaxed by the larger mechanical
deformation due to interfacial detachment, resulting in the crumpled structure.

The synthesized MoS; was characterized using Raman spectroscopy, as
presented in Figure 3-1 d. Two strong E»; and A, bands are displayed at
wavelength positions 0f 379.9 cm™ and 406.9 cm™!, respectively, indicating that
few-layered MoS, was successfully synthesized even on the crumpled structure.
Figure 3-1 e plots the geometrical analysis of crumpled MoS, structures
according to Fpuse. When irradiated Fyusse is 2.52 J-cm?, the generally flat MoS,
has begun to be synthesized, whereas the crumpled structure is formed at Fpuse
of 2.6 J-cm™ and above. As Fyuse increases up to 2.92 J-cm?, both the height

and period of the crumpled surface structure increase simultaneously. The most

crumpled structure (with a hill height of ~5 pm and a period of ~22 pm) is
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obtained at Fyuse of 2.92 J-cm™. The related evidence of series of hills and
valleys was displayed in Figure 3-3, cross-sectional SEM images and line
profile of the 3D holographic image. At higher laser fluence than 3 J-cm™, the
precursor solution or synthesized MoS, layers undergo severe thermal
oxidation.

For a systematic study, the modification in MoS, morphology can be
classified according to the degree of surface distortion: flat MoS, (F-MoS,,
Fouise = 2.52 J-em™), less crumpled MoS; (LC-MoS2, Fpuse = 2.78 J-cm?), and
most crumpled MoS, (MC-MoS,, Fpuse = 2.92 J-cm™) layers. The specific laser

conditions for various MoS, surface morphology are detailed in Figure 3-4.

(a) [Flat MoS;] (b)

[Crumpled MoS;] CrumpledMoS,. .

(d) (e)
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Figure 3-1. (a) Schematic illustration of laser-directed synthesis of 2D MoS;
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on the SiO2/Si wafer, which can control the surface morphology: flat versus
crumpled structures. (b) Hlustration of MoS,-based TENG device structures. (c)
Cross-sectional SEM images of crumpled MoS; with various magnifications.
Inset: cross-sectional TEM image of MoS,. The right panels show the hill and
valley of crumpled structure in detail. (d) Brief Raman spectrum of the
crumpled MoS;. (e) Variation of crumpled MoS; structures plotting the hill
height and the wavy period according to incident laser fluence of the laser-

directed synthesis.
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Figure 3-2. Phase diagram of MoS; structures according to the level of laser

fluence.
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Figure 3-3. (a) The 3D optical compiler image of F-, LC-, and MC-MoS; films.

Inset: cross-sectional SEM image of F-, LC-, and MC-MoS, films (scale bar:
10 pm). (b) Line profile of F-, LC-, and MC-MoS; films as marked along in 3D

optical compiler image.
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Figure 3-4. Optical microscopy (OM) images of laser-directed synthesized (a)
F- MoS,, (b) LC- MoS; and (c) MC-MoS$; structures.
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In-depth analyses were performed to investigate the electronic properties of
laser-directed MoS; layers according to surface morphology. Figure 3-5 a
shows atomic force microscopy (AFM) topographic 3D images of synthesized
F-, LC-, and MC-MoS; layers over an area of 45 pm X% 45 pm. The F-MoS,
image shows uniform color distribution without significant wrinkles and/or
cracks. However, some corrugated structures are observed with wrinkles,
showing a hill height of 2.3 um with a wavy period of around 10.2 um. By
contrast, the wrinkles in the MC-MoS; structure have a higher hill height about
5 pum with a larger wavy period of around 22 um than those of the LC-MoS»
structure. It should be noted that the larger wavy period entails a smaller number
of hills and valleys, a phenomenon attributable to wrinkles merging with one
another.

X-ray photoelectron spectroscopy (XPS) was also utilized to assess the
chemical composition of each of the synthesized MoS; structures. As displayed
in Fig. S4, the XPS spectra of F-, LC-, and MC-MoS, randomly measured at 10
point exhibit similar peaks in Mo3d (3ds»: 232.9 eV and 3ds»: 229.8 eV with
the S2s band of 226.8 eV) and S2p (2pin: 163.7 €V and 2psn: 162.5 eV),
respectively. These peaks indicate uniformly the presence of synthesized single
phase of MoS,, regardless of surface morphologies. Notably, the peaks in
question provide information about the single phase of the MoS,, existed as 2H-
phase polymorphic without a Mo®" peak (MoS, oxidation state) at the higher

binding energy of 235.3 ¢V 3. Using the information obtained from XPS
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spectra, variations in the atomic composition of the synthesized MoS, layers
was quantitatively analyzed according to Fjpuse, as described in Fig. 3-5 b. The
stoichiometric ratio of MoS; was well maintained within a fluence range from
2.5 J'em™ to 2.9 J-ecm™, indicating that high-quality 2D MoS, layers are
synthesized on the surface without loss of sulfur or molybdenum atoms. This
feature confirms that inducting morphological changes in as-synthesized MoS,
by laser-based thermolysis does not produce undesirable ablation of or damage
to the MoS,. When laser fluence exceeds the threshold point (> 2.96 J-cm?),
the high photonic power dramatically accelerates oxidation of the MoS; layers,
resulting in mechanical destruction (Figure 3-6).

Raman spectroscopy provides clear evidence of the atomic tensile strain
caused by MoS, crumpling. Figure 3-5 ¢ manifests Raman spectra for F-, LC-,
and MC-MoS,, respectively, using a 532 nm laser source. In the case of the F-
MoS;, two dominant peaks are observed, including the in-plane stretching
mode at 383 cm (Ex,) and the out-of-plane stretching mode at 406 cm™? (Ay),
which typically indicate few-layered MoS: with approximately 4~6 layers *°.
By contrast, the MC-MoS; shows the redshift (or vibration softening) tendency
of 1.6 cm? and 0.8 cm™ at the Ey, and Aj, bands, respectively. Note that the
redshift change of the Eo, peak is greater than that of the A peak. These shifted
spectra can be ascribed to softening in atomic vibration of MoS; owing to the
atomic strain within the crumpled MoS, structures on account of the uniaxial

strain that result from crumpling in underlying SiO,. Moreover, the tensile
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strain level of MC-MoS; is calculated as around 0.6% according to Raman
analysis of the wrinkled MoS; *. This corresponds closely with the uniform
uniaxial tensile strains during expansion of the MoS, lattice, as reported
previously 37 3%, In this concern, the MoS, crystallinity also changed from
different tensile strain level, which caused by disordering of the MoS, crystal
due to tensile strain and induces out-of-plane expansion, causing a peak shift of
the lower angle from the (105) and (106) planes. (Figure 3-7).

The electrical properties of the crumpled MoS; layers were analyzed
to investigate the effects of surface morphology, which is inevitably related to
triboelectric properties. To measure electrical conductivity, contact electrodes
(70 nm-thick Au with 7 nm-thick Ti adhesion) were fabricated on each of the
MoS; structures for current (/)-voltage (V) curves (Figure 3-5 d). The
measurement of electrical conductivity of the series of MoS; film begins with
a value of resistance calculated by the slope of the /-V curve according to the

Ohm's law. Then, the electrical conductance is expressed in equation (1), cm?

_ l(cm)
0= R@-a(em?) 1)

Where o is the electrical conductivity of MoS,, | is the channel
length, A is the cross-sectional area of channel, R is the resistance at ambient
temperature (30 °C). To calculate the electrical conductance under the same

measuring condition, we defined the MoS; channel (3 nm in thickness
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according to the TEM analysis) with a width of 50 um and a length of 30 pm.
As the surface corrugation increases from F- to MC-MoS,, electrical
conductance is augmented from 6.27 x 10°3Scm™*to 2.07x 102Scm?,
approximately 3.3 times greater. The higher conductance is originated from the
reduction of intervalley electron scattering by the strained lattice of the
crumpled MoS; structure. The reduced scattering leads to a relatively small
energy distance between K- and Q-valleys in the electronic band configuration
of MoS;, resulting in high conductance in the MC-MoS; structure *°.

As shown in Figure 3-5 e, ultraviolet photoelectron spectroscopy (UPS)
analysis was also conducted to confirm the work function (@) of each MoS;
structure, which is one of the important factors determining the triboelectricity
of certain materials. The variation of work function is shown by UPS with
increasing strain levels for various MoS; surface morphologies. The position of
Fermi levels was calibrated using a gold reference sample measured in the same
batch. The F-MoS; presented the lowest work function value (4.32 eV), which
as reported previously is generally comparable to few-layered MoS, *°. In
comparison, the LC-MoS; had a higher work function value (4.43 eV), while
the MC-MoS; presented the highest work function (4.54 eV). In comparison,
the LC-MoS; had a higher work function value (4.43 eV), while the MC-MoS;
presented the highest work function (4.54 e¢V). When the tensile strain applied
to MoS, the separation between atoms gets increased due to its cause the orbital

overlap toward decreased. Hence, the effective work function of the valence
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band of highest point attains was moved from the K point of the valence band
to the /" point as followed MoS, lattice widening. Therefore, the location of
valence bandwidth was decreased as well as Fermi energy level, which cause
to increasing work function of MoS,. In this perspective, increasing the work
function of MoS; can accept more induced negative electron from the polymer
layer during the triboelectrification because of widening empty electronic state
of the MoS..

This electronic property can be considered as a significant factor in
investigating the triboelectrification of 2D MoS, structures, because higher
work function levels tend to induce more negative triboelectric charges in
triboelectric series ** #2. In this perspective, increasing the effective work
function of MoS; can accept more induced negative electron from the polymer
layer during the triboelectrification because of widening empty electronic state
of the MoS,. The electron transfer process can be highly involved in
triboelectric phenomena with semiconducting or metallic materials > %,
Essentially, 2D MoS; has a higher work function than PDMS (@mos2 > Prpums),
electrons can be injected from the filled electronic state of PDMS to the empty
one of 2D MoS; in order to equalize their respective Fermi levels during
mechanical contact between two different material surfaces (the inset of Fig.
2e) !4, Nevertheless, the triboelectric contributions of other charge types, such
as ionic (e.g., H-termination) and/or mass (e.g., macromolecular chains)

transfers, are still a subject of debate in cases involving insulating or polymeric
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materials (e.g., PDMS) 7, and to date there has been no comprehensive study

of the triboelectric effects of 2D MoS». The section that follows investigates

effects more closely in regard to variations in work function and morphological

changes of 2D MoS,.
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Figure 3-5. (a) AFM topographical images of three morphology types of the
laser-directed MoS,. (b) Atomic percentage of sulfur (S), molybdenum (Mo)

and oxygen (O) extracted by the XPS spectra. (c) Raman spectra of the laser-
directed F-, LC- and MC-MoS; layers. (d) Correlations of the conductance and
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input voltage of F-, LC- and MC-MoS; layers (Inset: device structure for
measuring conductance). (e) Variation of the effective work function of F-, LC-
and MC-MoS; layers. Inset: schematic illustration of the mechanism of electron

transfer depending on the work function modulation.

Intensity (a. u)

F-MoS,

240 237 234 231 228 225 222
Binding energy (eV)

S2p S 2py;
S 2py;,

MC-MoS,

164 163 162 161
Binding energy (eV)

Intensity (a. u)

Figure 3-6. XPS spectra (scanning Mo3d and S2p energy levels) of the F-, LC-
and MC-MoS; structures.
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Figure 3-7. XRD spectra of the F-, LC- and MC-MoS; structures.

Based on laser-directed MoS, synthesis and surface modulation, the
triboelectric effects of MoS, were investigated by fabricating the triboelectric
nanogenerator (TENG) devices aforementioned in Figure 3-1 b. The pliable
PDMS perfectly follows the curvature of the crumpled MoS; and prevents
device breakage by dispersing the force applied to the Si wafer in contact-
separation mode that applies a large force. To investigate the effects of the
surface morphology of MoS, layers on triboelectric properties, each of the F-
MoS; and MC-MoS; PDMS pairs was also measured as a comparison group
under the same conditions. As shown in Figure 3-8 a and 3b, the TENG devices
generate open-circuit voltage (Voc) and short-circuit current (/sc) energy

harvesting signals under the default mechanical input (at a force of 160 N and
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a frequency of 1 Hz). The flat MoS,-based TENG (F-TENG) presented Voc and
Isc 17 V and 0.85 pA, respectively, whereas the most crumpled MoS;-based
TENG (MC-TENG) produced Voc and Isc of 25 V and 1.2 pA, respectively. It
should be noted that even the pristine MoS, (F-TENG) showed superior
triboelectric energy harvesting performance compared to previous MoS,-used
TENG devices, without assistance from other materials and in spite of the
smallness of difference in triboelectric series between MoS, and PDMS !4 48,
This is presumably due to the grain size and layered structures specified by

laser-based synthesis *% *°

, which we plan to study further in our follow-up
research. Polarity-switched energy harvesting signals with the same levels were
also obtained by the reverse connection with measurement equipment (Figure
3-9 a, b), indicating that the output measured was generated by the triboelectric
devices. Additionally, the total generated charges affecting current flows at a
single cycle can be calculated, showing a higher charge density of MC-TENG
than that of F-TENG (Figure 3-9 c). Detailed fabrication and device conditions
are described in the Experimental Section.

To inspect unpredictable flexoelectric effects in strained MoS, or SiO layers,
piezoresponse force microscopic (PFM) analysis was performed on both F-
MoS; and MC-MoS:. As previously reported, PFM displacement exists even in
the out-of-plane direction of MoS,, without intrinsic piezoelectric properties.

This is due to a different form of electromechanical coupling known as

flexoelectricity, produced by the inherent wrinkles-induced strain gradient 3'.
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As presented in Figure 3-8 c, the electromechanical response of MC-MoS; was
around 4 times higher than that of F-MoS,, but it is difficult to ascribe this to
flexoelectric effects since the ~400% increase in piezoresponse is not
theoretically possible due to flexoelectricity alone 3°%, The sharp rise in PFM
slope of the MC-TENG need to explained by other factors. A secondary effect
producing strong impact on PFM is electrostatic charging within the object
itself %, It can therefore be deduced that the interfacial cavities between the
MoS,/Si0O; layers and the Si wafer inside the MC-MoS; specimen include
substantial electrostatic charges, thus contributing to the unexpected surge in
PFM signals.

The significant performance enhancement of MC-TENG can be attributed
to the combined effects of the properties of the electronic material itself and its
surface structural factor. Essentially, MoS:, occupies slightly more negative
position than PDMS in the triboelectric series '*. Because the MC-MoS; has a
lower the electronic work function due to its surface corrugation, its position in
the triboelectric series can be considerably more negative, leading to a larger
difference in triboelectric series between MoS; and PDMS. For this reason,
larger electron transfers can occur when the two surfaces are in contact with
one another. As typically is well known, the increase in the surface roughness
of MC-MoS: can also lead to improvements in contact electrification. In cases
where ionic and/or mass transfer mechanisms are dominant, however, merely

increasing surface roughness will not enhance triboelectric output, because
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more positive mass charges from the PDMS adhere to the MC-MoS;'s surface
55 resulting in a far smaller triboelectric series difference between the two.
Accordingly, we confirm that the triboelectrification principle of MoS; can be
generally considered as an electron transfer mechanism, even with an insulating
polymer. It may also be noted that the LC-MoS, shows similar triboelectric
energy harvesting signals to those of the MC-MoS,, indicating that the effects
of work function should be a primary consideration in such a MoS, system. The
high electronic conductivity of the MoS; synthesized by our laser-directed
approach further supports this estimation.

As schematically illustrated in Fig. 3-8 d, the working principle of the MC-
TENG device can be explained as a combination of contact electrification and
electrostatic induction. In the initial state (i), no electron transfer occurs on
either of the two triboelectric surfaces since they have had no prior contact with
one another. In the pressed state (ii), the two triboelectric surfaces come into
full contact with each other, generating triboelectric charges on their surfaces
due to electron transfer from PDMS to MoS;, depending on differences in their
respective work function-based triboelectric series . As negative triboelectric
charges are produced on the MC-MoS; surface, the PDMS surface
correspondingly turns into a relatively positive charged surface. As shown in
Figure 3-8 ¢, secondary electrostatic charges may also emerge within the
interfacial cavities due to the instantaneous contact between the strained SiO»

thin film and its underlying Si wafer (as shown in Figure 3-8 d, upper right

97 A
1



inset). SiO, and Si can present relatively positive and negative charges,
respectively °. Because inter-cavity electrostatic charging is highly localized,
however, its effect on performance enhancement appears minimal. Moreover,
it is clear that this secondary effect does not interfere with device performance
overall, since the triboelectric charging tendency well corresponds to whole
device structures (i.e., PDMS (+) / gap (3 mm) / MoS» (-) / SiO2(+) / Si (-)). As
the external mechanical pressure is withdrawn in the releasing state (iii), the
distance of the gap between the two charged surfaces is restored by the fixture
springs of the device frame. At that point, an electrical potential is generated
within the gap, generating to current flow from the top to the bottom electrode
throughout the external circuit to compensate for the triboelectric charges
produced by electrostatic induction. In the completely released state (iv),
triboelectric charges are balanced, and the device's system is electrically neutral.
When mechanical force is reapplied to the device (v), the two triboelectric
charged surfaces again move nearer to one another, breaking the electrical
equilibrium and inducing an opposite electrical potential. Their electrons also
travel in opposite directions through the external circuit and the polarities of the
triboelectric signals are thus revered. When reciprocating mechanical force is
applied repeatedly to the TENG device, the electrical energy harvesting signals

are generated in response to the repetition in the mechanical sequence.
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Figure 3-8. (a) Open-circuit voltage and (b) Short-circuit current generated
from the F-MoS;- and MC-MoS;-based TENG devices under the external
mechanical input of 1 Hz and 160 N as a default setting, with the forward
connection to measuring equipment. (c) PFM analyses showing
electromechanical coupling responses of laser-directed F-MoS, and MC-MoS..
(d) Schematic diagrams presenting the device mechanism of the MC-TENG in

its 5 states: i) initial, ii) pressed, iii) releasing, iv) released and v) pressing state.
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Figure 3-10 a depicts the instantaneous power generated as load resistance
levels ranging from 1 kQ to 1 GQ for intuitive comparison between the F-
TENG and MC-TENG devices. Power was calculated based on the equation, P
= J*R (P: instantaneous power, V: voltage, and R: load resistance) °. The
voltage increases as the resistance increases, and then the voltage saturation
begins at a specific resistance. At the beginning of the voltage saturation, the
highest power is generated, after this, the power becomes low again following
the equation. In our research, after showing the highest voltage at 100 MQ, the
saturation proceeded. As a result, the power decreased after 100 MQ. When
load resistance was 100 MQ, both F-TENG and MC-TENG devices exhibited
a maximum power of 1.6 and 2.25 uW, respectively. It is important that the
MC-TENG produced energy harvesting power ~40% higher than the F-TENG.
The matching resistance of both devices was the same (~100 MQ), indicating
that it was affected by macroscopic device structures, rather than the devices’
MoS; surface morphologies.

The stability of the MC-TENG device was evaluated by the durability test
over 10000 cycles of mechanical pressure input, as shown in Figure 3-10 b.
Energy harvesting signals were stably maintained for the duration of cycle test.
It has confirmed that the crumpled MoS, surface morphology remained
securely on the substrate even after the durability test (Figure 3-11). The
somewhat depressed topography in the MoS, microscope image is presumably

due to the cumulative pressure exerted by the adhesive PDMS and the
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lubrication of the MoS, layers, possibly causing the stabilized energy
harvesting voltage down to ~21 V. Nevertheless, it is evident that strain-induced
crumpling of laser-synthesized MoS; and the energy harvesting performance of
a MoS;-based TENG device can be stably used in various applications. The
mechanical properties of 2D MoS; may be developed and improved in future
studies that further investigate its various nano- and microstructures.

Figure 3-10 ¢ shows the response of energy harvesting signals to changes in
frequency within a range of from 1 to 10 Hz with constant mechanical stress.
As the mechanical input frequency increased, the current output generated by
the MC-TENG gradually decreased to 5 Hz. Figure 3-12 a also presents the
voltage signal responses to changes within the same frequency range. The
decrease in energy harvesting signals in response to increasing frequency was
due to insufficient time in completing charge compensation and/or full contact
electrification 7 8, After input frequency rose above 5 Hz, the energy
harvesting signals became saturated, presumably due to the limited resolution
of the measuring equipment *°. The electrometer has the large internal
resistance of the instrument, so it can be easy to measure the typical signal Voc,
Isc measurement. However, it is relatively difficult to sensitive response about
frequency and force changes. So, the frequency-dependent measurement was
conducted using an oscilloscope. In order to maximize the accuracy of the
tendency, an oscilloscope was set to the maximum plotting resolution

(measured sample rate: 5 x 105 points / maximum sample rate: 10 GS-s™!,
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maximum record length: 50 M points, vertical resolution: 8 bits). It could be
note that, using an oscilloscope, though the measured values of VOC and ISC
are slightly different due to the internal resistance, the trends can be clearly
shown according to input condition. (In this case, an oscilloscope with probe
internal impedance of 10 MQ is used.)

With decreasing input mechanical force in the range from 160 N to 35 N,
both voltage and current output generated by MC-TENG were gradually
reduced (Figure 3-10 d and Figure 3-12). Lowered pressure force result in the
less conformal contact between the MoS, layers and the counterpart PDMS
surface as triboelectrification occurs ® ®'. This explains the maximum
triboelectric energy harvesting signals generated at 160 N. When mechanical
force becomes greater than 160 N, the SiO,/Si wafer under MoS; layers tended
to suffer mechanical damage. To maximize the accuracy, force dependency was
also measured by an oscilloscope. The frequency and force dependency of the
energy harvesting signals generated by F-TENG devices was also evaluated
(Figure 3-13), indicating that the output efficiency of MC-TENG is always
higher than that of F-TENG regardless of the type of mechanical input.

To present some practical applications of using MoS»-based triboelectric
devices, we applied the MC-TENG device to simple commercial electronic
components. As shown in Figure 3-10 e, electrical energy generated by the
device can be directly used as a power electrical source for light-emitting diodes

(LEDs), without the need for any additional energy sources. 25 blue LED bulbs
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were connected in series to the device and a rectifier. They were activated
intermittently following activation of the device. A 6 nF capacitor was
connected to the device to confirm energy storage capability (Figure 3-10 4f).
It was charged up to ~15.1 V by the 1 Hz-based energy harvesting output of
MC-TENG for 90 s (Figure 3-10 f). Interestingly, the voltage charging graph
exhibits a stair-shaped pattern, which clarifies that the capacitor was charged
exclusively by the energy harvesting output from the MC-TENG device,
without external artifacts. As expected, the charging rate became slower
depending on the capacitance of the capacitors, indicating the TENG device's
applicability to general electrical circuits (Figure 3-13). The graph's overall
shape was parabolic, not linear, because charging and saturation are gradual in

a capacitor with a constant capacity.
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The laser-directed synthesis method was have developed for
fabricating 2D MoS; layers allows not only for fast, vacuum-free processing
but also direct patterning methods. Accordingly, we demonstrated a flexible
touch sensor array device with multi-touch and position-mapping capabilities,
since energy harvesting devices can be also applied to self-powered sensor
applications '> %2, To fabricate the flexible sensor array, a 4x4 patterned
crumpled MoS, array was directly synthesized onto a SiO,/Si wafer. Ag
electrode lines were established on the patterned MoS,, using an inkjet printer,
dispensing with the conventional lithography procedure. The resulting Ag/
MoS; pattern array was transferred from the wafer onto a flexible elastomer
substrate by wet etching of the SiO». Finally, a connector was linked to the Ag
bottom electrodes of the sensor array to measure voltage signals from the self-
powered flexible triboelectric sensors (Figure 3-16 a). The structure of the
sensor device was based on a single-electrode triboelectric device type so as to
use MoS; surfaces directly as triboelectric sensory pixels and to simplify

fabrication processing 9

. Notably, all of these fabrication steps were
successfully realized, from establishing the active layers to integrating the
electrode connections using direct-writing approaches (i.e., laser scribing and
inkjet printing). To exclude external artifacts, in preference to human manual
input the triboelectric haptic sensor array was tested using a stylus pen (Galaxy

Note 9 touch pen, Samsung Electronics).

To investigate the triboelectric sensitivity of the MC-MoS,, we also
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prepared flexible sensor array devices with F-MoS, layers and only Ag
electrodes, respectively, using the same fabrication process. As plotted in
Figure 3-16 b, the MC-MoS; sensor far higher voltage output than the F-MoS,
and the only Ag electrode-only devices when tested under the different force
levels: 5, 10, and 20N, respectively. This suggests that the crumpling effect of
the laser-directed MoS, may also be useful in triboelectrification with other
materials. Also, the wearable haptic touch sensor was operated from various
pressure, 5 N (50 kpa) to 20 N (200 kpa). Notably, the pressure of SN means
that it responds to the level of general contact pressure (40-50 kpa) as
previously reported triboelectric nanogenrator-based touch pad.[ref] Multi-
touch contact motion with a stylus pen along different pixels of a flexible sensor
array, is illustrated in the left panel of Figure 3-16 c.

The differences in potential between touched and untouched MoS; pixels
can be observed without serious interference, indicating the feasibility of multi-
touch detection via triboelectric voltage (see right panel of Figure 3-16 ¢). This
feature should encourage further steps towards developing 2D materials-based
flexible and transparent haptic sensors. The trajectory mapping of the wearable
haptic sensor consist of a self-designed 4 x 4 (row x column) matrix of square
MoS,/ Ag pattern that act as a triboelectric layer with a stylus pen. These each
square patterns was connected with an electrometer and then the trajectory
mapping was recognized via measuring the output voltage signal of each pixel

generated in real time. Figure 3-16 d shows position mapping according to the
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trajectory of stylus pen movement. The haptic sensor displayed instantaneous
voltage responses, allowing for motion-mapping in response to the trajectory
of the dragging content of letter (‘L’ shape) and drawing patterns (down and
right). First, the stylus pen is located on (2,2) and drags down and then (2,4) to
(4,4). In this trajectory, the faint-blue square is caused by induced charges to
adjacent cells that occur during touch operation (< 0.8 V). The light-blue square
is caused by separation when the stylus moves to another MoS: active layer (~
6V). Therefore, this wearable haptic sensor was successfully demonstrated with

position mapping as well as TENG.
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MoS;-based flexible triboelectric haptic sensor.

3. 5. Conclusion

We have demonstrated a laser-directed synthesis method for achieving
rapid, wafer-scale, and patternable 2D TMDC nanomaterial fabrication without
using a vacuum. The MoS;-surface morphology and strain can also be easily
controlled by the laser irradiation with the synthesis simultaneously. The
thermal-interfacial interaction was extensively studied by a variety of
characterizations, as well as electronic properties. In particular, it was
determined that modulating the work function of MoS, by surface crumpling
critically affects the electron transferal process in triboelectric phenomena. Our
results show not only direct development of as-synthesized MoS, surface
roughness but also changes in work function by overall surface corrugation,
thus demonstrating the importance of the electron transfer mechanism in
triboelectric interaction between 2D TMDC and polymer. The crumpled MoS,
surface synthesized by laser-directed thermolysis presented high-performance
triboelectric energy harvesting output compared to previously reported MoS,
TENG devices. The power output generated was up to 40% higher than for flat-
surface MoS, synthesized using the same laser method. The laser-directed
synthesis method was also used to fabricate a patterned MoS; triboelectric
haptic sensor array on a flexible substrate with direct inkjet printing of

electrodes. Multi-touch and position-mapping capabilities were confirmed
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using flexible triboelectric sensor array. The triboelectric properties of laser-
directed MoS: will be more inspected by additional following research about
grain size, counterpart materials selection, laser source changes, etc. The
present study lays the groundwork for future developments in laser synthesis of
other 2D TMDC materials with modulated surface morphologies. Based on its
findings, investigation of 2D TMDC materials should be broadened in order to
realize milliwatt-level triboelectric energy harvesters and self-powered flexible

sensors of future electronics.
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Chapter 4. Conclusion

In this thesis, the synthesis of transition metal dichalcogenides, e.g.,
MoS,, WS,, and silver nanoparticles based wearable electronic devices are
described, respectively.

In Chapter 2, we have successfully demonstrated the fabrication of
patterned semiconducting MoS; and WS, films over a large area under ambient
conditions using a rapid pyrolysis via laser annealing method. The resulting
capabilities could facilitate applications not only in the fabrication of wafer-
scale transistor arrays but also in customized electronics that require the
formation of various patterns in a short time even under air condition. The
obvious advantages, such as the ultrafast fabrication speed with process
simplification, solution-based scalable/inexpensive process, and open-chamber
process, are highly compatible with mass production. Our study is expected to
contribute to the realization of high-performance TMD-based electronics with
a similar technique as for present silicon-based electronics.

Chapter 3 describes a laser-directed synthesis method for achieving
rapid, wafer-scale, and patternable 2D TMDC nanomaterial fabrication without
using a vacuum. The MoS;-surface morphology and strain can also be easily
controlled by the laser irradiation with the synthesis simultaneously. The
thermal-interfacial interaction was extensively studied by a variety of
characterizations, as well as electronic properties. In particular, it was

determined that modulating the work function of MoS, by surface crumpling
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critically affects the electron transferal process in triboelectric phenomena. The
power output generated was up to 40% higher than for flat-surface MoS,
synthesized using the same laser method. The laser-directed synthesis method
was also used to fabricate a patterned MoS, triboelectric haptic sensor array on
a flexible substrate with direct inkjet printing of electrodes. Multi-touch and
position-mapping capabilities were confirmed using flexible triboelectric
Sensor array.

In conclusion, we proposed the direct patterning method with
simultaneous synthesis of TMDCs. This method begins with solution phase of
precursor deposition, and then layer-selective annealing was applied onto the
precursor or chemical reduction. Such processes lead to fast processing time
without additional patterning steps. As a results, large-scale low-dimensional
growth was successfully achieved as applicable transistor, strain gauge, and
diode. Furthermore, work function modulation was demonstrated by strain-
induced effects toward enhancing self-powered nanogenerator. Throughout of
the profits, these method paves a way to next-generation electronic devices,
which could apply to flexible, stretchable, and transparent material based

wearable electronics.
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