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Abstract

In-situ TEM observation of electron irradiation gate effect

in Mo$S; nanoribbon channels

Limi Chen (Oshima Laboratory)
§2220432

In-situ transmission electron microscopy (TEM) provides a powerful platform for
probing the electrical behavior of two-dimensional (2D) devices under simultaneous
structural observation. However, conventional gating methods are incompatible with
electron-transparent TEM holders. Here, we demonstrate a non-contact gating strategy
by focusing a scanning transmission electron microscope (STEM) beam onto the SiNx
substrate adjacent to a few-layer MoS, channel.

We successfully fabricated a MoS; nanoribbon device on a 50 nm SiNx film designed
for TEM observation. During characterization, we observed that the drain-source current
1gs increased upon irradiation by a sharp electron probe positioned 15 um away from the
MoS; nanoribbon. This increase in /¢s was found to correlate positively with the electron
beam current lream, €ventually reaching a saturation value.

This behavior mirrors the /yeam dependence of positive charge accumulation in the SiN
film, attributed to the emission of secondary electrons induced by electron beam
irradiation. The results indicate that the accumulated positive charges in the SiNx film
electrostatically induce negative carriers in the MoS> channel, thereby modulating its
conductance. Notably, we observed an immediate increase in /lgs concurrent with the
initiation of electron beam irradiation and a gradual exponential decay in /4s with a time
constant T = 90 s after turning the beam off. Such a long time constant could be confirmed
by impedance spectroscopy measurements.

These findings provide compelling evidence that the SiNx film becomes positively
charged due to electron beam irradiation. This charging effect acts analogously to a gate
in a field-effect transistor, enabling remote and damage-free modulation of the MoS,
channel. Thus, sharp electron beam irradiation of the SiNy film can function effectively
as an indirect gate. This approach presents a valuable technique for evaluating the

electrical properties of 2D materials without subjecting them to direct irradiation damage.

Keywords: in-situ TEM, indirect electron beam gating, MoS, based-device, dielectric

charging, Schottky contact
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Chapter 1

Chapter 1 Background

Introduction

This chapter introduces the primary focus of the thesis: the study of two terminal
MoS; device using in-situ transmission electron microscopy (TEM) with electron beam
gating. It outlines how advanced in-situ TEM techniques can be utilized to explore
electrical modulation mechanisms in nanoscale devices.

In Chapter 1.1, we introduce the material properties of MoS, that make it a promising
candidate for next-generation electronic applications. In Chapter 1.2, we review
conventional strategies for modulating the electrical properties of MoS;-based devices,
and identify their key limitations. In Chapter 1.3, we introduce in-situ TEM as a
multifunctional experimental platform for studying MoS, -based devices. We discusses
the evolution of in-situ TEM techniques, and highlights their unique ability to reveal
correlations between atomic structure and device performance. In Chapter 1.4, we outline

a new approach of indirect electron beam gating and define the purpose of this thesis.
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1.1 Transition metal dichalcogenides (TMDCs) and MoS:

The discovery of graphene in 2004! opened up the initial surge of interest in two-
dimensional (2D) layered materials. These magical layered materials consist of
atomically thin sheets stacked by weak van der Waals interactions, in contrast to the
strong covalent or ionic bonds that hold atoms together within each layer. This bonding
allows bulk crystals to be straightforwardly exfoliated into monolayers, enabling access
to novel low-dimensional material systems. It helps pave the way to the emergence of
qualitatively new effects not present in the three-dimensional world.

Under ideal conditions, graphene exhibits the highest carrier mobility among all 2D
layered materials, with reported values exceeding 10° cm?/V-s.2 Despite its outstanding
transport properties, the absence of an intrinsic bandgap severely restricts graphene's
utility in digital logic applications where high on/off current ratios are essential. This
limitation prompted the search for alternative 2D semiconductors that inherently possess
a finite bandgap suitable for electronic switching.

Among the candidates explored, transition metal dichalcogenides (TMDCs) have
attracted considerable attention. TMDCs are layered materials with a general formula of
MX,, where M represents a transition metal (e.g., Mo, W) and X denotes a chalcogen

atom (e.g., S, Se, Te). Historically, TMDCs were studied mainly for their tribological
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properties as solid lubricants.> Renewed interest arose when their semiconducting
properties, particularly in monolayer forms, were recognized to be highly suitable for
nanoscale electronic applications.*

Molybdenum disulfide (MoS>), a prototypical member of the TMDC family, stands
out due to its desirable combination of material properties. Bulk MoS> possesses an
indirect bandgap of approximately 1.2 eV, while monolayer MoS» exhibits a direct
bandgap of around 1.8 eV,>® making it highly attractive for applications in field-effect

transistors (FETs), photodetectors, and spintronic devices.

(a) (b)

6.5A

Figure 1.1 (a) Photograph of bulk MoS, crystal. (b) Atomic structure of MoS, with an interlayer

distance of 6.5A.
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MoS: was first artificial synthesized in the 1936s,” and its layered structure was
characterized through various experimental techniques over subsequent decades. The
most stable crystal structure is the 2H phase, which exhibits semiconducting behavior,
whereas other metastable phases, such as 1T and 1T" are metallic.®'° This feature enables
tunable optical and electrical behaviors that are highly desirable for device engineering.
Furthermore, Theoretical calculations based on first-principles suggest that the phonon-
limited mobility in intrinsic n-type single-layer MoS, at room temperature is estimated to
be approximately 410 cm?-V'-s7!, supporting its potential for high-performance

electronic and optoelectronic devices.!!

Figure 1.2 (a) Schematic view and (b) cross-sectional view of the single-layer MoS; FET.

A major milestone in the development of MoS» electronics was reported by

Radisavljevic et al. in 2011,'> who demonstrated a high-performance single-layer MoS;
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field-effect transistor with an on/off current ratio exceeding 10® and ultralow power
consumption. This pioneering work triggered an explosion of research into MoS>-based

devices, ranging from logic circuits to neuromorphic computing elements,'* as shown in

Figurel.3.13
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Figure 1.3 Publications on MoS; from 2000 to 2015. 13

Despite recent advances, it remains challenging to achieve precise and controllable
modulation of MoS; electrical properties without inducing detrimental defects or relying
on complex fabrication steps.'* In the next chapter, we review the development of existing
techniques such as chemical doping, electrostatic gating, and phase engineering, and
critically examine their inherent limitations. These insights motivate the development of

in-situ and non-invasive strategies discussed in this study.
5
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1.2 Electrical modulation of MoS:2-based devices

To address the challenges highlighted above, researchers have explored a wide
spectrum of strategies for tuning the electrical properties of MoS,. Chemical doping and
phase engineering'® have been extensively studied for modulating MoS; electrical
properties. But both suffer from inherent challenges. Doping may create structural defects
that scatter charge carriers, substantially reducing mobility through mechanisms
including charged impurity scattering.'® Besides, these defects elevate contact resistance
and contribute to spatial inhomogeneity in electronic properties.!” Phase engineering
between 2H and 1T states requires strains exceeding the elastic limit of MoS,, resulting
in irreversible structural transformations.'® These limitations produce devices with poor
uniformity, stability, and reliability, hindering practical applications.

Gate control remains the most effective method for tuning carrier density in MoS»-
based devices. Solid-state gates use dielectric materials such as SiO;, A1,O3, or HfO; to
achieve moderate carrier density modulation through field effects. For instance, sub-10
nm Al,Os layers deposited via remote oxygen plasma pretreatment on MoS;have yielded
devices with gate leakage currents as low as 0.1 pA/um? under fields up to 4.5 MV/cm."
Dual-gate architectures offer enhanced electrostatic tunability in MoS» devices by

enabling independent control of carrier density and threshold voltage. Yet mobility
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extraction in such structures can be affected by inter-gate capacitive coupling, potentially
leading to overestimated values.?’ Ionic liquid gating enables higher carrier densities by
forming electric double layers (EDLs) on both surfaces of suspended MoS, devices,
achieving a coupling efficiency of approximately 4.6 x 10'* cm?-V-'.2! However,
conventional gate approaches often involve complex fabrication procedures, risk
inducing electrochemical side reactions, and may still fall short of delivering the high
carrier densities required for certain applications. In summary, despite the growing variety
of modulation strategies, achieving defect-free, reversible, and scalable control over
MoS; electrical behavior remains challenging.

In addition, a fundamental limitation of current methods is the inability to directly
observe the dynamic processes occurring during carrier density modulation in real time.
Most existing characterization methods rely on "before and after" measurements that fail
to capture the evolution of charge distribution, interface response, and transient
phenomena during the modulation process itself. This limitation in spatial and temporal
resolution is particularly pronounced at the nanoscale, especially when studying key
phenomena such as interface modulation dynamics, Schottky barrier evolution, and
charge trapping behavior.

In response to these challenges, in-situ transmission electron microscopy (TEM) has
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emerged as a powerful platform that enables atomic-scale imaging in conjunction with
electrical measurements. Recent studies have demonstrated that a sharply focused TEM
electron beam can serve as a local gate, enabling dynamic, reversible control of MoS,
channel conductance without direct beam exposure or structural damage.?? The next
section introduces this emerging in-situ beam gating strategy in detail, highlighting its
unique advantages and potential as a novel approach for modulating 2D semiconductor

devices.

1.3 In-situ TEM: a multifunctional platform for 2D devices

1.3.1 Brief introduction of TEM
Since its invention in the 1930s,> TEM has become an indispensable technique in
materials science due to its exceptional spatial resolution and ability to reveal atomic-
scale structures. The fundamental advantage of TEM over conventional optical
microscopy lies in the wave nature of electrons. As first proposed by De Broglie?* in 1925

and later confirmed experimentally,®>?}

electrons exhibit wave-like behavior, with a
wavelength inversely proportional to the square root of their energy. This means that an

accelerated electron can have a wavelength several orders of magnitude shorter than that

of visible light, which directly translates to a much higher theoretical resolving power.
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According to the Rayleigh criterion, the smallest resolvable distance & is

proportional to the radiation wavelength A as the following equation 1-1:

0.614
6 —

= 1-1
usinf

where usinfi corresponds to the numerical aperture of the lens. While visible light
(390-700 nm) limits the resolution of optical microscopes to around 200 nm, a 300 keV
electron has a wavelength of approximately 3pm.2° In practice, however, resolution is
constrained by lens aberrations, electron source coherence, and mechanical stability.
Modern aberration-corrected TEMs equipped with cold field-emission sources routinely
achieve spatial resolutions below 0.1 nm. This capability is particularly crucial in the
study of 2D materials including MoS», where atomic arrangements, grain boundaries, and
layer thickness can drastically influence device performance.

TEM instruments typically operate in two primary modes: conventional TEM mode
and scanning transmission electron microscopy (STEM) mode, as is shown in Figurel .4.
While conventional TEM uses a parallel electron beam to illuminate the sample and form
contrast-rich images via transmitted intensity, STEM employs a tightly focused electron
probe that raster-scans the specimen point-by-point. This scanning approach allows not
only for high-resolution imaging but also for simultaneous acquisition of analytical

signals, such as energy-dispersive X-ray spectroscopy (EDS) and electron energy-loss
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spectroscopy (EELS), making STEM a highly versatile technique.

TEM STEM
Optic axis Optic axis
Gun crossover

Gun crossover

, ) Cllens

C1 crossover

C1 crossover

C2 lens (off)
~ T\, C1 lens (focused il ey
( ) [ VS C2 aperture
Frontal focal plane
of objective lens
2 Upper objective lens . C3lens
Focused,
Parallel beam convergent

beam

8 Specimen

Figure 1.4 Configuration of the microscope in TEM mode (left) and STEM mode (right).?’

One particularly useful operation within STEM is the "spot mode," in which the
electron beam is held stationary at a selected position rather than scanned across the
sample. By tuning the condenser lens system, the convergence angle of the electron beam
is precisely adjusted to achieve a sub-nanometer probe with high current density. This
spot-mode functionality enables localized electron irradiation, offering fine spatial

control for perturbing materials and probing their dynamic responses in a controlled, site-
10
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specific manner. The STEM spot mode plays a central role in our study, where it is used
not to directly irradiate the MoS device but to target nearby regions of the underlying
SiNx membrane. This configuration avoids direct beam-induced damage while enabling

modulation of the MoS» channel conductance through substrate charging effects.

1.3.2 In-situ TEM

In-situ TEM provide an indispensable platform for 2D electronic systems, because
of its capability to combine atomic resolution imaging with simultaneous electrical,
mechanical and thermal measurements.?33° This capability addresses a critical gap in
conventional device measurements, which relies on only static "before-and-after"
comparison and obscure the transient dynamics of charge transport, interface evolution,
or defect generation.?® Benefit from its spatially selective, and temporally resolved ability,
in-situ TEM can help mechanistic understanding of how atomic-scale processes govern
material properties in 2D devices. For instance, in-situ TEM electrical measurements of
graphene nanoribbon devices using specialized electrical biasing holders enable
simultaneous characterization of electrical performance and atomic structure.?!-*2
Despite its advantages, most in-situ TEM electrical measurements have been limited

to two-terminal configurations, as conventional gating methods such as top or back gates

are generally incompatible with the electron-transparent design of TEM chips. These
11
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gating structures either obstruct the electron beam path or introduce parasitic background
signals. While side-gate designs have been proposed, their fabrication on TEM chips
remains non-trivial and often requires customization.>

Recent advances have turned to the TEM electron beam itself as a potential gate
modulation tool. Direct irradiation, where the electron beam is focused directly onto the
2D material, has been reported to modulate device conductance.’**> However, high-
energy electron irradiation (80keV-300keV) can produce irreversible structural changes
to 2D materials, including vacancy, dislocation and interlayer displacement.’
Furthermore, prolonged beam exposure can lead to the accumulation of amorphous
hydrocarbon layers on the 2D surface, which may interfere with electrical
measurements.’’

Indirect electron beam gating was recently proposed as a promising alternative. In
two-terminal MoS» device, the TEM beam is focused not on the MoS; channel but on its
adjacent dielectric SiNx substrate.’® Remarkably, such indirect beam irradiation led to a
pronounced, reversible modulation of the channel conductance. These findings suggest
that interaction between the electron beam and the substrate can act as a virtual gate.
However, existing indirect beam gating schemes rely on conventional TEM irradiation,
which exposes a broad area and may include the 2D channel. This can trigger undesired

12
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responses in photoresponsive materials such as MoS,. In addition, the mechanism of

indirect beam gating is not yet fully understood and requires further investigation.

1.4 Purpose

In this study, we explored a novel electron beam gating strategy in which a focused

STEM beam was directed onto the SiNx substrate near a suspended MoS> channel.

Without directly contacting the device, the electron beam induced localized charging in

the supporting SiNy layer, effectively modulating the carrier density and conductance of

the MoS,. We systematically investigated this effect by varying beam current strength

and analyzed its mechanism. This setup allowed us to decouple beam-induced substrate

effects from direct beam damage, offering a non-invasive, spatially resolved, and

temporally continuous method to study charge modulation mechanisms in 2D devices.

13
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Chapter 2

Chapter 2 Preparation of MoS; Flakes and Electrode Fabrication

Introduction

This chapter presents the process of preparing high quality MoS, flakes and
depositing electrodes for in-situ electrical measurements. In Chapter 2.1, we describe the
exfoliation of MoS, flakes and their optical identification on SiO»/Si substrates. In
Chapter 2.2, we introduce the design and structure of the customized TEM chip used for
electrical measurements. In Chapter 2.3, we explain the electrode fabrication process,
including substrate cleaning, resist coating, electron beam lithography, metal deposition,

and lift-off.
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2.1 Exfoliation and Optical Identification of MoS:

According to chapter 1, high-quality MoS; flakes suitable for device fabrication and
in-situ TEM analysis must meet several strict criteria: they must be thin (ideally
monolayer or few-layer), clean (with minimal surface residues), compact in lateral size
(within 10 pm) and uniformly. Among various material preparation strategies, mechanical
exfoliation remains one of the most effective methods for producing 2D flakes with
pristine structure and minimal contamination, especially when high-mobility or defect-
sensitive devices are desired.

Mechanical exfoliation was originally developed by Andre Geim and Konstantin
Novoselov for the isolation of monolayer graphene in 2004.! involves peeling layered
crystals apart using adhesive tapes, making use of the weak van der Waals forces that bind
the layers together. In contrast to chemical vapor deposition (CVD), which often yields
large-area but polycrystalline or impurity-laden films, mechanically exfoliated flakes tend
to have fewer structural defects, sharper edges, and more uniform electronic properties,
making them ideal for fundamental studies and prototyping.

In our study, we began with high-quality bulk MoS; crystals purchased from HQ
Graphene. A piece of strong adhesive tape (Nitto N-300) was used to exfoliate the crystal,
followed by 5-6 successive peelings to fragment and distribute the flakes more finely. .
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The tape was then gently brought into contact with a low-residue thermal release tape
(Nitto SPV363) to reduce potential contamination. This assembly was finally pressed
onto a 285 nm Si0;-coated Si substrate with the size of 1.5cm x 2cm.

Mechanical exfoliation typically results in a broad distribution of flake sizes and
thicknesses on the substrate. Atomically thin flakes are a minority among much thicker
crystals, making reliable and efficient identification essential. To achieve this, several
techniques can be employed, each with specific advantages and limitations.

Raman spectroscopy is a widely used and non-destructive technique to determine
layer number based on the frequency difference between the A;, and Ezlgvibrational
modes.> However, Raman measurements require focused laser illumination, which may
cause localized heating or photochemical effects that degrade the MoS; flake, especially
in monolayer or lightly doped samples. Atomic force microscopy (AFM) can provide
nanometer-precision height measurements, and is often used to calibrate layer number in
small regions. Yet, AFM scanning over a centimeter-scale area is highly time-consuming
and may be affected by ambient contaminants or polymer residues on the flake, resulting

in inaccurate thickness values.
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Figure 2.1 (a) Optical image of MoS; flake on 285 nm SiO,-coated Si substrate. (b) AFM height image
of the region inside the green square in (a). (c¢) Height profile along the dashed line in (b). Inset: 3D
plot of the AFM height signal. (d) Raman spectra of different locations with various thicknesses on

the MoS; flake.?

Optical microscope selection, in this case, is regarded as the most efficient method
which offers the fastest and most practical approach for large-area screening. Due to the
light absorption and interference color effects, the MoS, flakes with different thickness
shows different colors, and their optical contrast can be enhanced while exfoliating flakes
on Si02/Si substrates with specific thickness, as is shown in the Figure 2.2.° The scale bar
is 5 um from 1 layer to 11 layer and 10 um for the 12 layer flakes. The most common
SiO> thickness ranges of the Si/SiO> substrate are 70-90 nm and 270-300 nm, and the
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specific thicknesses are slightly different while identifying different 2D materials.

Figure 2.2 Color optical images of 1L—15L MoS; on 300 nm SiO,/Si substrate.’

Based on the multi-layer Fresnel reflection method, a multiple-media optical system
can be used to explain the optical contrast of flakes, as is shown in Figure 2.3 (a).* We
suppose the light is illuminated along the normal incidence direction to the sample. The
incident light passes crosses the flake and Si0O; layer until it reaches the Si wafer, and the
reflected light passes through the same path and reaches the measuring device detector
like a charged-coupled device(CCD) camera. According to the Fresnel law, the reflected
light of each interface can be calculated if we know the attenuation and the phase shift

introduced by passing through the media.
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Figure 2.3 (a) A multiple-media optical system for optical contrast Calculation.* (b) Optical contrast

calculated by the Fresnel law-based model.’

The reflected intensity of monochromatic light can be calculated as Equation 2-1.

[ r01ei(¢1+¢2) + rlze—i(¢1—¢z) + nge_i(¢1+¢2) + 7‘01r12r23ei(¢1‘¢2)

T ei(@1+62) 4 1 7,01 (@1-92) 4 1y ryae~ (@140 4y, ei(@1-02) 21

In this equation, the subindexes 1, 2, and 3 correspond to air, flake, Si0,, and Si

separately. The reflection coefficient is 7;; = %, the phase shift in the medium i is
LI}

__ 2mn;d;

¢ = — the respective complex refractive is n;, the thickness is d;, the wavelength

is A
Optical contrast (C) defined in Equation (2) can be obtained by referring to the
experiment of Frisenda R. et al.% By this method, Puebla et al calculated the MoOs optical

contrast by Fresnel model which fitted well with experimental data.’

I—1
c="1_°5 222
Ie + I
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Where the reflected intensity on the MoOs flake is If, the reflected intensity on the
bare su6bstrate is Is. Ir can be calculated according to Equation 1, I; can be obtained
while replacing the medium 1 from flake to air. Figure 1b shows the different optical
contrast of flake when the flake thickness changes from 5 to 93nm, and this value is
calculated using air as the medium 1. Here, the refractive index for air isny = 1; the
refractive index for single crystalline MoO; flake is n; = 2.2, ignoring the effect of
thickness to MoOs band structure; the refractive index for SiO; is n, = 1.5, with the
thickness of d, = 297nm; the refractive index for Si wafer depends on wavelength.

In this research, we use the 285 nm SiO;-coated Si substrate to identify the layer
numbers of MoS; flakes. The MoS flakes are exfoliated on SiO» substrate, and identified
by an optical microscope. Relatively thin layers with the size below 10 pum will be

transferred to the electrodes for measurement afterward.

Figure 2.4 (a) Optical microscope for MoS, thickness identification. (b) Exfoliated MoS, flake on 285

nm Si0»/Si substrate. The light purple area is the monolayer.
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2.2 Electrode fabrication on customed TEM chip

2.2.1 The structure of the customed TEM chip

The customized TEM chip used for electrical measurements was originally
developed by C. Liu in our lab.”” It is mounted on the sample stage of a customed in-situ
TEM holder, as shown in Figure 2.3 (a). The customized TEM chip was fabricated on a
200 pum-thick Si substrate coated with a 50 nm low-stress SiNx film (Alliance Biosystems).
The overall chip size was approximately 2.6 x 2.6 mm. Three 60 x 60 um square windows
were etched to form suspended, electron-transparent SiNx regions.

Each window is patterned with a pair of source and drain electrodes, 10 pm in width,
leaving a 5 um-wide channel gap at the center. MoS, flakes are then transferred across
these gaps to create suspended channels for electrical measurements. The SiNx
membranes are insulating, which ensures that current flows only through the MoS, flakes
bridging the electrodes.

Three MoS; samples can be transferred onto the three separate windows on a single
chip. Each device can be measured independently, which improves the reliability of the
experiment and increases the overall success rate.

This design enables simultaneous fabrication and sequential measurement of

multiple devices under identical conditions, helping to verify reproducibility and
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minimize sample-to-sample variability. The conductivity change of each MoS> channel
i1s measured during indirect electron beam gating by irradiating nearby regions of the SiNy

substrate with different beam strength.

(a) (b)
Si covered with SIN  Suspended SiN
film film

W\
Ll

3 '-;\.\-"’\'-ﬁ-'-'.:;;""

*

Zoom in

Figure 2.5 (a) Head of the custom TEM holder with electrical connections.” (b) Si/SiNy chip with

electrodes.? (c) Optical microscope image showing patterned source and drain electrodes. (d) Optical

image of a MoS; flake bridging the electrode gap.

2.2.2 Electrode fabrication

Electrodes will be made on the custom TEM chip in preparation for measuring

conductivity. The whole process will be performed on a Si/SiNy substrate. Firstly, a
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reactive ion etching system will be used to remove the contaminations on the substrate

surface and improve photoresist wettability, so that the photoresist will be applied

uniformly on spin-coating. The wiring diagram of the conductivity measurement device

will be traced with electron beam lithography, and the pattern of electrode formation will

be obtained by removing the unwanted photoresist with an organic solvent. Afterward,

Cr/Au will be vaporized using an electron beam evaporation system to obtain electrodes

with the pattern. Finally, a focused ion beam will be used to create inter-electrode nano-

gaps by cutting the electrodes with ion beams.

(1) Cleaning

Hold the non-window part of the Si/SiNx chip with reverse tweezers and immerse it

vertically in Acetone solution, Isopropyl alcohol solution (IPA), and deionized water

(DIW) for three minutes sequentially to clean the surface of the chip. The TEM chip after

cleaning is shown as Figure 2.5.
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Figure 2.6 The TEM chip after cleaning.

(2) Fixation of TEM chip on aluminum plate

An aluminum (Al) plate is designed to fix the TEM chip for protection, as shown in

Figure 2.6. The TEM chip is small, with dimensions of 2.6x2.6 mm, so it is difficult to

place the chip on the spin coating stage appropriately. And the TEM chip consists of a Si

substrate with a thickness of 200um and a SiNx film with a thickness of 50nm covered on

the Si substrate. To prevent the SiNx film from being damaged. a through hole was made

in the aluminum plate. Firstly, the TEM chip is stuck to the Al plate with poly (methyl

methacrylate) (PMMA), which is then heated on the hot plate at 180 °C for 5 minutes.
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Figure 2.7 (a) Designed aluminum Plate. (b) The fixed TEM chip on the Al plate

(3) Reactive ion etching

Place the Al plate fixed with the TEM chip in the reactive ion etching system (RIE)

to clean the surface of the TEM chip. We use the RIE-10NR fabricated by SAMCO

Company as shown in Figure2.7. The recipe for the cleaning process is shown on Table

2.1.
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Figure 2.8 The reactive ion etching system

Table 2.1 The parameters for the reactive ion etching

Gas Flow Radio Frequency Power Time Pressure

O, 10sccm 100 W 4 min 4.0 Pa
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(5) Resist coating

Thin layers of methyl methacrylate (MMA) and polymethyl methacrylate (PMMA)

are spin-coated onto the TEM chip to form a bilayer electron beam resist system. The

setup and coated chip are shown in Figures 2.7, respectively. Coating parameters for

MMA and PMMA are summarized in Tables 2.2 and 2.3.

Both MMA and PMMA are positive electron beam resists, meaning they are

degraded and become soluble in developer upon electron beam exposure. In this bilayer

system, MMA is used as the bottom layer because it is more sensitive and dissolves faster

than PMMA. When exposed to the same electron beam dose, the MMA layer develops

more quickly than the PMMA layer, producing a inverted stair-like structure.

This undercut geometry is important for lift-off processes. It prevents metal from

sticking to the sidewalls of the resist, ensuring that the deposited metal makes good

contact only with the substrate and not with the resist sidewalls. As a result, the metal

electrodes formed after lift-off have sharper edges and cleaner boundaries, which is

critical for reliable electrical contact in nanoscale devices.
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Figure 2.9 (a) The spin coater. (b) The heating stage. (c) The TEM chip after coating MMA. (d) The

TEM chip after coating PMMA.

Table 2.2 The parameters for MMA coating

Program Step Time [sec] Rotating Speed [rpm]
00 2 slope
01 5 500
02 2 slope
03 60 2000
04 2 slope
05 End End
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Table 2.3 The parameters for PMMA coating

Program Step Time [sec] Rotating Speed [rpm]
00 2 slope
01 5 500
02 2 slope
03 60 4000
04 2 slope
05 End End

(6) Electron beam lithography and development

Electron Beam Lithography (EBL) can design electrode shapes. We use the ELS-

7500 fabricated by ELIONIX Company, as shown in Figure 2.8, and the exposure dose

is 300 pC/cm2 with a 1nA current. Then, the developer can dissolve away the exposed

regions and leave behind the designed pattern. The process is shown in Table 2.4. The

TEM chip before and after development is shown in Figure 2.8.
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Figure 2.10 The electron beam lithography system

Table 2.4 The parameters for development

Step Solution Time
1 MIBK : IPA=1:3 2 min
2 MIBK : IPA=1:1 10s
3 IPA 45s

Figure 2.11 (a) The designed electrode pattern before development. (b) The TEM chip after

development.
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(7) Electron beam deposition

The Electron Beam Evaporation system can deposit high-quality metal films. We

use MUE-ECO-EB fabricated by ULVAC Company, as shown in Figure 2.10. Firstly, the

chromium (Cr) with a thickness of 5Snm is deposited as a bonding agent between gold (Au)

and the TEM surface. Afterward, the Au with a thickness of 40 nm is deposited over the

Cr layer. The TEM chip after deposition is shown in Figure 2.11.

Figure2.13 TEM chip after deposition of 5 nm Cr and 40 nm Au.
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In this study, Cr was used as an adhesion layer, and several metals were considered

for the main electrode, including gold (Au), platinum (Pt), titanium (T1), and indium (In).

The choice of electrode material was based on both material properties and practical

fabrication limitations.

Ti (®y = 4.3 eV) and In (D, = 4.1 eV) have relatively low work functions, which

in principle can reduce the Schottky barrier for electron injection in n-type MoS..

However, both materials are prone to oxidation and are less chemically stable in ambient

conditions. In particular, In has a low melting point (~157 °C), making it unsuitable for

post-fabrication annealing processes that are essential for removing polymer residues. Ti,

while mechanically robust, has a significantly higher resistivity than Au and also tends to

form a surface oxide layer, which can degrade electrical contact quality.

Pt is more chemically stable and has a high work function (®,, = 5.6 eV), but it

presents challenges in both deposition and patterning. Our metal films were deposited

using a MUE-ECO-EB celectron beam evaporator, which offers limited precision in

controlling deposition rate. Under these conditions, Pt tends to deposit much more

quickly than Au, making it difficult to control the film thickness and uniformity. Although

Pt films are less prone to bubble formation during deposition, they show higher surface

and edge roughness after the lift-off process.
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To compare film quality, we deposited Cr/Au and Cr/Pt electrodes on identical TEM

chips using the same lithography parameters. The resulting electrode surfaces were

characterized using AFM, as shown in Figure 2.12. The root mean square (RMS)

roughness of Pt electrodes was significantly higher than that of Au, as shown in Table 2.5.

Thus, Cr/Au electrodes offer better process stability and surface quality under our current

fabrication conditions.
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Figure 2.14 Atomic force microscopy (AFM) images of electrode surfaces. (a) and (b) show Au

electrodes; (c) and (d) show Pt electrodes.
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Table 0.5 The RMS roughness of Au and Pt parameters for development

Sample Aul Au 2 Pt1 Pt2
RMS Roughness 25.67nm 24.53nm 113.5nm 52.90nm
(8) Lift-off

N-methyl-2-pyrrolidone (NMP) is used to dissolve the MMA/PMMA resist layers,

leaving behind the metal electrodes, as shown in Figure 2.13. After lift-off, the TEM chip

is rinsed in isopropyl alcohol (IPA) and dried with a nitrogen gun.

Figure 2.15 The TEM chip after lift-off process.
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Chapter 3 PPC-based all dry transfer method for 2D device
fabrication

Introduction

This chapter presents the deterministic placement of 2D flakes for device fabrication.
In Chapter 3.1, we make a comprehensive description of the recently developed transfer
methods of 2D materials. In Chapter 3.2, we introduce the advantage and detailed
processes of PPC-based all dry transfer method to transfer few layer MoS, flakes. In

Chapter 3.3, the fabricated MoS» devices were characterized by TEM.
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3.1 Comparison of different method

One of the key limitations of in situ experiments of 2D materials is the difficulty in
manipulating the sample from the growth substrate to the in situ TEM testing stage. The
transfer of MoS; flakes is the crucial step for the manufacture of two terminal MoS»
devices. Previously, C. Liu et al. have established the wet transfer process for GNR
devices.! However, the capillary forces involved during the wet transfer procedure may
affect the edge structure of the MoS> monolayer, which can be avoided in all-dry transfer
instead.

The all-dry transfer method using PDMS stamp, which is much more convenient than
wet transfer, is often used to fabricate 2D heterostructures.” Due to the viscoelasticity, the
PDMS stamp behaves as an elastic solid while attaching, but it can slowly flow over a
while if maintaining contact. The pick-up process depends on the viscosity of PDMS, and
the peel-off process needs to be slow to ensure the flakes can adhere to the targeted area

preferentially.
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Flakes are transferred

The stamp is turned  The flake is alligned on to
onto the stamp by exfoliation P 9 P

. upside down of the target substrate
with tape
’ ~ P
The stamp is pressed  The stamp is peeled off ~ The flake has been
against the substrate very slowly transfermsd

Figure 3.1 The process of PDMS-based all-dry transfer.”

PDMS is stable with its high glass transition temperature of around 120°C.

45

However, when it comes to fabricating suspended 2D nanoribbons, the success ratio
is not satisfactory enough. Fukumoto et al. have fabricated suspended GaSe nanoribbon
using a PDMS-based all-dry transfer method.®> In his challenge, it was quite hard to
transfer very thin GaSe flake on the TEM chip. The viscosity of PDMS is as weak as 1.0
¢St at room temperature, so picking up flakes from the substrate using a PDMS stamp is
difficult, and the size and number of layers of 2D material cannot be controlled. And once
the pick-up process is finished, it is difficult to release the flakes from the PDMS stamp

to the targeted chip without breaking the suspended SiN film, because the viscosity of

To control the control pick-up and peel-off process, it has been reported that it is

effective to use the glass transition of polymers. The polymer has high viscosity because
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of quenching the molecular motion at lower temperature than the glass phase transition

temperature, while it has low viscosity at higher temperature than one. It means that,

below the transition temperature, the interface with the target 2D material will not adhere

well, making it easier to separate from the stamp. On the other hand, the opposite occurs

above the transition temperature. In this study, we found that the most suitable polymer

for the transfer stamp was PPC instead of PDMS. The PPC has strong viscosity of 2.5 ¢St

at room temperature, which is more than twice that of the PDMS. The high viscosity

ensures that the PPC can always pick up the 2D flakes on the Si/SiO» substrate, and can

control the size and number of layers of the targeted flake. As for the peel-off process, the

viscosity of PPC becomes very weak at higher temperatures due to its thermoplastic

property, so less pressure can be used to release the flake from the PPC stamp to the

desired area, avoiding the SiN film cracking. Here is the device comparison of PDMS-

based and PPC-based all-dry transfer, as shown in Figure 3.2. The flakes transferred onto

electrodes by PDMS is large, thick, and non-uniform in thickness. On the contrary, the

flakes transferred by PPC are small, thin, and uniform. Thus, the PPC-based all-dry

transfer method is more possible to make high-quality suspended devices.
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Figure 3.2 (a) GaSe flake transferred by PDMS stamp.? (b)MoS$; flake transferred by PPC stamp

3.2 The process of PPC-based all-dry transfer method

As shown in Figure 3.3, firstly, the stamp of PPC/PDMS fabricated with a spinning

coating will be fixed on a moving stage. Then, the temperature of the SiO» substrate will

be raised to 60°C for stamp contacting. Next, the temperature will be decreased to 40°C

to shrink the PPC/PDMS stamp and pick up the targeted flake. Afterward, fixing the

measuring SiN/Si chip on the heating stage and increasing the temperature to 120°C, since

the viscosity of the PPC weakens, the stamp will release the MoS» flake and put it down

to the determined position on the electrode. The specific explanation about this method

is as follows.
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Figure 3.3 Equipment used for PPC-based dry transfer

Pick-up flake from SiO, substrate

Stamp
MoS, flake

- 1 -
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Peel-off flake to the TEM chip
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- |
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Figure 3.4 The temperature control transfer process by PPC stamp

(1) Sample preparation

Firstly, fix the SiO; substrate on the heating table with copper tape and heat it to 110
°C. Tear the 3M adhesive tape with 2D material several times, stick it on the SiO, substrate,
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wait for 2min, and gently press it with a cotton swab. Lower the temperature to 80 °C,

then quickly peel off the adhesive tape, and observe the adhesion of 2D materials on the

Si0O» substrate. Repeat the above steps if necessary, then choose the thinner flakes with

blue color as targeted flakes on the substrate shown in Figure 3.4.

Figure 3.5 The MoS; flakes exfoliated on the Si /Si substrate

(2) Stamp fabrication

Firstly, cut about Imm square PDMS with a cutter and stick the PDMS on the cover

glass. Then, treating the bare side of PDMS with O plasma to prevent PPC from falling

off suddenly. Afterward, spin coating liquid PPC on the PDMS using 8000 rpm speed,

and bake it at bake at 110°C for 5 minutes.
(3) Pick-up process

First, the temperature was adjusted to 60°C suitable for contact. Here, PPC is glass

and becomes soft so that it can fully contact flakes. Next, to achieve smooth shrinkage of

the contact area, the temperature will be decreased from 60°C to 40°C. Abrupt shrinkage
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of the contact area can damage the flakes. Afterward, the MoS; flake will be picked up

from the surface of the SiO; substrate.

Figure 3.6 (a) MoS; flakes on the substrate. (b) PPC/PDMS stamp contact the substrate. (c) Flakes

were picked up on the stamp.

(4) Peel-off process

First, the temperature was raised to 90°C and kept for 5 minutes. The viscosity of

PPC was decreased and can release the flake at 90°C. Alignment between the stamp and

the substrate was necessary until the center of the stamp was able to touch the substrate.

After contacting, flakes were slowly peeled off from the PPC stamp. Finally, the MoS,

flake was transferred to the gap of the electrode.

Figure 3.7 (a) Align the MoS, flake with the gap of electrode. (b) MoS; is released from the stamp. (c)

MoS; flake suspends on the gap of electrode.
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3.3 The characterization of transferred MoS: flakes

In this research, four suspended MoS, nanoribbon devices are fabricated and

characterized by TEM. According to the optical contrast, the layer numbers of these MoS»

flakes are estimated to be 15, 7, 10, and 4 layers respectively. The TEM can be used to

check the quality of these MoS: devices. The images in our research are acquired by JEM-

ARM 200F under 120 kV. As shown in Figure 3.7, the surface and the edge of the sample

are clean, only a small amount of contamination is present at the edges of the sample.

Figure 3.8 (a-d) The MoS; flakes before transfer. (e-f) The MoS; nanoribbon devices made by flakes in (a-d).

(i-]) The TEM high resolution images of the MoS, nanoribbon edge areas and corresponding FFT.
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Chapter 4 Cleaning of MoS: Devices

Introduction

This chapter presents the surface cleaning strategy developed for MoS; devices used
in in-situ TEM studies. In Chapter 4.1, we describe the strict cleanliness requirements for
electron-transparent samples, with emphasis on the challenges posed by contamination in
high-resolution and beam-sensitive measurements. In Chapter 4.2, we outline the typical
sources of contamination during MoS» device fabrication, including polymer residues and
transfer-related artifacts. In Chapter 4.3, we evaluate a series of conventional cleaning
techniques, discuss their limitations for MoS,, and summarize experimental attempts. In
Chapter 4.4, we introduce Ar/H> atmosphere annealing as a gentle and effective cleaning
approach, and demonstrate its success in enabling atomic-resolution imaging after

treatment.
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4.1 The Importance of TEM Sample Cleanliness

4.1.1 Cleanliness Requirements for TEM Samples

The TEM observation demands exceptionally clean samples due to its outstanding
spatial resolution and sensitivity to atomic-scale features.!* The specimen contamination
is a severe problem for the observation. This requirement becomes even more critical in
in-situ experiments, where dynamic processes such as electrical switching, charge
modulation, or structural transitions are monitored in real time under electron beam
exposure.’

Common contaminants including polymer residues, hydrocarbons, and adsorbed
moisture layers undergo unpredictable evolution under electron beam irradiation.* These
species readily undergo radiolysis and cross-linking, often forming amorphous carbon
clusters that progressively grow during STEM observation. Such beam-induced
transformations not only degrade image contrast and resolution but also create spurious
electrical pathways in in-situ device measurements.

Polymer residues trapped at MoS;-electrode or MoS,-substrate interfaces can affect
the contact, distorting the intrinsic transport behavior of devices. Localized charging or
heating effects from electron beam interaction with residual contaminants can lead to

parasitic currents, which disturbing the investigation of electrostatic gating or dielectric
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charging. For in-situ STEM measurements of 2D materials like MoS,, achieving high

surface cleanliness is fundamental to experimental validity. Minimizing contamination is

essential for drawing accurate conclusions about charge transport, interface dynamics,

and gating mechanisms.

4.1.2 Origins of Contaminants in this study

Despite meticulous fabrication protocols, surface contamination is an almost

inevitable consequence of nanodevice processing, particularly in the case of 2D materials

such as MoS,. Various stages of device assembly introduce distinct classes of residues,

many of which persist through standard cleaning routines and become problematic under

the high-energy electron beam of a TEM. Understanding the origins of these contaminants

is essential for developing effective removal strategies.

One of the earliest sources of contamination stems from the exfoliation process.

Mechanical exfoliation using adhesive tapes can introduce organic particles, adhesive

residues, or oxidation byproducts onto the MoS, surface. Even brief ambient exposure

during flake selection or storage can lead to physiosorbed water layers or hydrocarbon

films, which may not be entirely eliminated by mild heating or solvent rinsing.

A second kind of contaminants originates from the polymeric materials used during

the device fabrication process, which is more persistent. In particular, PPC or PDMS
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stamp are widely employed as intermediate carriers for positioning exfoliated flakes onto

target substrates. While these polymers enable precise alignment and mechanical

protection, they often leave behind molecular residues even after nominal solvent

cleaning. These residues tend to accumulate at critical locations, such as the MoS»-

electrode interface or the suspended region of the flake, where they are difficult to access

or remove post-fabrication.

Additional contamination may arise during lithographic patterning and metal

deposition. For instance, resist residues, developer traces, or outgassing from electron-

beam exposure can adsorb onto the flake surface. Furthermore, even in the absence of

active processing steps, prolonged exposure to laboratory air can lead to the adsorption

of airborne hydrocarbons or adventitious carbon, which become increasingly problematic

during in-situ imaging.

Figure 4. 1 (a) Adhesive residue of tape. (b) PPC polymer residue after transfer. (c) PMMA

photoresist residue during electrode fabrication.
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These contamination sources pose particular challenges in in-situ STEM studies.
Therefore, identifying and eliminating these contamination sources is essential prior to
any in-situ electrical or spectroscopic experiment. In the following section, we evaluate
conventional cleaning strategies and explain why many of them fall short when applied

to sensitive MoS; devices.

4.2 Different methods for 2D material cleaning

To maintaining a clean sample surface, numerous cleaning strategies have been
developed to mitigate surface contamination, especially polymer residues and
hydrocarbon buildup. These methods vary in their physical principles, effectiveness, and
compatibility with sensitive materials.

O; plasma cleaning is a fast and widely adopted technique for removing hydrocarbon
and carbonaceous contaminants from TEM grids and surfaces.””’ However, this method
is generally unsuitable for MoS> and other 2D sulfide materials, as it can induce
undesirable chemical reactions. Energetic plasma species can remove surface sulfur
atoms or introduce oxygen-containing functional groups, thereby degrading the intrinsic
properties and structural integrity of the flake.

Beam showering is often used under STEM mode. It irradiates a very large area of

specimen with a high electron flux so that hydrocarbons which might otherwise migrate
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are cracked and form an extremely thin layer of immobile carbon. This showered area
can then be examined in detail without contamination occurring, at least in the short-
term.>® The shortcoming is that beam showering area is inherently limited in scope. It
only stabilizes existing amorphous contaminants and fix them to the substrate surface,
thereby preventing their migration and accumulation under focused beam exposure. It
does not actively remove residues from the MoS; surface and is ineffective for pre-
imaging cleaning of transferred samples.

UV/ozone cleaning generates reactive oxygen species that can chemically break
down organic residues, and has shown good performance in several microscopy
contexts.>!® However, due to equipment limitations, this method could not be
implemented in our experimental setup.

In addition to reviewing these reported methods, we also attempted several cleaning
techniques and evaluated them in terms of their effectiveness in removing transfer-related
residues and their compatibility with MoS, under in-situ STEM conditions. As a first
approach, we tested low-temperature vacuum baking using the internal heating system of
the TEM holder pumping workstation. However, since the temperature inside the vacuum
chamber could not be precisely controlled or monitored, the heating process led to severe
structural degradation of the MoS, flake. After baking, numerous holes and amorphous
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clusters were observed on the flake surface, as shown in Figure 4.2, indicating that even

uncontrolled heating can cause irreversible damage to MoS» structures.

Figure 4.2 (a) TEM holder dry pumping station. (b) Low magnification TEM image of MoS; flake

after baking.

Then, we employed halogen point heating under high vacuum conditions to promote
desorption of surface contaminants, as shown in Figure 4.2 (a) and (b). The system was
equipped with a turbomolecular pump (TMP), allowing sample heating in a vacuum
environment of approximately 10~ Pa. The sample was heated continuously for three

hours.
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Figure 4.3 (a) Photo of the custom-built halogen lamp vacuum heating system equipped with a TMP.
(b) The relative positioning of the halogen light source and the TEM holder during heating. (c¢) Low

magnification TEM image of MoS, flake after halogen point heating.

The low magnification TEM image revealed the presence of residual surface films with
characteristic cross-linked morphology, as shown Figure 4(c). These residues were likely
the result of incomplete decomposition or thermally-induced polymerization of transfer
polymers. When examined under STEM, these residual layers exhibited beam-induced
contamination buildup. Instead of being removed, the residues dynamically accumulated
during imaging, making it impossible to acquire stable atomic-resolution images due to
the progressive darkening and contrast loss. This result suggests that, despite the high
vacuum, uncontrolled halogen heating is insufficient for removing beam-sensitive
contaminants and may even promote their cross-linking under sub-optimal conditions.

In-situ current annealing, based on Joule heating, is proved to be effective in graphene

nanoribbon (GNR) cleaning.!! It involves applying a gradually increasing source-drain
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bias across the device, inducing a large current density through the active channel. This

current generates localized heating and effectively removes adsorbed contaminants such

as polymer residues or hydrocarbon films.

Figure 4.4 (a) 3D schematic of the current annealing process, which shows the removal of PMMA

residues from the surface of GNR when applying a high bias voltage. (b) TEM images for GNR during

current annealing captured at different time intervals.!!

However, when applied to MoS; devices, this method proves problematic for several

reasons. First, the uncontrolled current-induced heating can easily raise local

temperatures above 800 K, which significantly exceeds the thermal stability limit of MoS,.

Such high temperatures can induce sulfur desorption, structural breakdown of the lattice.

Besides, we observed that once thermal damage occurred, residual amorphous

contamination on the MoS; surface often transformed into nanoribbon-like structures.

These cross-linked residues became stable even under eclevated current conditions,
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making further annealing ineffective. Instead of cleaning the surface, the process led to

persistent contamination and irreversible degradation of the channel.

Figure 4.5 (a) Low-magnification TEM image of a MoS; flake after in-situ current annealing, showing

black Mo clusters damage. (b) TEM image of amorphous contamination forming nanoribbon-like

structures after MoS, flake breakdown.

Together, these results demonstrate that while current annealing is effective for

robust and thermally stable materials like graphene, it is not suitable for MoS;. Its narrow

thermal tolerance, combined with the risk of creating electrically conductive residue,

makes this method incompatible with the requirements of in-situ electrical and imaging

studies in 2D chalcogenide systems.
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4.3 Ar/H2 gas atmosphere annealing

Annealing in a reducing gas atmosphere composed of argon and hydrogen (typically
Ar/10% Hz) at moderate temperatures (250-300 °C) has emerged as an effective and
material-compatible method for cleaning MoS>-based devices.!>!> Unlike more
aggressive techniques, this method offers sufficient chemical reactivity to break down
residual polymers such as PPC and PMMA without compromising the structural integrity
of MoS:.

Hydrogen plays a critical role in decomposing hydrocarbon chains via
hydrogenolysis, while the inert argon environment prevents unwanted oxidation. Several
studies have demonstrated that this process can efficiently remove common transfer-
related residues without altering the crystalline lattice of MoS,. It preserves the
morphology of the flake and maintains clean interfaces, making it suitable for high-
resolution STEM imaging and electrical characterization. Moreover, the annealing
temperature remains safely below the known transition threshold of MoS,, avoiding
phase transformation or sulfur loss.

In our experiment, we first heated the sample on the hotplate of an infrared lamp
furnace (ULVAC VHC-P610CP) and performed annealing in a mixed gas ambient
composed of argon and hydrogen (Ar:H2 = 9:1). The schematic of the infrared heating
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system is shown in Figure 4.5. The sample was placed on a quartz substrate and positioned

at the center of the heating zone to ensure uniform temperature exposure. Gas flow was

maintained throughout the process to prevent air ingress and ensure a reducing

environment during the entire annealing cycle.

Figure 4.6 Photograph of infrared lamp furnace.

To ensure clean interfaces prior to MoS» transfer, we first annealed the bare TEM

chip at 300 °C in an Ar/10% H: atmosphere for 1 hour. This pre-treatment step was

intended to remove residual PMMA and other polymeric contaminants introduced during

electrode fabrication. Following the all-dry transfer of MoS: flakes onto the treated chips,

a second annealing step was conducted at 250 °C for 3 hours under the same reducing gas

flow. This lower-temperature annealing was designed to gently remove transfer-related
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residues, such as PPC, without risking thermal degradation of the MoS,.

To evaluate the effectiveness of the overall cleaning procedure, STEM imaging was

performed before and after the second annealing step. As shown in Figure 4.6, the sample

prior to annealing exhibited substantial amorphous background and contrast fluctuations,

which obscured the atomic lattice. After annealing, the contamination was significantly

reduced, and the MoS; surface appeared much cleaner and more uniform under the

electron beam. Most importantly, high-resolution atomic images were successfully

obtained post-treatment, confirming that the annealing protocol not only preserved the

crystallinity of the flake but also enabled stable, artifact-free observation during in-situ

measurements.

(@ 10

Before annealing : -~ After annealing

Figure 4.7 (a) TEM image of a MoS; flake before annealing, showing notable amorphous contrast due

to surface contamination. (b) After annealing at 250 °C for 3 hours in Ar/H. atmosphere, the

contamination is reduced and lattice fringes become clearer. (c¢) HAADF image showing the atomic

structure of MoS; after annealing.
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These results verify that moderate-temperature Ar/H. annealing provides an

effective, non-destructive means of cleaning MoS: devices for high-resolution STEM and

electrical analysis..
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Chapter 5 Indirect Electron Beam Gating of MoS: Devices

Introduction

This chapter shows the in-situ experimental results on electron beam-induced
modulation in two-terminal MoS; devices. Chapter 5.1 introduces the measurement setup
using a sharply focused STEM beam placed near the device, enabling non-contact gating
via the SiNx substrate. Chapter 5.2 discusses the l¢s—Vas characteristics under different
beam currents. Chapter 5.3 focuses on the time-resolved response of the device, revealing
a reversible gating effect with an exponential decay upon beam-off. Chapter 5.4 verifies
the electrostatic origin of this effect by excluding thermal contributions and fitting EIS
data from SiNx membranes to an RC circuit model, with results consistent with the

observed transient behavior.
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5.1 Indirect beam gating measurement of MoS: device

As introduced in Chapter 1.3, indirect electron beam gating was recently proposed
as a promising method to modulate 2D device electrical conductance. Das and Drndi¢
have proposed an indirect beam gating approach for an in-situ TEM two-terminal
platform.! The advantages of this method include the absence of electron irradiation
damage to the target 2D material, electrostatic gating by charge accumulation on the
supporting film, and relatively simple device fabrication processes. They showed that
irradiating an electron beam onto the SiNx film near MoS, nanoribbons modulated the
lis—V4s characteristics of the MoS» channel. In their study, the drain-source current was
reduced when the electron beam was irradiated onto the SiNx film, which was explained
by electrostatic charge accumulation in the film due to emission of secondary electrons.
However, since the SiNx film is positively charged, electrons are thought to accumulate
near the interface with the film in the MoS; layer and act as carriers. It means that electron
irradiation may increase the drain-source current, which cannot explain their results.
Additionally, the positive charge is expected to be determined by the balance between the
number of secondary electrons emitted and the release of charge through the source
electrode or silicon substrate connected to ground. It means that the amount of the
accumulated positive charge depends on the electron irradiation current.
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In this study, we investigated changes in drain-source current (/4s) caused by electron
beam irradiation of the insulating film supporting the MoS, nanoribbon as well as its
dependence on electron beam current (/oeam) by our developed in-situ TEM measurement.
While the concept of an “indirect beam gate” is the same as the previous research, our
experimental configuration introduces key differences, including precise control over
sample configuration, beam diameter, and beam localization. These differences enable us
to clarify the underlying indirect gating mechanism by isolating the contribution of
substrate charging to /4s modulation, while preventing direct electron beam exposure to
the MoS; channel. The mechanism is further supported by impedance spectroscopy, and
the proposed model between I4s and Iveam 18 consistent with classical dielectric charging
models. Specifically, we demonstrate that the enhancement of /45 is measured when a
convergent electron probe irradiates the SiNy substrate ~15 um away from a mechanically
exfoliated MoS» nanoribbon, in contrast to the conductance suppression observed in the
previous study when a broad, unfocused TEM beam is applied directly onto CVD-grown
MoS: flakes.

Figure 5.1(a) shows the schematic image of the experimental system using a custom-
designed in-situ TEM holder.> The nanoribbons of a few layers were placed across a 5
um gap between two chromium/gold electrodes (source and drain), each 10 pm wide. The
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device was built on a 200 um-thick Si substrate coated with a 50 nm-thick SiNx film. The
SiNy film at the TEM chip window is suspended to ensure electron transparency. STEM
observation was achieved by JEM-ARM 200F at an accelerating voltage of 120 kV. A
sharp electron probe was irradiated at a lateral offset of 15 um from the nanoribbons onto
the SiNx film. The electron beam current /oeam Was tuned from the lowest illumination
current to the highest one by adjusting the illumination settings, which could be measured
by a small fluorescent screen located in the viewing chamber, ranging from approximately
840 pA to 35 pA. The diameter of the sharp electron probe was approximately 0.09 nm.
The MoS;-based device was measured using a semiconductor parameter analyzer
(Keithley 4200). The I4s—V4s curve of the MoS> nanoribbon was systematically measured

by changing the Iyeam.

’ STEM electron beam (b)

Few layer MoS,

Drain ..., sy Source
RAASSASASS SIS,

, -
SiN, film
Suspended SiN, film

y
Au/Cr ele}(rode

Figure 5.1 (a) Schematic diagram of the MoS; device and its cross-section. STEM electron beam

(green) exposure at 15um from the side of a MoS, flake. Vs and I4s correspond to drain-source voltage

and drain-source current. (b) The cross-section schematic of the MoS, device in (a).
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The overall chip size was approximately 2.6 x 2.6 mm. Three 60 x 60 um square
windows were etched to form suspended, electron-transparent SiNx regions. Source and
drain electrodes with a width of 10 um were deposited across the SiNx windows. The in-
situ holder sets three tungsten probes serving as source terminal connectors, with a
common drain electrode connected via a metal-pressed sheet, as shown in Figure 5.2(a).

Three independent devices enable parallel observation.

: electrode

Figure 5.2 (a) Photograph of the sample stage at the head of our developed TEM holder.? (b) Optical

microscope image of fabricated MoS; device based on Si/SiNy substrate. Three small squares

correspond to the windows for TEM observations. (¢) The low magnification TEM image of MoS,

flake cross on the source and drain electron, the flake width is Spum. The gap between the source and

drain is also Spm. (d) The high magnification BF STEM image of MoS flake.
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The MoS; flakes were mechanically exfoliated from bulk crystals (HQ Graphene)
onto SiO/Si substrates. MoS» flakes with widths of ~5 um were pre-selected under an
optical microscope, and their thicknesses were then verified via Raman spectroscopy to
be approximately 10 layers®, as shown in Figure 5.3. To protect the fragile SiNx film and
reduce surface contamination during transfer, our improved PPC-based dry transfer
method was used to place the MoS, flakes between the source and drain electrodes, as

shown in Chapter 3.
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Figure 5.3 Raman characterization of the MoS, nanoribbon showing the E Zlg and A;g, peaks excited
by a 532 nm laser. The peak positions are approximately 378 cm™! and 402 cm™', respectively, with a
frequency difference of approximately 25 cm™!, indicating 10 layers of MoS;.3 The red line represents

the fitted result.
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5.2 I-V Characterization and Beam-Induced Modulation Behavior

To clarify the carrier type and normal state of the MoS; nanoribbons, it was placed on
a metal stage (see illustration inserted in Figure 5.4(a), and the I4s passing through the
MoS; nanoribbons was measured by sweeping an applied voltage to the metal as a gate
voltage, when the drain-source bias voltage (V4s) was fixed to be 0.5 V as shown in Figure
5.4(b). The drain-source current (/¢s) was about 135 nA at zero gate voltage, reflecting
the n-type conduction behavior of MoS,. As the gate voltage (V) increased from —0.2 V
to +0.2 V, the drain current gradually increased, indicating that the accumulation of
electrons increases in MoS: channels. It can also be explained by the typical behavior of

an n-type semiconductor.

(a) (b) 139
e Data V,=0.5V
\lIds l Lad Fit .
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Drain R - ,,,;2,_.%_-,_ Source g 1361
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Figure 5.4 (a) The schematic of the measurement setup to clarify the carrier type and normal state. (b)
graph of source-drain current as a function of the gate voltage in the rage of +0.2 V at a constant Vs

of 0.5V by setting the device on a metal stage.

Figure 5.5 shows the /4s—Vas curves of the MoS: channel when sweeping the Vs from
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—2.5 V to +2.5 V under different lpeam from 35 pA to 840 pA as mentioned above. The
curves are nearly symmetric, indicating the balanced carrier injection at both electrodes.
The electron affinity of MoS» (about 4.0 eV) is lower than the work function of Au (about
5.4 eV), thus forming a Schottky barrier at the metal-semiconductor interface.* Below the
bias voltage of £0.5 V, the l4s—V4s curve shows a linear response, governed by thermionic
emission over the Schottky barrier. Above +0.5 V, it shows a non-linear response,
suggesting that the tunneling transport is dominant.* Despite the beam being positioned
15 um away from the MoS, channel, a pronounced increase in /gs with increasing lveam.
This indicates that the beam irradiation enhances the conductance of the MoS; channel
via the substrate-mediated mechanism. Obviously, these results suggest that the amount

of the positive charges accumulated in the SiNx film may increase with increasing Joeam.

Figure 5.5 Current-voltage (Is—Vas) curves of the MoS; device for each electron beam current from 0

to 840 pA.
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The relationship between lyeam and Igs is plotted in Figure 5.6 at several drain-source
voltages (V4s=0.5V, 1.0V, 1.5V, 2.0V, and 2.5 V). At each Vs, Igs rises quickly with
increasing Iveam, and gradually approaches saturation. Such a relationship between lveam

and /4s was fitted for each Vs using an exponential saturation function:

_Ibeam

lys = Isqt(1—e le ) 5—-1

This model is commonly used to describe input-saturation phenomena, such as
activation-limited processes or threshold-based modulation.>® Here, the I is the
saturation current of the MoS» channel under a given Vgs, and /. marks the transition point
at which the modulation efficiency starts to decline. The relationship between the
measured /yeam and /gs 1s found to be fitted well by Equation 5-1 regardless of Vs as shown

in Figure 5.6 (a).
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Figure 5.6 (a) Channel current /gs as a function of beam current /yeam at various bias voltages

(Vas=0.5-2.5V). (b) Channel saturation current /s, (red) and critical beam current /. (blue)

of the current saturation model in (b) at various bias voltages.
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In this study, we suppose that the number of electron carriers in the MoS> channel
increases in proportion to the amount of positive charge accumulated in the SiNx film and
also that the amount of the positive charge is determined by the balance between the
amount of secondary electrons emitted in proportion to the amount of electron beam
irradiation and the current flowing to ground through the Si substrate and electrodes. This
result suggests that there is an upper limit to the number of secondary electrons emitted
when increasing the amount of electron beam irradiation, based on our assumption.

We also notice that /4s is proportional not only to the density of electron carriers but
also to the electric field in the MoS» channel due to applied Vgs. To investigate this point,
Lsar and I values were estimated for each Vg of 0.5V, 1.0V, 1.5V, 2.0 V,and 2.5 V as
shown in Figure 5.6 (b). We find that /s, roughly increases in proportion to Vgs as 1 V or
higher, although it gradually increases below 1 V. In detail, /. increases by
approximately 0.2 pA with each increment of 0.5 V from 1.0 V to 2.5 V. This result
suggests that the voltage drop may be low at the interface of the MoS, channel and
electrodes due to the tunneling transport and that the effective bias voltage applied to the
MoS; channel may be almost proportional to Vs.

On the other hand, /. is observed to increase in proportion to Vgs from 0.5 to 1.5 V and
seems to be constant at 2 V and 2.5 V. Considering Equation 5-1, we expect that /. does
not depend on Vys but on Jyeam and it must be a constant value against Vgs. It may also be

caused by the voltage drop at the interface.

5.3 Time-resolved current measurements of MoS: device

If the carrier concentration in the MoS; channel is related to the number of positive
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charges accumulated in the SiNy film, /gs should change over time depending on whether
electron irradiation is turned on or off. Figure 5.8 shows the time evolution of /¢s at Vs of
0.01 V and Jveam of 100 pA, when turning the electron irradiation on and off. In Figure 5.8
(a), 14s sharply decreases at the same time when turning the electron irradiation off and it
slowly decreases after that, following an exponential decrease with a time constant T =~ 90
s. The sharp decrease can be explained by the immediate cessation of secondary electron
emission. While, the slow decrease can be explained by the slow release of accumulated
charges, since the SiNy film has high electrical resistance. Figure 5.8 (b) shows the result
of repeatedly turning the electronic irradiation on and off, demonstrating the
reproducibility of the decay behavior. When the electron irradiation started to be turned
on, l¢s sharply increased, and it gradually increased after that. The sharp increase can be
explained by the immediate onset of secondary electron emission. The gradual increase
may be related to the rising temperature. By fitting an exponential function to the
experimental results, the time constant was scattered in the range of 58 to 98 seconds.
Such a variation in the time constant is thought to reflect accumulated charge, temperature
distribution, and other factors. When highly accelerated electrons are irradiated onto a
thin insulator, in addition to atom knock-on and charge up due to secondary electron
emission, temperature rise due to phonon excitation also occurs.” Due to the low thermal
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conductivity of insulators, it must take milliseconds for the temperature to be moderated
by heat diffusion.! Therefore, the results of Figure 5.8 support our assumption that the
amount of the positive charge is determined by the balance between the amount of
secondary electrons emitted in proportion to the amount of electron beam irradiation and

the current flowing to ground through the Si substrate and electrodes.
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Figure 5.8 (a) Time-resolved response of MoS; device to the on-off state of STEM electron beam, on
for 10s and off for 180s. (b) The single exponential decay model fits with the off state with a

characteristic discharge time of T ~ 90 s.
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To clarify the origin of the indirect beam gating modulation, we performed control
measurements on bare SiNx membranes without MoS;. No measurable current was
detected under varying beam intensities, ruling out direct conduction through the
dielectric. However, the /-JV curves exhibited clear hysteresis, suggesting intrinsic charge
trapping and release. This behavior could arise from the ejection of secondary electrons
under STEM irradiation, which leads to a local charge imbalance and leaves the SiNy
positively charged. The resulting electrostatic field may act as a local gate, modulating

the potential near the MoS» channel.
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Figure 5.7 I-V curve of bare SiNx with different electron beam strength, showing a clear hysteresis

effect. The current of 10-'2is much smaller than the 107 in the I-V curve of the MoS; device.
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5.4 Verification of the Electrostatic Gating Mechanism

Electron irradiation of insulating TEM specimens has been studied previously and
results in radiation damage through primarily three modes: knock-on collisions, radiolysis,
and electrostatic charging.® In the former, atoms in the specimen get displaced via
momentum transfer with energetic 120 keV electrons, resulting in defects and vacancies.

In the case of radiolysis, incident electrons cause in-plane vibrational excitations
within the specimen, which lead to a localized temperature increase. While a
thermoelectric effect has been previously demonstrated in MoS> and would explain the
correlation here between I4s and Iveam, We calculate an estimated heat dissipation time. At

300K, the thermal diffusivity o is noted as’:

2
m
a = 9.65 X 10_6? 5-2

Then, the characteristic time for heat to diffuse over a distance L is estimated by:

LZ

T 5-3

Assuming L is 30 um, from the center of a 60 x 60 pm SiNx film, the estimated heat

diffusion time is:

(3 x 1075)2
T % 9.65 x 10-9)

~ 933 X 107°s 5-4

which is significantly shorter compared with the observed decay in /¢s shown in
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Figure 5.8 (b). Both knock-on collisions and radiolysis are hence not likely causes of the

observed gating effect.

To further verify the charging mechanism, we subsequently conducted

electrochemical impedance spectroscopy (EIS) on the same device structure without the

MoS; channel, as shown in Figure 5.9.
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Figure 5.9 (a) Equivalent circuit used to fie the measured bare SiNy device. (b) EIS Bode plot of the

impedance magnitude (|Z|, left y-axis) and phase angle (right y-axis) as a function of frequency for the

fitted Q(RC)Q equivalent circuit model.

The measured impedance data are shown as red circles for |Z| and blue triangles for

phase angle, while the corresponding fitted values are represented by green squares and

yellow diamonds, respectively.

Au electrodes were deposited on a suspended SiNy membrane, and the resulting

Nyquist plot was fitted using an equivalent circuit of the form Q—(R // C)—Q. In this model,
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the two Q elements represent constant phase elements (CPEs) that capture the non-ideal
interfacial behavior at the Au/SiNy contacts. These are commonly attributed to effects
such as microscopic surface roughness, interfacial states, or spatial inhomogeneities in
the potential distribution.

The central (RI|C) unit models the intrinsic electrical behavior of the insulating SiNy
layer. The resistance (R) reflects the leakage resistance of the dielectric, while the
capacitance (C) corresponds to the ability of the SiN film to store charge at its interfaces
or within trap states. From the fitting results in Figure 5.8 (b), we extracted a capacitance
of C = 1.198 X 1071% F. Then we measured the DC resistance of bare SiNy film device
R = 3.51 x 10! Q. We calculate the RC time constant T using the following relation:

T=R-C=42s 5-5

This time constant is in the same order of magnitude as the characteristic decay times
(~90 s) observed in the time-resolved current response of MoS; under electron beam
switching. This supports the accumulation of positive charges in the SiNx film due to
electron irradiation and their release upon turning the irradiation off. Note that in the case

of classical RC charging, the charging function is expressed as follows:

Q) = Quax(1 — e7H/RC) 5-6

where Q(?) is the charge stored on the capacitor at time t, and Omax 1s the maximum charge
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corresponding to the applied voltage. This charging accumulation behavior well
reproduces the measured time evolution of /¢s during turning the electronic irradiation on
and off (Fgure5.8). These results supports our assumption that the number of electron
carriers in the MoS: channel increases in proportion to the amount of positive charge

accumulated in the SiNy film.

Previous studies have also shown that electron beam irradiation in vacuum can
induce charge accumulation on suspended dielectric films like SiNx.!%!? Specifically, in
MoS: devices supported on SiNx films, beam exposure leads to transient current increases
during irradiation, and a persistent current decreases after the beam is turned off, with
decay times of 80-100 s.!! These effects are attributed to positive charge accumulation in
the insulating film, which behaves analogously to a local gating field."> The long
relaxation time is consistent with the high resistance of the SiNx membrane, which slows
the discharge of accumulated charges. In our case, although the electron beam does not
directly irradiate the MoS; channel but rather the adjacent SiNx film, a clear modulation

effect is still observed, supporting the presence of an indirect electrostatic gating effect.

5.5 Discussion of indirect beam gating
Therefore, while irradiated by STEM electron beam, the secondary electron loss in the
SiNx occurred the positive charging of SiNy film, as is shown in Figure 5.10. It presents

a schematic illustration of the energy band structure of the MoS2 nanodevice before and
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after irradiation of a sharp electron probe on SiNy substrate. In the absence of beam
irradiation, the electron affinity of SiNy is about 2.2 eV.!* When the MoS; contacts with
SiNy, the alignment of the Fermi levels causes the electronic bands of MoS» to bend
upward. By electron beam irradiation, secondary electron emission from the SiNy surface
leads to net positive charge accumulation in the dielectric. This accumulation induces an
effective electrostatic potential (Vefr) across the MoS»/SiNy interface, which is not
externally applied but arises from local charging of the substrate. We suppose that this
effective potential (Verr > 0) may mimic the effect of a positive gate bias, despite the
absence of a physical gate electrode. It creates an internal electric field directed into the
MoS; channel, resulting in downward band bending and electron accumulation. Therefore,
the channel current increases, enabling indirect, non-invasive modulation of MoS»
devices under in-situ TEM conditions.

The current modulation induced by indirect electron irradiation in this study yielded
results opposite to the previous report. In the previous report, the current in the MoS»
channel decreased upon electron irradiation. As mentioned in the introduction, the
experimental conditions, such as the electron irradiation region and the arrangement of
the MoS; layer being measured, differed from those in previous studies. These differences
in experimental conditions undoubtedly had an influence on the current in the MoS;
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channel. For example, in the previous study, the dimension of the MoS> monolayer film

was several times larger than the electrode size and was supported on a SiNx film.

Additionally, since the electron beam was irradiated in the TEM mode, where the electron

beam is nearly parallel, some of the electron beam may have directly irradiated the MoS,

monolayer. In this case, the current in the MoS> channel decreases due to secondary

electron emission from the MoS, monolayer.
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Figure 5.10 Schematic illustration of the energy band structure of MoS, nanodevice

without and with STEM electron beam irradiation on SiNx. Beam-induced secondary

electron emission leads to positive charge accumulation in SiNy, creating an effective

potential (Verr > 0) at the MoS»/SiNy interface. This results in downward band bending

88



Chapter 5

and carrier accumulation in MoS;.
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Chapter 6

Summary

In this thesis, indirect electron beam gating of in two-terminal MoS, devices has
been investigated using in-situ STEM techniques. Such indirect beam irradiation led to a
pronounced, reversible modulation of the channel conductance.

Chapter 1 introduces TMDCs family and its benchmark member MoS,. MoS; offers
unique electrical properties desirable for nanoscale electronics. Conventional modulation
strategies, including doping and back-gating, face limitations in spatial resolution and
compatibility with in-situ measurements. In-situ TEM provides an alternative platform
capable of correlating atomic structure with electronic behavior in real time. We further
introduce indirect electron beam gating as an emerging modulation approach and position
it as the focus of this study.

In Chapter 2, we detail the experimental methodology for conducting in-situ TEM
studies on MoS» transistors. The devices were fabricated on suspended SiNy membranes
patterned with Cr/Au electrodes. A custom-designed TEM chip, together with a home-
built in-situ holder, enabled simultaneous electron beam irradiation and electrical biasing.
This integrated setup establishes a stable platform for investigating beam-induced

modulation in MoS; devices.
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Chapter 3 describes the development of an optimized dry-transfer process. By

replacing conventional PDMS with a PPC/PDMS composite stamp, we achieved precise

pick-up and controlled release of MoS, flakes. The improved thermal control of PPC

minimized contamination and mechanical strain on the SiNy substrate. Optical

microscopy and STEM imaging confirm successful and clean transfer. The dry transfer

process enables reproducible fabrication of beam-compatible devices and is crucial for

achieving stable electrical measurements in the TEM environment.

Chapter 4 highlights the critical importance of contamination control in in-situ TEM

studies, where beam-induced deposition or surface residues can significantly affect

measurement accuracy. To address this, we introduce a series of surface cleaning

strategies for 2D material devices. In particular, Ar/H, atmosphere annealing was

employed both before and after the transfer of MoS, flakes—first to pre-clean the TEM

chip, and then to remove residual polymers following transfer. STEM imaging confirms

the successful removal of contaminants and the restoration of atomically clean MoS»

surfaces.

Chapter 5 systematically investigates the indirect electron beam gating effect in two-

terminal MoS; devices using a sharply focused STEM probe. When the beam irradiates

the SiNy substrate that 15 pm away from the MoS; channel, a clear and reversible increase
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in channel current is observed, despite the absence of direct exposure. The l4s—Vas curves

exhibit nonlinear behavior typical of Schottky-type transport, with the current increasing

significantly under higher beam intensities. Time-resolved measurements show that the

beam-induced conductance decays exponentially after switching off the beam, with a

characteristic time constant T =~ 90 s. Impedance spectroscopy performed on bare SiNx

membranes revealed an RC time constant of approximately 42 s, consistent with the

charging—discharging behavior seen in MoS» devices. These findings support a model

where the STEM beam induces electrostatic charging of the dielectric substrate, which in

turn modulates the carrier injection at the MoS; interface. The results demonstrate the

feasibility of using indirect electron beam gating as a non-contact modulation strategy

and provide new insights into charge-dielectric interactions in 2D electronic systems.
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