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Abstract of Doctoral Thesis, February 26th, 2025

Improvement of MoS,; Film Quality using Low-Particle-Flux
Sputtering at Low-Substrate Temperature for Future
3D-Stacked Field-Effect Transistors

Supervisor: Hitoshi Wakabayashi

Department of Electrical and Electronics Engineering
School of Engineering

Shinya Imai

This thesis extensively investigates the improvement of molybdenum disulfide (MoS3)
film quality at low temperatures for future three-dimensional stacked field-effect transis-
tors. MoSs films are known to exhibit high electron mobility even in an atomic layer
thickness, making them a promising alternative to silicon channels in next-generation 3D-
stacked FETs. Conventional methods for forming MoSs films include exfoliation and
chemical vapor deposition (CVD) conducted at high temperatures of 800°C or more.
While these methods are effective for obtaining high-quality films, they are limited by
their inability to effectively reduce defect densities and their incompatibility with the
strict thermal budget requirements for stacked transistors. To overcome these challenges,
the author adopted sputtering, a deposition method that can produce large-area, uni-
form films at significantly lower temperatures below 500°C. However, sputtered MoS»
films exhibit problems such as small grain sizes and high sulfur defect densities, limiting
their potential for practical applications. To address these issues, sulfur-vapor annealing
(S-annealing) at 700°C has been proposed in previous studies to compensate for sulfur
vacancies and improve film quality. This study seeks to deepen the understanding of the
effects of S-annealing on MoS, films by sputtering, identify strategies to improve film qual-
ity even before S-annealing and explore the feasibility of producing high-quality films at
even lower temperatures.

The author set three critical target parameters for MoSs film quality. First, the film
formation temperature was set to 700°C or less for front-end-of-line (FEOL) processes
and 400°C or less for back-end-of-line (BEOL) processes to meet industrial requirements.
Second, the crystal size was set to 7.9 nm or more for the channel dimensions of future semi-
conductor devices. Third, the target mobility is set at 185 cm?/Vs with a corresponding
sulfur defect density (Vi) below 0.14%. These parameters serve as a guideline for balanc-
ing material performance with manufacturing feasibility. The crystal growth mechanism
during sputtering is analyzed, which examines how the surface migration length of sput-
tered particles contributes to the grain size increase. Three key factors that enlarge this
surface migration length of particles were identified: increasing the substrate temperature
(Tsup.), increasing the flux temperature (Th,y), and reducing the particle flux to the sub-
strate. Additionally, simulations of the behavior of sputtered particles traveling from the



target to the substrate revealed that high RF power, a short target-to-substrate distance,
and low Ar pressure are practical approaches to increase the sulfur flux to the substrate,
thereby reducing the sulfur defect density. These suggest that process parameters must
be carefully tuned to optimize the deposition conditions for high-quality films.

First, it was observed that enlarging Ty,;,. enhances the surface migration of sputtered
particles, leading to larger grains. However, excessively high T, caused an increase in
sulfur defect density, likely due to sulfur evaporation under prolonged exposure to ele-
vated temperatures. S-annealing effectively compensated for these deficiencies, restoring
film quality and reducing defect densities. The optimal substrate temperature was iden-
tified as 300°C, where films showed the lowest sulfur defect density after annealing. This
temperature represents an ideal trade-off between enabling sufficient surface migration
and avoiding excessive sulfur loss during deposition.

Next, to further improve crystal size, the author investigated the effects of RF power
modulation, which controls both Th,x and particle flux. Intermediate RF power provided
the best balance, producing films with sufficient Tq,y and low particle flux, which promoted
more significant grain formation.

Additionally, a grid was introduced into the sputtering system to reduce particle flux
further while maintaining adequate flux energy. This approach significantly improved
the crystal size with a lower deposition rate, and the nucleation density decreases with
a low particle flux. Finally, the performance of the sputtering method was benchmarked
against other deposition techniques. It was demonstrated that sputtering achieves superior
results in terms of crystallite size with low-temperature deposition. Crystal size reached
a maximum size of 26 nm and an average size of 9.1 nm, exceeding the target of 7.9 nm.
Films deposited at 300°C met the thermal budget requirements for FEOL and BEOL
processes while showing significant improvements in grain size. However, the standard
deviation was 7.9 nm, suggesting the need for selective removal of the microcrystalline
regions of the second layer and deposition with even lower particle flux. Furthermore, the
sulfur defect density remained at 1.65%, which calculated the mobility of ~26.5 cm?/Vs,
indicating that further optimization is required to achieve the target mobility. Additional
studies on sulfur flux supply during sputtering are recommended to bridge this gap and
further enhance material performance.

In conclusion, this thesis comprehensively analyzes the factors influencing the quality
of sputtered MoSs films. The results demonstrate that optimizing particle temperature on
the substrate surface and reducing particle flux during sputtering significantly enhances
crystal size, while additional sulfur supply can effectively mitigate sulfur defects. These
findings contribute to developing high-quality MoSy films suitable for next-generation
logic semiconductors and offer valuable insights for industrial applications. This work
establishes a foundation for further exploration of sputtering techniques and their potential
integration into advanced semiconductor manufacturing processes.
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Chapter 1

Research background and
motivation

1.1 Logic transistor scaling and next-generation transistors

The explosive growth of data and the processing required to convert it into useful
information have created an unprecedented demand for energy-efficient computing. Low-
power and high-speed computing is also crucial for edge Al processing for the Internet of
Things (IoT), as shown in Figures 1.1 and 1.2 [1,2].

To meet the demand for modern semiconductor devices, scaling down transistor di-
mensions has a significantly positive impact on key performance metrics, as described by
R. Dennard in 1974, illustrated in Figure 1.3 [4]. The scaling factors for various device
or circuit parameters are summarized in Table 1.1. In this device scaling, the voltage,
current, and delay time are reduced by 1/k, while the power dissipation per circuit is
reduced by 1/k?. The transistor scaling is progressing, and high-performance comput-
ing is being miniaturized according to Moore’s Law [5,48-54]. With miniaturization, the
technology node of transistors improves year by year. Gate length, metal wiring pitch,
speed, power consumption, supply voltage, etc., are miniaturized and reduced, as shown in
Figures 1.4 and 1.5. However, since around 2020, it has been considered that performance
improvement by simple transistor scaling has reached saturation.
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Figure 1.1: (a) Image of data center and schematic of (b) Internet of Things (IoT) [1,2].
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Figure 1.2: Forecast of energy usage in information and communication technologies

(ICT). By 2030, data centers are likely to constitute 8% of global electricity demand, and
ICT could use 20% of it [3].
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Figure 1.3: MOSFET device structure for electrical-field-scaling [4].
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Table 1.1: Relationships between device and circuit parameters and scaling factor [4].

Device or circuit parameter ‘ Scaling factor ‘

Device dimension L, W, 1/k
Doping concentration N, k
Voltage V 1/k
Electric field 1
Current 1/k
Capacitance €A/t 1/k
Circuit delay time VC/I 1/k
Power dissipation/circuit VI 1/k?
Power density VI/A 1
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Figure 1.4: Transition and future forecast of Technology node, gate length, and metal
pitch [5].
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Figure 1.5: Trends of (a) speed (CV/I) and energy (CV?), (d) on-current (Io,) and off-
current (Iog), (c) supply voltage (Vgq) and equivalent capacitance thickness (CET), and
(d) power density of high-performance (HP) transistors in the past and future. Technology
node is also shown in (a) and (c). It is assumed that gate width W = 10Lg in planar
transistors, fin number reduced from 3 (2012) to 1 (2024), GAA stacked sheet number
increased from 3 (2025) to 4 (2031), CFET was introduced in 2028, and stacked tier
number increased from 2 (2031) to 6 (2037), and FO = 1. I,, and I,g are normalized to
effective width (Weg), while layout footprint is used to calculate power density [5].

1.2 Requirements for next-generation semiconductor chan-

nel materials

The short channel effect caused by the channel length scaling causes off-current and
increases power consumption. As shown in Figure 1.6, the transistor structure is changing
to improve this. The technology node shows the transistor specifications, and the Fin
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structure has reached the 3nm technology node [6]. It has been changed to a gate-all-
around nanosheet (GAA-NA) structure and is scheduled to move to a stacked n/p struc-
ture [7-10]. These structural changes will increase the effective channel width, suppress
the short channel effect, and improve the transistor per footprint.

4 p/n 3D-stacked
transistors

Gate all around
Nanosheet
(GAA-NS)

New materials

J. Park et al,, IEDM2023 ~ What is next?

’ . 29-4, pp.1-4, 2023
oM. Lee, et al., IEDM, o e o
pp. 29-3, 2017. ST S A R

R. Xie, et al., IEDM,
G IEEE, p. 2, 2016. E. Anju, et al., IEEE JEDS,
i vol. 6, 1239, 2018.

introduction

Log,(#transistors)

45 nm 22nm 3nm 2nm 1nm Technology node

1 1 o—l 1 >

| I .
2007 2012 Now 2025 2031 Year

Figure 1.6: Transistor scaling and next generation structures for high-performance logic
transistor [6-10].

Furthermore, to achieve even higher performance, the delay time and the power con-
sumption of transistors are shown in the following equations:

e Delay time:
Vaa

)
IOII

where C is the capacitance, Vyq is the supply voltage, and I, is the on-current.

T=C (1.2.1)

Moreover, active and standby power densities, which is a critical factor for circuit

performance, can be expressed as:

o Active Power: VI Vi Ly [A/m)]
dd * {on pm

—_—= , 1.2.2

AT Lm (122)

where L, is the gate length.
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e Standby Power:
Pstandby = leax - Vaa- (123)

where Ieqx is the leak current.

To achieve the short delay time from Equation. 1.2.1, reducing the (V3q) and enhancing
the I,y are desirable. Low power consumption from the above equations, reducing the
supply voltage (Vgq) is essential to achieve low delay and low power consumption, which
requires high-mobility channel materials and a slight subthreshold slope (SS). Additionally,
as illustrated in Figure 1.3, reducing Vgyq alongside optimized device geometry (for example,
shorter gate lengths and increased fin aspect ratios) can enhance ON resistance while

decreasing power density.
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Figure 1.7: Relationship between power density and ON resistance for various device

architectures [11].
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1.3 Transition metal di-chalcogenide (TMDC) and molyb-
denum disulfide (MoS,)

Silicon (Si) has been used as a channel material for cutting-edge logic semiconductors.
However, the mobility of Si drops sharply in atomic layer thin films with a thickness of 3 nm
or less. Therefore, materials that do not drop in mobility even in atomic layer thin films
are being searched for, one of which is transition metal dichalcogenides (TMDCs). TMDCs
are one of the two-dimensional materials similar to graphene, represented by MXs, and
have a structure in which a transition metal element M (Mo, W, Zr, etc.) is sandwiched
between two chalcogen elements X (S, Se, Te, etc.) as shown in Figure 1.8. Van der Waals
forces bond the layers, so there are no dangling bonds. As shown in Figures 1.9 (a) and
(b), high mobility with various band gaps can be obtained even with a thickness of 3 nm
or less in TMDC films.

Figure 1.8: Schematic diagram of transition metal dichalcogenide (TMDC). Black dots
indicate transition metal elements, and yellow dots indicate chalcogen elements. Layers
are bonding together by van der Waals forces [12].

Among TMDC materials, molybdenum disulfide (MoS,) is so stable that it is abun-
dant in nature and exhibits semiconducting properties. Therefore, many research insti-
tutes have reported the demonstration of transistors and applications to devices such as
nanosheet FETSs, sensors, and optoelectronic devices are expected [12,55-59]. MoSs has
an interlayer distance of 0.65 nm and exhibits mobility of 190-400 cm?/Vs [12,60], as
shown in Figure 1.10 (a). In addition, it is reported that lower subthreshold swing (SS)
can be achieved with low L, (< 10 nm), than with Si [15], as shown in Figure 1.10 (b).
Furthermore, in the bulk state, it is an indirect transition semiconductor with a band gap
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Figure 1.9: Benchmark of mobility on traditional and 2D semiconductors depending on
channel thickness (t.,) [13]. (b) Band edge positions and band gaps of various TMDC
films [14].

of approximately 1.2 eV, while in the single layer, it exhibits the properties of a direct
transition semiconductor with a band gap of approximately 1.9 eV [61,62].

Moreover, recent research has also been progressing towards future logic devices. Fig-
ure 1.11 (a) shows a gate all around (GAA) nanosheet (NS) field electric transistor (FET)
using MoSy film [16]. The GAA structure of the high-k (HfO2)/metal gate (Ti) for the
MoS; channel is confirmed. Figure 1.11 (b) also shows a proposed p/n stacked transistor
structure with MoSs film as n-type semiconductor and WSes film as p-type semiconductor,
which is expected that MoSs film will be used for logic channels in the future [17].
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Figure 1.10: (a) Mobility benchmark depending on MoS; and Silicon channel thickness.
(b) Benchmark subthreshold swing depending on gate length (Lg) in MoS-FET compared
from Si-FinFET [15].

Mﬂﬁz_

\ NN

Figure 1.11: (a) Schematic diagram of gate all around (GAA) nano-sheet (NS) field
electric transistor (FET) using MoSs film [16]. (b) Schematic of p/n 3D-stacked FETs
using MoSs film [17].

1.4 MoS; film formation methods

Conventional synthesis methods for MoSs film formation are exfoliation and chemical
vapor deposition (CVD). Figure 1.12 (a) shows the exfoliation method [18], and Fig-

10



CHAPTER 1. RESEARCH BACKGROUND AND MOTIVATION

ure 1.12 (b) shows the CVD method [63]. Exfoliation is a method that uses scotch tape
for the MoSy bulk and transfers MoSs film to the substrate. It enables us to make good
quality films and high mobility (~380 cm?/Vs) [12,18]. However, it is not possible to make
large films. In addition, its carrier density is automatically high because of alkali metal
contamination. And it is difficult to control these impurities [64]. The MoSs film formation
by CVD is adopted as a popular method capable of forming large films [17,63,65]. In the
CVD method, MoSs is formed on the substrate by a chemical reaction of evaporated pre-
cursors (like MoO3 and S). MoS; film by CVD has high quality, good electric properties,
and large grain. However, to obtain a good CVD-MoSs film with large crystal grains, there
are some problems, such as the necessity of applying perylene-3,4,9,10 tetracarboxylic acid
tetrapotassium salt (PTAS) to the base substrate [17,63]. Furthermore, even if a promoter
is not used, a high-temperature process of 800°C or higher is required to deposit high-
quality films. The deposition time is extended to at least one hour per wafer [17], leading
to problems with production time and heat resistance. Therefore, a large-area formation
without special treatment has been investigated to suppress contamination.

a _— b e
D - _ Furnace
- - » Distance ~ 21 cm »
v —‘__ Argasin | | f ~zem Gas out
) s o,
c d - s =

N §
) o)

Figure 1.12: Schematic illustrations of standard 2D film fabrication methods. (a) Mi-
cromechanical exfoliation of 2D material [18]. (b) CVD for MoS, film fabrication [17].

From the above, to achieve industrial application of FETSs using MoS» film, we adopt
radio frequency (RF) magnetron sputtering for MoSs thin film formation. Figure 1.13 (a)
shows a conceptual diagram of the RF magnetron sputtering process. Sputter deposition
is one of the physical vapor deposition (PVD) methods. The advantages of this method
include its ability to deposit films at low temperatures, specifically below 500°C. Addi-
tionally, it enables short deposition times, with one layer taking less than one minute.
This approach also facilitates the reduction of defect density, demonstrates high com-
patibility with conventional semiconductor processes, and allows for large-area deposition
with minimal thickness variation [19,19,66,67]. Therefore, sputtering is the expected
method for the industrial introduction of the device process. However, there are certain
limitations. The crystal size is approximately less than 10 nm, and sulfur vacancies are a
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notable concern, which leads to deterioration of the crystallinity and electrical properties.
Therefore, the process of sulfur compensation is essential. Figure 1.14 shows the schismat-
ics of sulfur vapor annealing, which is called S-annealing. To compensate for the sulfur
vacancies in the MoS; film, S-annealing is conducted [20,21]. This process significantly
reduces the carrier density in the PVD-MoS, film and enhances its mobility, as illustrated
in Figure 1.15 (a). Consequently, as shown in Figure 1.15, this improvement facilitates
the realization of normally-off MoSs nMISFETSs [21]. The benchmark of each FET char-
acteristic is shown in Table 1.2. Comparing them, it can be seen that the mobility and
Ion /1o ratio of sputtered film is degraded compared to exfoliation and CVD methods.
Therefore, it is necessary to improve the quality of the MoS» film by combining sputtering
and S-annealing, and it is also desirable to improve the film quality by sputtering alone.

Sub. Temp. _—|—

Ar Pressure

target
RF power§

(a)

Figure 1.13: (a) Schematic image of RF magnetron sputtering (b) TEM image of thin
MoS; film formed by RF magnetron sputtering [19].

Quartz
tube 250°C, 40 min 700°C, 40 min

Ar flow

Figure 1.14: Schematic of sulfur vapor annealing (S-annealing) [20].
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Figure 1.15: (a) Hall-effect measurement results of carrier density and electron mobility

for approximately 4-nm-thick MoSs film as function of temperature [20] and (b) I4-Vis
characteristics of metal isolation semiconductor FET (MISFET) with MoS, film formed
by sputtering and S-annealing [21].

Table 1.2: Benchmark of MoSs devices fabricated by various methods.

Method Growth Mobility | Ion/Iosr | Reference
Temperature [ecm?/Vs] | Ratio
Sputtering 400°C (2 min) 0.21 ~ 102 21]
+ S-annealing + 700°C (40 min)
Exfoliation Room temperature (RT) 700 ~ 108 [68]
Exfoliation Room temperature (RT) 30-60 10* [69]
on PMMA
CVD 1100°C (130 min) ~ 17 ~ 108 [70]
Sulfur + MoOg
CVD 850°C (10 min) 24 109 [71]
Sulfur + MoO3 | Transferred from sapphire

1.5 Purpose of this study

From the previous discussion, the objective of this study is to improve the quality of
sputtered MoS, films for future 3D-stacked FETs.
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1.6 Structure of doctoral thesis

The structure of this paper is shown in Figure 1.16. This paper consists of 7 chapters.
Chapter 1 describes the demand and scaling of logic semiconductors, the background of
the demand for 2D semiconductors, the reasons for deposition by sputtering, and the
current issues with MoSs films by sputtering. Chapter 2 compares with previous studies
and sets the target value for improving the quality of MoSs films. Chapter 3 examines
the elementary reactions of MoSs film formation using sputtering. To achieve the target
value set in Chapter 2, the directions of MoS» film quality improvement in sputtering film
formation are set. Chapter 4 examines the substrate temperature dependence of MoS» film
quality in sputtering film formation. Chapter 5 performs an RF power swing to control
the sputtered particles that reach the substrate. This chapter explains how adjusting the
particle flux and particle energy when changing the RF power of sputtering can increase
the crystal size of MoSy film. Chapter 6 explains low-particle-flux sputtering, which can
increase the crystal size. Finally, Chapter 7 presents the conclusions of the study and
further directions.

Ch.1: Research background and motivation

Ch. 2: Target values for
improvement of MoS,, film quality

Ch. 3: Approach of MoS, sputtering
with large crystal size and low sulfur defect density

Ch. 4: Dependence of MoS, film quality
varying substrate temperature during sputtering

Ch. &: Crystal size enlargement of MoS, film with control of
flux temperature and particle flux during sputtering

Ch. 6: Crystal size enlargement of MoS, film
by low-particle-flux sputtering

Ch. 7: Conclusions

Figure 1.16: Structure of this thesis.
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Chapter 2

Target values for improvement of
MoS, film quality

In this chapter, target values are decided for improving MoSs film quality compared to
the previous reports and future direction. First, the target indicates required to enhance
the MoSs film quality are the following:

e Examination of the upper limit of deposition temperature.
e Achievement of target crystal size.
e Reduction of sulfur vacancy defect density for high-mobility MoS, films.

These indices are explained in the following sections.

2.1 Thermal budget requirement for MoS; film

To estimate the thermal budget requirement, it is necessary to consider the process
of future logic transistors using MoSs film formation. the process flow for MoSo-NSFET
fabrication is shown in Figure 2.1 [16], as follows in the below lists:

1. 2D material/sacrificial layer stacking.

2. Gate patterning.

3. Inner spacer formation.

4. Source/Drain (S/D) contact formation.

5. Plug metal and Chemical Mechanical Polishing (CMP).
6. Nanosheet (NS) patterning.

7. NS release.

8. High-k Metal Gate (HKMG) formation.
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==y 1

(1)2D/Sac. stacking (2)Gate patterning (3)Inner spacer (4)S/D contact

(5)Plug metal+CMP (6)NS patterning (7)NS release (8)HKMG

Figure 2.1: Process flow of MoSg-nanosheet (NS) field electric transistor (FET) [16].

Figure 2.2 shows the cross-sectional transmission electron microscope (TEM) images
of the stacked MoSs /Sacrificial layer during the first process step (1 Stacked 2D epitaxial
growth). Stacking the sacrificial (Sac.) layer and MoSs layer requires a deposition method
that does not damage the under-MoSs layer. Plasma deposition and high-temperature
annealing are not permissible due to their potential to cause damage. The formation of
source/drain (S/D) contacts necessitates etching the Sac. layer to release the MoS, layer.
During this process, a high etch selectivity of the Sac. layer over the MoSs layer is essential
for successful fabrication [72]. Suitable materials for the Sac. layer include SiO2, AlyOs,
and HfOs, which are amorphous oxides. However, candidates for nitride insulating films
such as SiN, are excluded because they require plasma deposition and high-temperature
deposition, which degrade the MoS; film properties [73, 74].

The effects of low-temperature films on the suppression of oxygen diffusion were ana-
lyzed in a previous study [22]. Figures 2.3 (a) and (b) illustrate models of the reactions that
occur when MoSs films are deposited on SiOs and SizNy, followed by high-temperature
annealing at 700°C. It has been reported that oxygen diffusion occurs in the MoS, film
on SiOs, while no such diffusion takes place in the MoSs film on SigNy. As shown in
Figures 2.4 (a) and (b), XPS measurements confirm the presence of oxygen bonds only in
the MoSs film on SiOs. Therefore, MoS, is susceptible to damage when the temperature
exceeds 700°C. In the presence of oxygen, the material undergoes oxidation, degrading its
electrical properties [15,72]. To ensure the stability of the MoSy layer during its growth,
using low-temperature deposition with a sacrificial layer (Sac. layer) is crucial. The use of
low-temperature deposition below 700°C is effective in suppressing oxygen diffusion. This
process minimizes the potential for oxygen contamination during MoS stacking. It also
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Figure 2.2: (a) Cross-sectional transmission electron microscope (TEM) images of
stacked MoSsy/Sacrificial layer structure and (b) Schematic of MoSy NS-FET [16].

prevents oxidation during subsequent etching processes for MoSy removal [72].

As synthesized

Ww

As synthesized

Annealmg at 700°C
Oxide free

MaSz surface

ﬁnnealmgat 700°C

Figure 2.3: Model of oxygen diffusion reaction in MoSs film on (a) SiO2 and (b) SizNy
substrate during high-temperature annealing with Ar gas [22].

Furthermore, the deposition and integration of MoSs films are expected for the back end
of line (BEOL) integration in Si-complementary metal-oxide-semiconductor (Si-CMOS)
circuits and 2D-CMOS circuits, as shown in Figures 2.5 and 2.6 [23,24]. Low-temperature
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Figure 2.4: X-ray photoelectron spectroscopy (XPS) results of O 1s orbits in MoSs film
on (a) SiO2 and (b) SizNy after Ar annealing at 700°C from Figure 2.3 [22].

Intensity [a. u.]
Intensity [a. u.]

deposition below 400°C is required. Silicon dopant distribution, gate-induced body effect,

and interconnect integrity degrade above 400°C.

Figure 2.5: Process of MoSy film deposition and device fabrication during back end
of line (BEOL) integration in Si-complementary metal-oxide-semiconductor (CMOS) cir-
cuits [23].
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Figure 2.6: Static random-access memory (SRAM) circuit utilizing Si transistors in front
end of line (FEOL) and MoS, transistors in back end of line (BEOL) [23].
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Figure 2.7: Schematic of three-dimensional stacked integrated circuits (IC) using two-
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dimensional channel transistors [24].

The target values for formation temperature are summarized as follows. For MoSs film
using sputtering:

e Direct deposition onto amorphous oxide film.

— Ease of selective etching compared to MoSq

— Low-temperature deposition that minimizes damage to MoSy

e Front end of line (FEOL): Deposition at 700°C and less.

e Back end of line (BEOL): Deposition at 400°C and less.
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2.2 Crystal size requirement

To achieve high-performance devices using MoSsy channels, the transistor’s active chan-
nel length (Lactive) must be a single crystalline MoSy film. Therefore, the size of Lactive
for future MoSo-FETSs is evaluated. Figure 2.9 illustrates the projected scaling trends
for next-generation device architectures such as FinFETs, Gate-All-Around Nanosheet
(GAA-NS) transistors, and 3D-Stacked FETs (3DSFETSs) [27]. The key parameters for
these architectures are the gate length (L4) and the nanosheet width (Wns).

Figure 2.8 shows the future FET structure using MoS, film [25,26]. Ly, L., and Lgp
are the gate length, contact length, and spacer length between the gate and source/drain
electrodes, respectively. CGP is contacted gate pitch. From the device dimensions in the
previous study [26], the critical dimensions for MoSs-based 3D-stacked-FETs are defined
as follows:

Gate length: Ly = 5.9 nm

Spacer length: Lg, =1 nm

e Channel length:
Ly =L+ 2Lg, = 7.9 nm. (2.2.1)

Aspect ratio: Ly/W € [0.8,2.0] [75]

Nanosheet width: Whes, < 7.4 nm
For achieving high-quality MoSs films, the grain size must exceed:
Crystal size > Lactive = 7.9 nm. (2.2.2)

Based on these discussions, the goal is to achieve a crystal size of 7.9 nm or more, and the
prediction of trends of gate length and nanosheet width are shown in Figure 2.9.
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CGP

2D Nanosheet FET

Figure 2.8: Schematics of future FET structure using MoSy film [25,26]. Ly, L., and
Ly, are gate length, contact length, and spacer length between gate and source/drain
electrodes, respectively. CGP is contacted gate pitch.
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2.3 Requirement of mobility in the single crystal MoS, chan-

nel

The ideal mobility of bulk Si is approximately 1400 cm?/Vs [76]. Figures 2.10 (a) and
(b) show the cross-sectional TEM images of Si-gate all around (GAA)-nanosheet(NS)-
FET [28]. They have achieved the fabrication of NS-FETs with a Si channel thickness
(Tsi) of less than 3 nm. Also, Tg; scaling demonstrated to improve short channel effect
without penalty to performance down to 3 nm, below which surface roughness scatter-
ing degrades transport [28]. The mobility of Si-NSFET with 3 nm-T; is recorded to
185 ¢cm?/Vs, as shown in Figure 2.10 (c) and (d) [28]. However, one monolayer (ML)-
MoS, film thickness: ~0.6 nm, the mobility of Si with T, < 1 nm is less than 10 cm? /Vs,
as shown in Figure 1.9 (a). Therefore, in this thesis, the target values of mobility for MoSs
are set to 185 cm?/Vs.

It has been reported that the sulfur vacancy density dependence of the mobility in
MoS; films was analyzed [29]. To achieve the target mobility of 185 cm?/Vs, reducing the
sulfur vacancy density of 0.14% is necessary. In addition, the reduction in permittivity in
the corresponding direction can be determined by an appropriate Raman shift [30]. The
reduction in sulfur vacancies in MoSs films restores the E21g peak significantly, which may
suppress the increase in permittivity along the gate length direction. The reduction in
sulfur vacancies causes a decrease in the depletion layer width, as shown in Figure 2.12 (c).
The effects of drain-induced tunneling modulation (DITM) in sub-10 nm channels have
also been noted in Si-FETs [48], and it is believed that the impact of tunneling current
will be even more pronounced in MoSs-FETs with even smaller gate lengths. Therefore,
suppressing sulfur defects in the MoSs film is essential to suppressing the short-channel

effect (SCE).
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Figure 2.10: (a) Cross-sectional TEM image of Si-gate all around (GAA)-nanosheet(NS)-
FET [28]. (b) Cross-sectional TEM image of Si channel region in (a). Si channel thickness
(Tsi) is 3 nm. (c) Mobility of Si-GAA-NS-FET depending on carrier density (Ns). Gate
length (Lg) is 18 nm, and silicon channel thickness (7s;) is 6 nm [28]. (d) Dependence of
normalized mobility of Si-GAA-NS-FET on T%; [28]. Mobility at 3 nm-Tg; is 185 cm?/Vs.
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Figure 2.11: (a) Schematic illustration of 1 monolayer (ML)-MoSs film with 3% sul-
fur defect density [29]. (b) Electron mobility dependence on sulfur defect density (V5),

calculated from (a) [29].
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(b) Raman peak shift depending on amount of sulfur defects (Vi) [31].

(c) Influence of short channel effect (SCE) at high dielectric constant of MoSs film in gate
length direction. At low dielectric constant, SCE can be suppressed.
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2.4 Summary

The target values for the improvement of MoSs film quality are summarized as follows:
e Deposition temperature:

— Below 700°C for the front end of line (FEOL).
— Aiming for even lower temperatures.

— Below 400°C for the back end of line (BEOL).
e Crystal grain size of MoSs films:
— At least 7.9 nm for single crystal size for future active length (Lactive)-

e electron mobility:

— 185 ¢cm?/Vs to exceed the mobility of Si-GAA-NS-FET with Ts; = 3 nm by
reducing the sulfur defect density.

* Below the sulfur defect density Vg of 0.14% to achieve carrier mobility of
185 cm?/Vs for single-crystal MoSs films.
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Chapter 3

Approach of MoS, sputtering with
large crystal size and low sulfur
defect density

In this chapter, to meet the target value set in Chapter 2, the approaches to sputtering
deposition will be discussed.

Section 3.1 examines the surface reactions of particles on the substrate and the crystal
growth mechanism. It also shows the direction of enhancing the crystal size of MoS, films.
Section 3.2 examines the reactions during the sputtering equipment and the particle flux
reaching the substrate. In addition, it considers the sticking coefficient of atoms to the
substrate surface. Furthermore, it shows the direction in which the sulfur concentration

in MoSs films is reduced. Section 3.3 summarizes the discussion in this section.
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3.1 Mechanism of crystal growth on the substrate surface
during sputtering

Next, the crystal growth mechanism on the substrate surface is discussed to enhance
the crystal size of MoSs films. Figure 3.1 shows the surface reaction model and nucleation,
and nuclear growth mechanism during physical vapor deposition on the substrate. The
sputtering method is a physical vapor deposition method, so that the same model can be
applied. In particular, during the formation of the MoS;, film, Mo- and S-atom migrate
independently on the substrate surface and surface reactions occur. Although nucleation
may occur depending on the surface shape of the substrate and the binding energy with
the surface particles [77], this phenomenon is not taken into consideration in this study
because the substrate is fixed to amorphous SiOs. Therefore, assuming the surface energy
is flat, the following reactions occur.

1. Surface diffusion of particles reaching the substrate
2. Formation of the cluster due to collisions between particles during surface diffusion

3. Formation of stable nuclei exceeding critical nuclei due to collisions between clusters
and particles (nucleation)

4. Growth of stable nuclei due to the incorporation of diffusing particles (crystal growth)

After that, layer-by-layer MoSs film formation is assumed to occur through nucleation
and crystal growth. It has been reported that new nucleation stops when the diffusion
length of particles becomes more significant than the distance between stable nuclei [78].
Therefore, it is clear that an increase in the surface diffusion length of particles is essential
for increasing grain size.
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Figure 3.1: Surface reaction model and mechanism of nucleation and crystal growth
during physical vapor deposition on substrate. Layer-by-layer MoSy film formation is
assumed to proceed through nucleation and crystal growth.

To enlarge the surface migration length of particles on the substrate, There are two
approaches, as shown in the below list. One is reducing the number of particles on the
substrate surface. The other is enhancing the energy given to particles on the substrate.
Furthermore, particle flux represents the number of particles reaching the substrate surface
per unit time per unit area, and flux temperature (Th,x) represents the energy entering
from the plasma gas atmosphere to the substrate surface per unit time per unit area.

e Suppresses the probability of collisions between particles on the surface.

— Reduces the number of particles on the substrate.

* Low particle flux

e Enhancing the energy (Tparticle) imparted to particles on the substrate.

Tparticle = dgub. + Tﬂuxa

— where Ty}, is the substrate temperature, and Tq,y is the flux temperature.

« High substrate temperature (7., below 700°C).
« High flux temperature (Tqyuy).

Therefore, reducing the particle flux, increasing the substrate temperature (7. ), and
enhancing the flux temperature (Tq,x) are essential for improving the crystal size.

Furthermore, it should be noted that the migration behavior of Mo and S atoms on the
substrate is different, as shown in Figure 3.1. Moreover, the surface migration length of
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particles on the substrate is given by the following equation [79]:
D ~ Dy exp(—U/kgT), (3.1.1)

where D, is migration coefficient, kp is the Boltzmann constant, and U is the migration
barrier energy. In addition, T is the temperature on the substrate, which is the same
as the (Tparticle) in this study. It has been reported that the lateral growth of WSy is
mainly limited by W migration with a more significant migration barrier of W-atom than
S-atom [79,80]. Like W atoms, Mo atoms have a heavier mass than S atoms and higher
interaction with the SiO4 surface than S atoms; the migration barrier energy of Mo atoms
is higher than that of S atoms. Consequently, it is considered that the surface migration

length of Mo governs the lateral growth of the final MoS,.

Low particle flux
Long surface

Short length 1 migration length
> @)
Substrate Substrate
Low Tparticle > ngh Tparticle
Short length Short length
O>0 O O =+ 9>
Substrate Substrate

High particle flux
Figure 3.2: Approach for achieving long surface migration length of particles on substrate

by controlling particle temperature (Tparticle) and particle flux during sputtering deposition

on substrate.

31



CHAPTER 3. APPROACH OF MoS, SPUTTERING WITH LARGE CRYSTAL SIZE
AND LOW SULFUR DEFECT DENSITY

3.2 Discussion on the particle reaching the substrate surface

for low sulfur vacancy density in MoS; film

3.2.1 Particle Species Reaching the Substrate in MoS; Sputtering

In the sputtering process for MoS» thin films, various particle species reach the substrate
due to multiple interactions within the plasma and with the target. These interactions
determine the energy and composition of the particles, which influence the quality of
the deposited film. As illustrated in Figure 3.3, the following particle species reach the
substrate during sputtering:

e Sputtered particles: Mo, S
e Recoiled particles: Ar atoms from the plasma
e Plasma species: ArT ions, electrons from the plasma

Gas scattering in the plasma can reduce the number of Mo and S atoms reaching the
substrate, altering the S/Mo ratio at the substrate. The energy loss due to the collisions
with Ar gas leads to the thermalization of the sputtered particles, which behaves the same
as Ar gas. The energy loss due to scattering and collisions is critical in determining the
deposition rate and film properties.

Ar Substrate
pressure A +
. Thermalization
Gas scattering id 19
M-y 8
| S
S 0
Recoiled Ar I35
Ar é I %)
Mo =
r=- "1, |
acton@u s v

N MosS, Target
RF power

Figure 3.3: Schematic of particle species reaching substrate during MoSy sputtering,
including gas scattering and thermalization of sputtered particles in sputtering system [32].
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3.2.2 Thermalization of sputtered particles and investigation of particle
behavior

As the thermalized particles move in all directions while repeatedly colliding with Ar,
they adhere to the walls and are expelled, with fewer particles reaching the substrate. The
following equation gives the mean free path:

)= kgT
Vord?p’

where A represents the mean free path, kg is the Boltzmann constant, T is the Ar gas

(3.2.1)

temperature, p is the Ar pressure, and d is the effective collision diameter. When the
effective collision diameters (d) for Ar-Ar, Mo-Ar, and S-Ar are set to 3.4, 3.7, and 3.3 A,
respectively; the mean free paths of thermalized particles in Ar gas are shown in Table 3.1.
The results indicate that, although S has a more significant mean free path than Mo, both
are significantly smaller than the minimum effective target-substrate distance (168 mm),
demonstrating that they are more likely to diffuse within the apparatus. Conversely, high-
energy particles move directionally from the target to the substrate, and most particles
reach the substrate. For this reason, it is presumed that when the distance over which
particles are thermalized is longer than the T-S distance, the supply of particles to the sub-
strate increases. With these things in mind, we will discuss the reactions in the sputtering
equipment.
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Figure 3.4: Model diagram of thermalization distance of sputtered particles and number
of particles reaching substrate. (a) Case where thermalization distance is shorter than
target-to-substrate (T-S) distance. Sputtered particles are thermalized before reaching
substrate, reducing number of particles reaching substrate. (b) Case where thermalization
distance is longer than T-S distance. Particles are not thermalized and reach substrate

with directionality toward substrate.

Table 3.1: Mean free path A for thermalized particles at 0.4 Pa and 0.5 Pa in Ar gas.

Collision Pair | A at 0.4 Pa (mm) | A at 0.5 Pa (mm)
Ar-Ar 20.1 16.1
Mo-Ar 17.0 13.6
S—Ar 214 17.1

The particles reaching the substrate surface are discussed to reduce the sulfur defect
density. First, the principle of the sputtering mechanism needs to be considered. Figure 3.5
illustrates the principle of the sputtering apparatus and the potential distribution formed
inside the chamber. Radio frequency sputtering refers to using a high-frequency power
supply as a power source. The most significant feature is that the compound target with
low conductivity, like MoSs, can be used. In the RF discharge, ions are trapped between

the electrodes, and electrons reciprocate between the electrodes to ionize and maintain the
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plasma discharge. In the case of RF discharge, the DC component does not flow because
a blocking capacitor is used. Electrons flowing into the electrode deposit on the electrode
surface and become negative electric charges to the plasma. The electrode is negative,
the plasma becomes raw, and a voltage is generated. This voltage is called self-bias and
becomes a voltage for accelerating Ar ions. The accelerated ions strike the target, and
material atoms pop out from the target due to the energy. This series of phenomena is
called sputtering. The protruding atoms are transported in the plasma and deposited in
atomic form on the substrate to form a thin film. The sputtering process is divided into

two steps to analyze the particles reaching the substrate.
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Figure 3.5: Principle of RF magnetron sputtering for MoSs film and potential distribu-

tion inside sputtering equipment.

3.2.3 Step 1: Sputtering

Argon plasma is generated inside the apparatus. A self-bias Vpc voltage is applied to
the target surface via the RF power supply. The potential difference between the plasma
potential near the target surface and the self-bias, ¢(V;, — V), accelerates Ar ions, which
collide with the target and eject particles (Mo or S atoms) from its surface. This region is
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referred to as the target sheath. Near the substrate, a potential difference exists between
the plasma potential V,, and the substrate potential V.. This region is referred to as
the substrate sheath. The energy distribution of the sputtered particles can be expressed
using the Thompson formula [81]:

1—\/(Ey+ E)/AEy
(E -+ Eb)3

f(E) x E (3.2.2)

A = dmymy ) (m; + my)? (3.2.3)

where F is the energy of incident Ar™ ions (50-150 eV), Ej is the surface binding energy
(4.42 €V), m; is the mass of incident ions (40.0 u), and m; is the mass of the target (Mo:
95.9 u, S: 32.1 u). respectively [82]. The average incident energy of Ar™ ions increases
with the target sheath:

By = q(V, — Vbo), (3.2.4)

where ¢ is an electric charge, V), is the plasma potential, and Vpc is the bias voltage.
Figure 3.6 (a) shows the energy distribution of sputtered Mo-atoms when the incident
energy of Ar ions is set to 50, 100, and 150 eV. As observed, the particles exhibit a peak
energy of around 3 eV. However, as the incident energy of Ar ions increases, a higher-
energy tail becomes more pronounced. Figure 3.6 (b) summarizes the average energies of
sputtered particles.
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Figure 3.6: (a) Energy distribution function of sputtered Mo atoms. (b) Average energy

Average sputtered atom energy [eV]

of sputtered atoms from target surface. Ar incident ion energy (EXT) is varied from 50 to
150 eV.
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3.2.4 Step 2: Transport

Sputtered particles travel the distance between the target and the substrate while col-
liding with Ar gas molecules. The energy loss during these collisions varies depending on
the material type. When the particle’s energy reaches near-zero due to collisions, the par-
ticle becomes the gas phase; this phenomenon is referred to as thermalization [83,84]. To
calculate the average transport distance of particles, a simulation software called ”Stop-
ping and Range of Tons in Matter (SRIM)” is adopted [85-87]. Although the phenomena
occurring during collisions between solids and gases may differ, SRIM calculations have
been performed using experimental data on the energy loss during collisions for both solid
and gas targets [88,89]. SRIM calculations have been performed for Ar gas targets with
various particles [90], and the error between the calculated and experimental values is
about £5 10%, so the results in this study are considered valid [91].

Figure 3.7 shows the nuclear- and electronic-stopping power of sputtered atoms versus
energy near the target surface from SRIM simulation, which indicates that although the
original assumption of the SRIM calculation is to calculate the behavior of ion species, the
stopping power of electrons is low, and the calculation of the behavior of neutral particles
can approximate the behavior of ions, so the calculation results are useful. Figure 3.8 shows
the average distance traveled in the Ar atmosphere versus the sputtered atom energy. The
simulation parameters were set to an Ar pressure of 0.5 Pa and an Ar gas temperature
of 300 K. The incident particles were Mo and S with an energy range of 50-300 eV. The
results show that the average transport distance of Mo atoms is longer than that of sulfur
atoms. The minimum distance between the sputtering equipment target and the substrate
used in this study is 150 mm, but the effective T-S distance (168 mm) is shown by the
dashed line in Figure 3.8 because the central axes of the target and the substrate are
misaligned by 75 mm. Figure 3.9 also shows the average transport distance of Mo and S
atoms when the initial energy is assumed to be the average energy of the sputtered atoms
calculated in Figure 3.6(b). Ar pressure is set to 0.5 and 0.4 Pa, respectively. The results
show that S-atoms have a smaller transport distance than Mo-atoms and are less likely
to reach the substrate. In addition, it was found that sulfur can reach the substrate more
efficiently by increasing the energy of the incident Ar* and by lowering the Ar pressure.
Based on the above considerations, we determine that high RF power, low Ar pressure,
and short T-S distance are the indicators for reducing the sulfur defect density in MoS»
films to increase the S/Mo flux ratio as much as possible.
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Figure 3.9: Average thermalization distance of sputtered particles as function of incident
ArT energy. Ar temperature was set to 300°C, and Ar pressure was set to (a) 0.5 Pa and
(b) 0.4 Pa, respectively.

3.2.5 Consideration of the sticking coefficient on the number of particles
on the substrate surface

In the previous subsection, we discussed the S/Mo flux ratio to the substrate. To
determine the final S/Mo ratio in the deposited MoSy film, it is necessary to consider
the sticking coefficients of Mo and S atoms [92]. In the sputtering process, the effective
sticking coefficient considers the reflection of particles immediately after colliding with the
substrate, as well as long-term processes such as surface migration, thermal desorption, and
other time-dependent phenomena, which determine the final amount of particles retained
on the substrate [92,93]. Additionally, since the sticking coefficient evaluates retention,
including particle detachment due to thermal desorption, which becomes significant at high
substrate temperatures, as well as re-sputtering on the surface, it provides a value that
more closely reflects the actual film deposition efficiency. Therefore, the sticking coefficient
is a crucial parameter in modeling compound growth, as a higher sulfur sticking coefficient
increases the fraction of sulfur particles that remain on the surface upon collision, leading
to an increased S/Mo ratio. In this subsection, the discussion focuses on three factors
influencing the sticking coefficient: re-sputtering, reflection, and desorption.

Some Ar ions accelerate toward the target and reach the substrate as recoiled Ar.
These particles collide with the growing film with considerable energy, potentially causing
re-sputtering. Naturally, Re-sputtering reduces the effective sticking coefficient [92]. Since
the effects, such as deposition rate reduction at low Ar pressure, which will be discussed
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in later chapters, have not been observed, this study assumes that the influence of re-
sputtering is negligible.

Sputtered particles with smaller masses are more likely to be reflected by the substrate,
which may reduce the sulfur content on the substrate. On the other hand, it has been
reported that the reflection coefficient of sputtered particles is nearly zero for low-energy
particles (E < 25 eV) [92,94]. The reflection coefficient becomes non-negligible only
for high-energy particles (E > 25 eV) that strike the surface at large angles. Under the
sputtering parameters used in this study, as shown in Figure 3.9, Mo and S atoms reaching
the substrate have energies below 25 eV, and no Mo or S particles possess large incident
angles and high energy. Thus, the reflection process can be excluded.

Finally, the desorption rate (R) of an atom adsorbed on the surface at temperature T'
is expressed by following equation [95,96]:

R = vexp(—Eqes. [kBT), (3.2.5)

where v is the frequency of vibration of an adsorbed molecule perpendicular to the surface,
kg is the Boltzmann constant, and E4es is the activation energy for desorption. 7' is the
temperature on the substrate, which is the same as the (Tparticle) in this study. R represents
the rate at which particles already residing on the surface escape back into the gas phase,
such as thermal energy. Desorption becomes more likely when the substrate temperature
is high or when a surface binding is weak. As shown in Table 3.2, the activation energy
for desorption is lower for S than for Mo, resulting in a higher desorption rate of sulfur at
elevated Tparticle- In Chapter 4, the substrate temperature (7y,p.) dependence is discussed
to the possible influence of desorption on the sticking probability. On the other hand, as
mentioned in Chapter 5, an increase in flux temperature (Tg,x) leads to an increase in
the S/Mo ratio, which contradicts this assumption. This contradiction is attributed to
the significant variation in the supply ratio of S and Mo particles to the substrate due to
fluctuations in Thyy in this study, beyond the difference in sticking probability between S
and Mo, As a result, the MoSs film quality has likely been altered.
Considering these aspects, the discussion will proceed in the following chapters.
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Table 3.2: Activation energy for desorption of Mo and S atoms from various sources.

Desorption Source | Desorbing Atom | Activation energy for desorption [eV]
Mo metal Mo 6.8 [97]
Solid S S 2.6 [97]
Si surface Mo 5637
S 5.32%
MoSs film Mo 4.9~7.0**
S 1.5~02. 7%

*Surface binding energy from silicon is listed, respectively [82].

**Formation energy of Mo and S vacancies from bulk MoSs is listed, respectively [98].
Since the surface binding energy and defect formation energy are relatively small, the
desorption activation energy (FEges.) for S is expected to be lower than that for Mo.

3.3 Summary

Below is a summary of this chapter. It summarizes approaches to improving film quality.
It also indicates which chapter discusses each approach.

e Objective

— Investigation of sputtering growth directions for increasing crystal size and
reducing sulfur defect density in MoSs films.

e Approaches
— Enhancing crystal size in MoSs film: increasing particle surface diffusion on the

substrate

« Appropriate substrate temperature (T, ): Verify in Ch. 4.
« Optimal flux temperature (Tq,x): Verify in Ch. 5 and Ch. 6.
x Low particle flux: Verify in Ch. 6.

— Reducing sulfur defect density in MoSs film: increasing the S/Mo supply ratio
during sputtering

* Low Tyup. to suppress sulfur desorption: Verify in Ch. 4.
x High RF power: Verify in Ch. 5.
* Low Ar pressure: Optimize for 0.4 Pa.

* Short T-S distance: Set to the minimum value.
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Chapter 4

Dependence of MoS, film quality
varying substrate temperature
during sputtering

4.1 Background

In this chapter, enhancing substrate temperature (Tg,p.) is used to extend the surface
migration length of particles on the substrate, as shown in Figure 4.1. On the other hand,
in a previous study, at vacuum annealing temperatures above 200°C, sulfur vacancies (V;)
are observed in bulk MoSs films [33]. This phenomenon is evidenced by the appearance
of sulfur-deficient peaks in the XPS spectra, as shown in Figure 4.2. Furthermore, Ta-
ble 4.1 shows the relationship between vacuum temperature and the sulfur-to-molybdenum
(S/Mo) ratio, indicating a progressive reduction in the S/Mo ratio with increasing anneal-
ing temperature. Therefore, sulfur may be desorbed during cooling immediately after
deposition, forming these defects in sputtering under high-temperature conditions. The
time evolution of Ty, is shown in Figure 4.3, where two phases are evident: the sputtering
phase (tsputter) and the natural cooling phase (tco01). During sputtering Tyyp,, sulfur loss is
unlikely to occur in high sulfur flux depositions. However, at the start of natural cooling
(tcool), sulfur vacancies (V) may form in the film due to the no sulfur supply with high
substrate temperatures, which degrades the crystal quality of the MoSs films. Moreover,
the sulfur desorption due to high Ty, during sputtering may be a possible reason, as
discussed in Subsection 3.2.2. Therefore, the MoSs film quality varying the substrate tem-
perature (Tyup.) is investigated in this chapter. Furthermore, annealing in a sulfur vapor
atmosphere (S-annealing) was performed to compensate for sulfur defects in the MoSs
film [20], and the relationship between the film qualities after sputtering and S-annealing
were evaluated.
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Figure 4.2: XPS peaks of bulk MoSs with ultra-high-vacuum annealing [33].
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Table 4.1: S/Mo ratio in bulk MoSs under different vacuum annealing temperatures [33].

Annealing temperature [°C| | S/Mo Ratio
20 2.0
100 2.0
200 1.95
300 1.90

Substrate
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Figure 4.3: Changes in substrate temperature over time during sputtering (¢sputter) and
natural cooling (tco01) of MoSy film. At high substrate temperatures during natural cooling
(teool), sulfur defects (V;) are more easily formed in MoS, film.
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4.2 Experimental methods

Before the formation of the MoSs film, a sulfuric acid hydrogen peroxide mixture (SPM)
(4:1=H2S04 : HoO9) was applied at 180°C for 40 min, to remove the metal particles and
organic substances on the SiO2/n-Si substrate. Then, a 5-monolayer (ML) assumed MoS,
films were formed by the RF magnetron sputtering with a 4N-MoSs compound target, as
shown in Figure 4.4 (a). To prepare various MoS, films, the sputtering conditions were
controlled at the substrate temperatures between 200 and 500°C under Ar pressure of
0.55 Pa with Ar flow rate of 7 sccm and a target-substrate distance of 150 mm. It is
noted that the duration time of the high substrate temperatures just after sputtering is
for about 20 seconds, and then the temperature gradually decreases under the vacuum.
Figure 4.4 (b) shows a sulfur vapor annealing apparatus used for sulfur compensation of
the sputtered MoSs film. The sulfur powder was placed at zone 1 and was heated at 250°C
for 40 min, and the samples were placed at zone 2 heated at 700°C for 40 min. The Raman
spectroscopy analyzed the MoSs films and also the full width at half maximum (FWHM)
values and shift values of the E%g and Az peaks were extracted. X-ray photoelectron
spectroscopy (XPS) with an Al K, X-ray source, X-ray diffraction (XRD) measurement,
and scanning transmission electron microscopy (STEM) were also performed for structural
characterization.
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Figure 4.4: Schematic of (a) sputtering and (b) sulfur-vapor annealing (S-annealing)

 T-S distance

systems.
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4.3 Results and discussion

4.3.1 Comparing the MoS, film quality after sputtering and S-annealing

Since the MoS» film deposited by sputtering has sulfur vacancies the S-annealing process
is necessary to compensate for these vacancies. Therefore, the MoSsy film quality after
sputtering and S-annealing was evaluated. To evaluate the composition ratio of the MoS,
films, Figure 4.5 shows the (a) Mo 3d and (b) S 2p orbits of the XPS spectra after
sputtering at an RF power of 40 W under substrate temperature (Tg,p.) of 300°C and
after S-annealing. The almost Mo 3d peaks consist of Mo-S and Mo-Mo bonds, and the
S 2p peaks consist of S-Mo and S-S bonds. The S/Mo composition ratios were obtained
according to the equation,

i B Areag QP/RSFS 2p
MO o AreaMO 3d/RSFMO 3d’

(4.3.1)

where the relative sensitivity factors (RSFs) are 0.717 and 3.54, respectively. The S/Mo
composition ratio increases from 1.58 to 1.86 because of the compensation of sulfur va-
cancies by S-annealing. In addition, shifts in the binding energy peaks of Mo3d and S 2p
toward the negative direction were observed after S-annealing. This low energy shift sug-

gests that the Fermi level approaches the valence band maximum (i.e., decreased n-type
behavior) [99-101].
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Figure 4.5: XPS spectra corresponding to (b) Mo 3d and (c¢) S 2p orbitals of MoS, films
after sputtering and S-annealing. 2.5-nm MoSs films were deposited at 300°C using RF
power of 40 W. Dotted and solid lines represent measured and fitted spectra, respectively.
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Figure 6.5 shows the Raman spectra of the MoS, films after sputtering and S-annealing,
respectively. S-annealing enhances the intensities of the A, and E%g peaks derived from
the longitudinal and lateral vibration modes, respectively, of MoSy film. These results
confirm that the effect of sulfur compensation improves the crystallinity of the MoS»
films.
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Figure 4.6: Raman spectra of MoSs films after sputtering and S-annealing. 2.5-nm-MoS»
films were deposited at 300°C using RF power of 40 W.
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In order to further confirm the MoSs film crystallinity before and after S-annealing,
we measured out-of-plane 260-0 X-ray diffraction (XRD) patterns. Figure 4.7 shows the
XRD pattern around the silicon (002) peaks in both samples, where those patterns were
normalized by the intensity of silicon (004) peaks. The MoSs (002) peaks were clearly
observed. Compared with the intensity of MoSs (002) peaks for the as-sputtered film,
the S-annealed film took a more significant value. Therefore, it is confirmed that the
crystallinity of MoSs film is improved after S-annealing.

MoS, (002)
Si (002)

S—-annealed

Counts [cpS]

as—sputtered

10 14 18 22 26 30 34 38

2 0 [deg.]

Figure 4.7: XRD patterns of as-sputtered and S-annealed MoS» films, which were sput-
tered at 40 W under Ar pressure of 0.55 Pa at 300°C. Signal intensities were normalized
by intensity of silicon (004) peak.

To evaluate the variation in the in-plane orientation, we measured automated crystal
orientation and phase mapping in transmission electron microscopy (ACOM-TEM) using
precession-assisted diffraction spot recognition [102,103]. The structure and pole figure
map of the measured sample are shown in Figures 4.8 (a) and (b), respectively. It was
confirmed that the MoSs (100) and (110) planes were randomly distributed in the in-plane
(TD and RD) directions.
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Figure 4.8: (a) Structure of the MoSy sample for automated crystal orientation and

phase mapping in transmission electron microscopy (ACOM-TEM). TD, RD, and ND
correspond to transverse, rolling, and normal directions. (b) Pole figure maps for MoSs
(100) and (110) planes.
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To precisely confirm the MoSs film crystallinity formed by sputtering and S-annealing,
STEM images in the HAADF (high-angle annular dark-field) and ABF (annular bright-
field) modes were obtained, as shown in Figures 4.9 (a) and (b). It is found that the
multi-layered MoSs film was formed by the two-step processes consisting of compound
sputtering using the MoSs target and sulfur annealing.

® o4 :MO 'ayer

S layer

(a) (b)

Figure 4.9: Cross-sectional STEM images in (a) HAADF and (b) ABF modes for sput-
tered MoSs film obtained with RF power of 40 W at 300°C following sulfur annealing.

To evaluate the crystal structure of the MoSy film formed by sputtering, plan-view
transmission electron microscopy (TEM) observations were conducted. To prevent damage
to the MoSs film during the TEM specimen preparation, a TEM grid with a 20-nm-thick
SiO, membrane was used. In addition, a single-layer MoS» film was sputtered directly onto
the TEM grid to prevent the observation of moiré patterns in the MoSs film [104], and
TEM observations were subsequently conducted in Figure 4.10 (a). Crystal structures
were obtained by high-angle annular dark-field scanning TEM (HAADF-STEM). The
acceleration of the electron beam was set to 80 kV for the HAADF-STEM. 1ML-MoS»
films were directly deposited on the TEM grid consisting of a 20 nm-SiO, membrane. The
reciprocal lattice pattern of MoSs single crystals is confirmed, as shown in Figure 4.10 (b).
It is observed that MoSs films are formed on the amorphous SiO,. The reciprocal lattice
pattern of MoSs single crystals is confirmed, as shown in Figure 4.10 (b). It is observed that
MoS,, films are formed on the amorphous SiOx. Figures 4.11 show the low-magnification
STEM images of 1 monolayer (ML)-MoS, films after (a) sputtering and (b) S-annealing.
Microcrystals were observed in the MoSs film immediately after sputtering. In addition, it
was also confirmed that S-annealing caused the microcrystals to disappear and the grain
size of the MoS, film to increase. Additionally, the reciprocal lattice points of the FFT
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after S-annealing is clearly observed. Therefore, the recovery of crystallinity by S-annealing
is confirmed. Consequently, it is considered that the microcrystals are incorporated into
each other or into the large MoSs crystallites after S-annealing, which enhances the grain

size.

TEM e-Beam
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(0.6 nm) Window size
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-— —>
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Figure 4.10: (a) Schematic of TEM observation structure for MoSy film. (b) STEM
image of 1 monolayer (ML)-MoS; film after S-annealing.
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Figure 4.11: STEM images of 1 monolayer (ML)-MoS, films after (a) sputtering and
(b) S-annealing. 1ML-MoS, film was sputtered directly onto TEM grid that consisted of
20-nm-SiO, membrane. MoS, microcrystallites are observed in white circles.

4.3.2 Discussion of S-annealing effect for MoS, film deposited by sput-
tering

Based on the results obtained, the effect of S-annealing was examined. Figure 4.12
shows the variation of edge formation energy in MoSs film. It indicated that the Zigzag-
Mo edge is easily formed in the S-poor atmosphere with low chemical potential. On the
other hand, the Zigzag-S and the Antenna-S edge are formed in the S-rich atmosphere.
Figure 4.13 shows the effects of S-annealing. S-annealing is speculated to have two main
effects. One is the filling of sulfur vacancies (Vs) with sulfur-atom, and the other is
an increase in crystallite size. Figure 4.12 shows that S-annealing binds S to the Mo
edge of MoSy. Furthermore, the STEM results suggest that S-annealing has the effect
of incorporating microcrystals into each other or large MoSy crystallites and that the
movement of microcrystals forms new MoSy crystallites.
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Figure 4.12: Variation of edge formation energy in MoSs film as function of chemical
potential of sulfur (pg) for triangular nanoflakes with different edge configurations [34].
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Figure 4.13: Model of S-annealing effect in MoSs film. I, I, I, and IV are Zigzag-Mo,
Antenna-Mo, Zigzag-S, and Antenna-S edge structures in MoS, film.
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4.3.3 MoS; film quality after sputtering and S-annealing depending on
substrate temperature (7y,p.)

Figure 4.14 shows the dependence of the FWHM values on the substrate temperature
(Tyup.) during sputtering. FWHM is used to evaluate the crystallinity of MoSs films,
speculated to indicate the crystallinity of film quality, including sulfur defect density and
crystal size. For the as-sputtered MoS; film below 300°C, the MoSs crystallinity was
improved with an increase in the substrate temperature. However, the crystallinity of
the as-sputtered MoS, film was degraded at temperatures higher than 300°C. It is spec-
ulated that the surface migration length on the substrate of particles decreased at lower
substrate temperatures (T, ) during the sputtering, leading to the degradation in the
MoSs film crystal size. On the other hand, at temperatures higher than 300°C, the MoS»
film crystallinity was also degraded due to an increase in sulfur desorption [33]. For the
sulfur-annealed MoS, films, a similar trend was also observed below 300°C. At the Ty,
higher than 300°C, the FWHM values of sulfur-annealed film increase with an increase in
the sputtering temperature, which is more severe than as-sputtered film. Therefore, it is
concerned that sulfur desorption influences the recovery of MoS, film after S-annealing.
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Figure 4.14: FWHM values in a wafer for E%g and Aj; modes from the Raman spectra
for as-sputtered and S-annealed MoSs films as function of substrate temperature during
sputtering (Thux)-
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Figure 4.15 shows the correlation between the FWHM values before and after sulfur
annealing based on Figure 4.14. The crystallinity for all of the MoS» films is improved by
sulfur annealing. The deviation at 400 and 500°C from the correlation coefficient might
indicate that the excessive sulfur desorption just after sputtering severely influences in
the amount of crystal recovery during sulfur annealing. On the other hand, the lateral
vibration peak is more important for the layered MoSs film crystallinity, Therefore, we
focus on discussion with E21g mode. Obtained by subtracting the least squares method
from all of E%g peaks, a slope coefficient between as-sputtered and sulfur-annealed MoSs
films is 1.5, which is remarkably greater than one. It is thought to be related to the
dependence of the lateral crystal size before and after S-annealing. On the other hand,
no dependence of Aj, peak was observed. However, this is thought to be because there
is almost no change in the vertical crystal size before and after S-annealing. Therefore,
this result suggests that the improvement of the as-sputtered film quality greatly affects
the crystallinity of the MoSs film obtained after S-annealing. Moreover, it is revealed that
using the MoSs target leads to a higher quality of the final MoSs film than that of the
Mo-target.
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Figure 4.15: Relationship between FWHM values for E21g and Ajg modes of as-sputtered
and S-annealed MoSs films from Figure 4.14. The average values of two-point data for
each condition in Figure 4.14 are plotted.
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The FWHM values’ results discussed the possibility of changing the crystal size and
sulfur defect density of MoSs films by adjusting substrate temperature (Tg,p.). Here, the
sulfur defect density is isolated, and the film quality is evaluated. In previous studies, it
was reported that the low sulfur vacancy (Vs) density reduces the Az — E%g shift values,
as shown in Figures 4.16 [31,42]. Therefore, the Ay — E%g shift values are adopted for
evaluation of sulfur defect density of MoS, film deposited by sputtering. The A;; — E%g
shift values depending on the substrate temperature during sputtering (Zg,p.) is illustrated
in Figure 4.17. The diamond data are the Ajg — Ej, shift values for 1-6 monolayers (ML)
MoS; films in previous studies [35]. The reduction in Tg,p. resulted in a decrease in the
Ag — E%g shift values. This phenomenon is attributed to a lower sulfur vacancy density
(V5), which was mitigated at lower temperatures. Furthermore, after S-annealing, the
Arg — E%g shift decreased further, indicating that sulfur supplementation during annealing
effectively reduced sulfur vacancy density. At a substrate temperature of 300°C combined
with S-annealing, the Alg—E%g shift approached values similar to those of exfoliated MoSs
with 5-6 ML, as reported in previous studies. This suggests that the process conditions
were optimized to minimize sulfur deficiencies and achieve high-quality MoSs films. On
the other hand, when Ty, is 200°C or above 400°C, the Raman shift increases after
S-annealing, which is due to an increase in the sulfur defect density.
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Figure 4.16: (a) MoSy Raman peak intensities and (b) Raman peak shift depending on
amount of S defects (V) [31].
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To confirm the sulfur behavior in MoSsy film after sputtering on different substrate
temperatures during sputtering (Tgup.), as shown in Figure 4.17, the X-ray photoelectron
spectra of the Mo 3d orbitals for the as-sputtered MoS, films obtained at 300 and 500°C are
shown in Figures 4.18 (a) and (b), respectively. In addition, Figures 4.19 (a) and (b) also
show XPS spectra of the S 2p orbitals for the as-sputtered MoS» films at 300 and 500°C,
respectively. Mo-S and S-Mo bonds are observed in all Figures 4.18 and 4.19, respectively.
However, at 500°C, the Mo-Mo bonds are observed in Figure 4.18 (b), and the S-S bonds
are simultaneously observed in Figure 4.19 (b). These results indicate that excessive sulfur
desorption generates excessive sulfur remains. On the other hand, at 300°C, no peak of the
Mo-Mo and S-S bonds is observed, Mo-O bonds are found in Figure 4.18 (a) and 4.19 (a),
respectively. To estimate the sulfur desorption from the as-sputtered MoS, film, the S/Mo
composition ratio was calculated from Figures 4.18 and 4.19. The S/Mo composition ratio
of the MoS, film was obtained by the fraction of areas for Mo 3d and S 2p spectra divided
by their respective relative sensitivity factors (RSF) of 3.54 and 0.717, respectively, as the

following equation,

S Areag 2p/RSFs 25 (4.3.2)
Mo  Areanio 3¢/RSFuo 34 -

The calculated S/Mo ratios of the samples after sputtering were 1.69 at 300°C and 1.67 at
500°C, which means sulfur desorption increased at high T, . Therefore, it was confirmed
that excessive sulfur desorption may influence a crystal recovery during sulfur annealing,
as shown in Figure 4.14. On the other hand, although the oxidation of molybdenum is
found in Figure 4.18 (a), it has been reported that the oxidation of molybdenum is easily
sulfurized [105]. Also, in this study, the S-annealing for the samples sputtered at 300°C
is enhanced, compared to the sample at 500°C, as shown in Figure 4.14. Therefore, it is
speculated that the S-annealing is enhanced by the presence of oxygen in molybdenum.
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Figure 4.18: XPS spectra of molybdenum 3d in as-sputtered MoSs films obtained with

substrate temperatures of (a) 300 and (b) 500°C for RF power of 40 W under Ar gas
pressure of 0.55 Pa.
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Figure 4.19: XPS spectra of sulfur 2p in as-sputtered MoSs films obtained with substrate
temperatures of (a) 300 and (b) 500°C for RF power of 40 W under Ar gas pressure of
0.55 Pa.
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4.3.4 Study on the S-annealing effect of MoS; films at different substrate
temperatures during sputtering (7.up.)

From the results of Raman shift values and XPS results, the dependence of substrate
temperature during sputtering (Typ.) on the S-annealing effects for MoSs thin films are dis-
cussed, as shown in Figure 4.21. The Raman peaks originating from amorphous MoSs were
clearly observed at 200°C, as shown in Figures 4.20 [36-38], in which it is speculated that
the amorphous region becomes more prominent when the substrate temperature is low.
At the Ty, of 200°C, the substrate predominantly exhibits amorphous regions. Under
this condition, the energy required to transform from the amorphous regions to crystalline
MoS; is high, resulting in insufficient crystallization and a high density of residual sulfur
vacancies. In contrast, when the Ty, is raised to 500°C, the sulfur vacancy density on the
substrate increases drastically. At such high temperatures, sulfur atoms are more likely to
desorb from the substrate, leading to severe degradation in crystallinity. At the Ty, of
300°C, the formation of crystalline MoSy becomes more pronounced, reducing sulfur va-
cancies. Furthermore, S-annealing performed under this condition significantly decreases
the sulfur vacancy density, enhancing the thin film’s crystallinity, which suggests that a
sputtering temperature of around 3000C, combined with S-annealing, provides optimal
conditions for minimizing sulfur deficiencies and improving film quality. These discussions
demonstrate that the sputtering temperature is critical to influencing the crystallization
process and defect formation in MoSs thin films. In particular, combining an appropriate
sputtering temperature and S-annealing is key to achieving high-quality MoSs films.
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Figure 4.20: (a) planner TEM image of amorphous MoS, [36]. (b) Raman peak results

notarized by Si peak intensity of MoSy film after sputtering at sputtering substrate tem-
peratures (Tg,p.) of 200, 300, and 500°C. amorphous peaks. The peak of amorphous MoSs
is located at 230-240 cm ™! [36-38].
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Figure 4.21: Comparison of reaction models in S-annealing at sputtering substrate tem-
peratures of 200, 300, and 500°C.

4.4 Summary

First, this chapter investigated the effect of S-annealing on sputtered MoS, films.
HAADF-STEM results reveal that S-annealing increases the crystal size of MoSs films. In
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addition, it is considered to have the effect of converting the edge parts of MoSs crystals
from Mo-edge to S-edge and compensate for sulfur defects Vg in the MoSs film.

Next, the chapter aimed to model the properties of MoS,, films under varying sputtering
substrate temperatures (Ty,p.). The results demonstrate that the substrate temperature
during sputtering significantly influences the sulfur vacancy density and the resulting film
quality. After sputtering, it was observed that higher substrate temperatures led to an
increase in sulfur vacancy density. This can be attributed to the lack of sulfur supply
under high-temperature conditions immediately after sputtering, resulting in a high con-
centration of sulfur vacancies. Following sulfur vapor annealing, the sulfur vacancy density
was further reduced compared to the as-sputtered films. The results suggest that sulfur
supplementation during annealing effectively mitigates sulfur deficiencies. Furthermore,
combining a substrate temperature of 300°C during sputtering and subsequent sulfuriza-
tion annealing produced films with the lowest sulfur vacancy density. These conditions also
potentially minimized the presence of amorphous regions in the MoSs films, indicating en-
hanced crystallinity and the promotion of sulfur supplementation effects. In future work,
sputtering substrate temperatures will be fixed at 300°C to minimize sulfur desorption
while reducing amorphous regions and ensuring high-quality MoS, films.
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Chapter 5

Crystal size enlargement of MoS,,
film with control of flux
temperature and particle flux
during sputtering

5.1 Background

In Chapter 4, the sulfur vacancies have been successfully suppressed by adjusting the
substrate temperature to 300°C, with enlargement of the surface migration length of the
particles on the substrate. To further reduce the sulfur vacancy density, an attempt will
be made to enhance the amount of S flux reaching the substrate. In section 3.2.1, it
is revealed that high RF power enhances the Sulfur particle flux reaching the substrate,
resulting in a high S/Mo flux ratio. Furthermore, the RF sputtering power also enhances
the flux temperature (Thyyx). At this point, the particle flux to the substrate also increases.
Therefore, When adjusting the RF power, a trade-off exists between achieving a high S/Mo
flux ratio and a low particle flux on the substrate. Understanding the change in MoS» film
quality due to RF power fluctuation is necessary. In this Chapter, as shown in Figure 5.1,
the flux temperature (Thyuy), which is the energy of the particles reaching the substrate
when the RF power is changed, is set to a sufficiently appropriate value to change the
migration length of the particles on the substrate surface.

5.2 Experimental methods

5.2.1 MoS; film formation by sputtering and S-annealing

A SiO2/Si substrate was used as the base substrate and was cleaned with sulfuric
acid: hydrogen peroxide mixture (4 : 1 = HySOy4 : HyO2) to remove organic and metallic
impurities. To deposit the MoSs films, magnetron sputtering systems with radiofrequency
(RF) powers from 25-100 W were used, as depicted in Figure 5.2 (a). Other sputtering
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Figure 5.1: Approach of long surface migration length of particles on substrate by high

flux temperature (Thyy) with increase in RF power.

parameters included a substrate temperature of 300°C, an Ar pressure of 0.5 Pa, an Ar
flow rate of 7 sccm, and a target-to-substrate distance of 150 mm [39]. To achieve the
desired stoichiometric composition ratio of the MoSs film, a sulfur-vapor annealing (S-
annealing) was performed, as illustrated in Figure 5.2 (b) [20,41]. The sulfur placed in
zone 1 was heated at 250°C, and the sample placed in zone 2 was heated at 700°C for
40 min. To accurately control the thickness of the MoSs film, the deposition rate of the
MoSs film was calculated using the following equation:

thickness of MoS, film by sputtering and S-annealing

Deposition rate = (5.2.1)

deposition time during sputtering

Figure 6.3 depicts the deposition rate of the MoSs film depending on the RF power. The
deposition rate of the MoSs film increases with an increase in the RF power attributed to
the high particle flux during sputtering. To obtain a MoSs film with the same thickness
of 2.5 nm, the deposition time of sputtering was adjusted based on the deposition rate.
This thickness was chosen for two reasons, in which first, it has been reported that an
increase in the MoSs film thickness of more than 10 nm enhances the roughness, resulting
in perpendicular growth to the substrate surface [19, 106]. Additionally, it is easy to
evaluate the physical properties, such as the Raman spectroscopy and in-plane X-ray
diffraction (XRD), with a high signal-noise ratio in the MoSy film above 2.5 nm. The
reason is that the MoSs films deposited by sputtering have a small peak intensity in these
measurements due to smaller grain sizes and higher sulfur defect density than those of the
monolayer MoS, film deposited by exfoliation or CVD. The films were characterized using
transmission electron microscopy (TEM) and atomic force microscopy (AFM).
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Figure 5.2: Schematic of (a) sputtering and (b) sulfur-vapor annealing (S-annealing)
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Figure 5.3: Deposition rate on RF power of MoSs films after S-annealing. All samples
were deposited by sputtering at 300°C using Ar pressure of 0.5 Pa.

5.2.2 Ton energy distribution during sputtering

To evaluate the RF power dependence of the flux temperature (Thyy), measurement of
the ionized particles reaching the substrate, which are considered to have high energy, will
be attempted. Note that the flux temperature (Tj,y) mainly refers to the energy of neutral
and ionic particles incident on the substrate surface. To assess the ion energy distribution
(IED) in a separate experiment from the MoSs film formation, a retarding field energy
analyzer (RFEA) was used due to its high sensitivity to small currents without requiring
mass separation [107-109]. Figure 5.4 illustrates the experimental setup for measuring
the IED during identical RF magnetron sputtering systems in subsection 5.2.1 using the
Semion RFEA from Impedans Ltd. The RFEA was positioned on the SiO2/Si substrate.
Based on the cross-sectional structure of the RFEA shown in Figure 5.4, the analyzer
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has a thickness of 5 mm and consists of four grid electrodes (G0, G1, G2, and G3) and
a collector electrode (C). GO is connected to the body of this analyzer and shares the
same bias on the substrate surface. G1 acts as a repelling grid for negative ions during
the positive ion measurements. Conversely, during the negative ion measurement, it is a
repelling grid for the positive ions. G2 is a discriminator, and G3 is a repelling grid of the
secondary electrons from the collector electrode. The IED was calculated from the first
derivative of the ion current with respect to G2 voltage [110,111]. The RF frequency was
13.56 MHz, and a 99.99%-MoS, target was used. The sputtering parameters were set as
follows: Ar pressure of 0.5 Pa and a target-to-substrate distance of 150 mm. Since the
energy of the incident ion particles is independent of the substrate temperature, it was
set to room temperature. To analyze the energies of the positive and negative ions at
high signal-to-noise ratios, the RF power was varied in the range of 50-150 W, which is

different from section 5.2.1.
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Figure 5.4: Experimental setup for ion energy distribution (IED) with retarding field
energy analyzer (RFEA) systems during RF magnetron sputtering with MoSs target.
Left inset is cross-sectional structure of RFEA.

5.3 Results and discussion
5.3.1 MoS; film formation by sputtering and sulfur-vapor annealing

TEM observations of the samples after sputtering and S-annealing are illustrated in
Figures 5.5 (a)-(f). All the MoSs films after S-annealing are 2.5-nm-thick, as shown in
Figures 5.5 (d)-(f). Conversely, when comparing the films after sputtering and S-annealing,
an amorphous region is observed at an RF power of 25 W after sputtering, as illustrated
in Figure 5.5 (a). These results indicate that at higher RF power, the flux temperature
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for the MoS, crystal growth is sufficient, leading to fewer sulfur vacancies and a negligible

thickness difference between the MoSs films after sputtering and S-annealing.
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Figure 5.5: Cross-sectional TEM images of MoSs films (a)—(c) after sputtering and (d)—
(f) after S-annealing [39].

To assess the crystallinity of the MoSs-film, Figure 5.6 depicts the full width at half
maximum (FWHM) values of the E21g and A peaks in the Raman spectroscopy of the
MoS, films as a function of the RF power. The FWHM values evaluate the inherent
crystallinity in terms of both sulfur defect density and crystal size. The FWHM values
after sputtering decrease as the RF power increases. This trend is likely because of an
increase in the flux temperature (Thyy) or S/Mo flux ratio reaching the substrate surface,
facilitating crystal growth or low sulfur vacancies, respectively. FWHM values of the
MoSs films after S-annealing are smaller than those after sputtering, indicating that sulfur
compensation enhances the crystal recovery. Furthermore, the values observed after the
S-annealing exhibit a similar dependence on the RF power after sputtering, signifying the
improvement in the crystallinity of the MoSo-film after sputtering is crucial for further
enhancement, even after S-annealing [41]. To evaluate the sulfur defect density in MoSs
film by sputtering, Figure 5.7 depicts the Alg—E%g Raman shift values of the MoSy film
after sputtering and S-annealing compared with those of 1-6 ML MoS, film in a previous
study [35]. These values decrease after sputtering with an increase in the RF power and
decrease further after the S-annealing. The Alg—E%g value in the sample after S-annealing
with a power of 100 W is the closest to that of the 56 ML MoSs film in the previous
study [35]. Moreover, all samples after S-annealing have a 5-6 monolayer (ML)-MoSs
film, as shown in Figure 5.5 (d)-(f). Parkin et al. reported that these values increase
with an increase in sulfur defect concentration [42]. Consequently, it is speculated that an
increase in the RF power, combined with S-annealing, further reduces the number of sulfur

67



CHAPTER 5. CRYSTAL SIZE ENLARGEMENT OF MoS, FILM WITH CONTROL
OF FLUX TEMPERATURE AND PARTICLE FLUX DURING SPUTTERING

vacancies due to the high S/Mo flux ratio during sputtering and enhances the crystallinity

of the MoSs film [42].

13,' T LI B LA
[ 3 points
12 ]
IR --Max 1
T 11i : ~Min j
'E' EAlg ‘::r"»ZﬁStrterin |
210? P 9 b
-1 1
= 9 ]
LL [ 1
HE after
8 S—annealing]]
yu—

25 50 75 100125150
RF power [W]

0

Figure 5.6: FWHM values of E%g and Aj; modes at three points on MoS, films after
sputtering and S-annealing, plotted as function of RF power.
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values for 1-6 monolayers (ML) exfoliated MoSs films [35].
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Furthermore, as shown in Figure 5.7, it was confirmed that the sample prepared by low-
power sputtering exhibited limitations in improving film quality even after S-annealing.
Therefore, the following considerations are made regarding what can and cannot be re-
stored through S-annealing: Restorable by S-annealing, as shown in Figure 5.8.

e Increase in crystal size (incorporation of amorphous and microcrystalline regions
into MoSy crystals).

e Compensation for residual sulfur vacancies in the upper layers.
Not restorable by S-annealing
e Compensation for residual sulfur vacancies in the lower layers.

It has been confirmed that in sputtered samples followed by sulfur annealing, sulfur
peaks corresponding to the lower layers are not observed, as shown in Figure 5.9 [40].

To evaluate the morphology and the roughness of the film surfaces, AFM images of
MoS, films after sputtering at an RF power of 50 W and after S-annealing, as shown
in Figures 5.10 (a) and (b), respectively. After sputtering, the root mean square (RMS)
value is 0.20 nm, confirmed to be almost the same in the lateral layer growth mode of
previous research [19]. Therefore, it is speculated that the MoS, film is formed parallel to
the substrate surface. Furthermore, the RMS value after S-annealing is 0.08 nm, which
can be attributed to the enhanced wettability during high-temperature annealing with a
sulfur vapor atmosphere to promote the smoothing of the MoSs film.

To evaluate the orientation of MoSs films, in-plane XRD measurements shown in Fig-
ure 5.11 (a) were performed. In-plane XRD can reveal lattice planes perpendicular to the
substrate surface by shallowly irradiating X-rays on the substrate surface. Figure 5.11 (b)
shows the relationship between grain size and crystallite size in MoS» films, and in-plane
XRD can evaluate the crystallite size.

Figure 5.12 (a) depicts the in-plane XRD results for the MoSs film after sputtering at
an RF power of 50 W and after S-annealing. The MoSy (100), (110), and (200) peaks
are observed, and (002) near 15 degrees and (103) near 40 degrees are not observed [112],
indicating that the MoS, films are arranged in a mosaic pattern on the substrate surface.
The MoSs peak intensities are enhanced after S-annealing, which confirms the effect of the
crystal recovery by the sulfur compensation. Furthermore, the crystallite sizes of the MoS»
films are calculated, as illustrated in Figure 5.12 (b) using the Scherrer equation [113]

Kipo A

DlOO =7 5
BlOO CcoS 97

(5.3.1)

where the constants Kig9 and the X-ray wavelength A are 0.890 and 0.154 nm, respec-
tively. FWHM values of Bygp and the Bragg angle 6 were obtained from the MoSs (100)
plane peak shown in Figure 5.12 (a). Estimated crystallite size of the MoSs film after
S-annealing depends on that after sputtering, which indicates that the crystallite size re-
mained consistent even after S-annealing. Notably, the crystallite size decreases at both
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Figure 5.8: (a) Model of MoSs film formation considered with formations of sulfur defects
and amorphous/microcrystalline regions during sputtering. (b) Schematic of S-annealing
effects and its limitation for MoS, film by sputtering.
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Figure 5.9: (a) Cross-sectional TEM image of MoSs film formed by sputtering and S-
annealing. (b) Mo 3d and (c¢) S 2p depth profiles of XPS [40]. Black arrow indicates
direction of lower layer.

I

(a) (b)

Figure 5.10: AFM images of MoSs films (a) after sputtering with RF power of 50 W
and (b) after S-annealing. Root mean square values of roughness are 0.20 and 0.08 nm,
respectively.
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low and high RF powers, which contradicts the result of the high-MoSs crystallinity film
with a higher RF power, as illustrated in Figure 5.6.
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Figure 5.11: (a) Schematic of in-plane X-ray diffraction. (b) Relationship between crys-
tallite size and grain size in MoS» film.
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Figure 5.12: (a) XRD patterns and (b) calculated grain size of MoSs films after sputtering
and S-annealing, plotted as function of RF power [39].
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5.3.2 Ion energy distribution during sputtering

Since the flux temperature depends on the particle energy, the increase or decrease in
flux temperature (Thyy) in the RF power swing can be estimated from the measurements
in this section.

To examine the particle energy reaching the substrate surface depending on the RF
power, the positive and negative ion energy distributions (IEDs) were assessed using the
retarding field energy analyzer (RFEA) systems, as illustrated in Figure 5.13. The positive
ions are considered to be Ar™ in the plasma. Conversely, the negative ions can be sulfur-
negative ions, secondary electrons from the target or in the plasma [111,114]. As the
RF power increases, positive and negative IEDs exhibit higher peak intensities due to an
increase in the plasma density, which enhances the amount of Ar™, negative ions, and
electrons reaching the substrate surface. Figures 5.14 (a) and (b) show the ion fluxes
and average energies on the RF power measured by the RFEA systems. The positive and
negative ion fluxes increase due to the enhancement in the IED peak intensities, as depicted
in Figure 5.13. Furthermore, the average energy of the positive ions decreases with an
increase in the RF power, as depicted in Figure 5.14 (b). It is speculated that an increase
in the plasma density at the high RF power reduces the electron temperature, leading
to the suppression of the Art acceleration in the sheath near the substrate [115,116].
Conversely, the energy of the negative ions increases with higher RF power due to the
enhanced acceleration of the negative ions in the sheath near the target. Figure 5.14 (c)
shows the energy fluxes of the positive and negative ions and the total ion energy flux,
which is calculated from the product of the ion flux and the average energy. The total
ion energy flux, represented by blue circles, increases with an increase in the RF power.
Moreover, it is assumed that the energy flux of the neutral particles, such as sputtered
particles and recoiling Ar, increases with an increase in the RF power, as presented in
Table 5.1 [117,118]. Thus, the higher energy flux to the substrate surface at the higher
power is crucial for enhancing the flux temperature (Th,x), which enhances the crystallinity
of the MoSs film, as depicted in Figure 5.6.

Table 5.1: RF power dependence of self-bias (Vpc) of sputtering target surface.

| RF power [W] | 25 | 50 | 100 | 150 |
| Vbc [Vl [-475[-73.9]-948]-112]
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Figure 5.13: (a) Positive and (b) negative ion energy distributions (IEDs) using REFA
systems during MoSs sputtering. RF power was varied from 50 to 150 W.
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Figure 5.14: (a) Ion flux, (b) average energy and (c) ion energy flux of positive and
negative ions reaching the substrate surface as function of RF power. (a) and (b) are
measured from RFEA systems, and (c) is calculated from product of (a) and (b).
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5.3.3 Surface migration model during sputtering

To evaluate the MoSs crystallite size depending on the RF power, a surface migration
model of the sputtered particles on the substrate was developed, as depicted in Figure 5.15.
This model considers the particle diffusion due to the particle energy and number of
particles on the substrate during sputtering, based on Fick’s law with the diffusion only
by concentration gradients on the substrate surface [119]. At low RF power, the low-flux
temperature inhibits the migration of the sputtered particles on the substrate surface,
leading to smaller crystallite sizes. Conversely, at high RF power, the flux temperature for
the particle migration is sufficient. Since the particle flux is enlarged from the XRR results
in Figure 6.3, the number of particle collisions on the substrate surface increases during the
sputtering deposition, which results in a smaller surface migration length leading to small
crystallite sizes. These considerations are consistent with the crystallite size results in
Figure 5.12 (b). Therefore, the intermediate RF power of 50 W is appropriate to enhance
the MoSs crystallite size. Further increase in the MoSy crystallite size can be achieved
by minimizing the particle flux while providing sufficient flux temperature for a longer
particle migration length. Although the energy of the Ar plasma controlled by the RF
power is expected to be independent of the substrate temperature and Ar pressure, it may
be necessary to elucidate in the future how the morphology of the MoS, films changes
with the oblique or normal incidence of ion particles reaching the substrate by the original
Thornton and related -models [120]. The crystallite size of the MoSs film obtained in this
study is smaller than that of the CVD [121,122]. This phenomenon is attributed to be
due to elevated particle flux compared to the CVD method, where particles are deposited
before reaching a stable position for crystal growth. Therefore, further suppression of
the particle flux during sputtering is expected to enhance the MoSy grain- or crystallite-
size [123].

Low — RF power ﬁ High

+ Low flux temperature (T¢,x) « High flux temperature (Tf.x)
—Low energy for migration * High particle flux
(Tparticte) —High collision frequency

* Low particle flux

Short surface migration Long surface migration Short surface migration

Figure 5.15: Schematic of surface migration models of sputtered particles on the sub-
strates during MoSs film deposition by sputtering.
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5.4 Summary

In this Chapter, an investigation was carried out to understand the change in MoS»
film quality with RF power.

According to Raman spectroscopy results, the crystallinity of MoSs films was improved
by sputtering with high RF power and S-annealing. It is considered to be the effect
of increasing the S/Mo ratio by high RF power and promoting MoS, crystallization by
increasing the flux temperature. Furthermore, XRD analysis showed that the MoSy crys-
tallite size after sputtering and S-annealing increased significantly at moderate RF power.
Moreover, as measured by the RFEA system, the ion energy flux at the substrate surface
increases with increasing RF power, which reveals that sufficient flux temperature (Thux)
is provided to the substrate at high RF power.

From these results, it is considered that in the case of low RF power, the particle flux
is low, and there is time for migration. However, since the Tg.y is low, there is little
movement on the substrate surface, and crystallization does not occur. Also, because
the S/Mo flux ratio was small, there were many sulfur vacancies (V5), and the effect of
S annealing appeared to be tremendous, confirming the increase in film thickness. On
the other hand, crystallization is more likely to occur at high RF power due to the high
Thux- As the next particle arrives, there is no time for migration, and nuclei are generated
in unstable locations, resulting in a small crystallite size. Therefore, the moderate RF
power is considered to have achieved sufficient Tq, and low particle flux, expanding the
surface migration length of the sputtered particles on the substrate surface and enlarging
crystallite size of MoSs film. As in Chapter 4, the effect of S-annealing is to compensate
for sulfur vacancies Vi and to enlarge the crystallite size by binding S to the Mo edges of
MoSs crystals and incorporating microcrystals. It was also revealed that this depends on
the original MoS, crystallite size.

A further increase in crystallite size of MoSs film is expected by further reducing the
particle flux during sputtering.
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Chapter 6

Crystal size enlargement of MoS,,
film by low-particle-flux sputtering

6.1 Background

In chapter 5, it is confirmed that sufficient flux temperature Ty, and low particle flux
enhance the surface migration length of the sputtered particles on the substrate, which
enlarges the crystal size of MoSs film. Further enhancing the crystal size of MoS, films is
important. Notably, enlargement of the grain size of MoSs films has been reported by using
low-rate deposition in the CVD process [124]. Specifically, lowering the evaporation rate
of the precursor has reduced the nucleation density and enhanced the grain size [124]. To
consider the mechanism of grain size enhancement, it is necessary to reduce the nucleation
density. As shown in Figure 6.1, nucleation is assumed to occur where particles collide
with each other on the substrate. Therefore, a low collision frequency is assumed to lead
to a low nucleation density. This is essentially equivalent to an increase in the surface
migration length of particles on the substrate. That is, to lower the collision frequency, it
is important to suppress the number of particles reaching the substrate per unit time per
unit area (i.e., the particle flux), which is expected to achieve a similar effective method
also in physical vapor deposition (PVD).

To achieve the low particle sputtering, the following methods are considered:

e Reduction of the sputtering rate by removing magnets.
e Decrease in sputtering power density per unit area through large target adjustments.

e Suppression of the number of particles reaching the substrate by introducing a grid
directly beneath the substrate.

A low-particle-flux deposition method using various grids allows easy implementation and
precise control of particle flux by varying the grid’s open area ratio. Therefore in this
study, a low particle flux in the PVD method is investigated for depositing MoSs films
using a 99.99% molybdenum (Mo) grid placed between the target and substrate in PVD
systems to prevent the contamination in MoSs film due to a concerned erosion of the grid.
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Figure 6.1: Diagram showing particle flux and nucleation density on the substrate sur-
face. Assumptions for at (a) high and (b) low particle flux, respectively.

6.2 Experimental methods

Before the formation of a MoSs film, the SiO,/Si substrate was treated with a sulfuric
acid-hydrogen peroxide mixture (4 : 1 = HySO, : HyO,) at 180°C for 10 min to remove
metal particles and organic materials. The MoS, film was formed by ultra-high vacuum
(UHV) radio frequency (RF) magnetron sputtering using a 99.99% MoSs target with
a diameter of 80 mm. The base pressure was less than 1 x 107° Pa. The sputtering
parameters were an RF power of 40 W, Ar pressure of 0.4 Pa, Ar flow rate of 7 sccm, and
target-substrate distance of 150 mm. Although higher substrate temperature is expected
to enhance the surface migration length of the particles and improve the crystal size, it
has been revealed that the number of sulfur defects increases in the MoS» film, as shown
in chapter 4 Therefore, the substrate temperature was fixed at 300°C.

To reduce the deposition rate, a Mo grid was introduced into the sputtering apparatus
in Figure 6.2. The distance between the grid and the target was set to 120 mm. The Mo
grid can suppress the amount of sputtered particles per unit time reaching the substrate
from the target. Because sputtering parameters such as the RF power and Ar pressure are
not changed, the sputtered particle flux can be suppressed without reducing the energy
of each sputtered particle. The Mo grid was used under a floating potential, and the
projected aperture (PA) ratio of the Mo grid was varied as 100, 60, and 27%. The total
PA ratio was calculated from the PA ratios of the respective grids. The PA ratio of 100%
means without a grid. The PA ratio of 60% was obtained by two stacked grids with 0.3-
mm wire diameter and 2.24-mm aperture gap resulting in 78% aperture area Also, the
PA ratio of 27% was achieved by further stacking an additional one grid with 0.35-mm
wire diameter and 0.71-mm apertures gap resulting in 44.8% aperture area. Figure 6.3
shows each deposition rate derived from measurements of the MoSs film thickness using
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X-ray reflection. The results confirm that the deposition rate decreased with a decrease
in the PA ratios. Under each PA ratio, all the samples were deposited as a 2.5 nm-thick
MoSs film. The samples were evaluated by the Raman spectroscopy at 532 nm, X-ray
photoelectron spectroscopy (XPS) with Al K, radiation and in-plane X-ray diffraction
(XRD) with Cu K, radiation generated at 45 kV and 200 mA.

Table 6.1 is an assumption of the number of particles and flux behaviors on the substrate
surface with and without Mo-grids. The number of particles and energy reaching the
substrate are represented as N and E, and the unit area and unit time as dA and dt,
respectively. The average energy of one particle is noted as E/N. The particle number
and energy reaching the substrate surface per unit area per unit time are called particle
flux and energy flux, respectively. In this study, the flux temperature (Tj,x) has the same
meaning as the energy flux, so the particle flux and flux temperature (Th,x) are represented
by N/(dA -dt) and E/(dA - dt), respectively. Therefore, flux temperature (energy flux)
equals the following equation (6.2.1):

E —Ex N —Ex ticle fl
dA-dt = N “dA-qr N~ bartcie fux.
(6.2.1)

Even if E/N was constant with or without the grid, the particle flux decreases simultane-

Flux temperature (Tqyy) = Energy flux =

ously with flux temperature (Tqyy) when the grid is in place.

Table 6.1: Assumption of number of particles and flux behavior with and without Mo-
grids.

w/o grid | w/ grid

Deposition rate of MoSy film High Low
Average energy of one particle (E/N) Same values
Particle flux (N/(dA - dt)) High Low

Flux temperature (Thy) (Energy flux) (E/(dA - dt)) High Low

To evaluate the crystal structure of the MoSs film formed by sputtering, plan-view
transmission electron microscopy (TEM) observations were conducted. To prevent damage
to the MoSs film during the TEM specimen preparation, a TEM grid with a 20-nm-thick
SiO, membrane was used. In addition, a single-layer MoSs film was sputtered directly
onto the TEM grid to prevent the observation of moiré patterns in the MoS, film [104],
and TEM observations were subsequently conducted in Figure 6.4.

Crystal structures were obtained by high-angle annular dark-field scanning TEM (HAADF-
STEM). Moreover, crystal orientation distributions were evaluated by the automated crys-
tal orientation mapping in TEM (ACOM-TEM) technique using the ASTAR (TM) sys-

2

tems [102,125,126]. The measurement areas are 150 x 150 nm®. A 7-degree step in a

diffraction pattern in this study classified the grain orientation. The electron beam accel-
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Figure 6.2: Schematic of MoSs low-particle-flux sputtering systems using molybdenum
grid, of which the projected aperture (PA) ratio was varied as 100, 60 and 27%.
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Figure 6.4: Schematic of TEM observation structure for MoSs film.

eration was set to 80 and 200 kV for the HAADF-STEM and ACOM-TEM methods.

6.3 Results and discussion

Figure 6.5 (a) shows the Raman spectra of MoSs films prepared at different deposition
rates. It is confirmed that the Raman peak intensity of the MoS, film increases with a
decrease in the deposition rate. In addition, the full-width at half-maximum (FWHM)
values of Ayg and E%g peaks in Figure 6.5 (b) correspond to the vertical and horizontal
vibration modes of the MoSs film, respectively. The results show that the crystallinity
improved with a decrease in the deposition rate. We speculate that this is because of the
enlargement of crystal size in MoSy film caused by the reduction of particle flux to the
substrate from Table 6.1.

Furthermore, the Alg—E21g shift value in Raman spectroscopy is shown in Figure 6.6.
It was confirmed that the Alg—E%g shift value decreased, and sulfur vacancies in MoS,
films decreased at low-rate deposition with Mo-grid. This is thought to be because MoS,
crystals were easily formed due to the increase in the surface migration length of particles
in low-rate deposition. Moreover, when the deposition rate was decreased to 0.19 nm/min,
the Alg—E%g shift value increased slightly. This is thought to be because the number of
sulfur atoms present on the substrate surface under low particle flux conditions decreased
due to the tendency of sulfur atoms on the substrate surface to evaporate. Even taking
these factors into consideration, the MoSs film with the smallest Alg—E%g shift value and
the lowest sulfur defect density was obtained when sputtering was performed at a substrate
temperature of 300°C.

The number of layers in the experiments was set to 5ML to obtain stable peak intensities
with a high signal-to-noise ratio (SNR) for Raman spectroscopy and X-ray diffraction. On
the other hand, 1 ML MoS; film is desirable for suppressing the short channel effect.
Additionally, experiments with 1ML and 2ML were carried out, as shown in Figure 6.7.
It was confirmed that the Alg—E%g shift decreased as the number of MoS, film layers
decreased. In addition, the better the 5ML results, the better the 1ML film quality, so
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Figure 6.5: (a) Raman spectra of MoSy films prepared with different deposition rates.

(b) FWHM values of the A;, and E21g peaks in five spectra for each wafer [41].
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for 1-6 monolayers (ML) exfoliated MoS; films [35].

it became clear that the film quality dependency of 5ML in this study leads to improved
1ML film quality.
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Figure 6.7: Layer number dependence of Alg—E%g shift of MoSs film with and without
grid. Diamond data are those values for 1-6 monolayers (ML) exfoliated MoSs films [35].

To assess the orientation of the MoSy films to the substrate surface, in-plane XRD
measurements were performed. Figure 6.8 (a) shows the in-plane XRD patterns recorded
with a wide range of 26. In-plane XRD can evaluate lattice planes perpendicular to the
substrate surface instead of the out-of-plane ones. The XRD patterns of all the samples
reveal peaks corresponding to the MoSs (100), (110), and (200) planes. However, it is
noteworthy that the MoSs (002) plane is absent in this measurement, indicating no MoS,
film aligned perpendicular to the substrate surface. It indicates that the MoS, layers
are arranged in a mosaic fashion concerning the substrate surface. In addition, we also
measured the in-plane XRD patterns with a narrow range around the (100) plane in
Figure 6.8 (b) to estimate the crystallite size of the MoSs films. The crystallite size was
calculated from the Scherrer equation [113]:

Dygp = —2 2 (6.3.1)

where the constant Koo and the X-ray wavelength A are 0.890 and 0.154 nm, respectively.
The FWHM values of Bigyp and the Bragg angle 6 were extracted from the peak of the
MoSz (100) plane in Figure 6.8 (b). The estimated crystallite sizes of the MoS, films are
shown in Figure 6.9. A decrease in the deposition rate leads to an increase of the MoS,
crystallite size. We speculate that the frequency of particle collisions on the substrate was
reduced, resulting in a lower nucleation density and, thus, an increase in the crystallite
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size. We confirm that low-rate deposition enabled an enlargement of the MoSs crystallite
size even in the films deposited by the sputtering method. These results support our
results in enlarging the crystallite size by the low density of MoSs precursors and particles
on the substrate.

In Figure 6.10, the crystal structure of MoSs films, deposited targeting the 1 ML un-
der sputtering conditions having the largest grain size in Figure 6.9, was observed by a
plan-view HAADF-STEM image. The crystal arrangement of Mo atoms can be seen in
Figure 6.10 (b). In addition, the fast Fourier transform (FFT) image in the red-framed
area in Figure 6.10 (a) shows the inverse pattern of MoSs single crystals, indicating the
presence of MoSs crystals. Moreover, the most of the MoS, grains are observed as 1 ML,
indicating the layer-by-layer growth of MoSs film. On the other hand, 0 ML regions and
regions thicker than 1 ML are slightly observed. It suggests that the nucleation of the
second layer begins with only low probability, even during the growth of the first layer.
This speculation would be a key component to clarify the mechanism of layer-by-layer
MoS, film formation.

ACOM-TEM analyses were conducted for the MoS, films to evaluate the crystal orien-
tation distribution. Figures 6.11 (a) and (b) show the results of grain orientation mapping
for 1-ML-MoS; films sputtered with a deposition rate of 0.97 and 0.19 nm/min, respec-
tively. In both samples, the MoSs grains were randomly oriented. In addition, Figure 6.12
shows the histogram of grain size extracted from Figure 6.11.

Grains larger than 18 nm are observed only in the film deposited at a lower deposi-
tion rate of 0.19 nm/min, with the largest grain size reaching 26 nm. It suggests that
large MoSo grains were formed because of the sputtering with a low particle flux. The
grain size distribution of nano-particles can be approximated by a log-normal distribution
function [127-129], expressed as:

A _ 2
f s ms0) = —— exp (—W) , (6.3.2)

where A is a constant, p is the mean value of Inz, and o is the standard deviation of
Inz. Figure 6.12 (b) shows the fitting results using the log-normal distribution function
for the grain size histogram in Figure 6.12 (a). The average value and standard deviation
of the log-normal distribution with and without a grid are calculated from the following
equations with obtained fitting results, shown in Table 6.2,

2
Average value = exp <u + 02> , (6.3.3)

2

Standard deviation = exp <,u + U) -v/exp(o?) — 1. (6.3.4)

2

It was confirmed that the average value increases with low particle flux deposition. On
the other hand, the standard deviation increases, which indicates that large grain sizes are
formed and that the distribution is broadened to the right. In addition, the values of y—3c
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Figure 6.8: (a) Wide- and (b) narrow-range in-plane XRD patterns of MoS, films sput-
tered with different PA ratios [41].
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Figure 6.9: Calculated crystallite of MoSs films as function of deposition rate [41].

and p — o are shown in Table 6.2. Although these values are enhanced with lower particle
flux, these are far from target value requiring further particle size increase in the future.
Additionally, as shown in Figure 6.13, microcrystalline regions were also identified in the
films, which is likely the cause of the significant variance and large standard deviation.
These regions are hypothesized to act as nucleation points for forming the second layer,
potentially influencing the overall film properties. Methods for removing microcrystalline
regions are described in section 7.2.3. Although there are some differences in the growth
processes between the 1-ML MoSs and 2.5 nm-thick MoSs films, the XRD and ACOM-
TEM results are consistent with an increase in the average grain size due to the lower
deposition rate. Therefore, the ACOM-TEM analyses with the 1IML-MoS, films on the
TEM grids are considered effective methods for comparing the enlargement of grain size
with a decrease in deposition rate, as well as the XRD measurement.
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Figure 6.10: (a) Plan-view HAADF-STEM images of 1 monolayer (ML)-MoS; film pre-
pared with MoSs deposition rate of 0.19 nm/min. 1ML-MoS, film was sputtered directly
onto TEM grid that consisted of 20-nm-SiO, membrane. Inset in the upper right of (a) is
fast Fourier transform (FFT) image of the red framed area. (b) Enlarged view of (a).
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Figure 6.11: ACOM-TEM grain orientation maps for 1-ML-MoSs films deposited at
deposition rates of (a) 0.97 and (b) 0.19 nm/min, respectively.

Table 6.2: Comparison of average grain sizes and standard deviations with and without
grid.

Average Standard p — 30 [nm] p— o [nm)]
value [nm] | deviation [nm] | (in real space) | (in real space)
Without grid 7.9 7.0 0.6 2.7
(0.97 nm/min)
With grid 9.1 7.9 0.7 3.2

(0.19 nm/min)

Target grain size: 7.9 nm

Based on these results, we speculate that the sputtering with further suppression of the
particle flux leads to a further enhancement of the MoSs grain size. Although low-power
sputtering is an alternative method to achieve the low-rate deposition, the previous study
reported that the sputtered particles have less energy for the formation energy of MoS,
film, degrading the quality of the resultant MoS, film in chapter 5. Therefore, low-particle
flux sputtering using a Mo grid is a promising method to enhance the MoSy grain size
without suppressing the particle energy. Although the 9.1 nm-grain size of MoSy films
with a substrate temperature of 300°C in this study is smaller than the 10 pm-grain size
obtained by high-temperature CVD methods at 1000°C [124], the improved MoSy film
in this study will provide a low-temperature channel deposition method with bottom-up
integration for advanced VLSI and human interface devices.
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Figure 6.12: (a) Grain size histogram of MoSs films, as calculated from the results in
Figure 6.11. (b) Fitting results using log-normal distribution function for (a).
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Figure 6.13: Enlarged grain grain orientation map for 1-ML-MoSs films deposited at
deposition rates of 0.19 nm/min.

As shown in Figure 6.14 (a), the sulfur defect density of the MoS, film with the largest
crystal size formed in this study was extracted from Figure 6.14 (b). Assuming that
the literature value (1ML) is Vi = 0% [35], we extract the difference value A(Alg—E%g)
between the (Alg—E%g shift) of the prepared sample (red circle) and the literature value.
In the MoS; film with the largest crystals, the sulfur defect density (Vi) was "1.65%. The
mobility degradation in MoSs films can be expressed as:

1 1 1 1 1 1 1

- — + N — . (6.3.5)
HMoS, Himp Hph Hrough Hvacancy HGBs Hanti-site

where pimp is impurity scattering, ppn is phonon scattering, pirougn is roughness scatter-
Ing, vacancy 1S scattering due to sulfur vacancies, uaps is grain boundary scattering, and
Wantisite 1S anti-site scattering. The primary factors contributing to mobility degradation
in fabricated MoSs films are sulfur vacancy scattering and grain boundary-related scat-
tering [98]. In future short-channel devices, grain-free regions are desirable. In this study,
the mobility was calculated considering only the sulfur vacancy scattering within a single
grain. Using the relationship between sulfur defect density and carrier mobility [130], as
shown in Figure 6.15, the calculated mobility is approximately 26.5 cm?/Vs. The crystal
or grain size and mobility for various formation methods are compared from Table 6.3.
Further reduction in the sulfur vacancy density is required to reach the target value of
183 ¢cm?/Vs. In addition, because the decrease in the sulfur vacancy density at 300°C
was demonstrated, this low particle flux deposition is expected to be used in industrial
applications in the future.
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Figure 6.14: (a) Alg—E%g shift value of MoSs film with largest grain size deposited in this
study. A(Alg—E%g) is equal to the difference between (Alg—E%g) shift values of the MoSs
film and that with V5 of 0%. (b) Dependence of A(A1g-E3,) Raman shift values on sulfur
defect density (Vs) in MoSs film [42].
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Figure 6.15: (a) Atomic positions of monolayer MoSs with no sulfur vacancies and with

3% sulfur vacancies.

Sulfur and molybdenum atoms are magnified to represent their

distribution. The band structure obtained using DFT is shown, respectively [29]. (Db)
Previous research of calculated carrier mobility depending on sulfur defect density [29].
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Table 6.3: Comparison of grain size and mobility for various formation methods.

Formation Method

Grain Size

Mobility [cm?/Vs]

Reference

This work sputtering

Max 26, AVE. 9.1 nm

26.5

Sputtering (300°C),

(Crystalline size 7.0 nm) (Calculated) without GBs
Sputtering + NA 0.21 (ur) [21]
S-annealing (700°C)
Exfoliation ~30 pm 700 [68]
Exfoliation on PMMA ~20 pm 30-60 [70]
CVD Sulfur+MoOs3 ~2 pm ~17 [70]
CVD monolayer Sulfur ~2 pm 24 [71]

+MoO3

6.4 Summary

The results demonstrated that reducing the deposition rate effectively increased the
grain size of the MoSs films. The use of low particle flux during the deposition process
significantly lowered the nucleation density, allowing for the growth of grains with larger
dimensions. The maximum grain size achieved under these conditions was 26 nm, high-
lighting the potential of this method for enhancing the crystalline structure of MoSs films.
However, several challenges remain to be addressed. One of the primary issues is the
presence of microcrystalline MoSs regions within the films, which need to be removed to
achieve uniformity. Another issue is the increase in sulfur vacancy density caused by the
limited sulfur supply during the sputtering process. To overcome this, future investiga-

tions should optimize the sputtering parameters to enhance the sulfur supply, thereby

mitigating sulfur deficiencies and improving film quality.
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Chapter 7

Conclusions

7.1 Conclusions of this thesis

This study proposes a sputtering method to obtain high-quality MoSs films expected
to be used as channel materials for next-generation 3D stacked logic.

Chapter 1 shows that low-temperature deposition of MoS, films by sputtering is possi-
ble. It also clarifies the problems of high sulfur defect density and small crystal size, which
reduce the carrier mobility of MoSs films. The purpose of this study is also presented.

Chapter 2 sets target values for formation temperature, crystal size, and sulfur de-
fect density to clarify the goal of improving the film quality of MoSs films deposited by
sputtering.

Chapter 3 verified the mechanism of sputtering deposition to reach the MoSs film goal
set in Chapter 2 and showed the direction of specific deposition techniques. It expressly
specified how to enlarge the surface migration length on the substrate surface to increase
the crystal size and enhance the amount of S supply to reduce the sulfur defect density
by changing the parameters during sputtering.

Chapter 4 adjusted the substrate temperature to increase the particle surface migration
length. As a result, the appropriate substrate temperature was 300°C, and by setting this
temperature, a good MoSy film was obtained that suppressed the sulfur defect density
while promoting particle surface migration. In addition, in this Chapter, sulfur compen-
sation annealing at 700°C was also performed on the sputtered film, and the film’s quality
dependency after annealing was also clarified. In the future, improving the MoSs film
quality will be essential immediately after sputtering.

In Chapter 5, varying the RF power was performed to adjust the flux temperature
(Thux), the temperature of the particles that reach the substrate, and the particle flux,
which is a factor in increasing the particle surface migration length. At intermediate RF
power, it was confirmed that the surface migration length of the particles on the substrate
can be increased by suppressing the particle flux and providing sufficient flux temperature.
Furthermore, it was shown that the increase in the amount of S flux by increasing the RF
power leads to the acquisition of MoSy films with low sulfur defect density.

In Chapter 6, it was demonstrated that low particle flux film formation can be achieved
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by introducing a grid between the target and substrate of the sputtering device. As a
result, it was confirmed that the low particle flux reduces the nucleation density, increases
the particle migration length on the substrate, and increases the crystal size of the MoS»
film.

This Chapter summarizes the results of crystal size and sulfur vacancies in MoS» film.
The above results and discussion conclude that the factor that increases the crystal size of
MoSs films is to improve the surface migration length of particles on the substrate. There
are three ways to increase this migration length: appropriate substrate temperature, suf-
ficient flux temperature, and low particle flux. Also, to suppress the sulfur defect density,
it is necessary to adjust the sputtering parameters to increase the sulfur/molybdenum
flux supply ratio. Specifically, high RF power, short T-S distance, and low Ar pressure.
On the other hand, this direction causes an increase in particle flux to the substrate. By
reducing the particle flux by the grid under those conditions, obtaining MoSs films with
low sulfur defect density and increased crystal size became possible. Moreover, Figure 7.1
shows the average grain or crystallite size versus deposition temperature for MoSs films.
In FEOL, intermediate RF power adjustments increase the crystallite size, but the target
value is not reached (below 7.9 nm). In BEOL, low particle flux sputtering further en-
hances the crystallite size, reaching the target value (above 7.9 nm). Moreover, Figure 7.2
shows the benchmark of crystal size dependence on deposition temperature. Although it
is considered that there is an exponential dependence between substrate temperature and
crystal size, the maximum grain size reaches 26 nm with low particle flux deposition at
a formation temperature of 300°C, which applies to FEOL and BEOL. Larger crystals
are obtained at lower temperatures than with other deposition techniques. Although the
MoSs film deposited in this study achieved low particle flux deposition, the deposition
time was approximately 1 min/layer, which is much shorter than the deposition time of 1
hour /min for MoSs films deposited by chemical vapor deposition (CVD) or atomic layer
deposition (ALD) [63]. The advantages of low particle flux sputtering over other deposition
techniques are demonstrated.
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7.2 Future directions

7.2.1 Optimizing the sputtering Ar pressure

Figure 7.3 shows the Ar pressure dependence of the Alg—E%g Raman shift of MoSs film
after sputtering. In this study, as the minimum pressure (0.4 Pa) at which plasma can be
generated decreased, the Alg—E%g shift decreased and approached the ideal value, which is
thought to be the effect of increasing the S/Mo supply ratio due to the low pressure. In
addition, since damage to graphene films due to high-energy recoil argon at low pressure
has been reported shown in Figure 7.4 [43], further reduction in pressure may damage the
MoSs film itself. Therefore, it is necessary to investigate the optimal pressure value in the

future, as illustrated in Figure 7.5.
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Figure 7.3: Alg—E%g Raman shift dependence on Ar pressure.
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7.2.2 Removal of small MoS; crystal using area selective etching

As shown in Figure 6.13, microcrystalline regions were identified and are assumed to
be the nucleation points for the second layer, which reduces the grain size in MoSs film. It
has been reported that removing microcrystalline regions by atomic layer etching (ALE)
treatment with Cly gas, as shown in Figure 7.6 [44]. Therefore, this ALE method leads to
removing the microcrystalline and further enhancing the grain size in MoSs film deposited
by sputtering.

ll‘:llﬁli.ﬂ:iiii

Pristine P Cl adsorption

feye ..
T3 *

w - A

Efchiimg Ar desarption

Figure 7.6: Schematics of atomic layer etching (ALE) for MoSy microcrystalline using
Cly gas [44].

7.2.3 Area selective deposition for single crystal MoS,

This study explored the optimal conditions for sputtering deposition of amorphous
SiOs-like MoSs films. In the future, it will be necessary to aim for further improvement
in grain size. Enlarging the grain size by using a lower particle flux is needed. Further-
more, by adopting an underlayer such as hexagonal boron nitride (hBN), the grain size is
expected to increase from van der Waals epitaxial growth [131]. Furthermore, attention
is being paid to area selective deposition (ASD) to improve yield. By growing single crys-
tals of MoSs film only in the channel region in this way, it is expected that the electrical
properties of sputtered MoSs films can be significantly improved [45,46]. In the future, it
is necessary to advance research on MoSy films by this selective growth.

7.2.4 Approach for further improvement of high-quality MoS; films

To achieve a large crystal size with a low sulfur vacancy density, the sputtering process
must be optimized. Figure 7.8 demonstrates the relationship between crystal size and A1,-
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Figure 7.7: Previous research on selective area deposition (SAD). (1) Selective nucleation
growth of MoSj from Au electrode edges [45]. (ii) van der Waals epitaxial growth of MoS,
from sapphire substrate with selected areas [46].
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E21g Raman shift under different process conditions. The graph indicates the effect of RF
power, where middle-range power resulted in an optimal balance between particle flux and
sulfur supply. A high sulfur flux combined with a low particle flux to the substrate surface
was essential for increasing grain size while reducing the Alg—E%g shift, which minimized
sulfur vacancies.

The process conditions required for achieving this optimization are illustrated schemati-
cally in Figure 7.9. At a substrate temperature (Ty,p.) of 300° C, sufficient flux temperature
(Thux) and low particle flux are necessary to achieve a high particle temperature (Tparticle)
and maintain a high sulfur flux. These conditions promote the reduction of sulfur vacancy
density and ensure the growth of large crystalline grains.

The conclusion drawn from this study confirms that achieving large crystalline grains
requires high flux temperatures (Thux) and low particle flux during sputtering. For future
work, further reduction of sulfur vacancies can be addressed by increasing the sulfur supply
using alternative approaches such as MoS, target sputtering or HaS gas sputtering.

This work is expected to lead to the development of 3D-stacked FETs (3SDFETSs) with
the PVD-MoS, film.
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Figure 7.9: Approaches to achieving higher-quality MoS, films by extending the surface
migration length of sputtered particles and supplying additional sulfur flux during sput-
tering.
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Appendix A

Benchmark of MoS, film
properties in recent researches

Currently, the highest mobility achieved using a single crystal (SC) MoSs channel is
62 cm?/Vs, as shown in Table A.1.

Table A.1: Benchmark of large-area MoSs films. SC: Single crystal, PC: Polycrystal.

Research group Place of issue | Formation method Formation temperature | Mobility [cm?/Vs] | Ion/Iog ratio | Reference

Massachusetts Nature CVD SC-MoS, 750°C 62.2 > 108 [132]

Institute of Technology | 2023 on HfO,

Science and VLSI CVD SC-MoS, N/A 62.8 2.5 x 108 [46]

Technology of China Symposium on Al,O3

and IMEC 2024

Samsung IEDM 2024 CVD SC-MoS, N/A 344 104 [133]
on HfOy

IMEC IEDM 2020 CVD PC-MoS, 1000°C 20 > 108 [134]
transferred from sapphire

Peking University IEDM 2021 CVD PC-MoS, N/A 25 N/A [135]
transferred from sapphire

IMEC IEDM 2020 CVD SC-MoS; N/A 4-23 N/A [136]
transferred from sapphire

University of Houston | Appl. Phys. CVD SC-MoS, 1100°C ~17.3 ~ 108 [70]

Lett. 2013 on SiOg
University of Houston | Appl. Phys. CVD SC-MoS, 850°C 24 106 [137]
Lett. 2018 transferred from glass
Institute of JIAP 2020 Sputtering S-annealing 400°C + 700°C 0.21 ~ 10% [21]
Science Tokyo PC-MoS; on SiOy
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Appendix B

Control of MoS, film quality by
accelerating the ionized particles
to the substrate using
molybdenum-grid electrodes

B.1 Background

This section describes a previous study of MgFs sputtering using mesh electrodes. This
is an example of research in which sputtering was performed by introducing two mesh
electrodes that can apply voltage near the substrate in the sputtering system. The negative
ions of F sputtered from the MgF, target are accelerated by the sheath, causing F defects
in the deposited film [47]. By applying a retarding voltage to the mesh grids electrodes in
the direction to decelerate the negative ions, the negative ions accelerated in the sheath
are suppressed, which obtained films with few defects, as shown in Figures B.1 (a) and
(b).

It is thought that the quality of MoSs film can be improved by introducing this mesh
electrode to MoSy sputtering.

B.2 Experimental methods

RF magnetron sputtering was also adopted in this study. By applying RF power, Ar
plasma is generated, and the accelerated Ar ions collide with the target, sputtering the
target particles. Figure B.2 shows RF magnetron sputtering using Mo-mesh electrodes.
The two Mo-meshes were placed directly below the substrate. A variable voltage can be
applied to the two meshes, and the current flowing into each mesh can be measured. In
this study, the voltages of each mesh electrode are applied one minute after the plasma
is generated. Three minutes later, the shutter is opened, and MoS, is deposited. The
sputtering parameters were set at 40 W RF power, 300 °C substrate temperature, 0.55 Pa
Ar pressure, 7 sccm Ar flow rate, and 150 mm target-substrate distance. MoSs is deposited
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CHAPTER B. CONTROL OF MoS, FILM QUALITY BY ACCELERATING THE
IONIZED PARTICLES TO THE SUBSTRATE USING MOLYBDENUM-GRID
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Figure B.1: (a) Mechanism of MgF, sputtering using Mesh electrodes and potential dis-
tribution during retarding voltage application. (b) Absorption coefficient from photolu-
minescence (PL) measurement varying mesh retarding voltage. In blue circles, absorption
coefficient decreased, and MgF, film quality was improved [47].

under different sputtering conditions by varying the mesh voltages. The conditions of

applying the mesh electrodes are detailed in Table B.1.

Table B.1: Conditions of applying the mesh electrodes.

15t mesh voltage [V] [0 0 | 0
274 mesh voltage X [V] | 0 | -20 | -40
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Figure B.2: RF magentron sputter using Mo-mesh electrodes.

B.3 Results and discussion

Figure B.3 shows the peak shift values of Alg—Eég at five points on MoSs films after
sputtering by varying the 2"¢ mesh electrode. The peak shift values decrease with the
decrease in the 2" mesh voltage, which reduces the sulfur defect vacancies by applying
the negative voltages. Figure B.4 shows the model potential distribution in sputtering
apparatus applying a negative voltage to the 2"d mesh electrode. 1% mesh voltage was
set to 0 V. In chapter 4, positive ions (Ar™) are observed. Therefore, it is considered that
when a negative voltage is applied to the 2”4 mesh, more Ar+ ions in the plasma flow into
the substrate, which increases the flux temperature (Tquy) and concentrates the particles
in an increased surface diffusion length, improving the film quality. Further improvement

in film quality is expected from applying greater mesh voltage.
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Figure B.3: Raman peak shift values of MoS, film deposited by sputtering applied with
different 24 mesh electrode.
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Figure B.4: Model of potential distribution in sputtering apparatus applying negative
voltage to 24 mesh electrode. 1% mesh voltage was set to 0 V.
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