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ABSTRACT

Graphene is a semimetal with zero bandgap which has imposed a limit on its applications in field-
effect transistors and optoelectronics. Owing to this fact, other 2D materials such as h-BN,
MXenes, phosphorene, and TMDCs were explored for their potential use in various electronic
devices. Two-dimensional (2D) Transition Metal Dichalcogenides (TMDCs) have been
engrossing a broad range of scientific interests due to their outstanding properties. Transition metal
dichalcogenides (TMDCs) show excellent optical, mechanical, and electronic properties because
they have a bandgap that is tunable and they exhibit a transition from indirect to direct bandgaps.
Among all the explored TMDCs, MoS> has been eyeing the most attention. In the present study,
monolayer MoS; has been grown on Si/SiO> substrate using the Chemical Vapor Deposition
(CVD) technique, where MoO- and sulfur were used as the precursor. We analysed the tractable
growth of monolayer MoS; developing to continuous films from triangular flakes by optimizing
several parameters. The sample was further studied using various characterization techniques viz.
Optical Spectroscopy, Raman Spectroscopy and Photoluminescence spectroscopy which showed
that monolayer MoS; can be fabricated on Si/SiO2 substrate by maintaining the temperature at
750°C for 15 to 30 minutes. The two distinctive Raman frequencies of E2g! and Alg vary
persistently with the number of layers of ultrathin MoS; flakes, whereas the intensity and width
of peaks vary inconsistently. Molybdenum disulfide (MoS>) is one of the most quintessential
TMDCs with a 1.84 eV direct bandgap in monolayer form which makes it scientifically as well as
industrially important. Monolayer MoS> shows intense photoluminescence because of the
quantum confinement effect. We have further studied the switching characteristics of the CVD-
grown monolayer MoS; based RRAM device. Silver electrodes were deposited on the grown
sample to form a planar MIM structure i.e., Ag/M0S2/Ag. The typical I1-V characteristics of the
fabricated metal-insulator-metal (MIM) structure were studied using the two-probe measurement
technique.
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CHAPTER 1

INTRODUCTION




1.1 Two-dimensional (2D) materials

A class of materials known as two-dimensional (2D) materials, having a paramount limit of
thinness constitute the thinnest artificial materials present in the universe. They have displayed
themselves as a prolific ground for the discovery of remarkable phenomena in condensed matters
and as a favourable platform to drive the boundaries of semiconductor technology beyond Moore’s
law.

Examples of 2D materials - Graphene and hexagonal boron nitrides, Phosphorene, MXenes,
Transition Metal Dichalcogenides (TMDCs).

TMDCs such as WS», MoS;, WSe, and MoSe> have a semiconductor bandgap due to which they
are a promising candidate for future logic and memory devices beyond graphene[1]. Transition
metal dichalcogenides (known as TMDCs) possess the chemical formula MX.. M is a transition
metal (such as tungsten (W), molybdenum (Mo)) and X is a chalcogen (such as selenium (Se),
Tellurium (Te) or sulfur (S)). TMDCs consists of a metal layer present in between two chalcogen
layers[2].

Transition metal dichalcogenides (TMDs), two-dimensional (2D) atomic crystals have gained
immense recent interest due to their potential applications and unique properties. They show a
transition from indirect to direct bandgap which results in considerable intensification of
photoluminescence[3]. Owing to these characteristics various researchers started exploring
approaches for the synthesis of 2D TMDCs which included chemical exfoliation, liquid-phase
exfoliation, micromechanical cleavage, and chemical vapour deposition (CVD). CVD method has
been reported as the best technique for the growth of wafer-scale high-quality crystal films.

® Molybdenum
Sulfur

Fig.1.1: Crystal structure of monolayer MoS;




MoS: was the next 2-dimensional material after graphene to be explored for its application in
potential device applications including field-effect transistors and optical sensors. This interest
arouses due to the transition into the direct bandgap from the indirect bandgap when the number
of layers were reduced to monolayer form[4]. In the crystal structure of MoS;, a hexagonal plane
of Mo atoms has the hexagonal plane of S atoms present on either side. Mo and S atoms have
covalent bonds present in between them whereas a weak van der Waals force holding layers
together which allows the layers to be mechanically separated. The weak interaction between
layers also allows the use of MoS: as a lubricant since the sheets can easily slide over one another.
MoS; appears as a dark, shiny solid in the bulk layer form[5].

MoS, monolayer has a 1.84 eV direct bandgap, while the bulk layer of MoS; has an indirect
bandgap at 1.2 eV. Monolayer MoS> show n-type behaviour having carrier mobilities
approximately 350 cm? Vst which is approximately 500 times lower than graphene. But when
they are used in the fabrication of FETSs, they can display high on/off ratios up to 108 which makes
them fascinating for logic circuits and high-efficiency switching[6].

The semiconductor memory is classified into RAM and ROM. In ROM, only reading of data is
allowed while in RAM data can be written into memory as well as read from memory. RAMs are
further classified into volatile memories and nonvolatile memories based on the retention of stored
data. Nonvolatile memories (NVM) store information even after the power is turned off while
Volatile memories lose the stored data once the power is removed which happens in dynamic
random-access memory (DRAM) and static random access memory (SRAM)[7].

1.2 Classification of Semiconductor Memory

SEMICONDUCTOR

MEMORIES ‘1

— RAM | — ROM

E@ | FRAM | . EproM | | oTPROM |

| SRAM | . PRAM | |_UVEPROM

\LR(AMJ |_EEPROM |

VOLATILE M‘ | FLASH INON-VOLATILE

Fig. 1.2 : Types of Semiconductor memories for storage of data.




DRAM is volatile and requires to be refreshed every few seconds which raises the power
consumption though they offer high density and high capacity. On the other hand, volatile SRAMs
are fast but have large memory cell which reduces capacity. Flash memory which is non-volatile
is also very famous for its high capacity but has the drawback that it is relatively slow. Researchers
are constantly looking for new technologies which can satisfy all requirements. The characteristics
of an ideal memory include fast response, high capacity, low power consumption, and long
retention time.

Recently, NVM memories such as magnetic random access memory (MRAM), phase-change
random access memory (PRAM), ferroelectric random access memory (FRAM), and resistive
random access memory (RRAM)[8] have been zealously studied. Among all, RRAM has been
advantageous for memory applications because of its fast switching, excellent scalability, easy
fabrication, high integration density, good compatibility with CMOS technology, simple structure.
RRAM show switching between a low resistance state (LRS) and a high resistance state(HRS).

RRAM is composed of a resistive material or insulating material present in between two
conductive electrodes forming a metal-insulator-metal (MIM) structure. The MIM structure can
transition between a high-resistance state (HRS or logic 0) and a low-resistance state (LRS or logic
1) by applying an appropriate voltage.Retention time operating speed, resistance ratio, operating
voltage, device yield, endurance, device yield, and multilevel storage are important performance
parameters of RRAM. The most important advantages offered by RRAM devices based on 2D
materials include high electrical endurance voltage fast switching speed and extended mechanical
robustness|[6].

Resistive switching hysteretic behaviour has been observed in many materials under the
application of the electric field. This dissertation presents the fabrication technologies, device
structures, conduction mechanisms, resistive switching properties, challenges and future aspects
of monolayer MoS; -based RRAMS.

1.3 Significance of this work

The objective of this thesis is to establish authentic methods for the growth of high-quality
monolayer MoS; and its characterization for memory-based applications. This thesis is organized
as follows: Chapter 2 offers an overview of the literature review. Chapter 3 illustrates the synthesis
of MoS; using the Chemical Vapour Deposition (CVD) Technique. Optical Spectroscopy, Raman
Spectroscopy and, Photoluminescence spectroscopy are employed to characterize the CVD-grown
monolayer MoS;. Chapter 4 demonstrates the Fabrication of MoS; based Resistive Random-
Access Memory (RRAM) Device.




Chapter 5. provides a summary and results of our work. Chapter 6. shows the future work for
improving the performance of TMD based RRAM and for further study of 2D MoS;
characterizations and engineering.

Excellent
Scalability

Fig. 1.3: Advantages of 2D MoS; based RRAM.




CHAPTER 2

LITERATURE REVIEW




2.1 Research Trends in the advancement of synthesis
of MoS::

In the 1990s, carbon nanotube was found to be favourable material for the electronic applications
and photovoltaic devices. But due to there inadequacy to differ from metal phase to
semiconducting phase, researchers started to look for a better alternative. 2D-materials like
graphene and TMDCs like WS;, WS;, MoS; and MoSe; caught attention of researchers because
of there two dimensional structure. Properties of Graphene like high thermal conductivity and no
band gap lead it to find application in low power electronic devices.But absence of band gap
limited it application in various other fields. Molybdenum Disulfide (MoS.) has a band gap similar
to Si and GaAs, which was found to very intriguing by the researchers[5].This lead a new path to
seggregate nanotechnology with semiconductor devices and opened various possibilities.

2.1.1 Structure and Properties

The properties and structure of MoS> changes with its dimensions. Bulk form of MoS; has an
indirect band-gap and it is metallic in nature[9]. Whereas in the monolayer structure there is a
direct band gap and its nature is semiconducting. Thickness and temperature of the flakes have a
direct relation with the conductivity of the of MoS2.According to the dimensions and bandgaps,
the photoluminescence characteristics of the MoS> changes, whch effects the optical
properties.Because of the tunability of the bandgap, MoS: finds it application in opto-electronic
devices[10]. By adding H20O- as oxidizer, PL properties of MoS, can be enhanced without
crystalinity of enhanced MoS..

Table 1: Comparison of Bulk and Monolayer MoS;

Synthesis Techniques Monolayer Bulk
Bandgap Indirect (1.2 eV) Direct (1.8 eV)
Binding Energy 0.11eV lleV
Photoluminescence Between 10% and 10  10*times more than that
Intensity of bulk

2.1.2 Different Synthesis Techniques

There are two major type of techniques used for the synthesis of MoSa.First being Top-down and
second is bottom-up approach. Mechanicsl exfoliation is top-down approach and is very low cost.
Only drawback is that it produces low quality flakes of MoS..

Physical layer deposition (PVD) and atomic layer deposition (ALD) method are two bottom-up
approaches which are used to produce thin films of MoS.. This method is low-cost and has high
reproducibility[6].




Mechanical Exfoliation

Liquid Phase exfoliation
— Sputtering

Synthesis of MoS, _ Physical Vapor Deposition

Chemical Vapor Deposition

S

" Atomic Layer Deposition

Fig. 2.1: Different MoS; synthesis techniques

Table 2: Summary of various synthesis techniques

Synthesis Techniques MoS; sheets Characteristics Year Reference
CVD with Sulfur as a on/off current ratio=10° , mobility = 2014 [11]
precursor (Sulfidation) 0.12cm?/V.s

Liquid exfoliation & Obtained nanosheets are in high 2014

ultrasonic cavitation concentration and less defective in [12]

shorter span of time.

ALD & thermal Mobility and electrical conductivity 2016 [13]

evaporation were enhanced.

CVD & liquid precursor Full coverage of substrate was ensured 2017 [14]
by water.

Intercalation & exfoliation  Application found in thin-film 2018 [15]
transistors with on/off ratio of 108.

Exfoliation of & Exfoliation efficiency > 90% 2019 [16]

Ultrasound Sonication in

Supercritical Co2

o The on/off ratio of 10°-10* and electron (o
Sulfidation mobility of 104 cm?/V = s [17]

In, liquid precursors instead of powder precursors (MoO2 and sulphur) were used which showed
enhanced reproducibility and larger area of MoS,. Another precursor used for synthesis of MoS; is
sulfur vapor. In ths way, molybdenum dioxide is laid on the substrate and then sulfur vapor is passed over
it, to form the large area thin films[18]. CVD used with powder precursors is the best way found to
synthesize the MoO; thin films[19]. In the table, given below summary and advancement of various
synthesis techniques is mentioned.




2.2. Research Trends in 2D MoS; based RRAM

Liu et al.[20] was the first group to explore the potential of NVM effect in MoS: in which they
showed RS effect in a MoS; -PVP hybrid nanocomposite sandwiched between RGO and
aluminum. Their prepared device showed RS due to detrapping and trapping of charge carriers
present in MoS; flakes blended in organic polymer. This device exhibited a switching ratio of 102
and operating voltage of £5 V.This paved the path for potential use of TMDCs as active material
for future flexible memory applications. Later Xuet al.[21] proposed another study in which on a
rigid substrate of Si, active layer of MoS2 nanospheres was sandwiched between RGO and ITO
electrodes. The device exhibited lower operating voltage (+2 V), a higher switching ratio (10%) and
a retention time of 10* s. After these successful experiments , Sun et al. showed bipolar RS
behaviour in monolayer MoS; present between Ag and FTO (fluorine-doped tin oxide). The device
showed an extremely low operatingvoltage (0.4 V) and reduced power consumption because it
provided electrical endurance up to 100 voltage sweeps. Bessonov et al. showed another device
far superior to several other devices based on either graphene or MoS; in which solution-processed
bilayer structure of molybdenum oxide and MoS; were used which exhibited a bipolar switching
behavior with a very high switching ratio of 10° and operating voltage (+0.2 V) shown in Fig 2.2.
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Fig. 2.2: Device structure Typical 1-V curve of a MoOx/MoS2 memristor studied by Bessonov et al.[22]

A bipolar RS in monolayer MoS; was reported by Sangwan et al in a field effect geometry with
gate tunable characteristics of -controlled device.Sangwan et al. [7] reported the bipolar resistive
switching effect in the monolayer of MoS> with tunable characteristics of gate-controlled device
in a field effect geometry.

Monolayer of MoS, mediated memory phenomena in this device by the grain boundaries. By

variation of voltage at gate terminal, the threshold voltage of this device was tunable from 3.5 V
to 8 V. Unique aspects of MoS, nanosheets were explored by Cheng et al.[4] by exploring the
consequences of varying MoS; phase on its electrical properties. They proved that the 1 T phase
of exfoliated MoS> nano sheets sandwiched between two Ag electrodes showed a characteristic
bipolar resistive switching effect and operating voltage value of £0.2 V while the 2 H phase of
bulk MoS; exhibited ohmic behavior.

Fan et al.[23] reported a bipolar resistive switching behavior in the Au/MoS,-PVK/ITO (hybrid
nanocomposite of MoS; and poly(N-vinylcarbazole) ).Xia et al.[24] did a study by changing top
electrode material to find that Ag was the most suitable material for the top electrode for memory




devices based on MoS;. Redox reaction takes place inside MoS: thin film due to which Ag
filament is formed easily. Such a device has bipolar resistive switching behavior.Ag is thus the
preferred choice for the top electrode material due to its easy oxidation in MoS; film.Bhattacharjee
et al.[8] studied the resistive memory effect in the active layer of MoS2-PMMA nanocomposite.
Kumar et al.[25] and Prakash et al.[26] reported the RS effect in MoS> based memory device by
using Ni-Mn-In ferromagnetic shape memory alloy and tungsten nitride (W2 N) as bottom
electrode instead of conventional electrode like Au, Pt, ITO, etc. Kim etal.[7] fabricated extremely
low power RF switches by using the memory behavior of MoS, for the next generation
reconfigurable communication systems and loT. A diagrammatic reprentation and
characterization of used materials of their proposed device is shown in fig 2.3.

Fig. 2.3: Device structure and material characterization image. Simplified view of the device structure
signal transmission of monolayer MoS; based RF switches.

Feng et al.[26] achieved a high switching ratio of 107 in a MoS, based RRAM device on a flexible
substrate whose diagram and optical image are shown in Figure 2.4(a). The device showed a
distinctive property of both volatile and NVM behavior in a mono functional layer. Zhai et al.[27]
have fabricated a MoS; based memory device device with a distinctive feature of dual application
i.e. it can be used as a memory device as well as an infrared sensor shown in fig 2.4(b).
Heterostructure of MoS; nanosheets with upconversion nanoparticles (UCNPs) were used as the
functional layer.
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Fig. 2.4: Schematic diagram of (a) Ag/MoS/Ag switch and (b) Fabrication process of MoS;—-UCNPs-based
RRAM device.




The summary of various MoS; based RRAM devices along with their typical characteristics are
listed in Table 3.

Table 3: Summary of MoS,-based RRAM device

Top Bottom Substrate Switching Endur- Retenti Refer

electrode electrode ratio ance on ence

Al MoS,-PVP RGO PET 102 - - [29]
ITO MoS; RGO SiO, 10* - 10° [2]
Ag MoS,/MoOx Ag PEN 109 - 103 [22]
Ag MoS, FTO Glass 108 102 = [23]
Au MoS, Au Si/Sio, 103 - - [30]
Au MoS, Au Si 10 10° - [24]
Ag MoS, Ag Glass - 102 - [31]
Al MoS;-PVP ITO PET 10° 10* 102 [32]
Ag MoS,-PVA Ag PET 102 10° 10° [33]
Ag MoS, ITO Glass 10* 102 103 [34]
Cu MoS,-PMMA ITO PET 10° 10° 10° [35]
Au PMMA/PMMA- FTO Glass 102 102 10* [36]
MoS,QDs/PMMA
Au MoS,/PVK ITO - 102 102 10° [33]
Al MoS,-PVK/ ITO Glass 102 102 - [37]
PEDOT:PSS
Ti/Al/Cu MoS; Ti Si 10 - - [10]
/Ag
Au HfO/M0S,/TiO, TiN - - - - [38]
Al MoS, ITO Glass 10? 104 107 [39]
Ag MoS, Ag Kapton 108 10° [40]
Cr/Au HfO,/ALL,O4/ Cr/Au Si 10* 10? 10° [36]
HfO,/MoS, W, N
Cu MoS, Si 103 103 103 [41]
Ag ZnO/MoS; Ti Ti 2 102 - [42]
Cu MoS, Ni-Mn-In Si 102 102 10° [43]
TilAu MoS, TilAu si - - - [4]
IrO/PY/ Al,04/Ta0,/MoS, TiN - 10° 103 - [44]
Ru
Au MoS, Au Glass 10° 20 10* [45]
ITO HfOx-MoS,-PdNPs ITO Glass 10° 102 10* [21]
Au MoS,/PbS Ti Si 10? 103 10* [46]

Al MoS,-UCNPs ITO Glass 104 102 104 [44]




CHAPTER 3

Synthesis of MoS; using
Chemical VVapor Deposition
(CVD) technique




3.1 CVD technique for synthesis of Molybdenum
DiSulfide ( Mo0S,)

Two Dimensional layered materials such as graphene, transition metal dichalcogenides
(TMDCs), hexagonal boron nitride (h-BN) have gained the attention of the scientific
community due to their potential application in the field of electronic and optoelectronic
device[2]. Various TMDCs that are semiconducting have been widely explored for electronic
devices due to their ultrahigh mobility and semiconducting properties. Several groups have also
investigated the enhanced optical properties of TMDCs in optoelectronic devices such as light-
emitting diodes, phototransistors, and photovoltaics[26]. The potential use of these monolayer
TMDC:s is due to their high absorption coefficient and direct bandgap[47]. The application of
Graphene to semiconductor devices is limited because of zero bandgap and low On/Off ratio.
It acts as a semi-metal and hence no longer useful for semiconductor devices. MoS; emerged
as an alternate choice over graphene because of the direct bandgap and high On/Off ratio. In
literature, several methods have been carried out for the synthesis of the MoS: , which include
hydrothermal process, mechanical exfoliation, and chemical vapour deposition[5]. However,
CVD has found to be the most practical methods to grow large-area TMDCs nanosheets. It has
been most suitable for growing high-quality monolayer TMDCs[28].In the present study,
monolayer MoS2 has been grown using the CVD technique where MoO; and sulfur were used
as the precursor. The results reveal that the growth temperature, precursors concentration, and
distance between precursors are parameters that play a pivotal role in tuning the morphology
and crystalline quality of the MoS, nanosheet[48]. It was observed that the temperature
around 750°C and the distance around 20 cm between the precursors were optimum for
the monolayer growth. The grown triangular flakes have been characterized using Raman
Spectroscopy and Optical microscopy. Two characteristic peaks E>q and A1y were observed at
381.8 cm™* and 401.5 cm't, respectively, with a distance of 19 cm™indicating the monolayer
nature. Tri-layer deposition of MoS; was also reported at the temperature around 750°C and
the distance between the precursors was kept around 21 cm. As the difference between El,
and Alg peaks seem to increase, the monolayer is slowly moving towards the bulk nature.
Optical images can also give us an idea of the layer of MoS; deposited on the substrate. The
contrast between the substrate and the deposition increases with the number of layers[26].




3.2 Experimental Setup for Synthesis of MoS;

MoS: growth on p-type <100> Si/SiO- substrate with oxide thickness 300 nm was carried out
by using MoO- powder (Sigma Aldrich, 99%) and Sulfur powder (Sigma Aldrich, 99.998%)
as precursors in a single zone CVD system. A diamond-tipped cutter was used to cut a 2x2 cm
Si/SiO; substrate out of a wafer of 3-inch diameter. Substrates were first cleaned in acetone
using a digital ultra-sonicator for 10 minutes. Then, the hydrophobic behaviour of the Si/SiO;
wafer was tested under DI water, to reassure cleaning of the wafer. Argon was used as a carrier
gas with a pressure of 100 sccm for the whole process.

Sulfur
. M002

Si/Si0,
Substrate «———

OUTLET

Temperature
Controller

Fig. 3.1: Diagrammatic representation of Single Zone CVD Setup.

A quartz boat holding 50 mg of MoO> was put in the centre of the furnace at 750°C and on the
same boat, Si/SiO> substrate was kept facing downwards. Then at a distance of 22 cm, another
quartz boat holding 200 mg of Sulfur was kept. With a ramping speed of 15°C per minute, the
furnace was heated and the reaction time was set for 30 minutes[9].When the furnace started
to cool down, the hood of the furnace was opened abruptly after few minutes and wasthen let
to cool down at room temperature.
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Fig. 3.2: Profile of furnace temperature vs. Time of process.

3.3 Fabrication of MoS, based Resistive Random-
Access Memory (RRAM) Device

3.3.1 Thermal Deposition of Silver Electrodes

After the monolayer MoS; films were synthesized on the surface of thin-film Ag contacts were
deposited. A common method of Physical vapor deposition is Thermal evaporation. The easy
formation of silver filament due to the redox reaction was the reason why silver was found to be
the most suitable material. 100 mg of Ag was evaporated in a vacuum environment to form a thin
film on the MoS2/Si/SiO; substrate. A lateral structure of the device was fabricated with Ag as
positive and negative electrodes.

Deposition of Ag was carried out using thermal evaporation. Keithley source meter 2450 along
with the DC probe was used for the current-voltage measurement of the fabricated device.
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Fig. 3.3: Diagrammatic representation of thermal evaporation method.

RRAM is generally made up of two conductive electrodes with an insulating layer present in
between forming a metal-insulator-metal structure. This structure can transition between a high-

resistance state (HRS or logic 0) and a low-resistance state (LRS or logic 1) with the application
of an appropriate voltage[8].

3.3.2 Device fabrication and electrical measurement

Fig.3.4: Electrical measurement and diagrammatic side view configurations of MoS; based memory device
with Ag contacts.




Resistive random access memory (RRAM) devices show better performance compared to the
traditional semiconductor electronic devices due to their resistive switching behaviour[49]. The
advantage of using RRAM devices include plain device structure), multi-bit capability, lower
energy consumption and its good compatibility which permits it to be combined into a current
integrated circuit (IC) technology instead of the conventional CMOS. RRAM is also deployed in
neuromorphic computing as a synaptic cell and low-energy consumption computing as a non-
volatile logic circuit.

3.3.3 Conduction mechanism of the MoS, based RRAM device
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Fig. 3.5: Depicts the CF-type conduction mechanism in Ag/MoS,/Ag device.

The sulfur vacancy is the principal defect in the MoS2 monolayer but it does not provide a low-
resistance path in its indigenous form. However, silver ions, drifting from one electrode to the
other electrode can be replaced into the sulfur vacancy, which results in a conducting local density
of states (LDOS), which directs it to a low resistive state. On applying a reverse electric field Ag
atoms are removed, the system goes back to a high resistive state as the defects retrieve to their
initial vacancy structure. At an atomic level, this switching mechanism is similar to the formation
of a conductive bridge memory. The silver atoms present at the positively biased electrode become
positively charged silver ions after losing their electrons (Ag — Ag" + e ) in the SET process.
These ions are attracted by the sulfur vacancies and are simultaneously reduced (Ag* + e — Ag),
setting up a conductive path. The process in which the conductive filament connecting both the
electrodes is formed is known as electroforming. ‘Electroforming’ or simply ‘forming’ is a
necessary pre-treatment process in resistive switching. The application of either a voltage or a
current leads to the development of conductive filament and consequently decreasing the cell’s
resistance. Now if we apply a voltage sweep, cell’s resistance can decrease drastically at a certain
voltage which causes a large increase in the power dissipation. This can destroy the cell and cause
dielectric breakdown.




The resistive-switching behaviour is divided into two types unipolar and bipolar depending on
voltage polarity.

(a) Unipolar (b) Bipolar
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Fig.3.6. shows the current-voltage characteristics of devices with (a) unipolar switching and (b) bipolar
switching.

Resistive switching is caused by a voltage having the same polarity in the case of unipolar
switching, as shown in Figure 7(a) whereas in bipolar switching, shown in Figure 7(b), one
polarity is employed to transition from HRS to LRS, and the opposite polarity to change back into
HRS. The particular voltage at which the memory device transitions from ON to OFF state that
means from low resistance state (LRS) to high resistance state (HRS) is referred to as RESET
voltage while the switching OFF to ON state i.e., from HRS to LRS is referred to as the SET
voltage. The resistive memory behaviour is explained by RESET and SET switching voltages.
The mechanism behind the Set and Reset process is the formation and the breakage of conductive
filaments which causes the resistance switching (RS) in the devices. The development and the
rupture usually occur at the thinnest portion of the conducting filament owing to the
electrochemical dissolution or joule heating[50].

In this study, two Ag electrodes with MoS> present in between define the memristor channel.
Development and rupture of the conductive filament connecting the two electrodes having the
monolayer MoS; film present in between attribute to the switching of the states.




CHAPTER 4

RESULT AND DISCUSSION




4.1 Characterization

Primary judgment about the number of layers, location, and shape of the prepared samples was
made using optical microscopy(Nikon Eclipse LV100) and Raman spectroscopy. The position of
characteristics Raman peaks also gives us details about whether the layer deposited is monolayer
or multilayer in nature.

4.1.1 Optical Spectroscopy

Optical images of the continuous thin film of MoS, grown on Si/SiO> substrate are shown in
Tables 1,2,3. On observing the optical images of the triangular flakes, a lot about the number of
layers can be concluded. The growth area of the substrate is 1 cm x 1 cm, which is limited because
of the small diameter of the quartz boat that was kept in CVD. On the edges of the deposited thin
film, triangular flakes with edge lengths ranging from 10-45 um were observed. Isolated triangular
islands were observed of Monolayer MoSz, whose size ranges from few microns to tens of
microns.

Fig. 4.1: Images showing a continuous thin film of MoS, grown on Si/SiO; substrate.




In addition to triangular islands, some other shapes like stars, and hexagons were also observed.
Hexagon or merging islands are formed due to the over-deposition of MoO- , while star shapes
are seen when the temperature of the central zone of CVD was not high enough[51]. Nucleation
sites that appeared on the surface of the monolayer were resultant of the dislocation defects that
occurred during the growth process. These are caused because of an excess amount of unreacted
MoO; or excess sulfur, which created an additional site for nucleation. Owing to the longer
growth/reaction time, it was found that somemonolayer

MoS: islands were overlapping with one another[19]. This resulted in the formation of bilayer
and multilayer structures[27].Triangular flakes with edge lengths ranging from 10-45 um were
observed of the deposited thin film. An excess amount of unreacted MoO or excess sulfur created
an additional site on the surface of the monolayer MoS, for nucleation which caused the
dislocation defects that occurred during the synthesis process[52]. When the thin film grown on
the substrate was exposed to longer growth/reaction time, it was observed that few monolayer
MoS; islands were overlapping with one another which resulted in the formation of bulk
structures[53].

4.1.2 Raman Spectra
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Fig. 4.2: Raman of MoS; thin film layer on Si/SiO, showing the region with the prominent E2g1 and Alg
peaks.

The corresponding wavenumber difference between these twocharacteristic peaks is 25 cm™,
23 cm?, and 19 cm™ respectively. Thus, we have successfully grown large-sized, high-quality
MoS: crystals.




Raman spectroscopy is a characterization tool that is used to study different crystalline structures
of MoS,[47] . Monochromatic laser light of wavelength 532 nm is in-elastically scattered in the
visible, near-infrared, or near UV region The laser light interacts with molecular vibrations or
phonons resulting in a shift in the energy of scattered light which gives details about vibrational
modes in the system. MoS; has two characteristic peaks known as E'z4 (in-plane mode) in which
the two sulfur atoms vibrate in opposite directions to the molybdenum atoms and Asg (out-of-
plane mode) in which the two sulfur atoms vibrate in opposite directions perpendicular tothe plane
and the frequency difference between two indicates the number of layers. When the number of
layersreduces from multi-layer to monolayer the Ay vibration mode undergoes a redshift while
El,q vibration mode undergoes a blue shift.In figure 4, The bulk, tri-layer, and monolayer regions
show E'yy peaks at 383 cm™, 383 cm™, 385 cm™ and Ay peak at 408 cm™, 406 cm™, 404 cm™
respectively.

4.1.3 Photoluminescence Spectroscopy (PL)

PL measurements were done to further confirm the presence of monolayer MoS; using a 532 nm
laser (Figure 4). Strong photoluminescence in monolayer MoS:; is seen at the direct excitonic
transition energies which are not present in the indirect bandgap bulk MoS; films[10]. Ground
state A-exciton emission is observed when a transition occurs between the conduction band and
the highest valence band at the K-points[23]
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Fig. 4.3: Photoluminescence spectra of CVD-grown monolayer MoS..

This peak is observed at 674nm (1.84 eV) which appears because of the direct intraband
recombination of the photo-generated electron-hole pairs. Thus from the PL spectra, we can
conclude monolayer MoS; manifest a direct bandgap of 1.84eV.




4.2 Fabricated monolayer MoS; based RRAM Device

Thin-layer two-dimensional (2D) materials, particularly monolayer MoS2, have unlocked new
doors in the fabrication of small-scale electronic devices because of their excellent optical and
electrical properties. The current techniques for the fabrication of thin layers of MoS; include
mechanical and liquid exfoliation, physical vapor deposition, and chemical vapor deposition.
Various scientific groups have followed multiple procedures for the good crystalline growth of
monolayer MoS;. The chemical vapor deposition (CVD) technique is the most victorious and
authentic method for large-scale and thickness-dependent growth among all the other known
methods. The growth conditions, shape and size of MoS; flakes are considerably dominated by
factors including pressure, growth temperature, growth time, the concentration of precursors,
etc..Molybdenum Disulfide (MoS;) is an n-type semiconductor that has emerged as the most
suitable contender in electronic devices. Monolayer MoS, which is diamagnetic undergoes a
transition to direct bandgap from indirect bandgap when the layer number decreases from the
bulk form to monolayer. As the number of layers increases, the bandgap decreases. Various
approaches to fabricate MoS; include liquid intercalation, hydrothermal method, mechanical
exfoliation, and chemical vapor deposition (CVD). In this study, we have overcome the
challenge of synthesizing high-quality monolayer films of MoS,. The growth of monolayer
MoS: films was successfully done by optimizing various parameters like concentration, reaction
time, reaction temperature, pressure, and placements of boats. Field-effect transistors (FETS)
based on monolayer MoS; have pre-eminent importance in future electronic applications such
as data storage, memory, optoelectronics, quantum optics, communication, etc. because of their
high ON/OFF current ratios, their high electron-hole mobility, low operation power, and good
photo-responsivity. In this study, the CVD technique was used wherein MoO2 powder and
sulphur powder were used as reactants. Raman spectroscopy and photoluminescence (PL)
spectroscopy were carried out to assess the optical as well as structural properties of the grown
MoS; thin films. The Raman characteristic peaks 384cm™ (Ezg) and 404cm™ (A1g) manifest that
the grown film is monolayer MoS.. A pronounced emission peak was observed at 674 nm in the
photoluminescence spectrum of monolayer MoS». The results revealed that we have grown
monolayer MoS; with an optical bandgap of 1.84eV.

RRAM is a two-terminal structure that is operated by applying a sufficiently high voltage which
changes the resistance state to store information in a non-volatile manner.

We have studied MoS> based devices for memory applications particularly for fabrication of
RRAM , and have obtained the desired result for electric switching between the semiconductor
phase to the metallic phase. The device was fabricated using thermal evaporation of silver onto
the thin films of MoS, on SiO2/Si substrate. In literature, various electrodes like tin, copper,
silver, and aluminium were used for MoS; based memory devices. The redox reaction that takes
place inside MoS; thin films due to the easy formation of silver filament is the reason why silver
is found to be the most suitable material for the fabrication of memory device. Monolayer MoS:
based memory devices show faster switching due to the high On/off ratio. The RRAM device
show promising features because of their probable scalability, high endurance, high operation
speed, and process flow ease in comparison to the flash memories.




4.3 Experimental Results

4.3.1 Effect of Variation of parameters on the growth of MoS:

Table 4: Effect of Concentration of Precursors.

S.No | Mo0O2 Sulfur Distance Temperature of | Reaction Inference Optical Images
(Weight | (Weight | b/w boats | the centre zone | time
in mg) in mg) (incm) (in°C) (in
minutes)
1. 40 160 20 750 20 Bi-layer
(triangle)
2. 20 160 20 750 20 Excess
Sulfur
3. 60 240 20 750 20 Bulk
(Merging
islands)




Table 5:

Effect of Distance between Boats containing Precursors

Optical Images

S.No. | MoO2 Sulfur Distance Temperature of | Reaction Inference
(Weight  |(Weight b/w boats | the centre zone | time
in mg) in mg) (incm) (in°C) (in
minutes)
1. 50 200 22 750 20 Bulk
(Merging
Islands)
2. 50 200 21 750 20 Tri-Layer.
3. 50 200 19 750 20 Bulk
(Unreacted
Mo0O2)




Table 6: Effect of Temperature of the central zone of CVD

Optical Images

S.No | MoO; Sulfur Distance Temperature of | Reaction | Inference
(Weight | (Weigt | b/w boats | the center zone | time
in mg) in mg) (incm) (in°C) (in
minute)
1. 50 200 20 720 20 Bulk
2. 50 200 20 750 20 Monolayer
(triangle)
3. 50 200 20 780 20 Bulk




4.4 Transfer characteristics of prepared RRAM
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Fig. 4.4: (a) linear plot and (b) semi-logarithmic plot for the same two-probe transfer characteristics for a typical
Ag/M0Sy/Ag device. The voltage was swept in the sequence of 0 V— 7V — 0V — -7 V. — 0 V, as shown by the

coloured arrows with the four sweeps labelled as 1, 2, 3 and 4.

Dielectric breakdown causes an indefinite decrease in the cell’s resistance which makes the transition back
to the HRS not possible. To avoid such a situation a current compliance function is provided that can
manage the maximum current (known as compliance current) flowing in the cell. D.C. electrical
measurements were performed on the prepared Ag/MoS,/Ag device configuration by sweeping the tip

bias. It is observed that the device manifest bipolar switching with On/Off ratio of 102,




CHAPTER 5

Conclusion and Future Scope




5.1 Conclusion

In the present work, the effect of various parameters in the synthesis of the MoS2 films on Si/SiO2
substrate by single-zone chemical vapor deposition technique using MoO2 and sulfur as precursors is
studied. The MoS2 films synthesized were monolayer, tri-layer, and bulk in nature, as reported by Raman
Spectroscopy and Optical Microscopy. The presence of monolayer film was attested by optical
microscopy, Raman spectroscopy, and Photoluminescence Spectroscopy. It may be highlighted that the
role of concentration of precursors, the temperature of the furnace, and distance between boats carrying
precursors were found to be pivotal in the desired growth of the monolayer MoS2.

Further we have explained the resistive switching mechanism in Ag/MoS2/Ag memory device. The
formation/rupture of conductive filament has been demonstrated elaborately for the prepared device. The
fabricated Ag/MoS2/Ag memory device exhibits a bipolar resistive switching phenomenon. This study
opens more doors for RRAM devices in future non-volatile memory applications.

After Graphene, MoS; is one of the most widely explored TMDs for the fabrication of non-volatile
RRAMs. Other 2D materials such as WS;, MoSe2, WSe> and hBN are also explored as the active layer of
future NVMs.

Based on the procured results, the following conclusions can be deduced:

a) The results revealed that the growth temperature, precursors concentration, and distance between
precursors are parameters that play a pivotal role in tuning the morphology and crystalline quality
of the M0S2 nanosheets.

b) It was observed that the temperature around 750:: C and the distance around 20 cm between the
precursors were optimum for the monolayer growth.

c) As the difference between E2g and Alg peaks seem to increase, the monolayer is slowly moving
towards the bulk nature.

d) Even when the same active layer of MoS: is used, the memory characteristics are different from
each other. That implies that there must be some other factors that are controlling the characteristics
of the RRAM devices i.e. thickness of the deposited thin film, electrode’s element etc.

e) Desired results for electric switching between the semiconductor phase to the metallic phase were
obtained.

f) The redox reaction that takes place inside MoS2 thin films due to the easy formation of silver
filament is the reason why silver is found to be the most suitable material for fabrication of memory
device.

g) Monolayer MoS2 based memory devices show faster switching due to the high On/off ratio.




5.2 Future Scope

Within only a decade of research on 2D-materials based RRAMSs, they have shown a promising future
with a comparatively low voltages of operation and better switching speeds.On the basis of previous research on
2D-materials based RRAMs, following conclusions can be drawn :

a)

b)

c)

d)

One of the key areas in the development of 2D materials based RRAMs is the various fabrication
techniques.There are various techniques of the fabrication being developed for RRAMS, but none
of them is found to be effective in manufacturing devices on larger scale and industrial level.
Second area where there is scope of development is to make the fabrication process of these layers
of 2D-materials to be transfer-free. The transfer-free fabrication will lead to a crack-free surface
which inturn will increase the device characeristics and switching mechanisms.

Better device designs and structures can be opted for finer device performance. Different designs
of fabrication, materials and layers have been varied to better the performance of theRRAMSs
devices based on the 2D-materials.

Another significant area open for further research is to explore the switching mechanism and
resistive behaviour. This can be done chosing different material for electrodes and by varying the
thickness of the thin-films.

Lack of efficient characterization technique for the nanosurfaces is another area for development
in the field of development of 2D-materials based RRAMs.

A pocket friendly development system can be made if simulation softwares like COMSOL is used
to design the devices by varying parameters like film thickness, structure of device to monitor its
effect on resistive behaviour and conduction mechanism.

Better
fabrication
techniques

Fig. 5.1: Future proscpect of 2D-materials based RRAM devices.
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Abstract

Two-dimensional (2D) Transition Metal Dichalcogenides (TMDCSs) have been engrossing a broad range of scientific
interests due to their outstanding properties. Among all the explored TMDCs, MoS, has been eyeing the most
attention. In the present study, monolayer MoS2 has been grown on Si/SiO2 substrate using the Chemical Vapor
Deposition(CVD) technique, where MoO- and sulfur were used as the precursor. The sample was further studied
using various characterization techniques viz. Raman Spectroscopy, and Optical Microscopy which showed that MoS,
can be fabricated on SiO, substrate by maintaining the temperature at 750°C for 15 to 30 minutes.

Keywords: Transition Metal Dichalcogenides; Chemical Vapor Deposition; Optical microscope; Raman
Spectroscopy.

1. Introduction

Two Dimensional layered materials such as graphene, transition metal dichalcogenides (TMDCs), hexagonal
boron nitride (h-BN) have gained the attention of the scientific community due to their potential application in
the field of electronic and optoelectronic devices®. Various TMDCs that are semiconducting have been widely
explored for electronic devices due to their ultrahigh mobility and semiconducting properties?2. Several groups
have also investigated the enhanced optical properties of TMDCs in optoelectronic devices such as light-emitting
diodes, phototransistors, and photovoltaics?*°, The Qotential use of these monolayer TMDC:s is due to their high
absorption coefficient and direct bandgap. The application of Graphene to semiconductor devices is limited
because of zero bandgap and low On/Off ratio®. It acts as a semi-metal and hence no longer useful for
semiconductor devices’.MoS2 emerged as an alternate choice over graphene because of the direct bandgap and
high On/Off ratio. In literature, several methods have been carried out for the synthesis of the MoS2, which include
hydrothermal process, mechanical exfoliation, and chemical vapour deposition®. However, CVD has found to be
the most practical methods to grow large-area TMDCs nanosheets. It has been most suitable for growing high-
quality monolayer TMDCs®*°.1n the present study, monolayer MoS2 has been grown using the CVD technique
where MoO; and sulfur were used as the precursor. The results reveal that the growth temperature, precursors
concentration, and distance between precursors are parameters that play a pivotal role in tuning the morphology
and crystalline quality of the MoS; nanosheet'*!2, It was observed that the temperature around 750°C and the
distance around 20 cm between the precursors were optimum for the monolayer growth*®!4, The grown
triangular flakes have been characterized using Raman Spectroscopy and Optical microscopy. Two characteristic
peaks Epq and Aiq Were observed at 381.8 cm and 401.5 cm'?, respectively, with a distance of 19 cm?indicating
the monolayer nature®!1215-17 Tri-layer deposition of MoS2 was also reported at the temperature around
750°C and the distance between the precursors was kept around 21 cm. As the difference between E,gand Alg
peaks seem to increase, the monolayer is slowly moving towards the bulk nature.Optical images can also give us
an idea of the layer of MoS2 deposited on the substrate. The contrast between the substrate and the deposition
increases with the number of layer.
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2. Experimental Setup

MoS2 growth on p-type <100>Si/SiO2 substrate with oxide thickness 300 nm was carried out by using MoO2
powder (Sigma Aldrich, 99%) and Sulfur powder (Sigma Aldrich, 99.998%) as precursors in a single zone CVD
system. A diamond-tipped cutter was used to cut a 2x2 cm Si/SiOz substrate out of a wafer of 3-inch diameter.
Substrates were first cleaned in acetone using a digital ultra-sonicator for 10 minutes. Then, the hydrophobic
behaviour of the Si/SiO2 wafer was tested under DI water, to reassure cleaning of the wafer. Argon was used as a
carrier gas with a pressure of 100 sccm for the whole process.

Si/Si0,
Substrate«———

OUTLET

Figure 1: Diagrammatic representation of Single Zone CVD Setup.

A quartz boat holding 50 mg of MoO. was put in the centre of the furnace at 750°C and on the same boat, Si/SiO2
substrate was kept facing downwards. Then at a distance of 22 cm, another quartz boat holding 200 mg of Sulfur
was kept. With a ramping speed of 15°C per minute, the furnace was heated and the reaction time was set for 30
minutes.When the furnace started to cool down, the hood of the furnace was opened abruptly after few minutes
and wasthen let to cool down at room temperature.
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Figure 2: Profile of furnace temperature vs. Time of process.




3. Characterization

Primary judgment about the number of layers, location, and shape of the prepared samples was made using optical
microscopy(Nikon Eclipse LVV100) and Raman spectroscopy. The position of characteristics Raman peaks also
gives us details about whether the layer deposited is monolayer or multilayer in nature.

4. Result and Discussion
4.1 Optical Spectroscopy

Optical images of the continuous thin film of MoS2 grown on Si/SiOz2 substrate are shown in Tables 1,2,3. On
observing the optical images of the triangular flakes, a lot about the number of layers can be concluded.? The
growth area of the substrate is 1 cm x 1 cm, which is limited because of the small diameter of the quartz boat that
was kept in CVD. On the edges of the deposited thin film, triangular flakes with edge lengths ranging from 10-45
pm were observed. Isolated triangular islands were observed of Monolayer MoSz, whose size ranges from few
microns to tens of microns. In addition to triangular islands, some other shapes like stars, and hexagons were also
observed. Hexagon or merging islands are formed due to the over-deposition of MoOz2, while star shapes are seen
when the temperatureof the central zone of CVD was not high enough. Nucleation sites that appeared on the
surface of the monolayer were resultant of the dislocation defects that occurred during the growth process'®’.
These are caused because of an excess amount of unreacted MoO2 or excess sulfur, which created an additional
site for nucleation. Owing to the longer growth/reaction time, it was found that somemonolayer MoSzislands were
overlapping with one another®. This resulted in the formation of bilayer and multilayer structures.

Table 1: Effect of Concentration of Precursors.

S.No | MoO2 Sulfur Distance Temperature of | Reaction Inference Optical Images
(Weight | (Weight | b/wboats | the centre zone | time
in mg) in mg) (incm) (in°C) (in
minutes)
1. 40 160 20 750 20 Bi-layer
(triangle)
2. 20 160 20 750 20 Excess
Sulfur
3. 60 240 20 750 20 Bulk
(Merging

islands)




Table 2: Effect of Distance between Boats containing Precursors

S.No. | MoO2 Sulfur Distance Temperature of | Reaction Inference Optical Images
(Weight  |(Weight b/wboats | the centre zone | time
in mg) in mg) (in cm) (in°C) (in
minutes)
1. 50 200 22 750 20 Bulk
(Merging
Islands)
2. 50 200 21 750 20 Tri-Layer.
3. 50 200 19 750 20 Bulk
(Unreacted
Mo02)
Table 3: Effect of Temperature of the central zone of CVD
S.No | MoO; Sulfur Distance Temperature of | Reaction Inference Optical Images
(Weight (Weigt b/w boats | the center zone time
in mg) in mg) (incm) (in°C) (in
minute)
1. 50 200 20 720 20 Bulk
2. 50 200 20 750 20 Monolayer
(triangle)
3. 50 200 20 780 20 Bulk




4.2 Raman Spectra
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Fig. 4: Raman of MoS: thin film layer on SiO2/Si showing the region with the prominent Ez¢" and Aug
peaks.

Raman spectroscopy is a characterization tool that is used to study different crystalline structures of MoSo.
Monochromatic laser light of wavelength 532 nm is in-elastically scattered in the visible, near-infrared, or near
UV region*!. The laser light interacts with molecular vibrations or phonons resulting in a shift in the energy of
scattered light which gives details about vibrational modes in the system?3. MoS2 has two characteristic peaks
known as E 3,4 (in-plane mode) in which the two sulfur atoms vibrate in opposite directions to the molybdenum
atoms and Aaig (out-of-plane mode) in which the two sulfur atoms vibrate in opposite directions perpendicular to
the plane and the frequency difference between two indicates the number of layers®®. When the number of layers
reduces from multi-layer to monolayer the Aig vibration mode undergoes a redshift while Ei’zg vibration mode
undergoes a blue shift'4.In figure 4, The bulk, tri-layer, and monolayer regions show E,4 peaks at 383 cm™, 383
cm?, 385 cm? and Ay peak at 408 cm™, 406 cm?, 404 cm™ respectively. The corresponding wavenumber
difference between these twocharacteristic peaks is 25 cm™, 23 cm?, and 19 cm? respectively®?. Thus, we
have successfully grown large-sized, high-quality MoS; crystals.

5. Conclusion

In the present work, the effect of various parameters in the synthesis of the MoS: films on Si/SiO2 substrate by
single-zone chemical vapour deposition technique using MoOzand sulfur as precursors is studied. The MoSz2 films
synthesized were monolayer, tri-layer, and bulk in nature, as reported by Raman Spectroscopy and Optical
Microscopy. It may be highlighted that the role of concentration of precursors, the temperatureof the furnace,
and distance between boats carrying precursors was found to be pivotal in the desired growthof the monolayer
MoSa2.
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Abstract: Graphene is a semimetal with zero bandgap which has
imposed a limit on its applications in field-effect transistors and
optoelectronics. Owing to this fact, other 2D materials such as h-BN,
MXenes, phosphorene, and TMDCs were explored for their potential
use in various electronic devices. Transition metal dichalcogenides
(TMDCs) show excellent optical, mechanical, and electronic
properties because they have a bandgap that is tunable and they exhibit
a transition from indirect to direct bandgaps. Molybdenum disulfide
(MoSy) is one of the most quintessential TMDCs with a 1.84 eV direct
bandgap in monolayer form which makes it scientifically as well as
industrially  important. ~ Monolayer MoS; shows intense
photoluminescence because of the quantum confinement effect. Here
in this study, CVD Technique was employed for the synthesis of
monolayer MoS; on Si/SiO; substrate. MoO; and sulfur powder were
used as precursors. Several parameters including the growth
temperature, precursors concentration, distance between precursors,
and pressure of carrier gas were optimized for the monolayer growth.
The grown film was investigated by using various characterization
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technigues including Optical Microscopy, Raman Spectroscopy, and
Photoluminescence spectroscopy. The results revealed that precursor
concentration (MoO2 = 50mg and S = 200mg) at temperature 750°C
and the boats containing the precursors kept at a distance of 22cm were
found optimum for the monolayer growth. We have further studied the
switching characteristics of the CVD-grown monolayer MoS; based
RRAM device. Silver electrodes were deposited on the grown sample
to form a planar MIM structure i.e., Ag/M0S2/Ag. The typical I-V
characteristics of the fabricated metal-insulator-metal (MIM) structure
were studied using the two probe measurement technique.

Keywords. Non-volatile memory devices; Transition Metal Dichalcogenides;
Photoluminescence spectroscopy; Raman Spectroscopy; Resistive random access
memory

1 Introduction

Thin-layer two-dimensional (2D) materials, particularly monolayer MoS,
have unlocked new doors in the fabrication of small-scale electronic devices
because of their excellent optical and electrical properties[49]. The current
techniques for the fabrication of thin layers of MoS; include mechanical
and liquid exfoliation, physical vapor deposition, and chemical vapor
deposition[54]. Various scientific groups have followed multiple
procedures for the good crystalline growth of monolayer MoS,. The
chemical vapor deposition (CVD) technique is the most victorious and
authentic method for large-scale and thickness-dependent growth among all
the other known methods[55][23]. The growth conditions, shape and size
of MoS; flakes are considerably dominated by factors including pressure,
growth temperature, growth time, the concentration of precursors,
etc.[32].Molybdenum Disulfide (MoSy) is an n-type semiconductor that has
emerged as the most suitable contender in electronic devices. Monolayer
MoS; which is diamagnetic undergoes a transition to direct bandgap from
indirect bandgap when the layer number decreases from the bulk form to
monolayer. As the number of layers increases, the bandgap decreases.
Various approaches to fabricate MoS, include liquid intercalation,
hydrothermal method, mechanical exfoliation, and chemical vapor
deposition (CVD). In this study, we have overcome the challenge of
synthesizing high-quality monolayer films of MoS,. The growth of
monolayer MoS; films was successfully done by optimizing various
parameters like concentration, reaction time, reaction temperature,
pressure, and placements of boats. Field-effect transistors (FETS) based on
monolayer MoS, have pre-eminent importance in future electronic




applications such as data storage, memory, optoelectronics, quantum optics,
communication, etc. because of their high ON/OFF current ratios, their high
electron-hole mobility, low operation power, and good photo-responsivity
[10]. In this study, the CVD technique was used wherein MoO; powder and
sulphur powder were used as reactants. Raman spectroscopy and
photoluminescence (PL) spectroscopy were carried out to assess the optical
as well as structural properties of the grown MoS thin films[5]. The Raman
characteristic peaks 384cm™ (Ezg) and 404cm? (Aiq) manifest that the
grown film is monolayer MoS;[27]. A pronounced emission peak was
observed at 674 nm in the photoluminescence spectrum of monolayer
MoS;[53][26]. The results revealed that we have grown monolayer MoS;
with an optical bandgap of 1.84eV[56].

We have studied MoS; based devices for memory applications, and have
obtained the desired result for electric switching between the semiconductor
phase to the metallic phase[2]. The device was fabricated using thermal
evaporation of silver onto the thin films of MoS; on Si/SiO; substrate[7]. In
literature, various electrodes like tin, copper, silver, and aluminium were
used for MoS; based memory devices[57].

The redox reaction that takes place inside MoS; thin films due to the easy
formation of silver filament is the reason why silver is found to be the most
suitable material for the fabrication of memory device[9].

Monolayer MoS; based memory devices show faster switching due to the
high On/off ratio[6]. These RRAM devices have shown promising features
because of their probable scalability, high endurance, high operation speed,
and process flow ease in comparison to the flash memories[47]. RRAM is
a two-terminal structure that is operated by applying a sufficiently high
voltage which changes the resistance state to store information in a non-
volatile manner.




2 Experimental Procedure

2.1

Fabrication of Monolayer MoS: thin film

Films of MoS; were grown on Si/SiO; substrate of 300 nm oxide thickness.
In the Chemical vapor deposition (CVD), the precursors used were Sulphur
(Sigma Aldrich, 99.98%) and Molybdenum dioxide(MoQ2) powder (Sigma
Aldrich, 99.998%). The Si/SiO, wafer of the diameter of 3-inch was cut using
a diamond cutter into dimensions of 4x4 cm. Then the substrates were cleaned
using acetone for 10 minutes in the digital ultra-sonicator. To remove any
remains of acetone from the surface, substrates were washed using de-ionized
water[3]. The pressure of the career gas, i.e. Argon was kept constant at 50
sccm, throughout the whole process. The furnace was heated at a ramping
speed of 15 °C per minute and the reaction time was set for 15 minutes[26].
After the reaction took place the furnace was allowed to cool down naturally
to room temperature.
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Fig. 1: Diagrammatic representation of chemical vapour disposition.




2.2 Fabrication of MoS; memristors

After the monolayer MoS; films were synthesized on the surface of thin-film
Ag contacts were deposited. A common method of Physical vapor deposition
is Thermal evaporation. The easy formation of silver filament due to the redox
reaction was the reason why silver was found to be the most suitable material.
100 mg of Ag was evaporated in a vacuum environment to form a thin film
on the MoS,/Si/SiO; substrate. A lateral structure of the device was fabricated
with Ag as positive and negative electrodes.
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Fig. 2: Diagrammatic representation of thermal evaporation method.







3 Results and Discussion

3.1 Optical Microscopy

Fig. 3: Images showing a continuous thin film of MoS2 grown on Si/SiO2
substrate.

Triangular flakes with edge lengths ranging from 10-45 pum were observed of the
deposited thin film[58]. An excess amount of unreacted MoO; or excess sulfur
created an additional site on the surface of the monolayer MoS; for nucleation
which caused the dislocation defects that occurred during the synthesis
process[59]. When the thin film grown on the substrate was exposed to longer
growth/reaction time, it was observed that few monolayer MoS; islands were
overlapping with one another which resulted in the formation of bulk
structures[51].

3.2 Photoluminescence Spectroscopy (PL)

PL measurements were done to further confirm the presence of monolayer MoS;
using a 532 nm laser (Figure 4). Strong photoluminescence in monolayer MoS: is
seen at the direct excitonic transition energies which are not present in the indirect
bandgap bulk MoS; films[47]. Ground state A-exciton emission is observed when
a transition occurs between the conduction band and the highest valence band at
the K- points.
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Fig. 4: Photoluminescence spectra of CVD-grown monolayer MoS..

This peak is observed at 674nm (1.84 eV) which appears because of the direct
intraband recombination of the photo-generated electron-hole pairs. Thus from the
PL spectra, we can conclude monolayer MoS; manifest a direct bandgap of
1.84eV[50].

3.3 Raman Spectra

In-elastic scattering of monochromatic laser light of wavelength 532 nm in the
visible, near-infrared, or near UV region occurs due to interaction with molecular
vibrations the outcome of which is a change in the energy of scattered light which
attributes to the vibrational modes in the system[9]. Two characteristic peaks are
Agq (or the out-of-plane mode) in which sulfur atoms are found to be vibrating in
opposite directions perpendicular to the plane and Eq (or the in-plane mode) in
which sulfur atoms are found to be vibrating in opposite directions to the
molybdenum atom are observed in the Raman spectra of MoS..
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Fig. 5: For the study of different crystalline structures of MoS», we have used
Raman spectroscopy.

The frequency difference between the two peaks is utilized to calculate the layer
number in MoS; film. The corresponding wavenumber difference between these
two characteristic peaks was observed to be 20 cm™* which indicates the monolayer
nature[3].

3.4 Devices fabrication and electrical measurement

0O

Fig.6: Electrical measurement and diagrammatic side view configurations of MoS2
based memory device with Ag contacts.




Deposition of Ag was carried out using thermal evaporation. Keithley source
meter 2450 along with the DC probe was used for the current-voltage
measurement of the fabricated device.

Resistive random access memory (RRAM) devices show better performance
compared to the traditional semiconductor electronic devices due to their resistive
switching behaviour [8]. The advantage of using RRAM devices include plain
device structure), multi-bit capability, lower energy consumption and its good
compatibility which permits it to be combined into a current integrated circuit (1C)
technology instead of the conventional CMOS[56]. RRAM is also deployed in
neuromorphic computing as a synaptic cell and low-energy consumption
computing as a non-volatile logic circuit.

RRAM is generally made up of two conductive electrodes with an insulating layer
present in between forming a metal-insulator-metal structure. This structure can
transition between a high-resistance state (HRS or logic 0) and a low-resistance
state (LRS or logic 1) with the application of an appropriate voltage[7].The
resistive-switching behaviour is divided into two types unipolar and bipolar
depending on voltage polarity[9].
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Fig.7. shows the current-voltage characteristics of devices with (a) unipolar switching
and (b) bipolar switching

Resistive switching is caused by a voltage having the same polarity in the case of
unipolar switching, as shown in Figure 7(a) whereas in bipolar switching, shown
in Figure 7(b), one polarity is employed to transition from HRS to LRS, and the
opposite polarity to change back into HRS.




The particular voltage at which the memory device transitions from ON to OFF
state that means from low resistance state (LRS) to high resistance state (HRS) is
referred to as RESET voltage while the switching OFF to ON state i.e., from HRS
to LRS is referred to as the SET voltage. The resistive memory behaviour is
explained by RESET and SET switching voltages.

The mechanism behind the Set and Reset process is the formation and the breakage
of conductive filaments which causes the resistance switching (RS) in the devices.
The development and the rupture usually occur at the thinnest portion of the
conducting filament owing to the electrochemical dissolution or joule heating.In
this study, two Ag electrodes with MoS; present in between define the memristor
channel. Development and rupture of the conductive filament connecting the two
electrodes having the monolayer MoS; film present in between attribute to the
switching of the states[57][19].
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Fig. 8: Depicts the CF-type conduction mechanism in Ag/MoS,/Ag device.

The sulfur vacancy is the principal defect in the MoS; monolayer but it does not
provide a low-resistance path in its indigenous form[5]. However, silver ions,
drifting from one electrode to the other electrode can be replaced into the sulfur
vacancy, which results in a conducting local density of states (LDOS), which
directs it to a low resistive state. On applying a reverse electric field Ag atoms are
removed, the system goes back to a high resistive state as the defects retrieve to
their initial vacancy structure[6]. At an atomic level, this switching mechanism is
similar to the formation of a conductive bridge memory[57]. The silver atoms
present at the positively biased electrode become positively charged silver ions
after losing their electrons (Ag — Ag* + €7 ) in the SET process. These ions are
attracted by the sulfur vacancies and are simultaneously reduced (Ag* + e — Ag),
setting up a conductive path[9]. The process in which the conductive filament
connecting both the electrodes is formed is known as -electroforming.
‘Electroforming” or simply ‘forming’ is a necessary pre-treatment process in
resistive switching[28]. The application of either a voltage or a current leads to the
development of conductive filament and consequently decreasing the cell’s
resistance[8].




Now if we apply a voltage sweep, cell’s resistance can decrease drastically at a
certain voltage which causes a large increase in the power dissipation[57]. This can
destroy the cell and cause dielectric breakdown[28].
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Fig. 9: (a) linear plot and (b) semi-logarithmic plot for the same two-probe
transfer characteristics for a typical Ag/MoS2/Ag device. The voltage was
swept in the sequence of 0 V—> 7V - 0V — -7V — 0V, as shown by the
coloured arrows with the four sweeps labelled as 1, 2, 3 and 4.

Dielectric breakdown causes an indefinite decrease in the cell’s resistance which
makes the transition back to the HRS not possible[56]. To avoid such a situation a
current compliance function is provided that can manage the maximum current
(known as compliance current) flowing in the cell. D.C. electrical measurements
were performed on the prepared Ag/MoS,/Ag device configuration by sweeping
the tip bias[8][2][26]. It is observed that the device manifest bipolar switching[28].
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Fig.10: (a)Two similar contacts configuration of both electrodes causes the
current-voltage curves to be symmetric around the zero bias (b) Set switching is
exhibited by Threshold switching which at a certain voltage (V) leads to the low
resistance state which can be retained till a certain voltage (Vrest) is lower than the
applied voltage.




4 Conclusions

In summary, Monolayer MoS; film was grown on 300nm SiO2/Si substrate via the
CVD technique. The presence of monolayer film was attested by optical
microscopy, Raman spectroscopy, and Photoluminescence Spectroscopy. Further,
we have explained the resistive switching mechanism in Ag/MoS2/Ag memory
device. The formation/rupture of conductive filament has been demonstrated
elaborately for the prepared device. The fabricated Ag/MoS2/Ag memory device
exhibits a bipolar resistive switching phenomenon. This study opens more doors
for RRAM devices in future non-volatile memory applications.
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