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Abstract

This thesis explores modification of transition metal dichalcogenides (TMDs) through
doping and synthesis techniques to tailor their electronic properties, including sen-
sor technology. The work is divided into three main studies: Rhenium (Re) doping
in Molybdenum Disulfide (MoS;) to achieve n-type characteristics, Niobium (Nb)
doping in Tungsten Disulfide (WS;) to induce p-type behavior, and the synthesis

and application of PtSe; in strain sensors.

The first study investigates Re doping in Thermally Assisted Conversion (TAC)
MoS;, films, with three compositions: pristine, 2.63 at.% Re, and 10.48 at.% Re. Based
on Hall effect measurements, both 2.63 at.% and 10.48 at.% Re-doped MoS; showed
n-type behavior with reliable signal-to-noise ratio. Optimal 2.63 at.% Re doping
enhanced conductivity and reduced activation energy, as confirmed by Arrhenius
plots. Hall measurements showed the highest mobility at 2.63 at.% Re doping (0.51
cm?/V-s) and a resistivity of 2.5 Q-cm. TEM and EELS analyses indicated Re segre-
gation and integration into the MoS; matrix, providing insights into polycrystalline

MoS; film doping.

The second study addresses achieving weak p-type conductivity in TAC grown WS,
through Nb doping, with two compositions: pristine and 1.76 at.% Nb. Introduc-
ing Nb at 1.76 at.% and converting at 900°C for 30 minutes resulted in highly tex-
tured structures in both pristine and Nb-doped WS, samples. Field effect measure-
ments showed pristine WS; had n-type behavior with a mobility of approximately
0.1 cm?/V:s and an on/off ratio of 8, while Nb-doped WS, exhibited weak p-type
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conduction, attributed to incomplete conversion. This study underscores the need
for further optimization of the doping process and provides a basis for improving

doped WS, film quality.

The third study focuses on PtSe, synthesis and its application in sensors, moti-
vated by an energy-efficient electrochemical exfoliation (EE) process, large PtSe;
flakes with aspect ratios exceeding 1000 were produced and deposited using the
Langmuir-Schaefer technique to achieve highly aligned networks. The semitrans-
parent sensors, with ~ 60% transparency (light passes through) at 1000 nm, showed
potential applications in textile electronics. The sensors exhibited a consistent re-
sponse with 0.5% strain with a negative gauge factor of —5.45, attributed to changes

in the band structure upon deformation, and remained robust for 1000 cycles.

This thesis provides insight into semiconducting material synthesis and characteri-

zation, and suggests future pathways to optimize these materials.
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thickness of the converted MoS; was found to be 49 nm, for intensity

profile Appendix |A1.5] Scale bars are on the images. Films shows

relatively mix orientation and proves polycrystalline nature of it. For

the analysis of pristine MoS, film, the film was prepared on an R-cut

Al O3 substrate and the same sample was used for low-temperature

resistivity and Hall effect measurements. The presented images cor-

respond to different areas of this single sample. | . . .. ... ... ..

XS

Compositional Analysis of 10.48 at.% Re-doped MoS; film. (a) shows

the HAADF-TEM image revealing substitutional Re atoms as brighter

spots in MoS; matrix, clustering near the substrate. (b) provides el-

emental mapping for Re, Mo, and S in the green highlighted region

of (a).(c) is a composite map showing the spatial distribution of these

elements. Scale bars are on the images. For the analysis of 10.48 at.%

Re doped MoS; film, the film was prepared on an R-cut Al,O3 sub-

strate and the same sample was used tor low-temperature resistivity

and Hall effect measurements. The presented images correspond to

different areas of this singlesample| . . . . ... ... ... .. ... .
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B9

A TEM image of the 10.48 at.% Re-doped MoS, film highlights the re-

gion where EELS analysis was conducted. The thickness of the 10.48

at.% Re-doped MoS, is found to be 41 nm, as shown in the inten-

sity profile in Appendix |A1.7, and also in the scale bar here. The

dopant Re (Z = 75) appears in brighter contrast in the HAADF-TEM

images due to the significant difference in atomic number between

Mo (Z = 42) and S (Z = 16), as shown on the left. The table on the

right illustrates the distribution of Re, Mo, and S elements in the se-

lected areas, with two different colorings indicating the distinct re-

gions. The red area, labeled as A, shows the region closer to the sub-

strate, while the green area, labeled as B, represents the area farther

trom the substrate. In comparison, the Rhenium content, in terms of

at.%, increases, whereas the ratios of the other elements remain rela-

tivelyconstant| . . ... ... ... ... L o o

123

B.10

Temperature dependent resistance and In(R) analysis of MoS, films

with varying Rhenium concentrations that grown on R-cut. (a), (b),

and (c) show the resistance as a function of temperature for pristine,

2.63 at.%, and 10.48 at.% Rhenium-doped MoS,, respectively. (d), (e),

and (f) represent In(R) vs. 1/T plots for the same samples. The slope

values (1.28 tor pristine, 0.81 for 2.63 at.%, and nonlinear behavior

tor 10.48 at.%) indicate Arrhenius-type conduction for pristine and

2.63 at.% films, while the 10.48 at.% film deviates, showing metallic

behavior) . . . . . ..

125

BIT

The left graph reveals that both the carrier concentration and sheet

carrier concentration change along with increased Re impurities. The

right graph shows the change in mobility versus Re concentration.| .
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4.1 Fabrication process for pristine and Nb-doped WS, devices. The pro- |

| cess begins with the preparation of a S5i/5iO, substrate containing |

| an empty channel area, which serves as the toundation of the de- |

| vice. Following substrate preparation, W or Nb:W is deposited onto |

| the substrate using a sputtering process. The deposited W or Nb:W |

| layers are then converted into pristine WS, or Nb-doped WS, via |
| ] assisied — TFaid . T Bl l

| electrical contact with the WS, films, UV lithography is employed. |

| The lithography process defines the device geometry, resulting in a |

| channel length of 89 ym and a width of 5 mm. For the source and |

| drain electrodes, a thin layer of titanium (1i, 1 nm) is deposited as an |

| adhesion layer, followed by a thicker gold (Au, 50 nm) layer using |

| a Temescal e-beam evaporation system. The final structure consists |

| of a well-defined WS, channel, with yellow regions representing the |

| Ti/ Au metal electrodes and the blue region indicating the WS, channel.[149

4.2 A three-probe configuration for performing electrical characteriza- |

| tion of a WS, FET device on a Si/SiO; substrate with a back-gated |

| setup. The image is adapted from a PhD thesis [18|]. The schematic |

| illustrates the three-probe gating setup. The two probes on top of the |

| WS, tilm represent the source and drain electrodes. The source elec- |

| trode applies voltage stress to the system, while the drain electrode |

| measures the output current. For channel parameters: The channel |

| length is 89 ym and the width is 5 mm are used. As the setup is de- |

| signed for a bottom-gate configuration, the third probe, which con- |

| trols the channel conductivity, is applied from the back of the silicon. |

| For this purpose, the silicon substrate is adhered to the Ti/ Au-coated |

| glass. Silver paste was used to ensure adhesion and establish an elec- |

| trical connection between the Ti/Au layer and the WS, film.| . . . . . 150
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3

XRR results of pristine WS; and 1.76 at.% Nb doped W films on the

left. The plots show the oscillations due to X-ray wave interference.

The right side shows the layer deposition schematics on Al,O3 sub-

strates. The bottom schematic indicates Nb content, which is not thick

enough to form a distinct layer. Referring to Nb content as "dusted"

might be moreaccurate. | . . . ... ... ... ... .. L.

152

!

Raman spectra of pristine WS, and 1.76 at.% Nb-doped WS; films

grown on R-cut Al,O3 substrates using a 532 nm laser.| . . . . .. ..

154

5

Raman spectra of pristine WS, and 1.76 at.% Nb-doped WS, films

grown on Glass substrates usinga 532 nmlaser. | . . . . ... ... ..

155

E6

0 — 20 dittraction patterns of pristine WS, (blue) and 1.76 at.% Nb

(green) -doped WS, films on R-cut sapphire substrates. JCPDS card

no. 38-1388, is used to label the orientation. This JCPDS card provides

reference data for the crystal structure of WS, . . . ... ... ...

156

a7

HAADF-TEM images of WS, thin films on R-cut Al,O3. Images (a),

(b), and (c) show the layers of WS,. Based on the contract, white areas

represents the unconverted W residues due to higher dentist of it.

Image (c) presents the void that occurred during conversion. Image

(d) highlights a specific area, marked in red, where EELS (Electron

Energy Loss Spectroscopy) analysis was conducted to determine the

stoichiometry| . . .. ... ... ... . L L o o

158

i3

HAADEF-TEM images of 1.76 at.% Nb-doped WS, thin films on a S10,

substrate. Images (a), (b), and (c) show the overall layered structure

with distinct tungsten and Glass (Amorph 5iO,) regions. Images (d)

highlights the areas selected for EELS analysis, marked in red and

green boxes, to contirm the stoichiometry and unconverted bulk of

W layer in the WS; matrix. Again, image (d) shows the TEM-EDS

(Transmission Electron Microscopy - Energy Dispersive X-ray Spec-

troscopy) analysis to detect 0.2 nm of Nb content in the WS, matrix.|.
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49

(a) Two-probe I-V characteristics of three ditferent pristine WS, films.

D1,D2,D3 are represented by there different pristine WS, devices. The

colors in image (a) represents the same device in the image (b). Ini-

tially, the two-probe method is utilized to record the current and resis-

tivity of the devices. The nonlinear behavior of the I-V curves in (a)

highlights asymmetry, which suggests differences in resistivity. (b)

Three-probe gating study with V;; = 1V for the same pristine WS,

tilms. The three-probe method is utilized to observe the current be-

havior of the films over a range of gate voltages (V) between —30V

and +30V, while maintaining a constant and small drain-source volt-

age (Vj5) of 1 V. The red-colored line in (b) represents the linear sec-

tion of the I; — Vs curve, where the slope is calculated to determine

the transconductance (g;;). Iransconductance is critical because it di-

rectly relates to carrier mobility (y), a measure of how easily carriers

(electrons or holes) move in the channel under an electric field |

162

.10

Summary of field-effect gating studies of pristine WS, films. The

scatter plots summarize the mobility () in graph(a) and on/off ratio

(Ion / Loge) tor devices D1, D2, and D3 in graph (b). Blue dots represent

individual devices, and red dots show the mean values with standard

AT

(a) Two-probe I-V characteristics of 1.76 at.% Nb-doped WS, films.

(b) Three-probe gating study with V;; = 1V of 1.76 at.% Nb-doped

WS film . . oo
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.1

(a) Photograph of a bulk PtSe, crystal before exfoliation, showing its

compact structure. (b) Schematic of the electrochemical exfoliation

(EE) setup: a PtSe, crystal is connected to the anode via crocodile

clips, and a Pt foil serves as the cathode. A bias of -8V is applied

between the electrodes to intercalate TPA™ cations into the crystal.

(c) Image of the extoliated PtSe, ink in a bottle, demonstrating its

dispersion in solution. (d) The schematic of the Langmuir Scahetfer

deposition. |TALK]|The scale barin (a)is5mm,. . . . ... ... ...

181

52

Raman spectroscopy of PtSe, tlakes on different substrates. (a) Ra-

man spectrum of PtSe, deposited on a polyimide substrate, showing

high fluorescence and background interference. (b) Raman spectrum

of PtSe; on a 5i/S10; substrate, revealing distinct vibrational peaks at

178 cm™ (E¢ mode), 206 cm! (A1, mode), and a subtle LO mode near

232 eml) L

182

53

AFM analysis of the PtSe, network. (a) AFM micrograph of PtSe;

tlakes showing a tlake with a thickness of approximately 4 nm, as

indicated by the cross-sectional profile. (b) Histogram of flake thick-

ness distribution, with an average thickness of 4.5 nm and a standard

deviation of £1.57 nm. (c) Thickness vs. length scatter plot, show-

ing the length distribution of flakes, with an average length of 1.3 ym

and a standard deviation of £0.8 ym. (d) Aspect ratio vs. thickness

scatter plot, revealing a broad range of aspect ratios with an average

exceeding 300, emphasizing the significant anisotropy in the flakes’

dimensional properties.| . . . ... ... ... . 0 L




54

(a) Transmission spectrum of the PtSe, network on a polyimide sub-

strate, showing approximately 60% transmission at 1000 nm. The

inset displays an optical micrograph of the PtSe, network, demon-

strating uniform flake distribution with a scale bar of 20 pm. (b) XRD

pattern of the PtSe, network on a Si/S10; substrate, with a prominent

peak at 17.4° corresponding to the (001) orientation and an inter-layer

spacing of 0.5 nm. Peaks associated with the Si substrate, such as Si-

(002) and Si-(004), are also identified.|. . . . . . ... ... ... .. ..
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55

Electromechanical characterization of the PtSe, network. (a) Relative

resistance change (AR/Rp) as a function of applied tensile strain up

to 0.5%, showing a negative gauge factor of —5.0. The inset illustrates

the strain gauge with a gauge length of 2 cm. (b) Cyclic strain test-

ing with a triangular sawtooth strain profile (top) and corresponding

resistance response (bottom), demonstrating the stability of the strain

gauge over 1000 cycles. (c) Histogram of gauge tfactor measurements,

showing a normal distribution centered around —5.45 £ 0.33. (d, e)

SEM images of the PtSe, network before and after 1000 cycles of 0.5%

tensile strain, showing the network’s structural integrity with contin-

uous percolation paths and long junction overlaps.|. . . . . ... ...

187

IA1.1 XRR fit of three samples using GenX, showing R; fit and residual dis-

tribution. The residual represents the difference between the experi-

mental and simul lues. The R? val monstr hat the fi
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IA1.2 The thickness of the pristine MoS, film that grown on R-cut Al,O3 |

substrate, was measured using HAADF imaging in a STEM setup. |

The intensity protile extracted trom the cross-sectional image was an- |

alyzed, and the FWHM of the intensity peak was determined to be |

49 nm, corresponding to the film thickness. The y-axis represents |

the electron scattering intensity (x10%), quantifying the HAADEF sig- |

nal across the pristine MoS, film and substrate. HAADF detectors |

collect electrons scattered at high angles, which are sensitive to the |

atomic number (Z) of the material (proportional to Z%). Materials |

with higher atomic numbers scatter more electrons, resulting in higher |

intensity peaks on the y-axis. The peaks in the profile indicate the |

presence of the MoS; film, while the lower intensity regions corre- |

spond to the substrate and vacuum., . . . ... ... .. ... ... .. 209

IA1.3 The image shows the AFM micrograph of 2.63 at.% Re-doped MoS, |

tilm grown on R-cut Al,O3 substrate and the corresponding line pro- |

tiles of height across three selected areas (labeled as Line 1, Line 2, |

and Line 3). The left panel represents the surtace topography, with |

the height variation color-coded from 0 to 115 nm. The right panel il- |

lustrates the height profiles along the three marked lines in the AFM |

image. For AFM image analysis, an open source software Gwyddion |

is used [1]. The detail about it is given in the Section2.9, | . . . . . . . 210
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IA1.4 HAADF imaging and intensity profile analysis of 10.48 at.% Re-doped |

| MoS; film grown on R-cut Al,O5 substrate. The left panel shows the |

| cross-sectional HAADF image, while the right panel displays the cor- |

| responding intensity profile. The film thickness was determined to be |

| 41 nm based on the full-width at halt--maximum of the intensity peak. |

| The intensity profile highlights the electron scattering behavior, with |

| higher intensity peaks corresponding to the MoS, film and lower in- |

| tensity regions indicating the substrate. Evidence of inhomogeneity |

in the film i T near th T ide ............. 211

IA1.5 (a) AFM topographic image of pristine MoS, showing the surface |

| morphology over a chosen area where scale bar is 400 nm. (b) Line |

| profile analysis along the red arrow in (a) reveals the surface rough- |

| ness with a height variation more than5nm. . . . . . ... ... ... 212

IA2.1 The thickness of the pristine WS, film was measured using HAADF |

| imaging in a STEM setup. The intensity profile extracted from the |

| cross-sectional image was analyzed, and the FWHM of the intensity |

| peak was determined to be 30 nm, corresponding to the film thick- |

| ness. The y-axis represents the electron scattering intensity (x10%), |

| quantitying the HAADF signal across the pristine WS, film and sub- |

| strate. HAADF detectors collect electrons scattered at high angles, |

| which are sensitive to the atomic number (Z) of the material (pro- |

| portional to Z2). Materials with higher atomic numbers scatter more |

| electrons, resulting in higher intensity peaks on the y-axis. The peaks |

| in the profile indicate the presence of the WS, film, while the lower |

| intensity regions correspond to the substrate and vacuum, . . . . .. 215

IA2.2 The thickness of the Nb-doped WS; film was measured using HAADF |

| imaging in a STEM setup. The thickness of the film is similar to pris- |

| tine WS, film. However, unconverted metal blocks are obvious with [

| Nb doped WS, film. The substrate is here Glass (Amorph 5iO,),| . . . 216
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IA3.1 Nanosheet overlap schematic, showing top view and side view of two

square overlapping nanosheets. Here, the x-direction is the direction

of strain (horizontal in the figure), while y is the perpendicular in-

plane direction (vertical in the figure).| . . . . .. ... ... ... ...
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1 | Introduction

The relentless pursuit of advancements in the semiconductor industry has driven
the exploration of both traditional materials, such as silicon, and emerging alterna-
tives like transition metal dichalcogenides (TMDs). These materials exhibit tunable
electronic, optical, and mechanical properties, offering significant potential for next-
generation electronic devices. With their unique layered structures and exceptional
versatility, TMDs have emerged as strong candidates for applications ranging from

transistors and sensors to optoelectronic devices.

This thesis investigates two primary approaches for material synthesis: bottom-up
techniques, such as Thermally Assisted Conversion (TAC), and top-down methods
like Electrochemical Exfoliation (EE). TAC, a scalable variant of Chemical Vapor
Deposition (CVD), enables controlled growth of polycrystalline films with tunable
properties, making it particularly suitable for large-scale production. Conversely,
EE provides a cost-effective route for high-quality low-dimensional materials by

minimizing defect generation during the exfoliation process.

This chapter begins by discussing the foundational principles of semiconductors,
including their electronic structure, and doping mechanisms. It then provides an
overview of synthesis techniques employed for fabricating emerging semiconductor
materials. The chapter concludes with a discussion of the potential applications of
these materials, emphasizing their integration into electronic devices, as explored in

this thesis.



1.1 Introduction to Semiconductors and Their Proper-

ties

Semiconductors, which serve as the fundamental building blocks of modern elec-
tronics, are materials whose electrical conductivity can be precisely tuned through
temperature, the application of electric fields, and the deliberate introduction of im-
purities. They form the basis of a wide range of electronic devices, including transis-
tors, diodes, solar cells, LEDs, and photodetectors. At the heart of these capabilities
is the presence of a bandgap, an energy range in which no electronic states exist, ly-
ing between the fully occupied valence band (Ey) and the empty conduction band
(Ec), as shown in Figure (@), (b), (c). Materials can be broadly classified based
on the size of their bandgap (Eg). Insulators, such as silicon dioxide (5iO,) and dia-
mond, possess large bandgaps (E; ~ 9eV for SiO; and E; ~ 5.47 eV for diamond),
which prevent significant electron excitation from the valence band to the conduc-
tion band, even at high temperatures, making them electrically non-conductive. In
contrast, semiconductors, with moderate bandgaps ranging from 0.6eV to 1.5eV,
can have their conductivity significantly enhanced by thermal excitation or dop-
ing. Silicon, with a bandgap of approximately 1.12eV at room temperature, is the
most widely used semiconductor due to its abundance, well-developed processing
technologies, and well-established fabrication infrastructure. Other commonly em-
ployed semiconductors include germanium (E; ~ 0.66eV) and gallium arsenide
(GaAs, Eg ~ 1.41eV), with GaAs offering a direct bandgap and high electron mo-
bility, making it suitable for high-speed and optoelectronic applications. Metals, on
the other hand, exhibit no bandgap (E; = 0) due to the overlap of their conduction
and valence bands, which allows free electrons to move freely and results in high

electrical conductivity [1, 2].

Figurell.1|illustrates the differences in bandgap energies across insulators, semicon-
g gap g

ductors, and metals, highlighting how these properties govern electrical conduc-
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tivity. The ability to tune the bandgap through material selection and doping pro-
cesses is critical to advancing electronic and optoelectronic technologies. Silicon’s
dominance as a semiconductor is due to its moderate bandgap, allowing operation
at room temperature, and its compatibility with Conventional Metal Oxide Semi-
conductor (CMOS) processing. Other semiconductors, such as Ge and GaAs, are
used for specific applications requiring smaller bandgaps or higher mobility. Com-
pound semiconductors like indium phosphide (InP) extend this versatility, offering

properties suited for telecommunications and high-speed electronics.

E. u
E, ‘ e
= N E
E o
B, -7 & E
E,
GaAs Eg =1.41eV
SIDE Eg:q eV Si Egzllzt‘v
Diamond Eg =547eV Ge Eg =0.66 eV
(a) (b) ()

Figure 1.1: Schematic of the band gaps in different classes of materials: insulators
(510, and diamond), semiconductors (GaAs, 5i, Ge), and metals (no bandgap) [2].

In intrinsic semiconductors such as pure Si, each silicon atom forms covalent bonds
with four neighboring atoms, as shown in Figure [1.2(a) and (b), filling its valence
band with electrons that remain bound until sufficient thermal energy is provided
for some of these electrons to jump into the conduction band, leaving behind pos-
itively charged vacancies called holes. At room temperature, the conductivity of

intrinsic silicon is very low due to the lack of excited electrons.

By introducing controlled impurities, known as doping, one can dramatically alter
the concentration of free carriers in an intrinsic semiconductor. Adding phosphorus
(P), a group V element with five valence electrons, to Si creates loosely bound elec-

trons that can be thermally excited into the conduction band with a comparatively
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Figure 1.2: (a) Schematic of a silicon atom with four valence electrons. (b) In
the crystal lattice, each Si atom shares electrons with neighbors, forming covalent
bonds. Thermal or doping-induced excitation frees some electrons into the conduc-
tion band, leaving behind holes in the valence band [2].

small activation energy of about 40-50 meV, generating n-type Si, where electrons
outnumber holes [3]. Conversely, adding boron (B), a group III element, introduces
electron deficiencies or acceptor levels just above the valence band, allowing holes
to form more easily at room temperature with a similar small activation energy, thus
producing p-type Si. Intrinsic carrier concentrations in Si and GaAs are on the order
of 10’ cm~3 and 10° cm 3 respectively, while doping increases these carrier den-
sities by many orders of magnitude [4]. In germanium, with its smaller bandgap,
doping can be even more effective at room temperature, and in GaAs or InP, donor
and acceptor activation energies may be as low as a few meV, ensuring high carrier
concentrations at relatively low thermal energies. In all cases, extrinsic semiconduc-
tors (i.e., doped materials) exhibit free carrier densities approximately equal to the
dopant concentration, thereby achieving conductivities orders of magnitude higher

than their intrinsic counterparts [4].

For the presence of electrons to contribute to the conductivity of a semiconductor,
the electrons must occupy energy states where movement is possible. As tempera-
ture increases, electrons obey Fermi-Dirac statistics, which describe the probability
of occupation of electronic energy states [5]. Atabsolute zero, all energy states below
the Fermi level Er are completely occupied by electrons, while those above Er are

empty, meaning no thermal energy is available to excite electrons. For T > 0, ther-

4



(a) (b)

extra electron

phosporus
; \ :l ; nucleus EC EC .0 000
rIN rIN —o o000 —E HH
gD JCE>

VA e
£y Yy Ty Ey Ey
DOGHOGTHOG
] a, T=0K room temperature

Figure 1.3: (a) Incorporating a donor atom such as phosphorus into silicon results
in extra electrons that can be thermally excited into the conduction band at low
activation energies. (b) The energy diagram shows the donor level just below the
conduction band edge, facilitating this excitation [2].
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Figure 1.4: (a) Incorporating an acceptor atom such as boron into silicon introduces
energy levels just above the valence band, promoting the formation of holes. (b)
The energy diagram shows these acceptor levels, allowing electrons to be captured
easily and thus leaving behind free holes [2].

mal excitation causes some electrons to gain enough energy to occupy states above
Er, leaving behind unoccupied states (holes) in the valence band. This distribution
of electrons over available energy states is governed by the Fermi-Dirac probability

function, given by:
1
fE) = —= (1)
1+e®m
where f(E) is the probability of an electronic state with energy E being occupied, k

is Boltzmann’s constant, and T is the absolute temperature.
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This equation indicates that at absolute zero (T = 0), f(E) transitions sharply from
1 for E < Ep (all states below Er are filled) to 0 for E > Ef (all states above Ef are
empty). However, as T > 0, the transition becomes smoother, with states near Er
partially filled due to thermal excitation. This results in electrons gaining energy
and moving into higher energy states, leaving behind positively charged vacancies
(holes) in lower energy states. The magnitude of this thermal excitation is directly

influenced by the exponential term in the equation, exp <E;fp ), which increases

with temperature. Therefore, at higher temperatures, a greater number of electrons
are thermally excited, enhancing the overall carrier concentration and, consequently,

the conductivity of the semiconductor [6].

For intrinsic semiconductors at room temperature, the number of thermally excited
electrons and holes is small because the bandgap energy (E,) is relatively large com-
pared to the thermal energy (kT). In these materials, both electrons and holes are
generated in equal numbers, and their concentrations are determined by the intrin-
sic carrier concentration. However, when dopants are introduced, impurity states
are created within the bandgap, closer to the conduction band for n-type doping or
closer to the valence band for p-type doping. These impurity states significantly re-
duce the energy required to excite carriers. For example, in n-type semiconductors,
donor levels allow electrons to be thermally excited into the conduction band with
a much smaller activation energy, while in p-type semiconductors, acceptor levels
facilitate the creation of holes in the valence band. As a result, doping enhances the
carrier concentration by several orders of magnitude, enabling semiconductors to
transition from low-conductivity intrinsic materials to highly conductive extrinsic

materials [5), 6].

This relationship, described by the Fermi-Dirac function, not only explains the tem-
perature dependence of carrier concentration but also highlights the critical role of
doping in modifying the electronic properties of semiconductors. For example,
while intrinsic Si at around 300 K has an electron concentration on the order of

10'° cm~3, doping Si with phosphorus at a level of 101> cm 3 leads to a free electron
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concentration of nearly the same magnitude, substantially increasing conductivity

[4].

On the other hand, temperature-dependent behavior of carrier concentration in semi-
conductors is characterized by three distinct regions: intrinsic, extrinsic, and ioniza-

tion (freeze-out) regions. This behavior is illustrated in Figure

glnpez-f_qukﬁ.

- — = = = = =

I
I
I
I
|
— I
S .
=]
=] |
= I
I slope=-AE/2k,
| | P
| |
Intrinsic!  Extrinsic '\
region | regiﬂ,n I lonizatio
! I region

/T

Figure 1.5: The temperature dependence of the electron concentration in an n-type
semiconductor, showing the ionization, extrinsic, and intrinsic regimes. The hori-
zontal axis is 1/T, and the vertical axis is the carrier concentration. The slope in the
intrinsic region is proportional to —E./2kp, where E, is the bandgap energy, while
the slope in the ionization (freeze-out) region corresponds to —AE/kg, where AE is
the dopant ionization energy. Adapted from Ref: [7].

In the intrinsic region, at high temperatures, the carrier concentration is dominated
by thermally generated electron-hole pairs. The relationship governing this behav-

ior is given by:

E

where E, is the bandgap energy, kp is Boltzmann’s constant, T is the absolute tem-
perature, and N, N, are the effective density of states in the conduction and va-
lence bands, respectively. In this regime, the slope of the graph is proportional

to —E¢/2kp, providing a method to experimentally determine the bandgap energy
[7].



In the extrinsic region, which occurs at intermediate temperatures, the carrier con-
centration is dominated by the ionization of dopants. In this regime, all dopants are
effectively ionized, leading to a nearly constant carrier concentration. For n-type
semiconductors such as Si doped with phosphorus, the free electron concentration
is approximately equal to the donor concentration Np, resulting in a plateau in the

carrier concentration vs. 1/T plot [7].

In the ionization (freeze-out) region, observed at low temperatures, thermal energy
is insufficient to ionize all dopants, causing the carrier concentration to decrease

exponentially. This behavior is described by:

AE
n = ND exp (—kB—T) ’ (3)

where AE is the ionization energy of the dopants. The slope of this region is pro-
portional to —AE/kp, enabling the determination of dopant activation energy from
experimental data. This systematic temperature dependence of carrier concentra-
tion provides a powerful tool for understanding and characterizing doping in semi-
conductors, making it an essential framework for validating doping processes and

calculating activation energies [7].

By introducing controlled impurities, known as doping, one can dramatically alter

the concentration of free carriers, as shown in Figure
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Figure 1.6: Schematic of the doping levels of semiconductors, categorized by carrier
concentration (cm?). Adapted from Ref: [8].

Figure [1.6| illustrates the varying levels of doping in semiconductors and their as-

sociated carrier concentrations. At low doping levels, below 10! cm ™3, the semi-
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conductor remains close to its intrinsic state and is typically not useful for practical
applications. Lightly doped silicon, with carrier concentrations between 10 cm—2
and 10'®cm 3, is suitable for applications such as photodiodes. Normally doped

016

silicon, ranging from 10 cm~3 to 10!8 cm ™3, forms the foundation for most elec-

3 and

tronic devices, including transistors. As the doping level increases to 10! cm™
beyond, heavily doped silicon (n" or p™) is employed to reduce resistivity, making
it ideal for contact layers in transistors. At extremely high levels of doping, above
1020 cm—3, silicon exhibits degenerate behavior, akin to metals, and is used in tun-
neling devices, thermoelectric applications, and metallic contacts [8]. This tunability
in doping levels highlights the versatility of doped semiconductors for a wide range
of applications. The next section will explore these applications, focusing primar-

ily on normally doped semiconductor films. Key examples include transistors and

piezoresistive sensors.

1.2 Applications of Semiconducting Materials

This section will cover common applications of semiconductors that this thesis aims
to explore. Specifically, these applications include transistors and piezoresistive sen-

SOrs

1.2.1 Transistors

Transistors serve as fundamental components for constructing electronic circuits.
Unlike passive elements such as resistors, capacitors, inductors, and diodes, transis-
tors exhibit current and voltage characteristics that depend on the voltage or current
applied to a control terminal. There are two main types of transistors based on dis-
tinct physical principles: bipolar junction transistors (BJTs) and field-effect transis-
tors (FETs). While BJTs operate based on current control, FETs rely on electric field
control. Since BJTs are beyond the scope of this thesis, this section focuses on FETs,

their working mechanisms, and figures of merit.
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A field-effect transistor consists of three electrodes: source, drain, and gate, where
conduction between the source and drain depends on the availability of charge car-
riers in a semiconducting channel [5]. FETs act as electronic switches, where the
conductance of the semiconducting channel can be modulated by a gate electrode
that is electrostatically coupled to the channel through a thin dielectric layer. Fig-
ure[I.7(a) illustrates a bottom-gated FET structure, where the gate electrode is posi-
tioned beneath the semiconductor and separated by a dielectric layer. Although the
gate can also be placed on top of the channel, the working principles remain con-
sistent regardless of the configuration, with the choice determined by design and

fabrication considerations.

Figure[1.7]illustrates the electrical characteristics of thin-film transistors through two
key graphs: transfer and output characteristics. The transfer characteristic, shown
in Figure [I.7(b), depicts the logarithmic variation of the drain current (Ip) with the
gate voltage (V) at a fixed drain voltage (Vp). In the off-state (V5 < V7), the de-
vice exhibits minimal drain current due to insufficient carrier accumulation in the
channel. As Vi > V7, the device transitions to the on-state, where I increases expo-
nentially, indicating the formation of a conductive channel. The subthreshold swing
(SS), defined as the slope of the curve in the subthreshold region, is a crucial figure
of merit that quantifies how efficiently the device can switch between the off and on

states. A lower SS value corresponds to faster and more efficient switching.

The output characteristic, shown in Figure[I.7(c), presents the relationship between
Ip and Vp for various fixed values of V. In the linear region, observed at small
Vp, the current increases proportionally with Vp, exhibiting Ohmic behavior. As Vp
increases further, the channel near the drain becomes depleted, leading to the pinch-
off phenomenon and the saturation region. In this region, the drain current becomes
nearly independent of Vp and is primarily determined by V;. The linear and sat-
uration regions are particularly important in practical applications, as they define
the operational range of the device and its ability to provide stable and controlled

current.
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The current behavior in these regions can be described by two key equations. In the

linear region, the drain current is expressed as:

2%
Ip = 7-uC(Ve — Vr)Vp, (4)

where W and L are the channel width and length, respectively, y is the carrier mobil-
ity, C is the dielectric capacitance, and Vr is the threshold voltage. In the saturation

region, the current is given by:
44
Ip = — — Vr)%
b =5 HC(Ve — V1) ©)

Figures of merit for FETs include carrier mobility (u), subthreshold swing (SS),
transconductance (g;), and the on/off current ratio. Carrier mobility determines
the ease of charge transport in the channel, directly affecting device speed and per-

formance. Transconductance (g;,) is defined as:

alp

and quantifies the sensitivity of the drain current (Ip) to changes in the gate volt-
age (V;), making it a critical parameter for amplification applications. A higher
transconductance indicates greater current control and improved switching effi-
ciency. Subthreshold swing (SS) describes the change in gate voltage required to
increase the drain current (Ip) by one decade in the subthreshold region, with lower
values signifying faster switching capabilities. The on/off current ratio, on the other
hand, reflects the ratio of the current in the "on" state to that in the "off" state, illus-
trating the device’s ability to minimize leakage current and ensure efficient switch-
ing behavior. These figures of merit are fundamental for assessing FETs perfor-

mance and summarized in Table [L.1][8].
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Table 1.1: Summary of Figures of Merit for FETs with desired outcome [8].

Figure of Merit

Description and Desired Value

Threshold Voltage (Vy,)

The minimum gate voltage required to turn the
transistor on by forming a conductive channel.
A moderate Vi, is preferred to balance low-
power operation and switching reliability.

Saturation Current (Is,t)

The maximum current in the saturation region
when the channel is fully inverted. High It
is desirable for better current-carrying capability
and faster switching.

Subthreshold Swing (SS)

The change in gate voltage required to increase
the current by one order of magnitude in the
subthreshold region. A lower SS is preferred for
faster and more efficient switching.

Transconductance (g,)

The rate of change of drain current with respect
to gate voltage, indicating the amplification ca-
pability of the transistor. High g, is desirable
for strong current control and high gain.

Carrier Mobility (p)

Indicates how easily charge carriers move
through the channel under an electric field. High
u is preferred for faster switching and lower
power consumption.

On/Off Ratio

The ratio of the current in the on-state to the
off-state. A high on/off ratio ensures efficient
switching and minimizes leakage in the off-state.
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1.2.2 Piezoresistance

Strain sensing is a technique used to detect and measure the deformation of ma-
terials subjected to external forces. These deformations, often resulting from me-
chanical stress, are converted by strain sensors into measurable electrical signals,

typically reflected as changes in resistance, capacitance, or inductance [10].

The advent of strain sensors dates back to the early 1940s with the development of
metal foil-based sensors [11]. These sensors have been utilized to measure strains

up to 5%, including minor distortions in composites and solid objects, as depicted
in Figure[L.§
The sensitivity of a strain gauge, known as the gauge factor (GF), is given by the

formula:

1 dR
GF = p-ge +(1+2v) )

Here, € denotes the applied strain, R represents resistivity, Rg is the material’s re-
sistivity without strain, and v is the Poisson ratio [12]. The Poisson ratio, v, is a

measure of the transverse strain (g;) to the axial strain (¢,) and is defined as:

V= —— (8)

It quantifies how a material deforms laterally in response to an applied axial strain.
A positive Poisson ratio indicates that the material contracts laterally when stretched
axially and expands laterally when compressed axially. For most metals, v ranges

between 0.25 and 0.35, playing a significant role in determining the gauge factor.

Metal foil gauges, commonly composed of a nickel-copper alloy, integrate seam-
lessly with conventional circuitry without requiring complex additional compo-
nents. These gauges can be tailored to various geometries for measuring tensile

strain, shear, and pressure, as illustrated in Figure However, they have inherent
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limitations in sensitivity, which is relatively low due to geometric constraints associ-
ated with the Poisson effect, resulting in a gauge factor GF challenging-to-measure
output in the low strain region, due to system noise [13]. The low sensitivity is at-
tributed to the absence of a band gap in these metal foils, which exhibit minimal
changes in resistivity under strain or compression, resulting in GF values typically

ranging from 1 to 5 [14].

Piezoresistance in Semiconductors

The piezoresistive effect in semiconductors arises from strain-induced changes in
their band structure, which alters the carrier density and mobility. The carrier den-

sity in intrinsic semiconductors is proportional to e~ Fs/2ksT

, where E, is the bandgap
energy, T is the temperature, and kg is the Boltzmann constant [8]. Strain modifies
the band structure, influencing carrier density and mobility, thereby enhancing the

gauge factor GF of the material.

In 1954, Charles Smith observed the piezoresistive effect in semiconductors while
working at Bell Labs. He reported that n-type silicon exhibited a negative gauge
factor of approximately -135, while p-type silicon achieved a positive gauge factor
of 175 [15]. The GF in semiconductors is significantly influenced by the doping
concentration, type of dopant, and the crystallographic direction of strain. Lower
doping levels generally result in higher GF values because the mobility of carri-
ers transitioning to lower energy levels is greater than in heavily doped materials
[16]. However, semiconductors are sensitive to external factors such as tempera-
ture, environmental conditions, and self-heating effects, which can influence their

piezoresistive response [17].

Nonlinear behavior in piezoresistors becomes more pronounced at higher strain lev-
els. Increased doping reduces resistance, nonlinearity, and temperature dependence
but often decreases the GF [18]. Single-crystal semiconductors typically operate
within low strain limits, usually up to 0.1%, and can endure an elastic strain range

of up to 0.5% before failure. This brittleness limits their applications in high-strain
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environments [19].

Unlike bulk semiconductors, van der Waals layered materials, such as transition
metal dichalcogenides, exhibit high elasticity and Young’s moduli. Young’s modu-
lus, denoted by E, is a fundamental mechanical property that measures the stiffness
of a material. It is defined as the ratio of stress (force per unit area) to strain (defor-
mation relative to the original length) within the elastic limit:

E=Y
&

©)
Here, 0 is the stress, and ¢ is the strain. A higher Young’s modulus indicates a stiffer

material that resists deformation under applied stress [7].

These materials are highly sensitive to deformation and can sustain large localized
strains without structural failure [20]. The bandgap energy (E;) is the energy re-
quired to excite an electron from the valence band to the conduction band, dictat-
ing a material’s electrical and optical properties. The Boltzmann constant (kg) is a
physical constant that relates temperature to energy, essential in statistical mechan-

ics.

Such properties make van der Waals materials promising candidates for strain sen-
sors and other piezoresistive applications, achieving high GF values while main-
taining mechanical durability [21]. A figure of merit for high level gauge sensor

applications is summarized in Table[1.2|using Ref: [22].

Linearity, in the table, indicates that the output signal (e.g., resistance change) is
directly proportional to the applied strain over the sensor’s operating range. This
relationship simplifies calibration and data interpretation, making the sensor’s be-

havior more reliable and easier to model mathematically.
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1.3 Limitations of Current Semiconducting Materials

The semiconductor industry has relied on silicon as the backbone of electronic de-
vices for decades due to its abundance, ease of fabrication, straightforward applica-
tion of substitutional doping to create p- and n-type materials, and resultant elec-
tronic properties [23]. However, as silicon device dimensions approach sub-5 nm
scales, silicon faces significant challenges, limiting its scalability and performance
[24]. The evolution of transistor architectures, as shown in Figure highlights
the industry’s response to the limitations of silicon scaling at sub-5 nm nodes. Pla-
nar FETs, the traditional design, feature a gate above a planar channel with current
flowing horizontally between the source and drain. While effective for decades, this
architecture struggles with short-channel effects, reduced gate control, and scaling

limitations as dimensions shrink below 28 nm [25].

To address these challenges, FInFETs introduced a three-dimensional vertical fin
structure with the gate wrapping around three sides of the channel. This design sig-
nificantly improves gate control, reduces short-channel effects, and supports higher
drive currents, making it suitable for nodes down to 7 nm. However, FinFETs en-
counter challenges at sub-5 nm nodes, particularly in maintaining effective gate con-

trol [28].

The GAA (Gate-All-Around) nanosheet FET is the next step in transistor evolution,
where stacked nanosheets are completely surrounded by the gate. This architecture
provides unparalleled gate control, minimizes leakage currents, and enables high

drive currents at sub-3 nm nodes [29].

One major issue in applying miniaturization is the reduction in carrier mobility.
Carrier mobility (1) quantifies how efficiently charge carriers (electrons or holes)
move in response to an electric field. At nanoscale dimensions, mobility decreases
due to surface roughness scattering, phonon interactions, and Coulomb scattering

in heavily doped regions [30]. For bulk silicon, electron mobility (y,,) is approxi-
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mately 1200 cm?/Vs, and hole mobility (1) is around 450 cm?/Vs. However, for
nanoscale silicon devices (e.g., 10 nm channel length), y,, drops to 200—500 cm?/Vs
and i, to 100—200cm?/Vs. This significant reduction, by up to 85%, directly im-
pacts device performance by lowering current drive (Ip) and speed [31]. Table
summarizes these limitations and compares them with low-dimensional TMD ma-

terials like MoS,.

The subthreshold swing (SS) is a critical parameter in transistors, as described in
Section defining the voltage required to increase the current by a factor of ten
in the subthreshold region. An ideal SS is around 60 mV /dec at room temperature,
indicating efficient switching with minimal voltage change. However, achieving
low SS values becomes challenging as silicon scales, impacting the energy efficiency

of devices [8].

Drain-Induced Barrier Lowering (DIBL) occurs when a high drain voltage reduces
the barrier height at the source-channel junction, leading to increased off-state leak-
age currents. DIBL worsens in shorter channels, with values increasing from 50 mV/V
in 100 nm transistors to 200mV /V in 10 nm transistors. This degradation causes sig-

nificant power losses and limits the performance of scaled silicon devices [32].

Moderately high doping densities, necessary for maintaining threshold voltage con-
trol, introduce severe ionized impurity scattering [33]. For doping levels of N; =
1015 em—3, mobility remains near 1400 cm?/Vs, but at N; = 109 em—3, mobility

drops to 100 cm?/ Vs [34].

To address these limitations, low-dimensional transition metal dichalcogenide ma-
terials emerge as promising alternatives. These materials, with atomic-scale thick-
ness and tunable properties such as electrical and optical band gaps, offer signifi-
cant advantages over silicon. Unlike silicon, low-dimensional TMD materials ex-
hibit promising carrier mobility [35], enhanced gate control [36], and reduced short-
channel effects [24]. Moreover, their mechanical flexibility enables applications in

flexible displays, sensors, and wearable electronics, areas where silicon struggles
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[37]. Table compares the limitations of traditional semiconductors like silicon

with low-dimensional TMD materials.

1.4 Necessities for Doping Semiconductor Films

Doping has been a cornerstone of the semiconductor industry, enabling the devel-
opment of advanced electronic devices by modifying the electrical properties of ma-
terials. In traditional semiconductors like silicon, doping introduces controlled im-
purities to create n-type (electron-rich) and p-type (hole-rich) regions, which are
essential for forming p-n junctions and transistors. Through doping, silicon prop-
erties can be tailored to meet specific application requirements, these requirements

are summarized from Ref: [42]:

¢ Enhancing Carrier Concentration: Doping increases the availability of charge

carriers, enabling higher electrical conductivity.

¢ Creating p-n Junctions: The formation of p-n junctions is the basis of devices

like transistors, diodes, and solar cells.

¢ Improving Contact Properties: Heavily doped regions reduce resistance at

metal-semiconductor interfaces, ensuring efficient current flow.

As new materials like transition metal dichalcogenides are explored as alternatives,
doping remains equally critical for unlocking their full potential [43]. The next sec-

tion will highlight the materials investigated in this thesis.

1.5 Properties of Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are a fascinating class of materials that
have attracted significant attention due to their unique layered van der Waals struc-
tures. These compounds follow the general chemical formula MX;, where M rep-
resents a transition metal, and X denotes a chalcogen element such as sulfur (S),

selenium (Se), or tellurium (Te), which belong to Group 16 of the periodic table. The
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layered structure of TMDs is composed of covalently bonded M-X planes that are
weakly held together by van der Waals forces. This structural anisotropy underpins
their diverse range of physical and chemical properties, making them suitable for

applications in electronics, optoelectronics, catalysis, and energy storage [44].

TMDs exhibit a variety of structural and electronic behaviors, which are influenced
by the specific transition metal and chalcogen involved. Group 4-7 and Group 9-10
TMDs are predominantly layered, while some TMDs from Group 8 are commonly
found in non-layered structures. Stronger covalent bonding between the layers of
Group 8 leads to three-dimensional network structures, in contrast to the weakly
van der Waals-bonded layered structures observed in the rest [45]. In particular,
Molybdenum disulfide (MoS,) is a well-studied TMD that exhibits polymorphism,
meaning it can exist in multiple crystal phases. The polymorphism of molybdenum
disulfide (MoS;) is characterized by distinct atomic arrangements that significantly
influence its electronic properties [46]. As illustrated in Figure (a), MoS; can
crystallize in several phases, notably the 1T, 2H, and 3R phases (T for trigonal, H for
hexagonal, and R for thombohedral).

The number represents the stacking sequence of layers within the unit cell. These
phases correspond to distinct crystallographic configurations, each characterized
by unique structural symmetries and electronic properties. The octahedral coordi-
nation in the 1T phase involves six sulfur atoms symmetrically surrounding each
molybdenum atom, the top view of 1T phase can be seen in Figure [1.10](b). This ar-
rangement facilitates significant overlap between the d-orbitals of molybdenum and
the p-orbitals of sulfur, resulting in a continuous electronic band. Consequently, the
delocalization of d-electrons is a key factor in the metallic nature of the 1T phase,
enabling efficient electrical conductivity. This delocalization arises directly from

the symmetry and bonding environment inherent to the octahedral coordination

[49].

Conversely, 2H and 3R phases of MoS; exhibit trigonal prismatic coordination of
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Mo atoms, where each Mo atom is surrounded by six S atoms forming a trigonal
prism, as shown in Figure [I.10(a) and top view of 2H phase is shown in Figure
(c). This arrangement results in the splitting of Mo d-orbitals into bonding and
antibonding states, creating a finite bandgap and giving these phases their semi-
conducting properties [45]. Density functional theory calculations reveal that, in
the monolayer H-phase of MoS,, the valence band (VB) and conduction band (CB)
are predominantly composed of Mo d,2_,2, d2, and S py, py orbitals. The pyx and
py orbitals are degenerate due to the high symmetry of the H-phase crystal struc-
ture. This orbital hybridization generates a direct bandgap of approximately 1.7 eV,

located at the K-point in the Brillouin zone [50].

In contrast, the 1T phase features octahedral coordination of Mo atoms, where the
distortion of the lattice leads to significant hybridization between Mo d,2, dyy, and S
p- orbitals. This hybridization causes overlapping of the VB and CB, eliminating the
bandgap and resulting in metallic behavior. The delocalization of electrons further
stabilizes the 1T phase, enhancing its conductivity. External electric fields or lattice
distortions can induce structural changes that amplify electron delocalization and

conductivity in the metastable 1T phase [50-52].

All three phases (2H, 1T, 3R) can be synthesized in a laboratory [53], but the 2H
phase occurs naturally in molybdenite [54] and is the only thermodynamically sta-
ble phase under ambient conditions, the rest are known as metastable. These poly-
morphic variations underscore the versatility of MoS; as a material, where slight
modifications in atomic coordination and stacking can lead to differences in elec-
tronic behavior, thereby enabling tailored applications in electronics and optoelec-

tronics [55].

Furthermore, a calculated energy-momentum diagram reveals that the electronic
properties of MoS, and WS, vary with changing thicknesses. These materials un-
dergo an indirect-to-direct bandgap transition after lowering the number of layers,

with a monolayer having a direct band gap of 1.8 eV, different from the bulk’s in-

20



direct band gap of 1.2 eV, as shown in Figure For WS,, the band gap of the
monolayer is calculated to be ~ 2.1 eV with a direct transition and ~ 1.3 eV indirect

bandgap in the bulk form [56].

In monolayer MoS; and WS;, quantum confinement refers to the restriction of elec-
tron and hole motion within the two-dimensional plane of the material. This con-
finement alters the electronic band structure, causing a transition from an indirect
bandgap in the bulk material to a direct bandgap in the monolayer form [57]. This
direct bandgap significantly enhances the efficiency of photon absorption and emis-
sion, leading to higher quantum yields compared to indirect bandgap semiconduc-

tors. This phenomenon is depicted in Figure[I.11]

The quantum yield, in this context, represents the ratio of photons emitted to the
number of electron-hole pairs recombined in the material. The direct bandgap in
monolayers eliminates the need for phonon assistance in electron-hole recombina-
tion, as no momentum change is required for the transition. This property makes
monolayers highly suitable for optical applications, such as light-emitting diodes

(LEDs) and lasers [58|, 59].

Moreover, the less studied material PtSe, (Platinum Diselenide) is another TMD
with an unique electronic properties. Unlike MoS, or WS;, where the 2H phase is
semiconducting phases can be found, PtSe; generally crystallizes in the 1T structure,
which is semimetallic. PtSe; exhibits a tunable electronic bandgap that transitions

from indirect in multilayers (~ 0.3 eV) to direct in monolayers (~ 1.2eV) [60].

It must be noted that optical band gap is a critical property for optoelectronic de-
vices as it determines the wavelength of light that a material can absorb or emit. In
applications, the ability to absorb light within specific wavelength ranges, generate
excitons (electron-hole pairs), and subsequently harness their recombination is es-
sential [61]. Some materials like monolayer TMDs such as MoS; and WS, exhibit
direct optical band gaps, which enhance light-matter interaction, leading to high

photoluminescence quantum yields and strong excitonic effects even at room tem-
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perature [62]. However, this thesis will primarily focus on electrical applications, as
the result chapters include examples more relevant to electrical transport properties,

such as charge carrier mobility, conductivity and etc.
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1.6 Applications for TMDs and doped-TMDs

Transition Metal Dichalcogenides are being aggressively studied, with proof-of-concept
research in transistor applications [63, 64]. Understanding the electrical characteris-
tics of TMD films is fundamentally important for their integration into mass produc-
tion applications, particularly for integrated circuits. Among TMDs, doping MoS,
has been shown to significantly enhance its electrical properties and provide better

control over material behavior for device applications [65].

Initially, in a study by Hallam et al., Re-doped MoS; films exhibited n-type behavior
with electron concentrations in the mid-to-high 10 cm 2 range, whereas undoped
MoS, films displayed p-type behavior. Undoped MoS; films displayed p-type be-

3 and

havior with hole concentrations varying between approximately 3 x 10 cm™
1 x 10¥ em 3. The electron mobility in Re-doped samples ranged from 0.1 to 0.7 cm?/ Vs,
while hole mobility in undoped samples was between 0.1 and 0.6 cm? /V-s [66]. Fur-
thermore, precise control over the Re doping concentration in MoS, was achieved,

with levels as low as 500 ppm, demonstrating the feasibility of controlled substitu-

tional doping [67].

The transfer characteristics revealed differences between pristine MoS,, H,S-annealed
MoS,, and Re-doped MoS,, as shown in Figure (a). All show n-type character-
istics as positive applied back gate give higher current. After H,S annealing, there
is a noticeable improvement in Ipg, which is attributed to the reduction of sulfur
vacancies, partially passivating defects and improving the electronic properties. In
comparison, the Re-doped MoS; exhibits the highest Ipg, showing a clear n-type en-
hancement. This improvement is accounted for by the effective substitutional dop-
ing of Re atoms into the MoS, lattice, as shown in the corresponding STEM images,

as shown in Figure (b) and (c) [67].

This improvement was directly linked to the reduction in defect density [68] and the

n-type doping effect introduced by Re. These studies underscore the potential of Re
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doping in enhancing carrier mobility, suppressing defects, and improving transport

properties, advancing the performance of MoS;-based electronic devices [69].

Additionally, a study by Zhang et al. achieved in-situ Re doping of monolayer MoS,
with concentrations of approximately 1 atomic percent (at.%). This doping level re-
sulted in nearly degenerate n-type behavior, aligning well with density functional
theory calculations [70} [71]. Low-temperature photoluminescence measurements
from this study revealed significant quenching of defect-bound emissions upon
Re incorporation, suggesting the passivation of Mo—O bonds and sulfur vacancies

[70].

Common dopants for n-type and p-type MoS, are summarized in Table For this
thesis, substitutional doping is chosen due to its suitability for mass production and

applicability to conventional semiconducting doping systems.
Briefly these doping methods in the literature are [84]:

¢ Substitutional Doping: Replaces host atoms in the lattice with dopant atom:s,
providing precise doping control. Rhenium (Re) doping in MoS; is a scalable

example suitable for large-area film production.

¢ Plasma Immersion Doping: Introduces dopants by ionizing them in plasma

and embedding them into the surface using an electric field.

¢ Surface Charge Transfer Doping: Modifies surface states by charge transfer

from or to dopant species.

¢ Intercalation Doping: Inserts atoms or molecules between TMD layers, alter-

ing electronic properties without disrupting the crystal structure.

* Molecular Doping: Utilizes chemical species like chlorine or fluorine to mod-

ulate properties.

¢ Adsorption Doping: Relies on physical adsorption of species like lithium to

induce charge transfer.
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As a proof of concept for p-type semiconductor applications, substitutional Nb dop-
ing of WS, has shown promising results in transistor applications. Modulation of
carrier density in WS, through Nb doping has been demonstrated, highlighting a

transition from native n-type to p-type conductivity [43, 85, 86].

Similar to the results presented in this thesis, Qin et al. reported that by adjusting
the Nb molar ratio in the precursor, the hole carrier density in the p-type WS, layer
increased from approximately 1.87 x 107 cm~2 at 1.5 at.% Nb to 1.16 x 10* cm~2 at

8.1 at.% Nb [87].

Three-probe measurements were employed to investigate these effects, and the de-
tails of the measurement are provided in Section Output characteristics (Iqs
vs. Vys) for pristine and 10.3 at.% Nb-doped WS, were recorded while varying the
back-gate voltage from —80V to +80V, as shown in Figure (a) and (d). For
pristine WS;, higher current was observed at positive gate voltages, as illustrated
in Figure (b), indicating n-type conductivity where electrons accumulate in the
channel, enhancing device conductivity. The threshold voltage, located between
20V and 40V, reflects the presence of majority electron carriers and is determined
by the slope of the red curve in Figure (b). The STEM image of pristine WS, in

Figure (c) confirms a hexagonal arrangement of tungsten atoms.

Upon Nb doping (10.3 at.%), higher current was observed at negative gate voltages,
as seen in Figure (e), indicating the accumulation of holes in the channel and
p-type conductivity. The threshold voltage shifted to negative values due to the
presence of majority hole carriers, which is also determined by the slope of the red
curve in Figure (e). The corresponding STEM image in Figure (f) reveals

sparsely distributed Nb atoms substituting W atoms in the lattice.

While increased Nb content effectively induced p-type behavior, it also led to a re-
duction in current levels, as shown in Figure (d). This transition was confirmed
through field-effect transistor devices, which exhibited an n- to p-type crossover

at higher Nb concentrations. The emergence of hole conductivity and the shift in
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threshold voltage verified Nb as an effective p-type dopant.

These findings demonstrate the ability to tailor the electronic properties of WS;, po-
sitioning Nb doping as a reliable method for achieving p-type behavior in transition

metal dichalcogenides [88].

Table[I.5)summarizes the dopants used for WS,, highlighting their effect on conduc-

tivity type, the doping method employed, and corresponding references.
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1.7 Synthesis of TMD materials

Numerous techniques are available for creating TMD materials, each producing
materials with varying specifications of quality, which include structural integrity,
phase purity, electronic performance, and thickness uniformity, among other pa-
rameters. Consequently, the method of synthesis plays a crucial role in determining
the properties and potential applications of the resultant material. This section in-
troduces the commonly employed synthesis techniques, which are categorized into

two principal approaches: top-down and bottom-up.

The top-down approach involves breaking down bulk materials to produce thin
layers or nanosheets. This method is well-suited for obtaining multilayer materials
and includes techniques such as mechanical or electrochemical exfoliation. These
processes often require minimal thermal input, making them advantageous for ap-

plications where high-temperature processes are not feasible.

In contrast, the bottom-up approach constructs materials by assembling atomically
defined components. This technique is widely used for synthesizing monolayer or
multilayer structures with precise control over thickness and composition. High-
temperature conversion processes, such as chemical vapor deposition (CVD), Ther-
mally Assisted Conversion, are examples of bottom-up approaches, offering scala-

bility and uniformity.

This thesis focuses on both approaches. Initial chapters present results obtained us-
ing bottom-up techniques, specifically high-temperature conversion processes. The
final chapter explores top-down methods, with an emphasis on electrochemical ex-
foliation, where thermal input is not required. The following sections will provide
detailed insights into these synthesis approaches, highlighting their respective ad-

vantages and limitations.
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1.7.1 Mechanical Exfoliation

The method of mechanical exfoliation, also known as the Scotch tape method, is one
of the most recognized techniques for producing two-dimensional (2D) materials,
achieving the highest quality of low-dimensional materials to date. Originally de-
veloped by Novoselov and Geim for the isolation of graphene monolayers [95], this
method has also proven effective for separating monolayer TMDs [96]. By utilizing
adhesive tape, this procedure systematically separates TMD layers, which are ini-
tially held together by relatively weak Van der Waals forces. The mechanical force
exerted by the tape disrupts these forces, gradually reducing the number of layers

until ultimately isolating a monolayer through repeated application [97].

The bulk TMD crystals subjected to mechanical exfoliation are typically synthesized
using the Chemical Vapor Transport (CVT) technique [98]. Significantly, CVT em-
ploys transport agents such as chlorine, bromine, and iodine to facilitate the growth
of bulk crystals by transporting these agents through the gas phase, enabling the
formation of high-purity crystalline structures [99]. This method is widely used to

grow high-quality crystals for subsequent exfoliation.

Dong et al. reported that approximately 40 different and thermodynamically stable
TMD materials can be formed from various combinations of transition metals and
chalcogen elements [100]. Computational studies, however, predict the existence of
over 1000 potential low-dimensional materials [101]. While not all these materials
are experimentally verified or thermodynamically stable under ambient conditions,
theoretical calculations provide a roadmap for discovering new low-dimensional

materials with tailored properties.

A major drawback of the mechanical exfoliation method lies in the limited size of
the resultant flakes, which typically range from 1 to 50 um on SiO,/Si substrates
[53]. Although larger flakes can be obtained on metal substrates, many applica-
tions require insulating substrates, limiting the utility of mechanically exfoliated

flakes for certain device applications. Moreover, this method lacks precise control
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over the size and placement of flakes on a substrate, posing challenges for scalable
electronic device manufacturing. Additionally, the method necessitates a polymer-
based transfer process and electron-beam lithography for device measurements,

which further complicates integration [102].

Despite these limitations, mechanically exfoliated materials have enabled the ex-
ploration of unique physical phenomena. For example, Moiré patterns can be cre-
ated by overlaying two similar or distinct TMD flakes at a specific twist angle. This
allows the observation of novel physical behaviors such as superconductivity, fer-
roelectricity, and correlated insulating states [103]. Other applications include the
study of quantum confinement [104], and valleytronics [105], which require high-

quality monolayers obtained via mechanical exfoliation.

1.7.2 Liquid Phase Exfoliation

Liquid-phase exfoliation (LPE) was developed as an alternative to mechanical exfo-
liation for separating layered crystals [106]. Similar to mechanical exfoliation, LPE
operates on the principle of breaking the van der Waals forces that hold interlayers
together. The same bulk crystals used in mechanical exfoliation can also be em-
ployed in this method. However, LPE disrupts these interlayer forces using either

ultrasonic waves or shear forces within a controlled and stabilizing environment

[107].

The process begins with the sonication of bulk crystals or powders in a solvent, pro-
ducing a dispersion. This dispersion is stabilized through interactions between the
solvent molecules and the exfoliated TMD layers. Alternatively, surfactants may
be added to the dispersion. Surfactants prevent the reaggregation of exfoliated lay-
ers by providing steric or electrostatic stabilization, especially when the solvent’s
surface energy does not closely match that of the TMD layers. By preventing re-
combination, surfactants enable the exfoliated nanosheets to remain dispersed. The

resulting LPE-processed TMD dispersions can then be used to create functional ma-

29



terials such as inks [108] and composites [109].

One challenge of LPE is the high degree of polydispersityﬂ which results in a wide
range of sheet dimensions. This variability can significantly affect the electronic
properties of the materials, particularly the bandgap, which depends on the num-
ber of layers [110]. This issue can be addressed using centrifugal processing, which
separates nanosheets by size and mass, enabling the selection of materials with spe-

cific dimensions [111].

In LPE, overcoming van der Waals interactions alone is insufficient for successfully
exfoliating layered crystals. Without proper stabilization, the exfoliated nanosheets
are prone to reaggregation. A suitable solvent must stabilize the exfoliated nanosheets
through appropriate solvent-nanosheet interactions so reduce the energy barrier re-
quired for exfoliation [112]. To achieve more precise control over the structural prop-
erties of TMD films—such as thickness, conformability, and defect density—and to
reduce reliance on intense mechanical forces, the electrochemical exfoliation process

presents an advantageous alternative synthesis technique.

1.7.3 Electrochemical Exfoliation

Electrochemical exfoliation (EE) has become a leading method for producing large-
sized, solution-processed low-dimensional materials with just a few layers. Initially,
it was successful in creating graphene [113], but it has since proven effective for
synthesizing other TMDs as well [114]. The process works by using an electric field
to drive ions into the crystal structure of TMDs, causing them to intercalate and
expand, eventually leading to exfoliation [115]. This method can be finely adjusted
by changing the applied voltage, electrolyte composition, and electrode type. Figure
shows a schematic of this technique.

For this technique, the counter electrode (CE) should be made from stable materials

like platinum (Pt) foil/wire or glassy carbon electrodes, while the working elec-

IPolydispersity refers to the variation in the size and thickness of the exfoliated nanosheets.
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trode (WE) is composed of bulk layered material, shaped as rods, foils, flakes, or
plates. The WE can function as either an anode or a cathode, depending on whether
the intercalant is an anion or a cation, classifying EE as either anionic or cationic
[116]. Anodic exfoliation, typically conducted in aqueous electrolytes, always uses
a positive potential to drive anions from the electrolyte into the anodic working elec-
trode, effectively intercalating anions such as (SO3") into the bulk TMD materials
[117]. The reduction of intercalated sulfate ions and the self-oxidation of water pro-
duce gaseous species like SO,, Oy, and Hj, which cause the delamination of TMD
nanosheets [118]. While the anodic exfoliation process allows for efficient produc-
tion with high yields, such as generating gram-scale quantities within minutes to
hours in the lab, it also leads to oxidation of the exfoliated materials due to radical
formation in aqueous media [116]]. This oxidation can be a significant disadvantage
for certain applications, particularly in electronics where high-quality TMD materi-

als are essential.

Cathodic exfoliation, on the other hand, is conducted in non-aqueous electrolytes
containing organic solvents like N-methyl-2-pyrrolidone (NMP), propylene carbon-
ate (PC), dimethyl carbonate (DMC), and dimethylformamide (DMF). Organic sol-
vents here limit the oxidation of the nanosheets, making this method more favor-
able. It uses a negative potential to drive cations into the cathodic working electrode
[119]. The size of intercalating ions, their concentration in the electrolyte, the applied
potential, and the interlayer spacing of the bulk crystals are key parameters influ-
encing the thickness and lateral dimensions of the exfoliated nanosheets. Generally,
large, single-crystalline bulk material yields thin and large low-dimensionalnanosheets
[120]. The next section discusses the deposition techniques suitable for electro-
chemical exfoliation, which is essential because, after preparing the ink of low-
dimensional materials, it must be ready to interact with any substrate to form a

network for the potential devices.
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Network Deposition Techniques

The primary objective of depositing TMD nanosheet networks is to regulate their
electrical conductivity. While conductivity is often considered an intrinsic property
of a material, in thin, disordered, nanostructured films, it is highly dependent on the
film’s thickness and connectivity [121]. For relatively thick films (up to 5 layers for
MoS;), conductivity follows the bulk-like behavior of the material [122]. However,
as thickness decreases below a critical threshold, the conductivity declines signif-
icantly due to the disordered nature of these films. In thinner films, the number
of conductive pathways reduces, impairing current transport [123]. When the thick-
ness reaches a critical minimum, the film achieves only a single conductive pathway,

known as the percolation threshold [124]. Figure illustrates this behavior.

Figure depicts the stepwise evolution of conductivity in TMD nanosheet net-

works:

Panel (i): Nanosheets are sparsely distributed, with no conductive pathways

across the network, resulting in an insulating state.

¢ Panel (ii): Increased deposition leads to higher density, with some conductive

paths forming; however, the network remains below the percolation threshold.

¢ Panel (iii): A continuous conductive path forms between the electrodes, achiev-
ing the percolation threshold. The network becomes conductive, though resis-

tance remains high due to limited connectivity.

¢ Panel (iv): A densely packed network with overlapping nanosheets is formed,

reducing resistance and resulting in bulk-like conductivity.

This percolation behavior is observed in various systems, including nanostructured
networks of nanotubes, nanowires, and nanosheets, as well as evaporated thin metal
tilms [126]. Deposition techniques must carefully modulate film thickness to con-
trol the percolation characteristics of TMD networks. Common methods include

spray coating [127] and spin coating [128]. Among these, the Langmuir-Schaefer
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(LS) deposition technique is particularly effective in creating uniform and functional

films.

The LS method relies on natural interfacial energy minimization, avoiding the need
for additional energy inputs. As illustrated in Figure ??, flakes are dispersed in
isopropyl alcohol (IPA) and introduced at the water-hexane interface. The surface
tension gradient drives the flakes to assemble into a compact low-dimensionalfilm
at the interface. The substrate is then lifted horizontally through the monolayer,
transferring the film and ensuring dense and uniform nanosheet packing [129]. This
process creates a highly connected nanosheet network suitable for applications re-

quiring controlled electrical properties.

1.7.4 Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is a widely used technique to create thin layers
of solid material on a substrate through chemical reactions between gaseous pre-
cursors within a reaction chamber [130]. This process involves both vapor-phase
and surface reactions. The method begins with the introduction of various gases
into the chamber simultaneously. The CVD process includes several key steps: gas
molecules are transported to the substrate surface, where they adsorb, diffuse, re-
act, and eventually integrate into the solid film, with by-products being removed,

as illustrated in Figure[I.16]

The outcomes of the CVD process are highly dependent on the selection of precur-
sors and reaction conditions. By fine-tuning these parameters, the synthesis process
can be tailored to meet specific requirements [132]. While CVD is suitable for in-
dustrial applications, its reliance on high temperatures presents challenges for in-
tegration with silicon-based technologies, such as CMOS (Complementary Metal-
Oxide-Semiconductor), which generally require process temperatures below 450°C
[133]. This temperature limitation is an essential requirement for compatibility with

silicon-based platforms.
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Recent advancements in CVD technology, including improved temperature control,
optimized precursor selection, enhanced chamber designs, and the incorporation of
additional energy sources like plasma, have expanded its applicability. For exam-
ple, the choice of precursor can significantly influence the required reaction tem-
perature. Using precursors with low decomposition temperatures, such as molyb-
denum hexa-carbonyl (Mo(CO)s), enables the synthesis of MoS, at temperatures as
low as 200°C, addressing the temperature limitations of traditional CVD methods

[134].

Alternatively, plasma-assisted CVD can enhance the reactivity of precursor gases,
increasing the growth rate of materials like MoS; [135]. This not only reduces the
required processing time but also enables film growth at lower temperatures by
facilitating precursor decomposition [136]. Such advancements make CVD a more

versatile and efficient technique for modern manufacturing.

The next section explores an alternative deposition method, Thermally Assisted
Conversion, which directly utilizes metal films as a source material instead of re-

lying on gaseous precursors.

1.7.5 Thermally Assisted Conversion

In the exploration of scalable and controlled growth methods for two dimensional
TMD materials, Thermally Assisted Conversion (TAC) has emerged as a promising
technique. Addressing limitations such as scalability, quality, and precise growth
control associated with previous methods, TAC can be accepted as a variant of CVD.
This method is initiated by depositing a metal layer, typically transition metal or
transition metal oxide, onto a substrate, followed by exposure to chalcogen vapor at
elevated temperatures. The synthesis of sulfur-based TMDs has a common reaction

under sulfur environment as seen in (Equation: [10):
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This reaction can happen at 550°C and has been shown to result in large-area MoS;
[137, 138]. Instead of using the metal, metal oxide can also serve as a precursor
such as MoOs [139]. When using metal oxide, the reaction mechanism is different
from sulfurizing the metal film; the sulfur vapor first reacts with the oxide to form
a sulfoxide and a metal sub-oxide, as shown in (Equation: [TI): The sub-oxide then

reacts with sulfur to form the TMD film, as depicted in (Equation: [12):

MoO3 + Sg — MoO3_x(s) + SOx(g) (11)

MoO3_x 4354 — MoSy(s) + SO3_4(g) (12)

The same mechanisms apply to other sulfide such as WS, [140] and even selenide-
based TMD materials such as PtSe, [141]. It has been initially found that thicker
initial metal layers (greater than 10 nm) tend to develop vertically standing TMD
layers under high-temperature and low-pressure conditions [142]. Observations in-
dicate that higher pressures and/or lower temperatures lead to the formation of
TMD films oriented perpendicular to the substrate [143]. The studies, later, have
demonstrated vertical growth of MoS, and MoSe; at 550°C and pressures above 100

mTorr, particularly when the initial metal layer thickness exceeds 3 nm [144].

Recent research has investigated the influence of growth parameters. At lower
growth pressures (5-10 mTorr), WS; films exhibit a two-dimensional layer-by-layer
growth. As the pressure increases (15-25 mTorr), the films form three-dimensional
vertical nanowalls due to the Stranski-Krastanov growth mode, where initial layers
grow in 2D, followed by 3D growth due to strain and surface energy considerations

[145] as depicted in Figure (c).

This phenomenon not only observed in MoS; as seen in Figure [1.17(a), (b), WS;
as seen in Figure [[.17(d), (e), (f) but also applied to Platinum-based TAC films, Pt
is converted to PtSep, as seen in Figure [[.17(g), (h), (i), (1), and (k) [146]. It has
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been noted that thin, discontinuous layers prefer horizontal growth, whereas thicker
layers that are firmly attached to substrates face challenges in horizontal expansion
[147, 148]]. Researchers have found that this orientation difference in thicker and

thinner samples is due to the substantial volume increase when Mo is converted to

MoS; [149] or in WS, as shown in Figure (d),(e),(f).

Horizontally aligned (HA) films found optimal for optoelectronic applications, while
vertically aligned films are more suited for hydrogen evolution reactions and solar
cells due to their chemically reactive edges [151, 152]. The performance of verti-
cally aligned TMDs, such as MoS,, in HER is measured by their exchange current
density and overpotential. The exchange current density, a key parameter in elec-
trochemistry, represents the reaction rate at equilibrium (zero overpotential). Over-
potential refers to the additional voltage required to drive the reaction beyond the
equilibrium potential. Vertically aligned MoS, nanosheets exhibit an exchange cur-
rent density approximately 70 times higher than bulk MoS,, indicating superior in-
trinsic catalytic activity [143]. This enhancement is attributed to the abundance of
exposed edges in VA films, which act as active sites for catalytic reactions [153]. It
is important to note that the orientation of TMD films significantly influences their

applications.

Other Synthesis Techniques

The most frequently mentioned synthesis techniques have been discussed in earlier
sections. However, the methods are not limited to just five different approaches,
which range from the use of a simple blender for Liquid Phase Exfoliation (LPE) to
very high-temperature furnaces, such as those used in Chemical Vapor Transport
(CVT), Chemical Vapor Deposition (CVD), and Thermally Assisted Conversion. Be-
yond these, additional techniques like Atomic Layer Deposition (ALD) have also
been utilized in specific sections of this thesis to provide a broader context for com-

paring results and understanding the limitations of different method [154].

ALD is particularly notable for its compatibility with CMOS technology, as it op-
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erates at relatively lower temperatures compared to other high-temperature tech-
niques. This makes ALD a favorable choice for integrating low-dimensionalmaterial
growth into existing silicon-based technologies. However, the method also comes
with its challenges. Achieving a self-limiting deposition process in ALD often re-
quires careful optimization of a wide range of parameters. Without proper control,
the resulting films may exhibit surface roughness or small grain sizes, which can

limit their applicability [155} 156].
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1.8 Aim of this Thesis

The rapid growth of the electronics industry has introduced applications where
high-cost, high-performance fabrication processes are unnecessary [105]. In this
context, the simplicity of manufacturing and deposition processes has made Tran-
sition Metal Dichalcogenides (TMDs), such as MoS;, WS;, and PtSe,, particularly
appealing for integration into electronic devices, including flexible and portable ap-

plications [157,158].

While extensive research has focused on monolayer TMDs, the doping of bulk TMDs
remains underexplored. Bulk materials offer valuable insights into the behavior of
intermediate thicknesses, bridging the gap between the unique properties of mono-
layers and the established behaviors of conventional semiconductors. Investigating
TMDs in the bulk regime provides an opportunity for foundational research and

potential applications in electronics.

The aim of this thesis is to structurally and electrically investigate pristine MoS,
and WS, films, followed by introducing dopants into these films using the same de-
position technique under consistent conditions, including identical furnace setups,
temperatures, and thicknesses in the same TMD groups. The doping concentration
will range from 1.63 at.% to a maximum of 10.48 at.%, introduced into the films with
controlled nominal thicknesses. The goal is to observe how the vibrational modes,
diffraction patterns, and electrical behavior of these TMD films are influenced by
dopants while maintaining consistent deposition and characterization methodolo-

gies.

The aim is to investigate the structural and electronic properties of pristine and rhe-
nium (Re)-doped MoS, films. These films will be synthesized using the Thermal As-
sisted Conversion method, where molybdenum and sulfur precursors are annealed
in a controlled atmosphere with a rhenium dopant source. This involves examin-

ing the impact of Re doping on vibrational modes using Raman spectroscopy and
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crystallographic orientations through X-ray diffraction. Additionally, changes in
electrical behavior, such as carrier type and resistivity, will be analyzed using Hall
effect measurements and four-point probe techniques to understand the effects of
varying doping concentrations. Microstructural changes will be studied through
transmission electron microscopy to correlate dopant distributions with electrical
performance. Ultimately, the goal is to develop Re-doped MoS, as an n-type semi-

conducting channel material for electronic applications.

The aim of WS, films focuses on their synthesis and niobium (Nb) doping using the
Thermal Assisted Conversion method. This study aims to evaluate the effect of Nb
doping on vibrational properties and crystallinity, as well as to characterize electri-
cal behavior, confirming the formation of a p-type semiconducting channel. Struc-
tural changes induced by Nb doping will also be examined through TEM, linking

dopant incorporation to the observed device performance.

For PtSe, films, the objective is to study a novel, low-temperature, solution-based
method for synthesizing PtSe, networks and to evaluate their potential for piezore-
sistive sensor applications. Additionally, this chapter aims to elucidate the strain
transfer mechanisms in these networks and their effects on resistivity, using a model
developed by Prof. Jonathan Coleman. This involves examining the structural
properties of electrochemically exfoliated PtSe; films, including flake alignment and
crystallinity. The electromechanical response under tensile strain will also be tested,
with a particular focus on the negative gauge factor and mechanical stability. This
study aims to address the growing need for flexible, wearable, and transparent ma-
terials in the Internet of Things (IoT) by exploring PtSe; as a promising material for

piezoresistive sensors.

By addressing these aims, this thesis seeks to contribute to the understanding of
doped bulk TMDs and their potential for use in electronic and sensing applica-

tions.
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1.9 Thesis Outline

This thesis provides an analysis of the development and characterization of TMDs
produced through Thermally Assisted Conversion and Electrochemical Exfoliation,
which generate thin films of polycrystalline TMDs and networks of TMDs, respec-
tively. Accordingly, the following chapters include information that is highly rele-
vant to studies on doped TAC TMD films and electrochemically exfoliated piezore-

sistive sensors based on TMD film:s.

Chapter 2: Methodology

This chapter 2| delves into the various techniques utilized throughout the thesis,
explaining their underlying principles and mechanisms. These techniques include
magnetron deposition, X-ray reflectivity, high-temperature conversion under rel-
atively low vacuum, Raman spectroscopy, X-ray diffraction, UV-Vis spectroscopy,
UV-lithography, and scanning electron microscopy. The transmission electron mi-
croscopy (TEM) analysis data, which I did not personally handle, was provided by
CNR/Catalonia. However, I have full responsibility for completing the rest on my

own.

Chapter 3: Modulating MoS;, Properties through Introduction of

Rhenium Impurities

This chapter |3 aims to create complementary metal oxide semiconductor counter-
parts using TMD-based van der Waals layered materials. The initial focus is on ob-
taining an n-type material with MoS,, known for being a stubborn n-type semicon-
ductor that can become a poorly functioning p-type semiconductor due to oxidation.
This chapter explores the introduction of Rhenium (Re) impurities into MoS; at con-
centrations of 2.63 at.% and 10.48 at.%. After fundamental characterizations such as
Raman, XRD, and low-temperature resistance measurements, Hall effect measure-

ments are conducted to observe carrier concentration, resistivity, and mobility via
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doping. The key question addressed is how Re doping atoms are accommodated

within Mo$S, lattices, affecting the electrical properties of the material.

Chapter 4: Modulating WS, Properties through Introduction of Nio-
bium Impurities

This chapter [4] tackles the challenge of limited p-type charge carriers in van der
Waals layered semiconductor materials by attempting to produce p-type WS, through
Niobium (Nb) doping. Nb is introduced at 1.76 at.% in a 0.2 nm layer within a nom-
inal 10 nm stack, followed by a conversion process at 900°C for 30 minutes. Ini-
tial characterizations using Raman spectroscopy and XRD are performed to observe
phonon and electron interactions and plane orientation in the WS, lattice, respec-
tively. Field-effect transistor measurements and cross-sectional TEM images pro-

vide insights into orientation, composition, and Nb distribution.

Chapter 5: Solution-Processed Negative Gauge Factor PtSe, Strain

Sensors

This chapter |5 focuses on the use of an energy-efficient process of ~ 0.05 Wh mg~!,
through which electrochemical exfoliation of a novel low-dimensionalsemiconductor,
PtSe,, was achieved. Large flakes with average aspect ratios exceeding 10,300 were
produced. These flakes were deposited using Langmuir-Schaefer (LS) techniques to
form highly aligned flake networks, which were utilized as semi transparent (60% at
1 ym wavelength) strain sensors. Strain of up to 0.5% was applied, resulting in a lin-
ear response corresponding to a negative gauge factor of —5.45, which is attributed
to changes in the semiconductor band structure upon deformation. The response
was shown to be cyclic for over 1000 cycles, enabling the sensors to be implemented

in flexible optoelectronics.
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Figure 1.7: (a) Schematic of a transistor illustrating the source, drain, and gate con-
tacts, along with the dielectric layer and a semiconductor. The diagram depicts
charge accumulation and depletion regions, which are controlled by the gate volt-
age (V). The channel length (L) is defined as the distance between the source and
drain contacts, while the channel width (W,,) refers to the dimension of the channel
perpendicular to the direction of current flow. The oxide thickness (t,y) represents
the thickness of the dielectric layer separating the gate electrode from the semicon-
ductor. (b) Transfer characteristic showing the drain current (Ip) on a logarithmic
scale as a function of gate voltage (V) on the primary y-axis, while the square root
of the drain current (1/Ip) is plotted on the secondary y-axis. The relationship be-
tween /Ip and V is linear in the saturation region, facilitating the determination
of the threshold voltage (V1) by extrapolating the straight-line portion to the x-axis
where /Ip = 0. (c) Output characteristic showing the relationship between the
drain current (Ip) and the drain voltage (Vp) for various gate voltages (V), high-
lighting the linear and saturation regions of operation. The image is adapted from

Ref: []?]]
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Figure 1.8: Metal foil strain gauges: A) Image from the first commercial metal foil
gauge patent [11]. Modern commercial metal foil strain gauges for measuring tensile
strain, with patterned foils for measuring B) Tensile strain, C) Perpendicular tensile
strains, D) Shear, and E) Pressure tensile strain.
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Figure 1.9: Schematic of scaling limits in silicon-based technologies . This pro-
gression from planar FET to FIinFET to Nanosheet FET reflects the semiconductor
industry’s efforts to overcome physical and performance limits while achieving
smaller technology nodes (e.g., 7 nm, 5 nm, and beyond). Technology nodes repre-
sent the advancement in semiconductor manufacturing, allowing for higher transis-
tor densities and improved performance at reduced power consumption. The con-
cept of unit cell reduction in layout is also illustrated, highlighting how the active
area of a transistor becomes more compact with each architectural improvement,
enabling increased integration density. Each step ensures continued advancements
in microelectronics, in line with Moore’s law .
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Table 1.2: Figures of Merit for Gauge Sensors and Desired Properties.

Figure of Merit

Desired Properties

Gauge Factor (GF)

High GF for greater sensitivity to small strains.
Desirable, GF > 100 for semiconductors and ad-
vanced materials.

Strain Limit

Wide strain range to accommodate large defor-
mations. Desired strain limits: up to 5% for met-
als and >2% for flexible materials.

Linearity

High linearity ensures accurate and predictable
response under varying strain. Nonlinear effects
should be minimized.

Temperature Sensitivity

Low temperature dependence for stable opera-
tion in fluctuating environments. Desired: mini-
mal drift with temperature variations.

Elastic Modulus

Moderate elastic modulus to maintain high me-
chanical flexibility and durability, especially for
flexible or wearable applications.

Durability and Fatigue Re-
sistance

High durability to withstand repeated strain cy-
cles without degradation. Materials should en-
dure >10° cycles for long-term applications.

Power Consumption

Low power consumption to support energy-
efficient operation, especially for portable and
wearable devices.

Environmental Stability

Robust performance under varying environmen-
tal conditions such as humidity, temperature,
and mechanical vibrations.
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Table 1.3: Comparison of bulk silicon and low-dimensional TMD Materials (e.g.,
monolayer MoS,), channel length is 10 nm for both materials.

Figure of Merit Silicon (Traditional) Low-dimensional materi-
als (e.g., MoS,)

Carrier Mobility (max) () 1400 cm?/ Vs [31] 2400 cm?/ Vs [35]
Subthreshold Swing (SS) ~ 60mV/dec [8] 60—70mV /dec [38]
On/Off Ratio ~ 10*—10° [8] 108—10%0 [39]
Bandgap 1.12 eV (indirect) [8] 1.8 eV (direct) [40]

Severe at sub-10 nm:
Minimal due to
Increased drain-induced
Short-Channel Effects [32] atomic thickness and
barrier lowering (DIBL)
superior gate control.
and high leakage currents.

Flexibility Rigid [8] Flexible [41]

Table 1.4: Summary of dopants for MoS,, their semiconductor type, doping method,
and references.

Dopant Type of Semiconductor Doping Method Reference
Rhenium n-type Substitutional (66,167, 72]
(Re)

Niobium p-type Substitutional [73,74]
(Nb)

Tantalum p-type Substitutional [75]
(Ta)

Nitrogen p-type Plasma immersion [76]
(N)

Aluminum n-type Surface charge trans- [77]
Oxide fer

(AIOy)

Sodium p-type Intercalation [78,79]
(Na)

Chlorine n-type Molecular doping [80]
(CI)

Phosphorus p-type Substitutional [81]

(P)

Lithium n-type Adsorption doping [82]
(Li)

Fluorine (F) p-type Molecular doping [83]
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Figure 1.10: (a) Structural models of the 1T, 2H, and 3R phases, illustrating the oc-
tahedral and trigonal prismatic coordination of molybdenum (Mo) atoms by sulfur
(S) atoms [47]]. The 1T phase exhibits octahedral coordination and metallic behavior,
whereas the 2H and 3R phases feature trigonal prismatic coordination, resulting in
semiconducting properties. (b) High-resolution electron microscopy (HREM) image
showing the layered structure of MoS; or WS; in the 1T phase. (c) HREM images
depicting top view of MoS; or WS; in the 2H phase, highlighting the precise posi-
tioning of Mo or W and S atoms. [48].
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Figure 1.11: Band structure evolution of 2H phase of MoS; or WS, with thickness.
The bandgap transitions from indirect in bulk (left) to direct in a monolayer (right).
The conduction band minimum and valence band maximum positions shift, result-
ing in an increased bandgap energy in thinner layers .
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Figure 1.12: Impact of Rhenium Doping on MoS, Properties. (a) Transfer charac-
teristics of undoped MoS,, HyS-annealed MoS;, and 0.1 at.% Re-doped MoS; back-
gated field-effect transistors showing improved drain current (Ips) with Re doping.
(b, ¢) High-resolution STEM images of sulfur site defects (marked in red circles) in
undoped MoS, (b) and significant reduction of defect density in Re-doped MoS, (c)
(marked in blue). (d) Schematic illustrating the suppression of sulfur vacancies (Vs)
at MoS; edges due to Re substitution at Mo sites (Repy). (e) Statistical analysis of
on-state current (Ion) highlighting a 2x improvement in Re-doped MoS, compared
to undoped samples. Adapted from [67].
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Figure 1.13: Impact of Niobium Doping on WS, Properties. (a) Output characteris-
tics (Iqs vs Vgs) of an undoped WS, FET device showing strong n-type behavior. (b)
Transfer characteristics (Iqs vs Vgs) of the same undoped device on linear and loga-
rithmic scales. (c) High-resolution STEM image of undoped WS, showing hexago-
nally arranged tungsten atoms. (d) Output characteristics (I35 vs Vgs) of a 10.3 at.%
Nb-doped WS, FET device indicating the emergence of hole conductivity. (e) Trans-
ter characteristics (Iqs vs Vgs) of the 10.3 at.% Nb-doped device, highlighting the n-
to p-type crossover. (f) High-resolution STEM image of Nb-doped WS, showing
sparsely distributed Nb atoms as substitutional dopants. Adapted from [87].
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Figure 1.14: Schematic of Electrochemical Exfoliation. The setup includes two elec-
trodes, an electrolyte, and a voltage source. TMD crystals are used as the working
electrode, and depending on the chosen electrolyte, ions are forced to intercalate be-
tween the van der Waals layers of the crystal, causing expansion and leading to easy

exfoliation [116].
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Table 1.5: Summary of dopants for WS;, their semiconductor type, doping method,
and references.

Dopant Type of Semiconductor Doping Method Reference
Niobium p-type Substitutional [89, 90]
(Nb)
Rhenium n-type Substitutional [91]
(Re)
Phosphorus n-type Plasma immersion [92]
(P)
Lithium p-type Intercalation [93]
(Li)
Fluorine (F) n-type Molecular doping [80]
Chlorine n-type Molecular doping [80]
(Cl)
Sodium p-type Intercalation [93]
(Na)
Tungsten n-type Substitutional [91]
(W)
Aluminum n-type Surface charge trans- [94]
Oxide fer doping
(AIOy)
Nitrogen p-type Plasma immersion [92]
(N)
Nanosheets
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Figure 1.15: Schematic of percolation behavior in a TMD nanosheet network as
additional layers are deposited: (i) Sparse nanosheet distribution with no conduc-
tive path; (ii) increased density with partial connections, still below the percolation
threshold; (iii) formation of a continuous conductive pathway, marking the percola-
tion threshold; (iv) densely packed network with overlapping nanosheets, exhibit-
ing bulk-like conductivity. Adapted from [125].
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Figure 1.16: Schematic of a typical CVD process. Reactant gases (blue circles) are
introduced into the reactor (step a). These gases either diffuse directly through the
boundary layer (step b) to adsorb on the substrate (step c) or undergo gas-phase
reactions, forming intermediates (green circles) and by-products (red circles) (step
d). Intermediates diffuse to the substrate (step b), where surface diffusion and het-
erogeneous reactions occur (step e), forming thin films or coatings. By-products and
unreacted gases are desorbed and expelled as exhaust (step f) [131].
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Figure 1.17: Structural and growth mechanisms of vertically aligned (VA) TMD
films. (a), (b) TEM images of MoS; layers grown using the TAC method, show-
ing the transition from random orientation to vertical alignment at the Mo substrate
interface [143]. (c) Schematic representation of growth conditions influencing verti-
cal alignment. (d), (e), (f) Cross-sectional TEM images showing the evolution of WS,
growth from horizontal layers to vertically aligned nanowalls with increasing thick-
ness and strain [150]. (g), (h), (i) PtSe, synthesis via TAC, demonstrating the conver-
sion of Pt nanoclusters into vertically aligned PtSe; structures. (k), (I) Schematic of
horizontal versus vertical growth modes, highlighting the role of strain and surface
interactions in determining the orientation of low-dimensional TMD films [146].
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2 | Experimental Methods

Introduction

In this section, the applied methods will be mentioned with the fundamental mech-

anisms of the techniques used.

2.1 Depositions

The Thermally Assisted Conversion (TAC) technique is pivotal in the transforma-
tion of transition metals into sulphide-based semiconductors. The process begins
with the deposition of metal films, which serve as the precursor layers for subse-
quent conversion. In this thesis, several deposition techniques are explored, no-
tably electron beam deposition and magnetron sputtering deposition. These meth-
ods are instrumental in laying down thin films of metal, referred to as the target

material.

For the purposes of this study, a variety of transition metals including molybdenum
(Mo), tungsten (W), titanium (Ti), thenium (Re), niobium (Nb), and gold (Au) are
utilized as targets. The deposition process is carried out under high vacuum con-
ditions to ensure the purity and quality of the metal films. It is important to note
that while Ti and Au are deposited as part of the metal films, their role is primar-
ily to serve as contacts for device measurement. These metals are not converted
into sulphide-based thin films but are essential for the functional integration of the

devices.
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The focus of the conversion process is on metals such as Mo, W, Re, and Nb. The
prepared layered W-Nb and co-sputtered Mo-Re stacks are specifically used to con-
vert to sulphide-based semiconducting films. These films are characterized by their
van der Waals layered structure, classifying them under Transition Metal Dichalco-
genides (TMDs). The deposition and conversion techniques described herein are
critical to the successful synthesis of TMDs. The quality of the metal films directly
impacts the structural and electronic properties of the final semiconducting layers,
underscoring the importance of the initial metal deposition phase in the TAC tech-

nique.

2.1.1 Magnetron deposition

In magnetron sputtering, a magnetic field is applied to enhance the efficiency and
control of the deposition process. The basic mechanism exploits the charge nature
of ions, their behavior and velocity that can be controlled using a magnetic field
[1]. The sputtering process requires a plasma in a high vacuum and a negative elec-
tronic bias on the target material to force positive ions into itself. Hence, the ions
bombard the target material, freeing the atoms from the surface to the substrate.
Meanwhile, the plasma is restrained by an array of magnets behind the target. To
disintegrate these gas molecules into ions and electrons either radio-frequency (RF)
or direct current (DC) power sources are employed. Both power sources exist in the
Shamrock Sputtering System. Shamrock sputtering system consists of the cassette
module (CM), transfer module (TM), and process modules known as Chamber B
and Chamber A that are designed for depositing metal, thin, films. The compart-

ments and what they include are shown in Figure

Cassette Module (CM): This compartment contains a high vacuum loading rack

that can hold 16 wafers.

Transfer Module (TM): The transfer module includes a robotic arm that allows

transferring wafers from CM to Chamber A and Chamber B.
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Figure 2.1: Schematic depicts the Shamrock Magnetron Sputtering System, which
consists of two chambers (Chambers A and B), a Transfer Module (TM), and a Cas-
sette Module (CM). The Cassette Module (CM) serves as the load-lock unit, where
wafers or substrates are initially loaded. This ensures that substrates enter the vac-
uum environment without compromising the pressure in the deposition chambers.
The Transfer Module (TM) is used to transfer wafers from the Cassette Module to
the chambers, maintaining distinct pressure conditions between the loading area
and the processing chambers. Within the chambers, both RF and DC guns are uti-
lized. RF guns, operating at high frequencies (e.g., 13.56 MHz), are designed for
sputtering insulating or dielectric materials by preventing charge buildup on the
target. In contrast, DC guns are optimized for sputtering conductive materials by
applying a constant direct current to the target, causing ionized gas particles to eject
material for deposition. Additionally, the system features a TFT (Target Face to Tar-
get) configuration, where targets are positioned face-to-face, ensuring uniform ma-
terial deposition and minimizing cross-contamination. Together, these components
enable precise and controlled thin-film deposition for a variety of materials and ap-
plications [2].

Chamber A: It has a base pressure of 3x 107 Torr with a total of 6 DC magnetron
guns. In the DC source chamber, the static electric field is applied between the tar-
get (cathode-negative charged) and the substrate (anode-positive charge) and then
an inert gas is introduced into the chamber, high pressure is temporarily obtained
to provide a reliable plasma over the target until the plasma is sustained. The posi-
tively charged ions in the plasma are directed toward the negatively charged target
due to the applied static electric field. The positive ions bombard the target with

a force to cause the ejection of atoms from the surface. The freed atoms are later,

deposited on a substrate located above the target. One of the drawbacks of the DC
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source is that it requires the target to be conductive; otherwise, charge builds up on

the target. For this reason, the RF gun is preferred to deposit insulating films.

Chamber B: It has a base pressure of 1 x 10 Torr and contains 3 DC sputter guns

and 2 RF sputter guns.

2.1.2 Electron Beam Evaporation

Thermal evaporation is a recognized technique for depositing a thin film wherein
the source material is heated to evaporation in a vacuum. This process allows vapor
particles to travel and directly adhere to a substrate, where they revert to a solid
state [3]. The vacuum condition can be around 107 Torr to allow evaporation flow
to coat the substrate and also supports evaporation of the metal target. This pressure
range can be achievable with a combination of rough and cryo-pumps. As shown
in Figure the samples are placed onto a rotating stage above the crucible. The
distance is arranged considering the mean free path of ejected material under a high

vacuum.

The mechanism of the system boils down to taking advantage of thermionic emis-
sion. Thermionic emission refers to phenomena in which electrons are ejected from
a heated metal when it is heated under vacuum by heating a filament to create elec-
trons and then accelerating them until they obtain sufficient energy for evaporation
of any materials. The evaporated material flow is directed to the substrate on the
rotating stage [5]. The fundamental source of the electron beams (e-beams) in the
system is pulled around to the target metal surface by a magnetic field. The mag-
netic field is shown pointing inward in the schematic in the Figure Hence the

Lorentz law is active to direct e-beams.

2.2 High Temperature Conversion/Furnace Process

Transition Metal Dichalcogenides (TMDs) such as MoS; were synthesized using a

technique referred to as TAC, which involves exposure to chalcogen vapors under
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Figure 2.2: Schematic of a Temascal system. The distance between the substrate and
the target metal is arranged considering the mean free path of ejected material under
a high vacuum [4].

specific conditions. The method, detailed by Gatensby et al. [6], was adapted in our

experiments as described below.

2.2.1 Preparation for Furnace Process

The substrates were positioned in the ceramic boat. The dimensions of the chips can
be up to 2 cm in length, Figure 2.3 (a) The boat containing the chips was placed in
the hot zone at the center of the quartz tube furnace, Figure: 2.3|(b) which was then
heated to high temperature 900°C. Another ceramic boat filled with sulfur powder
(MaTecK, 99%), Figure: [2.3|(c) was placed in a separately heated zone upstream from
the sample boat, Figure 2.3 (d) shows the detailed diagram of the sulfur conversion
furnace setup. The labeled sections include the sample loading port, Baratron pres-
sure transducer, sliding track, cold trap, furnace, rough pressure gauge, halogen
light assembly, gas inlet line, temperature controller, pressure controller, and mass

flow controller (MFC).
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Cold trap

Sliding track Halogen light assembly Temperature controller

Figure 2.3: The image of the sulfur furnace used in this thesis with detailed sections
of it [6]].(a) A photograph of the SiO, substrates placed inside the ceramic boat be-
fore being inserted into the growth furnace. (b) A zoomed-in image of the growth
furnace, showing the substrate in the ceramic boat positioned at the center of the fur-
nace. (c) A photograph of a sulfur ceramic boat. The sulfur ceramic boat is placed
inside the halogen light assembly to melt the sulfur powder, which is then trans-
ported by carrier gases to the growth furnace. (d) A detailed diagram of the sulfur
conversion furnace setup. The MFC measures the gas flow rate, while the growth
furnace pressure is monitored by a Baratron pressure transducer. The rough pres-
sure gauge indicates a pressure range of 1-800 Torr. The rough pressure gauge is
primarily monitored at two key stages. First, after placing the substrates into the
furnace, before the conversion process begins, while lowering the pressure in the
furnace. Second, after the conversion, just before removing the substrates, once the
furnace has cooled down to room temperature. To safely remove the substrates, the
pressure inside the furnace must be equalized with atmospheric pressure (760 Torr).

2.2.2 Conversion Process

The setup consists of a custom-built, one-zone quartz tube furnace. Once the growth
region where thin films are located, reach the target temperature, the secondary
heating zone was activated to melt sulfur powder, which was maintained at 135°C.

The resultant sulfur vapor was directed towards the heated Mo films. The films
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were exposed to the sulfur vapor for 30 minutes. Following this, the chalcogen
heating was discontinued, maintaining the same pressure and flow rate, The sub-
strate was then annealed at the growth temperature (900°C) for an additional 30
minutes. The boat is then cooled to room temperature by opening the furnace. A
liquid nitrogen sheath is used to condense and collect excess sulfur vapor from the
powder-heating zone, preventing over-saturation of the quartz tube with gaseous

sulfur.

2.3 Raman Spectroscopy

This section introduces Raman spectroscopy and briefly discusses the underlying
theory, adapted from Ferraro, Nakamoto, and Brown [7]. Raman spectroscopy is a
powerful technique for exploring the vibrational states of compounds. It operates
by measuring the inelastic scattering of light, which occurs when photons interact
with phonons in the material. The technique involves shining a laser light at a spe-
cific wavelength onto a sample. The light scattered by the sample is then measured
as Raman shifts, which indicate the difference in energy between the incident laser
photons and the scattered photons. Raman spectra display peaks corresponding to
the characteristic vibrational modes of phonons or molecular vibrations in the com-
pound, plotted with intensity on the Y-axis and Raman shift/wavenumber (cm™1)
on the X-axis. Wavenumber is inversely related to wavelength and directly propor-

tional to energy [8].

When a monochromatic laser beam interacts with a crystalline sample, most pho-
tons scatter elastically, retaining their original energy, in a process known as Rayleigh
scattering. However, a small fraction of photons undergo inelastic scattering, ex-
changing energy with the vibrational or phonon modes of the material. This inter-
action results in a shift in the energy of the scattered photons, known as the Raman
effect, which corresponds to either a gain (anti-Stokes) or loss (Stokes) of energy,

as shown in Figure Unlike fluorescence or phosphorescence, Raman scattering
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does not involve the absorption of light or excitation of the sample to an electronic
excited state. The Raman shift provides detailed insights into the vibrational modes

and structural characteristics of the sample.

For Raman-active compounds, the incoming photon interacts with the sample’s
electronic cloud, causing a temporary distortion in the polarizability of the molecule
or lattice. This interaction leads to inelastic scattering, where the scattered light has
a frequency different from the incident light due to vibrational energy exchanges.

This energy shift can be represented mathematically [9)]:

1 1
AV = — — — 1
[ v W (1)
For instance, considering a 532 nm laser, the energy of the incident photons is calcu-

lated using the relationship

E="",
A

Given the wavelength A = 532 x 1077 m, and substituting the values for Planck’s
constant (h = 6.626 x 1073*]s) and the speed of light (c = 3 x 108 m/s), the photon

energy is:

(6.626 x 10734J-5) - (3 x 103 m/s)
532 x 10~9m

E = = 2.33eV. (2)
This corresponds to approximately 3.73 x 107!], converted to 2.33eV using the
conversion factor 1eV = 1.602 x 10~1]. While this energy represents the full en-
ergy of the incident photons, the Raman effect involves only small energy shifts

relative to this value. For example, a Raman shift of 408 cm ™!

corresponds to ap-
proximately 50 meV (~ 0.05eV), which is much smaller than the laser energy. These
shifts, caused by interactions with vibrational or phonon modes in the material, pro-

vide critical insights into properties such as crystallinity, impurity levels, and struc-

tural effects like thickness dependencies [10]. The rest of the energy remains with
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the scattered photon. Hence, it is not released or converted to another form.
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Figure 2.4: Schematic of a Jablonski diagram illustrating the Raman scattering pro-
cess [11].

The Raman selection rule dictates that for a vibration mode to be Raman active, the
derivative of the polarizability with respect to the normal coordinate of the vibration
must be non-zero [12]. This is what distinguishes Raman spectroscopy from other
optical techniques like Infrared (IR) spectroscopy, which measures absorption due to
changes in the molecular dipole moment. Raman spectroscopy, instead, is sensitive
to changes in polarizability, making it particularly useful for analyzing non-polar

molecules.

The procedure for analyzing Raman spectroscopy results used in this thesis is as

follows:
1. Baseline correction is applied to eliminate background noise.

2. Peaks are normalized to substrate peaks to facilitate comparison between dif-

ferent data sets.

3. Lorentzian fitting is generally not used when dealing with bulk-type TMD
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tilms, as the focus is on distinguishing up to four layers. Beyond that, the sam-
ple is considered bulk, and additional fitting does not provide further useful

information.

2.4 Uv-Vis Spectroscopy

UV-Vis Spectroscopy is a technique that serve to measure the absorption and scatter-
ing effects of the matter. Absorption here refers to absorbing light energy. Scattering,
on the other hand, refers to deflection of light in various direction due to interaction
with the matter. Absorption is critical when the matter experience electronic transi-
tions excluding the cases where absorption takes place without electronic excitation
of the matter. So, only energies of the light equal and higher than the band gap of
the matter get absorbed. Consequently, the method provides information about the

electronic structure such as optical band gap of the compounds.

In the spectrophotometer, the light is separated into discrete wavelengths using a

monochromator consists of a series of slits, mirrors and diffraction gratings as pic-

tured in Figure

~ Mirrar
:.J}":'_'—Tﬁgl
h Reference
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Yl le/ il L Mirror
aﬁ_ Aﬂ_ f 1 ® Output
Tungsten D2 Lamp |
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Slit Processing J: |
< Wavele ngth
| slit ¢ Splitter
Monochromator Sample Photodetector

Figure 2.5: A schematic of dual-beam UV-Vis spectrophotometer [13].

These wavelengths involves the range of Ultraviolet (UV) region wavelengths from

10 nm to 400 nm, Visible (Vis) region wavelengths from 400 nm to 700 nm. In the
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system, the beam is split, permitting both the sample and a reference to be analysed
concurrently, allowing for accurate measurements through the removal of scattering
and absorption in both the sample and the reference. The reference, here, can be a

cuvette for liquid samples such as electrochemically exfoliated TMD films.

The difference between the incident radiation and the transmitted radiation repre-
sents the amount of light absorbed by the material. The concept of transmittance
quantifies the fraction of incident light that successfully passes through the sample.

The mathematical expressions for transmittance are given by:

T=_— (3)

and as a percentage,

%T = (%) % 100 (4)

0

Absorbance, on the other hand, is a measure of the light absorption and is calculated

using the logarithm of the inverse of transmittance:

A = —log(T) (5)

Briefly, absorbance and transmittance measurements are crucial for determining the
concentration of substances and understanding their properties by quantitatively

analyzing how much light a sample absorbs or transmits.

2.5 X-Ray Diffraction

X-Ray diffraction (XRD) is an analytical technique used to characterise crystalline
materials. When X-rays interact with a crystalline sample, they undergo reflection,
diffraction, scattering, and transmission. In XRD, the fundamental interactions be-
tween electromagnetic waves and matter are governed mainly by two mechanisms:

Thomson scattering and wavelength matching. Thomson scattering provides the
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basic scattering mechanism that involves the specular reflection of photons off the
atomic planes within the crystal. The photons do not lose energy during the interac-
tion as the process is elastic. It allows X-rays to be diffracted by the electron clouds
of the atoms in the crystal. Without this scattering process, the X-rays would pass

through the crystal without interacting with atoms.

Wavelength matching, the wavelength of X-rays are on the same order of magnitude
as the interatomic distance within crystals (0.15 - 0.5 nm). This similarity facilitates
diffraction as the X-rays interact constructively or destructively with the electron
clouds of atoms, influenced by their characteristic crystal plane spacing. The in-
teraction of X-rays with the electrons in a crystalline structure results in scattering,
which redirects the X-rays in various directions. Specific scattering events that fol-

low the conditions for constructive interference obey Bragg’s law [6}

nA = 2dhkl sin@ (6)

Bragg’s law simply implies that the distance between the scattered X-rays is equal
to the integer then diffraction occurs constructively. This constructive interference
results in peaks in the diffraction spectra. These peaks provide a fingerprint of the
crystal structure. Further, analyzing these peaks’ positions and intensities reveals

details such as atomic arrangement and crystallinity of the materials [14].

The critical point to know about diffraction methods is that there are two types:
in-plane and out-of-plane. The common method, used in this thesis, is out-of-
plane diffraction, as shown in Figure This method only probes the diffraction
planes whose normal are perpendicular to the sample surface due to 20/w configu-

ration.

XRD relies on periodicity, one can wonder how to analyse amorphous films with
XRD. An amorphous film generally fails to meet the periodicity condition; however,

it might possess short-range order of periodicity, resulting in large and low inten-
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Figure 2.6: Schematic of Bragg Brentano configuration of X-Ray Diffractometry. In
this traditional configuration, the detector moves to record the diffracted X-rays at
an 20 angle from the incident beam. The image is adapted from the Ref: [2].

sity peak or peaks. Regardless, amorphous materials can be considered as hard to

analyse.

2.6 X-Ray Reflectivity

X-ray reflectivity (XRR) is a method used to study films’ properties such as thick-
ness, interface roughness, surface roughness, and density. These films can be amor-
phous or crystalline and may have single or multiple layers. XRR works by examin-
ing how X-rays interact with matter, a process described by Snell’s Law. Snell’s Law
explains how electromagnetic waves change direction when transitioning between

two media with different refractive indices [15].

In the context of XRR, 1, and n;, represent the refractive indices of the first and sec-
ond media, respectively. These media could include the ambient environment (e.g.,
air, where n, ~ 1) and the thin film material (1, < 1 for X-ray wavelengths). The

angles 6, and 6 correspond to the angles of incidence and refraction, respectively,
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measured relative to the surface normal. Snell’s Law relates these parameters as

follows:

ngsinf@, = n,sin 6, (7)

When X-rays hit an interface between two media with different refractive indices,
they are partly reflected and partly refracted. At a specific angle, known as the
critical angle (O.yitica1), the refracted ray travels parallel to the interface (6, = 90°).
This angle is determined by the density (p) of the material and provides essential
information about the film’s composition. Beyond the critical angle, X-rays pene-
trate the material and reflect off multiple internal interfaces, generating interference

patterns.

These reflections create periodic oscillations in the reflectivity as a function of the
incidence angle (20), as shown in Figure These oscillations result from construc-
tive and destructive interference and fade at higher angles due to X-ray absorption

and roughness effects.
Key features of XRR measurements are:

¢ Critical angle (6.): The reflectivity drop near the critical angle depends on the

material’s density (o).

* Oscillation period (Af): The spacing between oscillation peaks reveals the

film thickness (d), with regular peaks indicating multiple layers.

* Oscillation decay rate: The rate at which oscillations diminish at higher angles

corresponds to surface or interface roughness (o).

* Amplitude of oscillations: The amplitude reflects the density contrast be-

tween adjacent layers.

¢ Intensity decay at higher angles: Surface roughness further contributes to the

intensity decay of reflected X-rays.
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Figure 2.7: The XRR reflectivity curve shows key features used to analyze thin films.
The critical angle (6.) corresponds to the material density (p), the oscillation period

(A) reflects film thickness (d), a
interface roughness (o) [16].

nd the oscillation decay rate indicates surface or

By analyzing these features, XRR enables precise determination of film properties

such as density, thickness, and roughness, providing insights into the structural

characteristics of thin films. Briefly, from a XRR scan, fundamental information can

be obtained:

¢ Electron density: The critical angle relates to the material’s electron density. If

two adjacent layers have similar density values, like W and Mo, distinguishing

signals and fitting the pattern is challenging. Thus, for thickness calibration

to verify sputtering rates, using a substrate with a different density than the

material of interest is helpful.

¢ Thickness: The thickness is

inversely proportional to the oscillation frequency.

¢ Surface and interface roughness: The intensity of reflected X-rays and the os-

cillation decay rate at higher angles correlate to the layers’ surface and inter-
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face roughness. Rougher surfaces and interfaces scatter X-rays more, causing
a steeper intensity drop at higher angles. Therefore, rougher films cannot be

analyzed with this technique due to the absence of oscillations.

It is important to understand that the penetration depth of X-rays varies with the
incident angle, which significantly influences X-ray Reflectivity (XRR) spectra. At
lower 26 angles, where the incident angle w is smaller, the X-rays have a shal-
lower penetration depth, affecting a larger surface area of the sample. Conversely,
at higher 20 angles, the incident angle increases, allowing the X-rays to penetrate
deeper into the sample, although covering a smaller surface area [17]. This varia-
tion in penetration depth based on the incident angle is crucial for analyzing sur-
face parameters such as roughness and density, which are prominently observed in
XRR spectra at lower angles. For instance, the significance of surface roughness is

demonstrated in Figure

Figure [2.8(a) shows the XRR spectrum for pristine MoS,, where the fitting becomes
challenging due to the high surface roughness. In contrast, Figures 2.8(b) and [2.8|c)
illustrate the XRR spectra of a deposited Mo layer with a significantly lower rough-
ness of 0.65 nm, where a clear fit was achieved in graph (c). These results underscore
the importance of minimizing surface roughness to enable reliable XRR fitting and

accurate determination of film parameters.

In this thesis, the XRR analysis was performed by fitting the experimental reflectiv-
ity curve, as seen in Figure2.§| (c), to a theoretical model using the GenX software
[18]. The thickness, roughness, and density of each layer were determined by opti-
mizing the model parameters to minimize the difference between the simulated and
experimental data. The thickness was extracted from the oscillation period, rough-
ness from the oscillation decay, and density from the critical angle and oscillation

amplitude.

In order to fit the reflectivity curve, important step is to know the GENX density.

The following explanation is given with Molybdenum example which is the host
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Figure 2.8: Three examples of XRR results illustrating the impact of film roughness
on fitting accuracy. Panel (a) shows the XRR data for pristine MoS; after conversion,
where fitting becomes challenging due to the lack of diffusely scattered X-rays from
a rough film. As the coherence of reflected X-rays is disrupted, and the signal-to-
noise ratio decreases. (a) The thickness of MoS, was determined to be 40 nm based
on AFM characterization, with the roughness discussed in Appendix (b) and
(c) show the XRR results for the deposited Mo layer, with a roughness of 0.65 nm as
determined by fitting.

Intensity (a.u)

Pristine Mo

Fit

Thickness: 40 nm
Roughness: 0.65 nm

element of the next chapter. It can be calculated as follow:

Step 1: Start with Real Density (p)

Real density in g/cm® (e.g., o = 10.28 g/cm?).

Step 2: Convert to kg/m°
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Step 3: Identify Atomic Mass (i/scatt)

Use atomic/molecular weight in g/mol (e.g., unpo = 95.95 g/mol).

Step 4: Apply GenX Formula

. P kg/m3
XD =
GenX Density = 66054 x 10° X tizea ®)
Step 5: Example (Molybdenum)
Preat = 10.28g/em® = p 5 = 10280 (10)
102
GenX Density = 0280 ~ 0.0645 (11)

1.66054 x 103 x 95.95

The constant 1.66054 x 10° ensures that the atomic weight (1) in g/mol is properly
scaled to work with the mass density (p) in kg/m?, allowing for the calculation of the
number density in scatterers per unit volume. Scatterers refer to atomic or molecular
units within the material. For a pure element like molybdenum, a scatterer corre-
sponds to a single atom, whereas for a compound like MoS,, a scatterer represents a

formula unit (e.g., one Mo atom and two S atoms). The number of scatterers per unit

'NA
u /

volume (Mscatterers) is calculated using the relationship #scatterers = £ where Ny

is Avogadro’s number (6.022 x 10?3

atoms/mol). This links the macroscopic density
of a material to its atomic-scale composition, providing the number of atomic or
molecular units per unit volume, which is essential for X-ray reflectivity fitting [18,

19].

2.7 Electrical Characterization

Understanding the electrical properties of TMD films can be challenging due to the
impact of contact resistance. This resistance can mask the true behavior of the TMD
tilms, making it difficult to assess their intrinsic properties accurately during device

measurements.
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In practice, it is standard to check if the contacts exhibit ohmic behavior, which is
defined by a linear relationship between current and voltage, or Schottky behavior,
where this relationship is nonlinear. Ohmic contacts are ideal as they follow Ohm’s
law, V' = IR, where V is voltage, I is current, and R is resistance. This linearity
ensures efficient energy transfer and minimal loss in electronic devices. In contrast,
Schottky contacts, which create a potential barrier at the metal-semiconductor junc-
tion, do not have a linear I-V relationship and are useful in devices like diodes where
rectifying behavior is needed [20]. The sections that follow will delve into 2-Point
Probe (2PP), 3-Point Probe (3PP), and 4-Point Probe measurements with Van der

Pauw (VdP) configuration techniques.

2.7.1 2-Point Probe (2PP) Measurement

The 2PP by using two pairs of probes: one pair to source or measure the current
and another to sense the voltage difference. The current is injected through the
outer probes, and voltage is measured across the inner probes, ensuring that the
voltage measurement is not influenced by the contact resistance, as shown in Figure

2.9

In the 2PP configuration, a single source-measure unit (SMU1) is used to apply a
drain-source voltage (V) across the channel and measure the resulting current (I;).
The positive terminal of SMU1 is connected to the drain, while the negative termi-
nal is connected to the source, which is grounded. The gate electrode is left floating,
meaning no gate voltage (Vys) is applied to the device. This configuration measures
the total resistance of the device, which includes contributions from both the chan-
nel and the contact resistances. The current through the channel, assuming linear

Ohmic behavior, can be expressed as:

_ Vas

Ijs = 12
ds Rch, ( )

where R, is the total resistance of the device, given by:
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Figure 2.9: Schematic of 2-point probe (2PP) configuration: SMU1 applies a volt-
age (Vjs) between the drain (positive terminal) and source (negative terminal,
grounded) while measuring the current (I;5). This setup captures the total resistance
of the device, including channel and contact resistances, with the gate left floating.
The grounding of the negative terminal is primarily to establish a reference point,
and it could also be the positive terminal depending on the configuration.

Rch = Rcontact + Rchannel~ (13)

Here:

* Reiontact represents the resistance at the metal-semiconductor interfaces.

* Rihannel is the intrinsic channel resistance, which depends on the material prop-

erties of WS, or Nb:WS,.

Without a gate voltage, the channel resistance is governed primarily by the intrinsic
carrier concentration in the semiconductor, which depends on the material’s dop-
ing level and temperature. This method is straightforward for characterizing the
baseline conductivity of the material but does not allow control over the carrier con-

centration.
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2.7.2 3-Point Probe (3PP) Measurement

The 3PP (three-point probe) measurement utilizes two Source Measure Units (SMUs)

for electrical characterization, as shown in Figure

* SMU1 applies a voltage (V;5) between the source and drain terminals and mea-

sures the resulting current (1;5).

* SMU2 applies a gate voltage (Vys) to the gate terminal, with its negative ter-

minal grounded to the source.

The gate voltage induces an electric field across the SiO, dielectric, modulating the
carrier density in the semiconducting channel (e.g., WS, or Nb:WS,) via the field
effect. This setup enables the study of the transistor-like behavior of the device by

controlling the carrier concentration in the channel.

From the measured data, the field-effect mobility (y) of the channel can be extracted

using the following equation:

Ll
H = WCo Vs 0V

where:

¢ L is the length of the channel, which is the distance between the source and

drain terminals.
¢ Wis the width of the channel, representing the active area where current flows.

* Coy is the gate capacitance per unit area, which depends on the dielectric prop-

erties and thickness of the SiO; layer. It is calculated as:

€ox
Cox = T
tox

where €,y is the permittivity of the SiO; layer, and t,y is its thickness.
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* Vs is the drain-source voltage applied across the channel to drive the current.

. 5%55 is the slope of the transfer curve in the linear region, which reflects the

sensitivity of the drain current (I;;) to changes in the gate voltage (Vs).

This configuration provides a robust method to extract key electronic parameters,
such as mobility (), which characterizes the ability of charge carriers to move through

the semiconducting channel under the influence of an electric field.

SMU1

Source Drain

Sio,

|
Highly doped Si [Gate] |

g ‘- )

SMU?2

Figure 2.10: 3-point probe (3PP) configuration: SMU1 applies a voltage (Vj;) be-
tween the drain (positive terminal) and source (negative terminal, grounded), while
SMU?2 applies a gate voltage (Vgs) to modulate the carrier concentration in the chan-
nel. The gate (highly doped Si) is connected to the positive terminal of SMU2, with
its negative terminal grounded. Grounding the source serves as a common refer-
ence point for both Vj;; and Vs, enabling independent control of the drain current
(Izs) and gate field. This setup allows for the extraction of key parameters such as
mobility and threshold voltage.

Following sections will further explore 4PP techniques, such as using the Van der
Pauw configuration, which simplifies the measurement process by not requiring
patterning or lithography techniques, as the contacts are placed on the edges of the
film on the substrate, allowing for easy extraction of material properties such as

resistivity and sheet resistivity [21].
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2.7.3 4-point probe measurements with VdP

The Van der Pauw (VdP) method is a simple method of measuring the resistivity
of thin films. This is a another where the contacts are around the perimeter of the
sample [22]]. Most films used in this configuration, are either square or rectangular in
shape so the contacts are always placed in the corner of the sample as the schematic

in Figure The advantages of van der Pauw configuration include:
* Four contacts are necessary.
* There is no need to measure sample widths or length between contacts.
¢ Simple geometries can be used.

For the measurements, the most common approach involves applying a current
through two leads and measuring the voltage drop between the other two leads.
Since the samples typically have multiple contacts as is depicted in Figure and
the current source and voltmeter can be connected in various combinations. If a
current is passed from contact 1 to contact 2 (I12), and a voltage drop is concurrently
measured between contact 4 and contact 3 (Vj3) as the schematic is presented in the

left image of Figure a resistance can be calculated using Ohm’s Law:

V.
Rip43 = f‘f (14)

This is the one resistance along the horizontal direction. To increase the accuracy,
the same measurement is performed with the same current of reversed polarity (I»;)
and also along the opposite edge, meaning current directions is reversed, so the

voltage drop will be measured from (V34).

This repetition minimizes errors due to resistance of the contacts and the inho-
mogenities in the grown TMD films to provide a more accurate representation of
the material’s true resistivity or conductivity. Then all of the resistances are aver-

aged over. What it is meant by horizontal and vertical resistances:
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V+ V- V- -
R, = V/I Ry = V/I

Figure 2.11: The VdP method for measuring sheet resistance involves taking two
measurements with opposite polarities for each column. I+ and I- contacts where the
current is applied, while V+ and V- contacts indicate where the voltage is measured
in both images left and right. The left image represents the horizontal measurement
and the right image represents the vertical measurements.

Set A (horizontal) resistances:

V- V,
Rip34 = 1—34, Rp143 = Iig (15)
12 21
V- V-
Rag10 = 1—12, Ryzp1 = 1—21 (16)
34 43
Set B (vertical) resistances:
V- V.
Ryzps = ey R3140 = -2 (17)
I3 I3
V- V-
Ros13 = -3 Ryp31 = 2 (18)
Iy Iy

Repeating these measurements for all four sides of a sample provides eight values

of resistance. We average them to obtain R4 and Rp
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_ R1234 + Ro1,43 + R34,12 + Ry321

R
A 4

(19)

_ Ri324 + Ra1,42 + Ro4,13 + Ryn31

R
B 4

(20)

Sheet resistance and conductivity then can be calculated numerically using the fol-

lowing VdP equation:

NRA) ( NRB)
exp| ———|texp|——— | =1 21)
P ( RsH P\ Ren (
It can be simplified as:
1
o= ——— 22
Rsh - tcH ©)

where tcp is the thickness of the film and Rgp is sheet resistance of the film that
have a unit of ((2/0]) and ¢ is conductivity of the film with the unit of (5/m). Sheet
resistance is converted into resistivity by multiplying by the thickness of the film.
Once the resistivity reciprocal of conductivity of the TMD film is determined, the
Hall voltage is measured. So the following section will cover the Hall Effect Mea-

surements using VdP method.

2.74 Low temperature resistivity measurements

The useful part of using temperature dependent resistance measurements is initially
to observe whether the material is semiconducting, semi-metallic, or metallic, and
secondly, if the material is semiconducting to determine the activation energy of the

charge carriers.

Electrons in the valence band are in a low-energy state, bound to the atoms of the

material. To become mobile charge carriers, they need to overcome the Band Gap.
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This requires energy equal to or greater than the band gap (Eg) to transition from
the valence band to the conduction band.This energy known as activation energy.
Experimentally, measuring the resistivity at different temperatures and fitting the
data to the Arrhenius equation provides insights into the energy barrier that charge
carriers must overcome to contribute to electrical conduction [23]. The Arrhenius
equation is, here, a mathematical expression for the dopants to overcome in elec-
tronic devices and is often used to explore how resistance/resistivity changes with

temperature [6]. The equation can be written as:

In(R) = In(Ro) + =2 23)

where R is a constant related to the pre-exponential factor, setting the scale for the
resistance at a given reference point. E, is the activation energy. k is the Boltzmann

constant (8.617 x 107> eV/K). T is the absolute temperature in Kelvin.

Lower activation energy means a shallower slope in the plot, which is desirable if
higher conductivity is needed [24]. With this purpose, the van der Pauw configu-
ration was utilized, and sheet resistance for the samples at room temperature was

calculated.

2.7.5 Hall Effect Measurement with VdP

Hall measurement systems utilize a material’s Hall voltage to determine its Hall
mobility. Hall measurement is used to ascertain properties of the thin films such as
carrier concentration, mobility, resistivity, and carrier type. The fundamental prin-
ciple of the Hall effect relies on the Lorentz force. Electrons flow along a channel in
the presence of an electric field (Ey), with drift velocity (v;). When a perpendicu-
lar magnetic field (B,) is applied, the electrons experience the Lorentz force, which
alters their path, Figure Unlike the electric field force applied to stationary
charges, the magnetic field force affects only moving charges influenced by current

flow [15]. The cross product of the drift velocity and the magnetic field is shown in
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Equation 24

vxB
bt 0000 e s e
J v 1 J g v J
——//i'———— ++ A+
P4 ’4
B v x B
(a) Electrons (b) Holes

Figure 2.12: The Lorentz force impacts charge carriers within a material, with the
Hall field direction differing depending on whether the charge carriers are (a) elec-
trons or (b) holes. The dashed arrow illustrates the exaggerated deflection that the
specified charge carrier experiences while moving through the material. The image
adapted from ref: [25].

F=|q|lvg x B (24)

The magnetic field (B) is perpendicular (sin¢ = 1) to the drift velocity (v;) of the
charged particles. The resulting Lorentz force causes charges to accumulate on one
side of the material, creating a transverse electric field (Ep) on the other side. The
electric field (Ey = %) reaches a steady state, canceling the Lorentz force. This is

represented by:

gEg +qusxB=0 = gEy=—qusxB = Eyg=u9v;XxB (25)

Drift velocity (v,) is related to the current density (J) by | = gnv,;, where n is the

carrier concentration. Rearranging gives vy; = qin Substituting v; into Ep, we
have:
_J
Eg=—"B (26)
qn

Using | = % (current density in terms of current I, width w, and thickness t):
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Ey = . 27
H= ot (27)
Substituting Ey into Vy = Ep - w:
IB
V= —— 2

H= ot (28)

Introducing the Hall coefficient (Ryg = qln :

RyIB

Vi = == (29)

t

The Hall voltage is a critical parameter and is required to calculate the Hall co-
efficient. The sign of Vi determines the type of majority carriers in the material.
A positive Vy indicates a p-type material (holes are the majority carriers), while a
negative Vi corresponds to an n-type material (electrons are the majority carriers).
The magnitude of Vi depends on the carrier density, applied current, and magnetic

tield.

Unlike electric forces acting on electric charges, magnetic forces act on any mov-
ing charges with the condition that the movement of the charges is not parallel to
the magnetic field. The Hall voltage, generated perpendicular to both current and
magnetic field directions, is measured to determine the carrier concentration and
mobility of charge carriers in a material. The Hall coefficient is related to the carrier

concentration (n) by:

_j:r

Ry =
qn

(30)

where g is the charge and # is the carrier density. Note that the Hall scattering factor
(r) depends on the scattering mechanism of the charge carriers, typically assumed

to be 7 = 1 when the scattering mechanism is unknown. This factor is accepted as 1
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in this thesis.

Additionally, the mobility of charge carriers () can also be determined using Hall
measurements. Mobility quantifies how effectively carriers move through a material

under an electric field. It is calculated as:

o4 Rpyo
u = — orequivalently, u = iy (31)

qn t
where ¢ is the electrical conductivity. High mobility signifies that carriers experi-
ence less scattering and travel more freely, which is critical for electronic applica-

tions.

Hall effect measurements in this thesis were conducted under an alternating cur-
rent (AC) field to mitigate setup imperfections such as uneven electrical contacts
and temperature gradients across the sample. These imperfections can generate ad-
ditional voltages that may lead to inaccurate results [26]. AC Hall measurements are
particularly common for low-mobility or highly resistive films [26]. Unlike the DC
method, which uses a linear current, the AC approach employs a sinusoidal current
generated by a lock-in amplifier. This technique offers superior noise reduction,
making it well-suited for low-mobility films where Hall voltage signals are often

weak and susceptible to noise interference [27].

2.8 Tensile Testing

Tensile testing is widely used to measure key material properties, such as the ap-
plied stress (¢) and the fractional length change (strain, €). These parameters are
crucial for understanding material behavior under mechanical loads [28]. In this
applied tensile testing for this thesis, the stress-strain relationship is analyzed. The
Young’s modulus is determined as the slope of the linear region of the stress-strain

curve, which is illustrated in Figure
The tensile tester setup measures both the displacement between the clamps and
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Figure 2.13: A schematic representation of a Tensile testing setup (left), The simul-
taneous output of electromechanical testing: Stress (N/m?) versus Strain (%) and
Resistance () versus Strain (%).

the force applied, which is recorded through a load cell. This allows precise con-
trol over applied stress. For simultaneous electrical testing, the system uses strain
gauges connected through a Wheatstone bridge circuit [29]. These gauges output
a signal proportional to the material deformation. The displacement of the clamps
is controlled to vary the crosshead position. This is achieved using a proportional-
integral-derivative (PID) system, ensuring stable force application during the ex-
periment [30]. In this setup, all applied loads were controlled to maintain accuracy.
This combined setup provides a detailed understanding of the mechanical and elec-
trical performance of the material as it undergoes stress. Modeling studies were

completed by Proffesor Jonatthan Coleman.

2.9 Atomic Force Microscopy

Atomic force microscopy (AFM) is a widely used scanning probe technique for mea-
suring the topography of surfaces at the nanoscale. The AFM operates by scanning

a sharp tip across the sample surface, where interactions between the tip and the
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surface provide information about the surface features. The vertical movement of
the tip, controlled by a piezoelectric scanner, is measured to generate a topograph-
ical map of the surface [31]. The schematic of an AFM setup can be seen in Figure

R.I14

Controller
Electronics

-‘\ Laser
|
Detector |
Electronics ’
E Scanner
/\ n
y 4‘\
° Cantilever & Ti
Photodiode /v : B E
Detector Sample

Figure 2.14: Schematic of an atomic force microscopy apparatus [2]].

The AFM setup includes a laser beam that reflects off the cantilever onto a position-
sensitive photodetector, which records deflections as the cantilever interacts with
the surface. These deflections are converted into a detailed three-dimensional to-
pographical map. AFM provides high-resolution imaging with precise control over
force, making it a powerful tool for surface analysis in various scientific and en-
gineering fields. AFM imaging typically operates in one of three modes: contact,
non-contact, or tapping mode. In tapping mode, the cantilever oscillates near its
resonance frequency, intermittently contacting the surface, which minimizes lateral
forces and potential damage to the sample or the tip. This makes tapping mode

particularly effective for soft or delicate surfaces [32].

Gwyddion is an open-source software designed for the visualization and analysis
of atomic force microscopy (AFM). It supports a wide range of file formats and

provides tools for surface topography analysis, height profile extraction, roughness
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calculation. In this thesis, Gwyddion was used to extract the height profiles
from the AFM micrograph and to analyze the surface topography of the 2.63 at.%
Re-doped MoS; film [AT.6|and PtSe; network

210 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique used in materials science to ex-
amine samples. SEM works by using an electron beam to interact with the sample
and gather information about it. The electrons come from an electron gun, which
can be a heated tungsten filament or a sharp LaB tip [34]. Figure2.15(a) shows the
SEM setup. To keep the electron gun stable, it operates in a very high vacuum en-
vironment of about 10~ mbar and is rarely exposed to air. The chamber where the

sample is tested is kept in a high vacuum of about 10~ to 10~ mbar.

Beam Diameter @ = [2-200nm e.g. 50nm]
€- (primary electron beam)
Secondary Electrons (SE) -

Shape Information [Snm]

Condenser lens ) Backscattered electrons

(Comp - BSE) - X-rays -
Atomic number information (Z) Element Information
[400nm] [Microns]
— Focusing lens
Specimen U W’ UoLoLUU
v ivw v
e- 2um [V
Sl 0 7 R WL L A
Electron detector nistaten ULV
Volume [T
wvvwwwww
(atoms)
Specimen
Stage —_— .
2 pm

Figure 2.15: (a) Diagram of the SEM column, showing electron lenses, sample stage,
and detector positions. (b) How the electron beam interacts with a sample inside
the SEM The images were adapted from the ref: [35].

During scanning, electrons are accelerated (usually 0.5 - 20 kV) and focused into
a beam that enters the specimen chamber. As shown in Figure b), when the
electron beam hits the sample, it produces various signals that can be detected and

analyzed. These signals include, as shown in Figure (b):
Secondary Electrons: Provide detailed images of the surface [34].
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Back-Scattered Electrons: Show differences in composition based on atomic num-
ber [36].
Characteristic X-rays: Give information about the elements present in the sample

through energy-dispersive X-ray spectroscopy (EDS) [34].

Secondary electrons, with their low energy, provide high-resolution images of the
sample’s surface. Back-scattered electrons, which have higher energy, give compo-
sitional information with with less detail. SEM uses different types of electron inter-
actions to provide detailed images and compositional information about a sample,

making it a reliable tool in materials science [37].

211 Photolithography

Photolithography, also known as optical lithography, is a process used to create in-
tegrated circuits by transferring patterns from a mask to a light-sensitive material
(photo-resist) on a substrate [38]. This technique involves using light to etch pat-

terns onto a substrate, Figure[2.16]

UV Light
Exposure . _

Positive Resist Image of Mask
Photo-resist
Thin Film
e Oy
Negative Resist “Negative” of Mask

Figure 2.16: A schematic representation of photolithography process. Image is mod-
ified from Ref:

When exposed to light, the photoresist undergoes chemical changes, enabling the

pattern transfer. There are two main types of photo-resists: positive and negative.
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In positive photoresists, the exposed areas become soluble and are removed during
development, leaving the unexposed areas intact. This type is commonly used in
semiconductor fabrication [40]. Conversely, in negative photo-resists, the exposed
areas become insoluble and remain after development, while the unexposed areas

are removed.

The choice between positive and negative photo-resists depends on specific appli-
cation requirements, such as resolution and the nature of the substrate. Figure
depicts two scenarios: Positive resist where the exposed areas become soluble and
are removed, resulting in the mask pattern on the substrate. And, negative resist
where the exposed areas become insoluble, and the unexposed areas are removed,
resulting in the negative of the mask pattern on the substrate. The resolution of
photolithography is crucial for achieving smaller feature sizes and higher device
density, but it is limited by the wavelength of the light used and the capability of the
lens system to capture enough diffraction orders from the illuminated masks. The

Rayleigh equation describes this diffraction limit [41]:

kA

R = —17
NA

(32)

where R is the minimum resolvable feature size, A is the exposure wavelength, NA
is the numerical aperture of the optical system, and k; is a constant related to the

photo-resist.

2.12 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) uses high-energy electrons to penetrate
deeply into a sample, often several microns, or pass completely through nanomate-
rials, as schematic of it in Figure As these electrons travel through the sample,
they interact with it, either elastically or inelastically, and the resulting attenuated

signal forms the basis of TEM images.
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The TEM consists of three main components: the illumination system, the specimen
stage, and the imaging system. Illumination System, it includes the electron source,
which is chosen based on the desired resolution. For normal resolution, thermionic
LaBg or tungsten filaments are used. For high resolution, Schottky field emission or
cold field-emission guns are preferred. The electron gun is paired with condenser
lenses that focus the electrons onto the sample, controlling the beam’s diameter and
intensity [36]. Specimen Stage, it holds the sample and allows it to be inserted and

removed from the microscope. For clear images, the stage must remain completely

stationary.

Power Cable
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Figure 2.17: A schematic representation of a TEM column. Image is modified from

Ref: .



Imaging System, as electron beam passes through the specimen, some electrons go
straight through, while others scatter in various directions. The imaging system
captures and magnifies the image using a series of lenses, projecting it onto a cooled
CCD for recording. The magnification and resolution are determined by the design
of these lenses. Despite the picometer wavelengths of the electrons, typical resolu-
tions are around 0.5 nm due to various aberrations. Spherical aberrations arise from
imperfections in the focusing system, chromatic aberrations from electrons with dif-
ferent energies, and astigmatisms from asymmetric magnetic fields along the pole

piece [43].

TEM offers two characteristic modes for detailed imaging: Annular Dark Field (ADF)
and Bright Field (BF) modes.

Bright Field Mode

This mode creates an image using electrons that pass through the sample without
scattering, providing contrast based on variations in the sample’s thickness and den-

sity. It uses a central aperture to collect these unscattered electrons [44].

Annular Dark Field Mode

This mode collects scattered electrons using an annular detector placed around the
optic axis. The detector captures electrons scattered to high angles by interactions
with the atomic nuclei, providing compositional and structural information with
atomic number contrast (Z-contrast). The main instrumental difference between
these modes is the type and positioning of detectors: BF mode uses a central aper-
ture for unscattered electrons, while ADF mode uses an annular detector for scat-

tered electrons, enhancing contrast based on atomic number differences [44].

Additionally, Energy Dispersive X-ray Spectroscopy (EDS) and Electron Energy Loss
Spectroscopy (EELS) are techniques often attached to TEM to enhance its capabili-
ties. EDS identifies the elemental composition of the sample by detecting charac-

teristic X-rays emitted when the sample is bombarded with an electron beam [44]].
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EELS analyzes the energy distribution of electrons that have passed through the
sample, providing detailed information about the electronic structure and elemen-

tal composition [45].

TEM analysis’s, in this thesis, were performed by Gianfranco Sfuncia from the Insti-

tute for Microelectronics and Microsystems (IMM) group at CNR in Catania
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3 | Modulating MoS, Properties through

Introducing of Rhenium Content

3.1 Background and Motivation

For emerging electronic applications of Transition Metal Dichalcogenides (TMDs),
particularly in developing complementary metal-oxide-semiconductor (CMOS) de-
vices, modulating free carrier concentrations is essential for creating p-n junctions
[1]. Molybdenum Disulfide (MoS,), an n-type semiconductor with thickness-dependent
adjustable bandgap characteristics, is a competitive candidate for electrical appli-
cations [2]. However, optimizing MoS,-based devices for CMOS analogs requires
addressing two key challenges: contact resistance and defects [3| 4]. Defects, par-
ticularly sulfur vacancies, are a primary cause of Fermi-level pinning and impaired
charge injection and collection, which affect electrical, optical, and energy device

performance [5-8].

Defect densities in MoS, vary significantly with synthesis methods. Physical vapor
deposition (PVD) introduces Mo interstitial defects and sulfur vacancies, leading
to higher resistivity and lower mobility compared to mechanical exfoliation and
chemical vapor deposition (CVD) [9, 10]. Polycrystalline growth techniques, such
as the thermal-assisted conversion (TAC) process, also produce structural defects,

including grain boundaries, further impairing electrical performance [11}12]].

Doping has been proposed to mitigate contact resistance and defect concentration.
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Substitutional doping, where metal atoms replace Mo in the lattice, provides sta-
ble and consistent electronic properties compared to transient physisorption-based

doping methods [13].

Doping shifts the Fermi level toward the conduction or valence band depending on
the dopant type, while preserving the stability of the 2H phase unless high dopant

concentrations induce a phase transition to the 1T phase [14, 15].

Density Functional Theory (DFT) calculations reveal that transition metal dopants
with higher d-electron counts than Mo introduce donor states near the conduction
band minimum (CBM), enhancing conductivity and reducing the Schottky barrier
in MoS; transistors [16,17]. Rhenium, with low activation energy, is particularly ef-
fective as an n-type dopant [18} 19]. Recent studies have explored Re-doping effects
on MoS;, but gaps remain in understanding dopant positions and their influence on
structural and electrical properties of TAC-grown bulk Mo$S, films [20]. This chapter
investigates these effects for Re-doped MoS; films with a nominal thickness of 45 &

4 nm, aiming to address these questions.

3.2 Methodology

Substrate Preparation

Depositions were performed on hexagonal R-cut sapphire (Al,O3) substrates with
orientation 01-12 and 02-24, each measuring 1 cm x 1 cm and C-cut sapphire with
(0006) orientation. The orientation 0112 (commonly written as 01—12) represents
a specific crystallographic plane in the sapphire lattice. Similarly, 0224 (or 02—24)
corresponds to another plane. Besides C-cut sapphire (0006) exposes a basal plane.
These orientations define the atomic arrangement and spacing of the sapphire sur-
tace, which directly impacts the growth, alignment, and properties of the deposited
thin films. The substrates underwent pre-cleaning in an ultrasonic bath with ace-

tone, isopropyl alcohol (IPA), and deionized water for 5 minutes each, followed by
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drying with nitrogen (N) gas.

Transition Metal Deposition

Thin-film samples were deposited using Molybdenum (Mo) as the host metal and
Rhenium (Re) as the impurity metal. The deposition was done using a co-sputering
method of a DC and RF magnetron sputterings under high vacuum conditions, as
shown in Figure The sputtering targets, 3-inch diameter Mo (99.99%) and Re
(99.99%), were sourced from Kurt J. Lesker. The substrate temperature was main-
tained at room temperature, with a target-to-substrate distance of 15 cm and a sub-

strate holder rotation of 30 rpm.

Ar
Re -"t-‘n_l AT Mo
—_———

RF Gun DC Gun

Figure 3.1: A schematic of the target metals and the deposition chamber.

X-Ray Reflectivity

X-Ray Reflectivity (XRR) was employed to calibrate the deposition rate and con-
firm film thickness post-deposition. Measurements were performed using a Phillips
Panalytical X'Pert Pro diffractometer. The open-source program GENX was used
for reflectivity analysis [21]. Pristine, 2.63 at.% Re-doped, and 10.48 at.% Re-doped

Mo films were prepared for this study.
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Conversion Process

Post-deposition, the films were placed in the growth furnace, and 5 g of sulfur pow-
der (Sigma-Aldrich 99.998%) was placed into a quartz crucible inside the sulfur fur-
nace, as shown in the furnace schematic in Figure [3.2(a). The sulfur was heated to
135 °C, while the films were heated to 900 °C. The furnace, connected to an Argon
(Ar) supply, was heated at 19 °C/min to the process temperature. Sulfurization
was maintained for 30 minutes, followed by 30 minutes of annealing and subse-
quent cooling to room temperature. The carrier Ar gas carries the evaporated sul-
tur towards the growth furnace. The sulfur powder completely evaporated after
30 minutes of growth. Throughout the conversion and annealing process, the Ar
flow was maintained at 100 sccm. Figure 3.2(b) shows the furnace setup with the

temperature-time profile.

(a) Sulphur Conversion Furnace (b)
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Furnace _ 900 Fﬁll}gaeézlon
l uo Sulfur
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Ar f 2 500!
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Flow 3
& 300t
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Qk ) kk -ﬁ 2
Sulphur Metal 100y . | | |
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Figure 3.2: (a) Schematic of the furnace. (b) Diagram of the furnace setup with
temperature-time profile information used during the sulfurization process for
MoS; film growth, involving a 30-minute growth phase followed by 30 minutes
of annealing under Ar gas. The cooling rate cannot be controlled; 25 minutes is the
standard time, which is repeatable, for the furnace to reach room temperature from
135 °C.

Typically, the entire growth process lasts about 110 minutes, consisting of the sul-
furization phase (conversion of transition metal to sulfide-based TMD) and the an-
nealing phase (re-crystallization). It should be noted that there is no control over the

heating and cooling
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Raman Spectroscopy

The Raman spectroscopy was performed using the Witec Alpha 300R spectrometer
with an excitation wavelength of 532 nm. A spectral grating with 1800 lines/mm
and a 100x microscope objective (0.95 N.A) with a spot size of approximately 0.3
nm were utilized for the Raman spectra. To prevent laser damage to the surface, the
laser power was maintained below 100 yW. Measurements were conducted in air at
25 °C and atmospheric pressure. A grating with 1800 grooves per mm was used for
spectral dispersion, providing a system-wide spectral resolution of approximately

0.75 cm™. All Raman spectra were recorded under ambient conditions.

X-Ray Diffraction

X-ray diffraction (XRD) was used to elucidate the crystallographic features of the
films post-conversion and Raman characterization. Measurements were performed
with a Panalytical X'Pert Pro diffractometer using 26-w scans, Cu Ka radiation (1.5406
A) in Bragg-Brentano geometry, with a step size of 0.02 degrees /step and a step time
of 0.5 s/step. Crystallographic phases were identified using reference patterns from
the International Centre for Diffraction Data (ICDD), and the Crystallography Open
Database (COD)

Low temperature Electrical Characterisation

Low-temperature resistivity measurements were completed using the Keithley 2636B
semiconductor characterization system in a homemade low-vacuum station, with
measurements carried out in high vacuum 10°mbar with a ranging temperature
between 300 K to 100 K. A Van der Pauw configuration was employed, where four
electrical contacts were placed at the corners of the sample without the use of lithog-

raphy. Instead, contacts were made using indium wires.
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Transmission Electron Microscopy

For the structural characterization of TMD films, a JEOL ARM200F Transmission
Electron Microscope (TEM) operating at 200 kV was used, equipped with advanced
detectors for Energy Dispersive X-ray Spectroscopy (EDS) and Electron Energy Loss
Spectroscopy (EELS). These capabilities allowed for detailed elemental and chemi-
cal analysis of the sample, providing insights into its composition. EELS was used to
determine the composition, and EDS was used to detect Re impurities in the MoS;

matrix.

Hall Effect Measurements

Hall effect measurements were performed at room temperature using a van der
Pauw configuration with a LakeShore Model 8404 AC Hall-effect measurement sys-
tem. In this configuration, four electrical contacts were placed near the edges of the
sample, forming the same geometry as used in the Arrhenius measurement setup.
The AC magnetic field was fixed at 1.2 T RMS at a frequency of 0.1 Hz. The van der
Pauw configuration was used without the need for lithography. Figure [3.3| shows

how the sample is located in the holder and positioned between the magnets.

Figure 3.3: Holder for Hall measurement. The special holder with gold clamps is
designed to lower the contact resistance, which influences the resistance measure-
ment.

For materials with low mobility and/or high resistance, like polycrystalline TMD
tilms, achieving proper contact is crucial and extremely challenging. This signifi-

cantly impacts the Hall voltage, even more than it affects resistivity measurements.
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To minimize contact resistance, Indium (In) solder contacts are placed in the cor-
ners of the film. The fully filled 4d'° orbital contributes to the stability and lower
reactivity of indium compared to transition metals with partially filled d-orbitals.
This results in a bonding behavior that is beneficial for forming stable and reliable

contacts because the lack of d-orbitals makes indium less reactive [22]].

3.3 Experimental Results

In this chapter, the co-sputtering method was employed to achieve the incorpora-
tion of host and impurity atoms. The goal was to ensure the uniform distribution
of impurities of rhenium (Re) throughout the matrix of molybdenum (Mo). The de-
positions were carried out using direct current (DC) and radio frequency (RF) mag-
netron sputtering, both of which are physical vapor deposition (PVD) techniques

performed under high vacuum conditions, as detailed in Section

The doping levels of rhenium were set to achieve pristine Mo, 2.63 at.% Re, and
10.48 at.% Re in a nominal 20 nm thick Mo-Re film before the conversion process.
These atomic percentage values were determined based on deposition parameters
and verified through calculations shown in Appendix after X-Ray Reflectivity
characterization. The objective was to study how varying impurity concentrations

influence the electrical behavior of the thin films after the conversion process.

The deposition parameters used to fabricate the films are summarized in Table
The table shows the applied current for the DC and RF guns, as well as the sput-
tering duration for each film. The co-sputtering method was employed, where both
the DC and RF guns operated simultaneously. The current applied to each gun
was calibrated to achieve the desired doping levels, as determined by the opera-
tor’s guidance during the calibration process. Notably, the pristine Mo film was
deposited using only the DC gun, while the Re-doped films required the additional
RF gun to sputter Re targets. The deposition times were optimized to ensure a total

thickness of around 20 nm for each sample.
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The relationship between the guns and deposition rates is defined by constants in
nm/min-mA: For Molybdenum (Mo): The deposition rate is 3.27 x 10~ nm/min -
mA, meaning that at 1 mA of current, 3.27 x 10~> nm of Mo is deposited per minute.
For Rhenium (Re): The deposition rate is 1.9 x 107> nm/min - mA, meaning that at

1 mA of current, 1.9 x 10~° nm of Re is deposited per minute.

For the deposition, selected compositions were Pristine, 2.63 at.% Re, and 10.48 at.%

Re for a nominal total thickness of 20 nm.

Material DC Gun (mA) RF Gun (mA) Time (sec)
Pristine Mo 400 - 100
2.63 at.% Re 400 21 92
10.48 at.% Re 400 64 90

Table 3.1: Deposition parameters for pristine Mo and Re-doped Mo thin films using
a magnetron sputtering system. The co-sputtering method involved simultaneous
operation of the DC and RF guns. The applied current values were determined
during the calibration process to achieve the desired doping levels.

3.3.1 X-Ray Reflectivity (XRR)

The impurity concentrations correspond to 2.63 at.% Re, which is 0.5 nm of Re, and
10.48 at.% Re, which is 2 nm of Re, in a nominal of 20 nm stack. The thicknesses
of the transition metal deposited films were measured based on the XRR simulation
results, shown in Appendix The values are as follows: 18.7 nm for the Pristine
Mo film, 19.6 nm for the 2.63 at.% Re-doped Mo film, and 19.9 nm for the 10.48 at.%
Re-doped Mo film. Table 3.2 presents the information obtained from the GENX fit,
shown in Figure The corresponding GENX density and real density shown in
the Table Besides, the section [2.6| covers the information about the conversion

densities.

X-ray reflectivity is suitable before the conversion process to primarily determine
the thickness and densities of the films, ensuring that the desired compositions are
achieved. However, after the conversion to sulfide-based semiconducting materials,

the films exhibit significantly higher roughness (more than 10 times compared to be-
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Concentration (at. %) Pristine 2.63 at.% Re | 10.48 at.% Re
Thickness (nm) 18.1 19.6 19.9

GenX Density (scatterers/unit | 0.0645 0.0651 0.0660
volume)

Real Density (g/cm?®) 10.28 10.35 10.50

Table 3.2: The thicknesses, GenX densities, and real densities for different doping
levels of Re impurities (at.%).

fore conversion). This increased roughness renders XRR measurements unfeasible

post-conversion. Therefore, XRR is reliable only prior to the conversion process, as

demonstrated in Figure[2.8]in the Section

This inherent roughness makes XRR fitting impractical after the conversion, as dis-
cussed and shown in Chapter 2| The thickness and morphology of the converted

Mo films to MoS, are illustrated in Appendix|A1.8

3.3.2 Conversion Process

The sulfur was maintained at a temperature of 135 °C, while the films were heated
to 900 °C. The furnace, equipped with an Argon (Ar) gas supply, was ramped to the
target temperature at a rate of 19 °C/min. A sulfurization duration of 30 minutes
was chosen due to practical limitations associated with the sulfur supply within
the furnace. The quantity of sulfur powder determines the amount of sulfur va-
por available during the process. Once the sulfur is fully evaporated and depleted,
further conversion of Mo to MoS, halts, and the process transitions into an anneal-
ing phase. Consequently, the growth duration is intrinsically constrained by the
availability of sulfur. The tube pressure was maintained at 0.6 Torr during both the

conversion (100 sccm Ar flow) and annealing stages.

The thicknesses of the films after conversion are summarized in Table in the
Appendix. Supporting evidence is provided in Appendix and

respectively.
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3.3.3 Raman Spectroscopy

Raman spectroscopy is the primary characterization tool used post-growth to ana-
lyze the characteristic peaks of pristine and doped MoS; films grown on both R-cut
substrates. It has been utilized to study different crystalline structures of MoS, [23-
26|. In this chapter, a 532 nm laser (2.33 eV) is used to observe off-resonance Raman

peaks of MoS; films.

Although there are four Raman active characteristic peaks used to evaluate MoS;
structure, the Ajq and Ep, modes are primarily analyzed and compared in the lit-
erature due to their sharp and intense peak structure, sensitivity to the number of
layers (thickness) [27], and ability to reflect changes in the structure such as poor
crystallinity (evidenced by peak broadening) and defects (evidenced by changes in
peak intensity or peak location shift) [28]. Among these two peaks, the E; mode in-
volves the opposing vibration of two sulfur atoms relative to the molybdenum atom,
while the A1, mode is associated with the out-of-plane vibration of sulfur atoms in
opposite directions. Below, the Raman spectra of pristine MoS; and Re-doped MoS,
films using a 532 nm laser is shown on C-cut Al,O3 substrates in Figure |3.4/and on
R-cut Al,O3 substrates in Figure

The table 3.3[ shows a summary of the results. There is no significant shift in the
Ep¢ and Ay peaks positions with increasing Re doping concentration on both sub-
strates. This suggests that the in-plane vibrations or out-of-plane vibrations in the
lattice are not significantly affected by Re doping, similar to some studies in the

literature [29-34].

In the literature, the A1, mode is particularly sensitive to doping in MoS; films;
electron doping (n-type) results in a decrease in phonon frequency, also known as
a red shift, due to the softening of the out-of-plane vibrations caused by the in-
creased electron density screening. In contrast, the E%g mode is less affected. For
instance, Krishna et al. observed Ay, shifts of 4.5 cm™ in monolayer MoS; after n-

type chemical doping with benzyl viologen (BV). This shift reduced to 2.6 cm™ in
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Figure 3.4: Raman spectroscopy results of pristine and Re-doped MoS, thin films
on C-cut Al,O3 substrates with 532 nm (2.33 eV) laser line. The Raman spectra scan
conditions and the laser power were kept constant for the samples, and the result
was averaged over 20 scan points from different locations across the samples.
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Figure 3.5: Raman spectroscopy results of pristine and Re-doped MoS, thin films
on R-cut Al,O3 substrates with 532 nm (2.33 eV) laser line. The Raman spectra scan
conditions and the laser power were kept constant for the samples, and the result
was averaged over 20 scan points from different locations across the samples.

bilayer MoS, and disappeared in bulk MoS, when using the same amount of a 10
uL droplet of BV [35] in all thicknesses. Chee et al. [36] and Chakraborty et al. [37]
also reported Ay, shifts to lower phonon frequencies upon n-type chemical doping.

However, the observed peak shifts in these studies were less than 1 cmt. Consid-
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Substrate | Doping Concentration | Mode | Raman Shift (cm 1)

Pristine Ezg 382.4

2.63 at.% Re Ezg 383.6

10.48 at.% Re E; 383.6

R-cut Pristine Arq 4082
2.63 at.% Re Aqq 409.3

10.48 at.% Re Aqq 409.3

Pristine Epe 383.6

2.63 at.% Re Epe 383.6

10.48 at.% Re E; 383.6

Ceut Pristine Ay 4093
2.63 at.% Re Aqq 408.1

10.48 at.% Re Aqq 408.1

Table 3.3: Raman shifts for Ey, and A;, modes at different Re doping concentrations

and Pristine MoS; films on R-cut and C-cut Al,Oj3 substrates.

ering the sensitivity of Raman spectra, which is approximately 0.75 cm™ [38]. This
value represents the smallest energy difference that can be reliably distinguished by

the Raman spectrometer. Therefore, concluding the significant influence of n-type

dopants on phonon modes becomes challenging.
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3.3.4 X-Ray Diffraction

MoS; has a 2H crystal structure with a hexagonal crystal structure of the space group
P63 /mmc. The space group P63/mmc can be described as follows: P indicates that
it is a primitive lattice, meaning atoms are located only at the corners of the unit cell.
63 refers to a six-fold screw axis of rotation, which combines a rotation with a trans-
lation along the axis. And, mmc describes the presence of mirror planes and a center
of symmetry in the crystal structure. Rhenium, on the other hand, has a space group
P63 /mmc, representing a hexagonal close-packed (hcp) crystal structure. This struc-
ture is characterized by two lattice parameters, a ~ 2.76 A and ¢ ~ 4.46 A, indicating

the hexagonal symmetry and the c/a ratio typical of hcp systems [39].

To obtain additional information on the crystallinity of the pristine and doped MoS,,

XRD was carried out on C-cut (0006) grown sapphire samples. The results are

shown in Figure
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Figure 3.6: X-Ray Diffraction spectra. The graph shows the XRD scans of pristine,
2.63 at.% Re, and 10.48 at.% Re-doped MoS, films grown on C-cut Al,O3 with (0006)
orientation. The asterisks represent the MoS, (103) orientation at 40.3° diffraction.
The experimental diffraction patterns were compared with the reference diffraction
data provided by the International Centre for Diffraction Data (ICDD) PDF card no.
00-037-1492, corresponding to hexagonal MoS; with a space group of P63 /mmc.

For Mo§S; films, the (002) diffraction peak at 14.2° 26 is a characteristic feature of the
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2H phase of MoS; [40, 41], corresponding to the basal planes of the layered structure
being oriented parallel to the substrate. This peak is typically the strongest in XRD
patterns of MoS; films that grow with a horizontal alignment, where the c-axis is
perpendicular to the substrate [42]. Pristine MoS; shows the (002) peak at 14.2°
20. However, for films with 2.63 at.% and 10.48 at.% Re doping, the (002) peak
is very weak or almost invisible. This suggests that Re doping alters the growth
mechanism, resulting in either vertical or polycrystalline growth. A TEM study,

discussed in Section provides further insights.

The absence of the (002) peak in the XRD pattern, while the presence of MoS; is con-
firmed by other characterization techniques (e.g., Raman spectroscopy, as shown in
Section , indicates a different film orientation. In such cases, the MoS; layers
may be aligned vertically, with their basal planes standing perpendicular to the sub-
strate [43, 44]. This vertical growth changes the diffraction conditions, causing the
(002) peak to disappear or become negligible in intensity, as the structure no longer

satisfies the Bragg condition for that reflection [45].

Examples in the literature show the disappearance of the strongest characteristic
(002) peak with doping. For instance, Laskar et al. demonstrated this effect with Nb
doping in MoS; [46], while Wang et al. observed a similar trend with Mn doping,

where varying levels of carrier doping were introduced [47].

Additionally, for the 10.48 at.% Re-doped MoS; film, a (103)-oriented MoS, peak is
observed at 40.3° 26. This suggests that the diffraction plane is not parallel to the
basal plane of the surface, and this doping level of the film exhibits vertical growth

due to the absence of (00n) diffraction peaks in the spectra [48]].
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3.3.5 Transmission Electron Microscopy

The primary aim of utilizing Transmission Electron Microscopy (TEM) is, here, to
investigate some aspects of the films, such as the presence and distribution of im-
purity atoms, and whether specific regions of the MoS; film show accumulation
of Re atoms, as questioned in Section Additionally, TEM is used to determine
the orientation of the films (vertical or horizontal) and to examine the expansion
coefficient of the films after conversion. Cross-sectional TEM serves as a reliable
technique for measuring the final thickness of the films, alongside Atomic Force
Microscopy, which is preferred when the films are rough, as XRR becomes less ef-
fective under such conditions. Roughness at the interface causes a loss in specular
reflection because some X-rays are scattered diffusely instead of being reflected co-
herently. That is why XRR is not feasible with rougher films as fit is not possible, as
shown in Figure

For pristine MoS,, 2.63 at.% Re-doped MoS,, and 10.48 at.% Re-doped MoS; films,
only one sample for each was prepared on an R-cut Al,O3 substrate. These same
samples were used for low-temperature resistivity and Hall effect measurements
before structural characterizations. The images presented in this section correspond
to pristine and 10.48 at.% Re-doped MoS, films. For thickness analysis, MoS; films
doped with 2.63 at.% Re were examined using AFM to determine the resultant thick-
ness, as shown in Appendix The shown images, here, with different scale bars

represent different areas of each respective sample.

The High-Angle Annular Dark Field (HAADF-TEM) mode was utilized for pristine
and 10.48 at.% Re-doped MoS; films grown on R-cut substrates. In HAADF-TEM,
the intensity of the collected electrons is proportional to the atomic number of the
elements in the sample, resulting in heavier elements appearing brighter in the im-
ages. This property makes HAADF-TEM particularly useful for detecting elements
like Re, Mo and W. Figure 3.7| presents cross-sectional HAADF-TEM images of pris-

tine MoS,. These images reveal the growth orientation of MoS; layers on an R-cut
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Al,O3 substrate and confirms the polycrystalline nature of it.

Figure 3.7: HAADEF-TEM cross-sectional images of the pristine MoS, film. The
thickness of the converted MoS; was found to be 49 nm, for intensity profile Ap-
pendix Scale bars are on the images. Films shows relatively mix orientation
and proves polycrystalline nature of it. For the analysis of pristine MoS, film, the
film was prepared on an R-cut Al,O3 substrate and the same sample was used for
low-temperature resistivity and Hall effect measurements. The presented images
correspond to different areas of this single sample.

The lower magnification of (a) show the overall distribution and random orientation
of the MoS; layers. It must be noted that MoS, layers can be easily bent and redi-
rected during their growth while maintaining the interlayer van der Waals bond
owing to high mechanical flexibility [49]. Therefore, the images show a random
stacking with layers randomly rotated relative to each other. This random stack-
ing suggests a lack of long-range order in the arrangement of the MoS; layers. The
overall thickness of the pristine MoS; film was found to be 49 nm, intensity profile
can be seen in Appendix[AT.5 This detailed structural analysis shows that the ex-
pansion coefficient from Mo to MoS; is around 2.45 [50], indicating the change as
Mo transitions to MoS,. This ratio is found by comparing the initial XRR thickness
before conversion and TEM intensity profile after conversion, shown in a Appendix
The literature maintains the film expansion coefficient in a relatively large
range from 2.5 [51] to 4 [52]. However, the presented studies utilized atomic force
microscopy, where dirt attached to the tip and moisture influence the interaction
between the tip and the surface, leading to an extra thickness of a few nanometers
[53]. The higher magnification images (b) and (c) provide detailed insights into the

crystalline nature of the MoS; layers, showing well-defined and uniformly spaced
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layers.
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For the analysis of 10.48 at.% Re-doped MoS, films, similar to pristine MoS2, HAADEF-
TEM is employed as shown in Figure[3.8 The TEM image of the 10.48 at.% Re-doped

MoS, film reveals the presence of Re atoms. It is observed that the Re atoms tend to

cluster in regions of the film that are close to the substrate.

Figure 3.8: Compositional Analysis of 10.48 at.% Re-doped MoS; film. (a) shows the
HAADF-TEM image revealing substitutional Re atoms as brighter spots in MoS;
matrix, clustering near the substrate. (b) provides elemental mapping for Re, Mo,
and S in the green highlighted region of (a).(c) is a composite map showing the spa-
tial distribution of these elements. Scale bars are on the images. For the analysis
of 10.48 at.% Re doped MoS; film, the film was prepared on an R-cut Al,O3 sub-
strate and the same sample was used for low-temperature resistivity and Hall effect
measurements. The presented images correspond to different areas of this single
sample.

The Figure 3.8/ (a) shows the segregated Re atoms, due to their higher atomic num-
ber, appear brighter than the surrounding MoS, matrix [54]. The brighter spots con-
tirm the Re atoms. The Figure |3.8| (b) shows the elemental mapping of the chosen
region, inside the green square in Figure 3.8|(a), with separate images for Re, Mo, S
and Al indicating where these elements are localized within the sample. Figure
(c) is a composite image of the elemental maps, showing the spatial distribution of

Re, Mo, Al, and S together.

Furthermore, to learn the concentration of Re atoms in the MoS, film, Figure [3.9|is
presented. Note that EELS presents atomic percentages based on the signal of the
elements counted in the chosen region. For EELS analysis, the detection of specific
electron shells (K, L, M) for different elements is influenced by their atomic structure

and the binding energies of their electrons [55].
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Table A: Composition Results for Region A
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Table B: Composition Results for Region B

Figure 3.9: A TEM image of the 10.48 at.% Re-doped MoS; film highlights the region
where EELS analysis was conducted. The thickness of the 10.48 at.% Re-doped MoS,
is found to be 41 nm, as shown in the intensity profile in Appendix and also
in the scale bar here. The dopant Re (Z = 75) appears in brighter contrast in the
HAADF-TEM images due to the significant difference in atomic number between
Mo (Z = 42) and S (Z = 16), as shown on the left. The table on the right illustrates
the distribution of Re, Mo, and S elements in the selected areas, with two different
colorings indicating the distinct regions. The red area, labeled as A, shows the region
closer to the substrate, while the green area, labeled as B, represents the area farther
from the substrate. In comparison, the Rhenium content, in terms of at.%, increases,
whereas the ratios of the other elements remain relatively constant.

For Re, the M-shell peaks are particularly accessible and prominent due to their
lower energy losses. In contrast, for S, the K-shell peak is significant owing to its
fewer electrons and overall lower binding energies, making the K-shell feature more
pronounced. For Mo, the L-shell peaks are important because they are more easily
ionized compared to K-shell electrons and fall within the detectable energy range
for EELS . The red area in Figure (A), at the interface with the substrate,
is where the Re atoms have accumulated. The EELS data for this region indicates
a high concentration of Re atoms, with the composition results showing approxi-
mately 8.0 at.% Re. This accumulation of Re atoms at the interface suggests that Re
tends to segregate to the bottom regions of the film. Similar results were published
by Yadgarov et al., who observed that Re atoms self-assemble into an ordered mono-

layer on the substrate and substitute for molybdenum atoms within the monolayer
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MoS, lattice [56] during growth at 810°. Additionally, Dulaimi et al. observed Re
clustering in MoS, films, causing a change in morphology from lamellar to clus-

tered structures with increased concentration at 6 mol% during growth at 475° [57,

58]

Figure 3.9| (B) represents the top region of the MoS; film. The EELS analysis for this
region reveals a lower concentration of Re atoms (around 1.1 at.%), whereas the Mo
and S contributions are similar to those in Panel (A). This analysis provides infor-
mation about the distribution and accumulation of Re atoms in the MoS, film for
the chosen regions. The preferential orientation of the films is observed, showing
the polycrystalline nature of the MoS, films [43, 44, 50]. With 10.48 at.% Re-doped
MoS,, the orientation appears to be more vertical. Based on the presented results,
this observation might suggest an influence of Re doping on the crystallographic
orientation of the MoS; layers. However, TEM focuses on a very small area, approx-
imately 2400 nm? at maximum. Hence, drawing a solid conclusion is not realistic.

This will be further discussed in the Discussion section 3.4l

Unlike pristine MoS,, the thickness of the 10.48 at.% Re-doped MoS, is found to be
41 nm, as shown in the intensity profile in Appendix This can be explained
by Re atoms accumulating instead of joining the MoS, lattice. Similar behavior is
observed in other studies, where Mo is not fully converted in pristine MoS, [59]

during TAC growth.

124



3.3.6 Low temperature resistivity measurements

Low-temperature resistivity measurements are used to understand the conduction
mechanisms in semiconducting materials. By analyzing how resistivity or resis-
tance varies with temperature, insights can be gained about carrier activation, defect
states, and material quality. An Arrhenius plot, which represents In(R) versus %, is
commonly used to evaluate thermally activated conduction, more details provided
in Section[2.7.4] In this plot, a linear relationship indicates that resistance follows an
exponential temperature dependence, and the slope of the line provides the activa-
tion energy (E;), a critical parameter reflecting the energy barrier for charge carrier
excitation [1]. Figure shows temperature dependent resistance and In(R) anal-
ysis of MoS; films with varying Rhenium concentrations, grown on R-cut Al,Os

substrates.
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Figure 3.10: Temperature dependent resistance and In(R) analysis of MoS, films
with varying Rhenium concentrations that grown on R-cut. (a), (b), and (c) show
the resistance as a function of temperature for pristine, 2.63 at.%, and 10.48 at.%
Rhenium-doped MoS,, respectively. (d), (e), and (f) represent In(R) vs. 1/T plots
for the same samples. The slope values (1.28 for pristine, 0.81 for 2.63 at.%, and
nonlinear behavior for 10.48 at.%) indicate Arrhenius-type conduction for pristine
and 2.63 at.% films, while the 10.48 at.% film deviates, showing metallic behavior.
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The initial resistance values for the MoS, samples are approximately 100 M(Q) for
the pristine sample, 5 MQ) for the 2.63 at.% Rhenium-doped sample, and 1.2 k()
for the 10.48 at.% Rhenium-doped sample. This indicates a significant decrease in
resistance with increasing Rhenium doping. It can be seen from Figure (a),(d)
that pristine MoS; exhibits semiconductor behavior. The linearity of panel (d) indi-
cates that the resistivity follows an Arrhenius-type behavior so excitation conduc-
tion, where the conductivity increases exponentially with temperature. The slope,
which is 1.28, corresponds to an activation energy of approximately 110.2 meV for

charge carriers to conduct, calculations can be found in the Appendix

Introducing 2.63 at.% Rhenium into MoS, reduces the activation energy for conduc-
tion to approximately 69.8 meV, Figure (b),(e). Rhenium atoms likely introduce
donor levels close to the conduction band, facilitating easier excitation of electrons
into the conduction band [19, 39]. The lower slope (e), 0.81, signifies that charge
carriers require less thermal energy to move, leading to increased conductivity. The
material still shows semiconductor behavior but with improved conductive proper-

ties.

For a 10.48 at.% Rhenium concentration, Figure (c) and (f), the behavior devi-
ates from the typical Arrhenius-type and exhibits metallic behavior, as resistance

increases with temperature—characteristic of metallic films [1].

In literature, lower activation energies, such as 0.18 eV and 0.19 eV, have been re-
ported for TAC-grown pristine MoS; films with lower thicknesses (around 10 nm)
[59]. These lower values are attributed to shallow dopant levels, which lie close
to the conduction (n-type) or valence (p-type) band and require minimal thermal
energy (around 0.1 eV) to ionize [60]. Another study shows that lithium intercala-
tion into the van der Waals gaps of MoS, induces structural distortions and disor-
der, forming localized states within the bandgap. These states reduce the activation
energy for charge carriers to transition from the valence to the conduction band,

enhancing electrical conductivity [12].
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3.3.7 Hall Effect Measurement

The Hall effect measurement is utilized to determine electrical properties of materi-
als, such as carrier concentration, carrier type, and mobility, the detail information
is provided in Section The Hall measurement was conducted using a system
provided by Lakeshore, which is designed to streamline the process. After provid-
ing the film thickness as an input parameter and connecting the MoS; film edges
to the probes of the Hall setup, the system automatically calculates and outputs the

necessary electrical properties [61]. The thicknesses of the films, after conversion,

shown in Appendix and

1021 : 107 100
F 1020-
c n
o 1018_ ’101 2
= —_ ~
E 1017 g g
e 3 : Yan-1l
§ ) 3‘10
< 1016 Q =
3 110° 2
s 1013 =
% 1014l —— Carrier Concentration
U —

1013 P

| . L 10—1 10—2.\ : R | .
Pristine 2.63 at. 10.48 at. Pristin 2.63at. 10.48at.
Re concentration [%] Re concentration [%]

Figure 3.11: The left graph reveals that both the carrier concentration and sheet
carrier concentration change along with increased Re impurities. The right graph
shows the change in mobility versus Re concentration.

One of the most important parameters in Hall effect measurements is the Hall co-
efficient (Ry). The sign of Ry indicates the type of charge carriers in the material:
a positive (+Rp) value signifies that the dominant carriers are holes (p-type con-
ductivity), whereas a negative (—Rp) value indicates that the dominant carriers are
electrons (n-type conductivity). This allows the identification of the material’s dop-
ing type, such as n-type or p-type semiconductors. Furthermore, Ry enables the

calculation of carrier concentration 71, where a positive Ry represents hole concen-
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tration and a negative Ry represents electron concentration. Additionally, the Hall
coefficient is crucial for determining the mobility (u) of charge carriers when com-
bined with resistivity (p). For thin films, Ry is also used to calculate the sheet car-
rier concentration (75) by relating the Hall coefficient per square to the charge carrier
density, shown in Section[2.7.5 These calculations underscore the significance of Ry
in understanding material properties, as reflected in the values presented in Table
Besides, the figure of merit for electrical characterization is presented in Figure
The graphs illustrate the relationship between Rhenium concentration and the

electrical properties of MoS, films.

Parameter Pristine 2.63 at.% Re 10.48 at.% Re
Resistivity (o) [(Q-cm] 85 2.5 0.05
Carrier Concentration 1.20 x 1018 4.8 x 1018 8.22 x 10%°
(1) [em 3]

Hall Coefficient (Rpy) 5.2 -1.28 -0.0076
[em?/C]

Carrier Type p n n
Thickness (t) [nm] 49 50 41

Sheet Resistivity (Rs) 1.73 x 107 5.0 x 10° 1.22 x 10%
[Q2/sq]

Sheet Hall Coefficient ~ 2.55 x 107> 6.4 x 107° 312x 1078
(RHsheet) [sz/c]

Sheet Carrier 5.89 x 1012 2.44 x 1013 3.37 x 101
Concentration (1)

[em™2]

Mobility (1) [cm?/V-s]  0.061 0.5125 0.152

Table 3.4: Experimental results from 4-point measurements using Van der Pauw
configuration, as well as AC Hall-effect measurements of pristine and Re-doped
MoS, films, were conducted on films grown on R-cut Al,O3 substrates. The Hall
factor was assumed to be unity. The necessary thicknesses of the samples provided

in Appendix for Pristine MoS, for 2.63 at.% Re: for 10.48 at.% Re:

Pristine MoS; showed p-type characteristic whereas other concentration showed n-
type characteristics, as can be seen from Hall coefficient polarity. Potential reason
of p-type of pristine MoS; can be accounted for the oxygen content in the MoS,
matrix [62}|63]]. Neal et. al, showed that oxygen incorporation alters the local charge
distribution within MoS;. Due to oxygen’s higher electronegativity compared to

sulfur, oxygen atoms pull electrons from nearby molybdenum atoms, creating an
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imbalance that promotes hole conduction. This charge redistribution supports the
formation of acceptor levels and enhances the material’s ability to transport holes

[62].

In figure the first graph (left) reveals that the carrier concentration increases
and resistivity decreases with higher Re doping. Specifically, the bulk carrier con-
centration rises from 1.20 x 10'®cm ™2 at Pristine to 4.8 x 10¥cm ™3 at 2.63 at.% Re
and 8.22 x 102%cm 3 at 10.48 at.% Re, while the resistivity decreases from 85 ohm.cm
to 2.5 ohm.cm and then 0.5 ohm.cm over the same doping range. It can be surmised
that pristine and 2.63 at.% Re-doped MoS, films exhibit heavily doped p-type and
n-type behavior consecutively, as shown in Figure These heavily doped films
demonstrate low resistivity and can be utilized in areas where heavily doped source
and drain regions are required to create conductive pathways for charge carriers in

a transistor [[1].

The results indicates that Re doping enhances the number of charge carriers, re-
ducing resistivity, thereby improving the material’s conductivity. Similar work by
Romanov et al. on monolayer MoS, shows the same behavior. However, with stabi-
lized 1T-MoS; phase formation by Re doping, the resistivity of the films was found

to be reduced by 130 times compared to the pristine sample in their work [64].

The second graph (right) in Figure shows that mobility exhibits a non-linear
relationship with Re concentration. Mobility peaks at 2.63 at.% Re, reaching 0.5125
cm?/V's, but decreases at both lower and higher concentrations, with a notable drop
to 0.061 cm?/Vs at Pristine and 0.1705 cm?/V-s at 10.48 at.% Re. This suggests
that there is an optimal Re doping level around 2.63 at.% that maximizes mobility,
while higher doping levels may introduce scattering mechanisms that reduce mo-
bility [65]. The expectation from electrical characterization is to achieve the highest
possible mobility to enable the use of the films in integrated circuits for high-speed
electronic applications. However, the results show very low mobilities, similar to

those observed in TAC TMD films [66].
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The dopant concentrations for pristine and 2.63 at. % Re films are located in the

normal dope regime as shown in Figure

3.4 Discussion

Transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS)
analyses reveal that Re atoms tend to segregate towards the bottom of the substrate,
forming Re-rich regions that locally enhance conductivity near the substrate inter-
face. Since the deposition occurs via co-sputtering at room temperature with no
thermal input before sulfurization, it is unlikely that Re atoms segregate prior to
the conversion process. A very recent paper showed at high dopant concentrations
(> 1 atom%), significant Re clustering throughout the Re-MoS, lattice are revealed
by TEM measurements [19]. There was no Re clustering prior to temperature in-

put.

The presence of Re in the MoS; matrix after conversion is critical for understand-
ing the doping effects. Raman spectroscopy only showed the characteristic of MoS;
peaks independent from the substrate and independent from the introduce dopant
contents. However, XRD did not confirm this presence due to atomic displacement
caused by Re doping, which disrupts the crystal structure sufficiently to disturb
periodicity along certain crystallographic planes, leading to the disappearance of
specific XRD peaks [67]. It is necessary to quantify the amount of Rhenium after
the conversion. The current TEM-EDS results reveal the atomic percentages how-
ever they only focuses on a small areas (=~ 2400nm?). More statistical results are

necessary for imaging, it will be discuss in the Future work.

The rapid sulfur diffusion along the van der Waals layers, influenced by the sulfur
partial vapor pressure, the details are shared in the Section contributes to this
orientation diversity. This variation might also explain the absence of XRD peaks
in Re-doped MoS; samples, except for the undoped ones, as the XRD configura-

tion aligns the basal planes parallel to the substrate surface and may fail to detect
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vertically aligned planes [68].

Theoretical calculations suggest that higher concentrations of Re impurities local-
ize in the MoS; lattice, forming a mini-band below the conduction band [56]. This
aligns with our findings, where lowered activation energy in Re-doped MoS; allows
charge carriers easier access to the conduction band, utilizing additional energy lev-

els provided by Re impurities [15} 69].

At high doping levels (10.48 at.% Re), Re diffuses along and against the growth di-
rection, accumulating at the substrate interface in a metallic form. These Re clusters
locally alter conductivity at the film’s bottom. The Hall effect measurement, encom-
passing the entire conductive path, could be influenced by these clusters. This be-
havior was also observed by Li et al., who noted challenges in achieving a homoge-
neous matrix after substantial Re incorporation in single-layer MoS; [70]. However,

the reliability of TEM images may be limited due to their small sampled areas.

The Hall coefficient of a 10.48 at.% Re-doped MoS, sample showed negative polar-
ity, which is a signature of n-type behavior in MoS,. However, as explained by Mun-
son et al. [19]], at higher doping concentrations (3.6 at.% and above), clustering of Re
atoms reduces the efficiency of n-type doping due to increased ionization energy.
When Re atoms are isolated, their ionization energy is relatively low, facilitating
electron donation. In clustered Re atoms, their electronic states overlap, and inter-
actions between the dopants increase the ionization energy, making it more difficult
for these Re atoms to donate electrons to the MoS, lattice. It is important to note

that Munson et al. conducted their experiments using monolayer MoS; [19].

Lastly, it might be considered necessary for the dopants in the MoS; matrix to be

measured after the conversion. This will be addressed in the future work.
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3.5 Conclusion

This study investigates the impact of rhenium doping on the structural and electrical
properties of MoS; films. Re impurities were introduced into Mo stacks using a
co-sputtering magnetron system, and the effects of doping were analyzed through
characterization techniques. The films were successfully grown, as confirmed by
Raman spectroscopy, with characteristic peaks serving as proof of the material’s
identity. However, the substrate type and rhenium content did not influence the
Raman spectroscopy results, indicating that the vibrational modes of MoS; remain

unaffected by these factors.

X-ray diffraction analysis revealed significant structural changes with increased Re
content. A more vertical growth pattern was observed in the 10.48 at.% Re sample
compared to the undoped film, along with peak deterioration. The (103) orienta-
tion of MoS; appeared exclusively in the highest doped sample, highlighting the

influence of Re doping on crystallographic texture.

Thermal activation behavior, examined using Arrhenius plots, demonstrated im-
proved conductivity and reduced activation energy at optimal doping levels around
2.63 at.% Re. However, deviations from simple thermal activation behavior at 10.48
at.% Re suggest a shift in conduction mechanisms, indicating an interplay between

Re concentration and carrier dynamics.

Hall measurements confirmed substantial changes in carrier concentration and mo-

0'8 cm~3 for pris-

bility due to Re doping. The carrier concentration increased from 1
tine MoS; to 10?0 cm ™3 for the 10.48 at.% Re-doped sample. The highest mobility,
0.51125 cm?/V-s, was observed at 2.63 at.% Re, while lower mobilities were recorded
for pristine MoS, (0.152 cm?/V-s) and 10.48 at.% Re (0.061 cm?/Vs). These results

confirm the n-type influence of Re impurities and their role in enhancing electrical

properties up to an optimal doping level.

Transmission electron microscopy provided insights into the elemental distribution
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within the films. Re segregation was observed near the bottom regions of the sub-
strate, while Re incorporation into the MoS, matrix was also confirmed. These find-
ings suggest preferential accumulation of Re during high-temperature conversion
at 900 °C. Furthermore, the presence of Re in the film influenced the orientation
of MoS,, with the (103) orientation appearing at 40.3° in the 10.48 at.% Re-doped

sample, showing a tendency toward vertical alignment.

3.5.1 Number of Devices and repeatability

The table 3.5{summarizes the substrates used to characterize pristine and Re-doped
MoS;, films. The films grown on R-cut Al,O3 for TEM analysis were subsequently
used for low-temperature resistivity and Hall effect measurements, as well as Ra-

man spectroscopy and XRR.

Table 3.5: Number of devices for pristine and Re-doped MoS, samples. The num-
bers in parentheses next to the substrate in the table indicate the total number of
devices.

Sample XRR XRD Raman TEM Hall Effect
Pristine MoS, Rcut(1) | Ccut(l) | R+Ccuts(6) | Rcut(1) Rcut(1)
2.63 at.% Re-MoS, | Rcut(1) | Ccut(1l) | R+Ccuts(6) | Rcut(1) Rcut(1)
10.48 at.% Re-MoS, | Rcut(1) | Ccut(l) | R+Ccuts(6) | Rcut(1) Rcut(1)

The reproducibility of the films, considering the same characterization techniques
will be applied with the same compositions, is very high when the same samples

are used consistently for characterization.

3.6 Future Work

The findings of this study necessitates several areas for further investigation to un-
derstand the rhenium doping effects in MoS, films and to optimize their structural

and electrical properties for practical applications.

Firstly, it is imperative to quantitatively measure the Re dopant concentration within

the MoS, matrix after the conversion process. Advanced characterization tech-
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niques such as atom probe tomography (APT), secondary ion mass spectrometry
(SIMS) with higher spatial resolution could provide precise dopant distribution pro-
tiles. These measurements would validate the extent of Re incorporation and help
correlate dopant concentration with the observed electrical and structural proper-

ties.

Secondly, the apparent discrepancy between Raman spectroscopy and X-ray diffrac-
tion results necessitates a more detailed analysis. While Raman spectroscopy showed
the characteristic MoS; peaks regardless of substrate type or Re content, XRD did
not confirm the presence of Re within the lattice. Employing synchrotron XRD could
enhance detection sensitivity to subtle structural changes induced by Re doping.
Additionally, transmission electron microscopy studies with multiple sampled ar-
eas could provide more reliable insights into the microstructural changes and Re

distribution.

Thirdly, to address the influence of sulfur flow rate on the orientation diversity of
MoS; films, systematic experiments varying the sulfur partial pressure and flow
rate are necessary. Understanding the relationship between sulfurization param-
eters and film orientation could lead to controlled synthesis of films with desired

crystallographic textures, potentially improving their electronic properties.

Additionally, expanding the sample set by fabricating and testing more Re-doped
MoS, films with varying doping levels and substrate types will enhance the statisti-
cal significance of the results. This would also allow for optimization of the doping
concentration to achieve the best trade-off between conductivity enhancement and

structural integrity.

Finally, exploring the electrical properties of the films at different temperatures and
under varying environmental conditions could provide insights into the stability
and performance of Re-doped MoS; in real-world applications. Long-term stability
tests and device fabrication experiments would be valuable for assessing the practi-

cal potential of these materials.
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In summary, future work should focus on:

¢ Quantitative measurement of Re dopant concentration and distribution post-

conversion.
¢ Systematic study of sulfurization parameters to control film orientation.

¢ Fabrication and testing of additional samples to optimize doping levels and

validate findings.

¢ Evaluation of electrical properties under varying conditions for application

assessment.

* Measurement of dopants in the MoS; matrix after conversion to validate Re

incorporation.

These efforts will contribute to the understanding of Re-doped MoS, films.
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4 | Modulating WS, Properties through

Introducing of Niobium Content

4.1 Background and Motivation

Complementary transistors and van der Waals junctions are crucial for developing
Transition Metal Dichalcogenide (TMD)-based integrated circuits (ICs) for future
electronics. Research has predominantly focused on n-type TMD semiconductors,
such as MoS;, WS,, WSe,, and MoSe,, due to the prevalent electron doping from
interfacial charge impurities [1]. Moreover, developing effective n-type 2D FETs is
easier due to Fermi-level pinning near the conduction band. In contrast, p-type FETs
face more challenges [2, 3]. One reason for Fermi-level pinning is the work function
of the contact metals in TMD devices. Aligning the Fermi level near the valence
band requires metals with higher work functions, which are less commonly used
or are more chemically reactive [4]. This disparity in performance between TMD
n-channel and p-channel field-effect transistors hinders effective integrated circuit
applications [5]. Thus, developing effective p-type TMD semiconductors with con-

trollable synthesis and mobility is essential.

It is known that niobium (Nb) has five valence electrons (4d*5s'), compared to W’s
six (5d*6s?). When Nb substitutes W in WS,, there is one less electron per sub-
stitution, introducing a deficit of electrons that creates "holes" (positively charged

carriers) in the system, effectively making the material p-type [6]. The presence of
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Nb’s 4d orbitals near the valence band maximum enhances the density of states
(DOS), which facilitates hole conduction. DOS, here, represents the number of elec-
tronic states available per unit energy range that electrons or holes can occupy. A
higher DOS near the valence band maximum means more states are accessible for
holes, improving the likelihood of hole conduction and enhancing p-type behavior
[7]. Moreover, both WS, and NbS, have the 2H-phase crystal structure with similar
lattice constants (WS, [a, b, c] = [3.16, 3.16, 12.47] A, NDbS, [a, b, c] =[3.32,3.32, 11.94]
A), and the covalent radii of W (137 pm) and Nb (134 pm) are very close. These

features suggest the possible substitutional doping of Nb into WS, with few defects
[8].

In addition, density-functional theory (DFT) calculations suggest Nb as an effec-
tive acceptor with favorable formation energies for substitutional doping [9]. Sim-
ilar experimental studies to those discussed in this chapter have shown Nb dop-
ing enhances charge carrier transfer and conductivity in TMD films like MoS; [10,
11] and tungsten diselenide (WSe;) [12]. Bulk-grown MoS; doped with Nb has
demonstrated carrier concentrations of 1 — 1.5 x 10?! em~3 and mobilities of 0.2 —
0.8 cm?/V-s [13]. Mechanically exfoliated bulk MoS, with Nb doping showed car-
rier concentrations of 3.0 x 101 cm 3, presenting a degenerate p-type doping [14].
Degenerate doping here refers to a doping level so high that the dopant atoms in-
troduce a carrier concentration comparable to or exceeding the density of states in
the conduction or valence band. This results in the material behaving more like a

metal than a traditional semiconductor [7]].

This chapter explores the structural and electronic changes induced by Nb dop-
ing in bulk WS; films (approximately 30 nm thick). Using a one-step WS, growth
process, Nb impurities are incorporated during the deposition of W. Four experi-
mental techniques were employed to investigate the effects of Nb doping on WS,
thin-film properties. X-ray diffraction was used to analyze diffraction patterns, Ra-
man spectroscopy to study vibrational modes, three-probe gating measurements to

calculate field-effect mobility, and transmission electron microscopy to examine the
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structural behavior of the thin films, including the interlayer spacing between WS,

layers.

4.2 Methodology

Substrate Preparation

Depositions were performed on hexagonal R-cut sapphire (Al,O3) substrates with
orientations (10-02) and (20-04), each measuring 1 cm x 1 cm. The substrates under-
went pre-cleaning in an ultrasonic bath with acetone, isopropyl alcohol (IPA), and

deionized water for 5 minutes each, followed by drying with N, gas.

Film Deposition

Thin-film samples were prepared using DC magnetron sputtering in a high-vacuum
environment. The process involved depositing a 2 nm layer of Tungsten (W), a
0.2 nm layer of Niobium (Nb), and a final 7.8 nm layer of W to encapsulate the
Nb. Unlike previous co-sputtering techniques, this method employed sequential
deposition. The sputtering targets, 3-inch diameter W (99.99%) and Nb (99.99%),
were sourced from Kurt J. Lesker company. The deposition parameters are detailed
in Table[4.1] The substrate temperature was maintained at room temperature, with a

target-to-substrate distance of 15 cm and a substrate holder rotation of 30 rpm.

Parameters Condition/Value
Target Nb and W
Substrate R-cut Al,O3
Working Pressure 10~ Torr
DC Power (Nb) 50 W
DC Power (W) 100 W
Gas Flow Rate 30 sccm (Argon)

Table 4.1: Sputtering parameters for pristine WS, and Nb-doped W stacks before
conversion The details regarding the parameters are explained in Section: 2.1.1}

The working pressure was maintained at 10~° Torr, characteristic of high-vacuum

sputtering. This low-pressure environment minimizes collisions between sputtered
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species and residual gas molecules, ensuring high kinetic energy and enabling the
deposition of high-purity, dense, and uniform thin films. DC power settings were
adjusted to 50 W for Nb and 100 W for W. The lower power for Nb allowed for con-
trolled deposition given its higher sputtering threshold, while the higher power for
W enabled a faster deposition rate. The argon gas flow rate was set to 30 sccm, a
standard value for inert sputtering conditions. This ensured stable plasma genera-
tion and consistent ion bombardment, avoiding excessive scattering and maintain-

ing deposition stability.

X-Ray Reflectivity

X-Ray Reflectivity (XRR) was employed to calibrate the deposition rate and con-
tirm film thickness post-deposition. Measurements were performed using a Phillips
Panalytical X'Pert Pro diffractometer. The open-source program GENX was used
for reflectivity analysis [15, 16]. Both pristine WS; and 1.76 at.% Nb-doped W films
were prepared for this study. The atomic percentage calculation for 1.76 at.% Nb-
doped film is shown in Appendix The magnetron sputtering depositions were

carried out by Dr. Gwenael Atcheson.

Conversion Process

Post-deposition, the films were placed with 5 g of sulfur powder (Sigma-Aldrich
99.9%) into a quartz crucible and inserted into a tube furnace. The sulfur was heated
to 135 °C, while the films were heated to 900 °C. The furnace, connected to an Argon
(Ar) supply, was heated at 19 °C/min to the process temperature. The 30-minute
sulfurization duration was selected based on practical constraints related to the sul-
fur supply in the furnace. The amount of sulfur powder determines the available
sulfur vapor during the process. Once the sulfur evaporates and is consumed, fur-
ther conversion of transition metal to sulfide-based semiconductor stops, and the
process transitions to annealing. Thus, the growth time is inherently limited by the

sulfur availability. The tube pressure was kept at 0.6 Torr throughout the conversion
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(30 sccm Ar flow) and annealing process.

Raman Spectroscopy

The Raman spectroscopy was performed using the Witec Alpha 300R spectrometer
with an excitation wavelength of 532 nm. A spectral grating with 1800 lines/mm
and a 100 x microscope objective (0.95 N.A) with a spot size of approximately 0.3
nm were utilized for the Raman spectra. To prevent laser damage to the surface, the
laser power was maintained below 50 yW. Measurements were conducted in air at

25 °C and atmospheric pressure.

Raman spectroscopy measurement was performed using a confocal Raman micro-
scope (Alpha 300R, WiTec, Germany). A 532 nm excitation laser operating at a low
power of 50 ym was utilized to prevent beam-induced damage. The scattered Ra-
man signal was captured through a 100x microscope objective with a numerical
aperture (NA) of 0.8 and detected by a Peltier-cooled camera. A grating with 1800
grooves per mm was used for spectral dispersion, providing a system-wide spec-
tral resolution of approximately 0.75 cm™. All Raman spectra were recorded under

ambient conditions.

X-Ray Diffraction

X-ray diffraction was used to elucidate the crystallographic orientation of the planes
in the lattice of WS, post-conversion. Measurements were performed with a Pana-
lytical X'Pert Pro diffractometer using Cu Ka radiation (1.5406 A) in Bragg-Brentano
geometry, with a step size of 0.02 degrees/step and a step time of 0.5 s/step. Crys-
tallographic phases were identified using reference patterns from the International

Centre for Diffraction Data (ICDD).
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Device Preparation

Back-gated transistor applications are demonstrated for pristine WS, and Nb-doped
WS, films. Gating studies can be achieved using either top-gating or bottom-gating
configurations. Top-gating requires a pinhole-free, defect-free, high-k dielectric ma-
terial such as Al,Os, SiO,, or HfO; [17], deposited at ultra-high vacuum conditions
on top of the WS; film. Alternatively, a Si/SiO, substrate can be utilized to deposit
and thermally convert the transition metal to WS,, with SiO; serving as the insulat-

ing layer.

The SiO; layer on the conductive Si substrate insulates the gate (p++ Si substrate)
from the channel, which in this case is composed of WS, films. This configuration
forms a capacitor-like structure where the gate voltage influences the charge distri-
bution within the WS, channel. Further details regarding the device preparation

process are illustrated in Figure

Contacts were deposited on the WS, films using UV lithography, and the contact
design is presented in Figure The UV lithography process involved several
precise steps to ensure accurate patterning during device preparation. First, S1813
photoresist was spin-coated onto the substrate at 5000 RPM for 45 seconds, with a
ramp-up of 500 RPM for 5 seconds. The substrate was then exposed to UV light with
a wavelength of 365 nm for 5.5 seconds. The exposed photoresist was developed in
MEF319 developer for 45 seconds, followed by rinsing in deionized water to stop the

development process.

Finally, the contacts were fabricated using a Temescal e-beam deposition system,
where a 1 nm titanium (Ti) adhesion layer was deposited, followed by a 50 nm gold
(Au) layer. This process ensured robust electrical contacts between the source/drain

electrodes and the WS, channel.
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Figure 4.1: Fabrication process for pristine and Nb-doped WS, devices. The process
begins with the preparation of a Si/SiO; substrate containing an empty channel
area, which serves as the foundation of the device. Following substrate prepara-
tion, W or Nb:W is deposited onto the substrate using a sputtering process. The
deposited W or Nb:W layers are then converted into pristine WS, or Nb-doped WS,
via thermal-assisted conversion in a sulfur-rich environment. To enable electrical
contact with the WS, films, UV lithography is employed. The lithography process
defines the device geometry, resulting in a channel length of 89 ym and a width of
5 mm. For the source and drain electrodes, a thin layer of titanium (Ti, 1 nm) is
deposited as an adhesion layer, followed by a thicker gold (Au, 50 nm) layer using a
Temescal e-beam evaporation system. The final structure consists of a well-defined
WS; channel, with yellow regions representing the Ti/Au metal electrodes and the
blue region indicating the WS, channel.

Field Effect Measurements

The electrical characterization of pristine and 1.76 at.% Nb-doped WS, was per-
formed using a Karl Suss probe station connected to a Keithley 2612A source meter.
For the two-probe configuration, two channels of the Source Measurement Units
(SMU) were used for the source and drain. Voltage was applied to one probe con-

tacting Ti and Au electrodes deposited on the TMD films, shown in Figure 4.2}

A three-probe configuration, as shown in Figure was also used. The silicon
chip was adhered to Ti/Au coated with silver paint, and the oxides at the back of
the silicon were either scratched off or dipped in HF (hydrofluoric acid). The aim

was to enable back-gating contacts. Two channels of the Source Measurement Units
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(SMU) were used for the source and drain, while the third channel was dedicated to
the gate probe. A constant source voltage of +1V was applied while the gate voltage
was varied from -30V to +30V, and the channel current was collected as a function
of the applied gate voltage. The measured current was automatically plotted using

LabVIEW software to generate I-V curves.

Drain
probe

Glass slide

Si Chip

Figure 4.2: A three-probe configuration for performing electrical characterization
of a WS, FET device on a Si/SiO, substrate with a back-gated setup. The image
is adapted from a PhD thesis [18]. The schematic illustrates the three-probe gating
setup. The two probes on top of the WS; film represent the source and drain elec-
trodes. The source electrode applies voltage stress to the system, while the drain
electrode measures the output current. For channel parameters: The channel length
is 89 ym and the width is 5 mm are used. As the setup is designed for a bottom-gate
configuration, the third probe, which controls the channel conductivity, is applied
from the back of the silicon. For this purpose, the silicon substrate is adhered to
the Ti/ Au-coated glass. Silver paste was used to ensure adhesion and establish an
electrical connection between the Ti/Au layer and the WS, film.
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Transmission Electron Microscopy

For imaging purposes, a JEOL ARM200F Transition Electron Microscope was used
at 200 kV, equipped with advanced detectors for Energy Dispersive X-ray Spec-
troscopy (EDS) and Electron Energy Loss Spectroscopy (EELS).

4.3 Experimental Results

The decision to focus on low concentrations of Nb impurities was influenced by
several factors. It was observed in previous experiments that doping MoS, with
Rhenium to create n-type material led to impurity atom clustering in Chapter ??2.
This finding urged us to use lower impurity levels to avoid similar clustering. Ad-
ditionally, theoretical studies by Dolui et al. supported this approach, as their DFT
studies indicated a low pairing energy for two Nb atoms (-157 meV) [9], suggesting
that maintaining a minimal impurity concentration is beneficial. Finally, the limi-
tations of the deposition system played a role. In sputtering systems, sustaining a
plasma requires a minimum current, which in turn determines the power applied
to the gun. This technical constraint means there is a lower limit to the impurity
concentration, as reducing it too much could disrupt the plasma, leading to no de-
position. These considerations led us to focus on maintaining the lowest possible
levels of Nb impurities that could sustain plasma and prevent clustering, thereby
ensuring stable deposition. The final Nb level was determined with the support

and expertise of Dr. Gwenael Atcheson.

4.3.1 X-Ray Reflectivity

X-Ray Reflectivity (XRR) analysis was conducted to determine only the film thick-
ness, as observing density difference between pristine WS; and 1.76 at.% Nb would
not be realistic. Figure [4.3|shows the typical oscillations due to X-ray interference
from different interfaces within the material for both pristine WS, and 1.76 at.% Nb

before conversion. The same figure also includes schematics representing the thick-
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ness corresponding to the XRR results. The first schematic shows a pristine WS;
W film aimed to be 10 nm thick, while the second schematic shows a 1.76 at.% Nb
W film with 0.2 nm Nb and 9.8 nm W. The atomic percentage calculation of the

Nb-doped WS; films is shown in Appendix
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Figure 4.3: XRR results of pristine WS, and 1.76 at.% Nb doped W films on the
left. The plots show the oscillations due to X-ray wave interference. The right side
shows the layer deposition schematics on Al,O3 substrates. The bottom schematic
indicates Nb content, which is not thick enough to form a distinct layer. Referring
to Nb content as "dusted" might be more accurate.
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As seen in Figure 4.3} the placement of Nb closer to the substrate, rather than the top
of the film, is a preemptive measure to prevent the oxidation of Nb atoms. Addition-
ally, depositing Nb closer to the substrate blocks chemical interactions between the
Aly,Oj3 substrate and Nb atoms. It must be noted that 0.2 nm Nb in the 1.76 at.% Nb
doped W stack is below the lattice parameter of Nb (0.33 nm) [19]. Consequently,
detecting Nb using X-ray reflectivity is unfeasible, as there would be no reflective
response. Despite this limitation, the aim was to achieve the same thickness for com-

parison. The parameters after the fit and before the conversion process are detailed
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in Table

Host Metal | Dopant (at.%) | Thickness [nm]
W Pristine W 9.9
W 1.76 at.% Nb 10

Table 4.2: Thickness obtained after depositions. XRR technique utilized to observe
the initial transition metal thickness, before the conversion process.

It is important to note that all films were approximately 10 nm thick prior to the con-
version process based on XRR results. After the conversion to sulfide-based semi-
conducting materials, the films exhibit roughness was higher so that applying XRR
was not feasible, as shown in Section This inherent roughness makes XRR fitting

unfeasible post-conversion, as discussed and demonstrated in Chapter

To determine the thickness of the converted WS, films, atomic force microscopy
(AFM) can be utilized to measure the expansion coefficient. Literature values may
also be consulted, as the resulting thickness of converted films is well-documented
for TMD materials [20, 21]. Typically, the final thickness of WS; films is approx-
imately quadruple the initial metal thickness following conversion to the sulfide-
based semiconducting form [22]. Alternatively, cross-sectional transmission elec-
tron microscopy can be employed to determine the resultant thickness of the con-
verted films. In this work, cross-sectional TEM is used for this purpose. Appendix
shows the thickness intensity profile of Pristine WS, film and Appendix
shows the zoomed in TEM image of the 1.76 at.% Nb doped WS, where we can see

the resultant thickness.

4.3.2 Conversion Process

The sulfur was maintained at a temperature of 135 °C, while the films were heated
to 900 °C. The furnace, equipped with an Argon (Ar) gas supply, was ramped to the
target temperature at a rate of 19 °C/min. A sulfurization duration of 30 minutes
was chosen due to practical limitations associated with the sulfur supply within

the furnace. The quantity of sulfur powder determines the amount of sulfur va-
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por available during the process. Once the sulfur is fully evaporated and depleted,
further conversion of the transition metal to sulfide-based TMD film stops, and
the process transitions into an annealing phase. Consequently, the growth dura-
tion is intrinsically constrained by the availability of sulfur. The tube pressure was
maintained at 0.6 Torr during both the conversion (30 sccm Ar flow) and annealing

stages.

4.3.3 Raman Spectroscopy

Raman spectroscopy was used to characterize the samples after the conversion pro-
cess. Figure 4.4/ shows the Raman spectra of pristine WS, and 1.76 at.% Nb-doped
WS, films on R-cut Al,O3; and Figure shows the same composition on Glass
(Amorph SiO;) substrates.
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Figure 4.4: Raman spectra of pristine WS, and 1.76 at.% Nb-doped WS; films grown
on R-cut Al,O3 substrates using a 532 nm laser.
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Figure 4.5: Raman spectra of pristine WS, and 1.76 at.% Nb-doped WS; films grown
on Glass substrates using a 532 nm laser.

The Raman spectra reveal the vibrational properties of the pristine and Nb-doped
WS, films. The spectra show an average of 10 different points across the samples of

pristine and doped WS; films.

The table shows the prominent peaks in WS, films corresponding to the 2LA
+ HEpg mode (in-plane vibrations) and the Ajg mode (out-of-plane vibrations), com-
monly used for spectral comparison. For pristine WS;, the 2LA + Ejg peak appears
at 352.9 cm™ on R-cut substrates and at 351.6 cm™ on glass, while the A1, peak re-
mains consistent at 420.2 cm™! across both substrates. In 1.76 at.% Nb-doped WS;,
the 2LA + Epg peak shifts to 355.3 cm™ on R-cut substrates and to 354.1 cm™! on glass,
indicating subtle modifications in in-plane vibrations due to doping, while the A,

peak remains unchanged at 420.2 cm™.

These results highlight the consistent influence of doping and substrate choice on
the vibrational properties of WS,. Raman spectra of the pristine and doped WS,

films showed similar features to those reported in the literature, in terms of the
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Table 4.3: Raman Peak Positions for Pristine and Nb-doped WS,

Sample 2LA+E;; Peak Position (cm™1) A, Peak Position (cm™1)
Pristine WS, (RCUT) 352.9 420.2
Nb-doped WS, (RCUT) 355.3 420.2
Pristine WS, (Glass) 351.6 420.2
Nb-doped WS, (Glass) 354.1 420.2

characteristic peaks for WS, films [23-27].

4.3.4 Crystallography

The crystallinity of a semiconductor refers to the regular and repeating arrangement
of its atoms. A highly crystalline structure is desirable because it reduces scattering
and allows charge carriers to move more freely [28]. To determine the orientation of
the diffraction planes in the pristine WS; and 1.76 at.% Nb-doped WS; films, X-ray
diffraction was used. Figure 4.6{shows the diffraction patterns of the films on R-cut

Al,Oj3 substrates.
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Figure 4.6: 0 — 26 diffraction patterns of pristine WS; (blue) and 1.76 at.% Nb (green)
-doped WS; films on R-cut sapphire substrates. JCPDS card no. 38-1388, is used

to label the orientation. This JCPDS card provides reference data for the crystal
structure of WS,.

WS; typically forms a hexagonal structure belonging to the space group P63 /mmc.
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The XRD patterns for the pristine WS, and 1.76 at.% Nb-doped WS; films show
characteristic peaks corresponding to the crystal planes. Both samples exhibit dis-

tinct diffraction peaks for the (002), (004), (006), and (008) planes.

Typical XRD peaks for hexagonal WS, appear at approximately 14.3° for the (002)
plane, 43.87° for the (004) plane, 57° for the (006) plane, and 59.8° for the (008)
plane. The crystallographic orientation for WS, used in this chapter is based on
the standard JCPDS card no. 38-1388, which provides reference data for the crystal
structure of WS;. Moreover, these results are consistent with highly ordered WS,
films reported in the literature [29, 30]. The prepared samples show a clear (00n)

preferential orientation, similar to other studies [31-36].

4.3.5 Transmission Electron Microscopy

High-Angle Annular Dark-Field Transmission Electron Microscopy (HAADF-TEM)
is applied to be able to see the contrast difference of the elements in the chosen area.
The bright regions in HAADF images correspond to heavy atoms, highlighting the
presence of heavy metal within the analyzed area. Figure .7 presents the HAADF-

TEM images of WS; thin films with different scale bars.

The cross-sectional HAADF-TEM images of WS, thin films show the characteristic
layered structure of the material. Images (a), (b), and (c) reveal the layers of WS,
indicative of layer stacking. The resultant thickness after conversion can be mea-
sured to be approximately 30 nm, with the expansion coefficient being three times
the initial metal thickness. Images (b), (c) show the bending of the layers creating
voids between them. This structure can be explained as attempted vertical align-
ments. For MoS,, Li et al. previously demonstrated that compression and extrusion
during growth result in the formation of MoS; islands [37]. It is proposed that when
two MoS, islands push against and collide with each other, the resulting compres-
sion forces may cause significant distortion, leading to the formation of an arch-like

structure to relieve the pressure[37] .Image (f) highlights a specific area, marked in
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Figure 4.7: HAADF-TEM images of WS; thin films on R-cut Al,Os. Images (a), (b),
and (c) show the layers of WS,. Based on the contract, white areas represents the
unconverted W residues due to higher dentist of it. Image (c) presents the void
that occurred during conversion. Image (d) highlights a specific area, marked in
red, where EELS (Electron Energy Loss Spectroscopy) analysis was conducted to
determine the stoichiometry.

red, where EELS analysis was conducted.

EELS is a technique that analyzes the energy distribution of electrons that have in-
elastically scattered after interacting with a material. The EELS data of the area
shown in Figure 4.7(f), presented in Table confirms the formation of WS, thin

film with the expected stoichiometry of 1:2 for tungsten to sulfur.

As for TEM analysis of 1.76 at.% Nb-doped film, compiled in Figure 4.8, the analysis
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Table 4.4: Composition Results of EELS High Loss Spectrum of pristine WS, film
grown on R-cut Al,O3 substrate

Element | Shell | Composition (at%)
W M 32+5
S K 68 +£5

had to be done on a film grown on Glass (amorphous SiO;) using the same recipe
as for the rest, Raman spectroscopy of this sample is shown in Figure Overall,
1.76 at.% Nb-doped WS, shows failed full conversion with W clusters. Gultom et al.
observed a similar result in WS, where full conversion from W layer to WS; failed,
and they informed that the resulted layer was WO3 but not W after the conversion
process [38]]. In this case, the utilized HAADF technique is density-sensitive, so the
observed white clusters represent W clusters, as the density of WOj3 (7.16 g/cm?) is

close to the density of WS, (7.5 g/cm?).

The provided EELS data confirms the formation of WS, thin film for 1.76 at.%Nb
doped converted region. The calculated stoichiometry of almost 1:2 for tungsten to

sulfur, with the results presented in Table

Table 4.5: EELS 1.76 at.% Nb-doped WS, film grown on amorphous SiO, substrate

Element | Shell | Composition (at%)
W M 34+5
S K 66 +5
Nb K | No quantitative result

Figure (d) shows the TEM-EDS analysis. The image displays a TEM image of
the sample with regions marked for EDS analysis, where the red and green boxes
indicate the areas where EDS mapping was performed. The expected EDS Nb signal
in WS, film should be observed at Ka:16.6 keV [39]. However, the characteristic
peak of Nb remained within the noise level and could not be quantified in either the

W zone (red color) selected in image (d). The presence of Nb couldn’t be quantified

in the bulk WS, layer.
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WS,

Figure 4.8: HAADF-TEM images of 1.76 at.% Nb-doped WS, thin films on a SiO;
substrate. Images (a), (b), and (c) show the overall layered structure with distinct
tungsten and Glass (Amorph SiO;) regions. Images (d) highlights the areas selected
for EELS analysis, marked in red and green boxes, to confirm the stoichiometry and
unconverted bulk of W layer in the WS, matrix. Again, image (d) shows the TEM-
EDS (Transmission Electron Microscopy - Energy Dispersive X-ray Spectroscopy)
analysis to detect 0.2 nm of Nb content in the WS, matrix.

4.3.6 Field Effect Gating Studies

To investigate the electrical performance of the synthesized pristine WS, and 1.76
at.% Nb-doped WS, films, back-gated Field Effect Transistor devices were created

on Si0O,/Si substrates. The theory and figure of merit of the three-probe measure-
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ment and two-probe measurements are discussed in Section A back-gating
configuration was chosen because it avoids the need for depositing high-k dielec-
tric materials on the thin film of WS, [40] to top gate it, meaning apply to gate
voltage from the top of the device. This is why Si/SiO, substrates were preferred
over Al,Oj3 substrates, which were used for the rest of characterizations. However,
the same recipe is applied. The electrical measurements described in this section
were performed at room temperature under ambient conditions. Initially, two probe
measurement is applied as shown in Figure £.9(a). For this, current-voltage (I — V)
data were recorded. The three pristine WS, devices exhibit nonlinear behavior. The
asymmetry in the I-V curves suggests variations in contact resistance. These dif-
ferences, despite identical growth conditions, can be attributed to variations in sul-
fur partial pressure and temperature gradients within the growth furnace during

the conversion process. These reasons might lead to variation in the resistivity, as

shown in Table

Table 4.6: Resistivity of three different pristine WS, devices, calculated using the
two-probe measurements shown in Figure [£.9(a).

Device Number | Device Name | Resistivity (() - cm)
1 D1 160
2 D2 84
3 D3 42

Subsequently, a third probe was attached to the bottom of the substrate to gate the
oxide layer underneath the pristine WS, channel, the detail schematic and the in-
formation is shown in Figure The three-probe measurement was carried out to
investigate the current behavior of the pristine WS, films under varying gate volt-
age (Vys) between -30 V to + 30 V, while maintaining a constant drain-source voltage
(V4s), which is +1V, as shown in Figure[£.9(b). The red area in graph (b) indicates the
linear region of the I; — Vs curve, where the transconductance (g,) is calculated by

determining the slope [7].

During gating, as shown in Figure £.9(b), an applied positive back gate voltage

attracts electrons to the interface between the n-type semiconductor and the SiO;
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Figure 4.9: (a) Two-probe I-V characteristics of three different pristine WS, films.
D1,D2,D3 are represented by there different pristine WS, devices. The colors in im-
age (a) represents the same device in the image (b). Initially, the two-probe method
is utilized to record the current and resistivity of the devices. The nonlinear be-
havior of the I-V curves in (a) highlights asymmetry, which suggests differences in
resistivity. (b) Three-probe gating study with V;; = 1V for the same pristine WS;
films. The three-probe method is utilized to observe the current behavior of the
films over a range of gate voltages (Vs) between —30V and +30V, while maintain-
ing a constant and small drain-source voltage (V;;) of 1V. The red-colored line in
(b) represents the linear section of the I; — Vg5 curve, where the slope is calculated to
determine the transconductance (g;;). Transconductance is critical because it directly
relates to carrier mobility (u), a measure of how easily carriers (electrons or holes)
move in the channel under an electric field.

layer, increasing electron concentration and enhancing conductivity. Conversely,
a negative back gate voltage repels electrons, reducing electron concentration and
conductivity. At zero gate voltage (Vg5 = 0 V), electron density in the channel is
determined by the intrinsic properties of the n-type semiconductor. Maximum elec-
tron concentration occurs at Vgs = +30 V, as seen in Figure £.9(b), (especially for
D1, above 14 uA for 430 V) leading to high conductivity, while minimum electron
concentration occurs at Vgs = —30V, leading to low conductivity. Therefore, the
pristine WS, films showed n-type carrier transport characteristics, with source-drain
current (I) increasing with positive gate voltage (Vgs). To calculate the mobility ()

of these devices:

162



o L. 1 m
e <W) (C5i02> <V_ds> @

where p is the mobility, L. is the channel length is 89 ym, W is the channel width
is 5 mm, Cgevice is the oxide capacitance, which is an established parameter, g,
is the transconductance, and Vj, is the drain-source voltage. Transconductance
(gm = ;TI;S) is measured from linear region of the I; — Vg5 plot. This region, which
colored as red in Figure (b), is selected for its consistent slope, essential for accu-
rate transconductance measurement. The table [.7] shows the slope of the devices,
considering the linear region. The oxide capacitance (Cs;o,) is 1.3 F/ m? [41]. Thus,
the highest mobility (1) is approximately 0.09 cm?/V - s for the pristine D3 WS, de-
vice. The figures of merit for prisitine WS, transistor applications, such as mobility

and on/off ratio, are summarized in Figure (a) and (b).

Device | Transconductance g, (#A/V) | Mobility y (cm?/V -s) | Carrier Type
D1 0.66 0.0905 n-type
D2 0.32 0.0439 n-type
D3 0.26 0.0357 n-type

Table 4.7: Transconductance, mobility, and carrier type for Devices 1, 2, and 3 of
pristine WS, films. Transconductance is calculated from the slope of the linear re-
gions of the Current-Gate Voltage curves in Figure[.9(b).

Mobility directly affects the on current (Ion) of a transistor. The on current (Ion) is the
maximum current flowing through the transistor when it is in its conducting state,
typically achieved when a sufficiently high gate voltage (V) is applied, driving the
device into strong inversion or accumulation. Higher mobility enhances the ability
of carriers (electrons or holes) to flow through the channel, resulting in a higher Iyy.
The off current (I,¢), on the other hand, is the minimum current flowing through
the transistor when it is in its non-conducting state, usually measured at a low or
negative gate voltage. Ideally, I,¢ should be as small as possible to ensure minimal
power consumption and leakage in the off state. The on/off ratio is defined as the

ratio of the on current (Iy,) to the off current (1)

A high on/off ratio indicates a significant difference between the conducting and
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Figure 4.10: Summary of field-effect gating studies of pristine WS, films. The scatter
plots summarize the mobility (i) in graph(a) and on/off ratio (Ion/ Io¢) for devices
D1, D2, and D3 in graph (b). Blue dots represent individual devices, and red dots
show the mean values with standard deviation as error bars.

non-conducting states, which is critical for effective transistor switching. Conversely,
an on/off ratio closer to 1 implies that the on and off states are not well differenti-
ated, as the drain current does not vary significantly between the two states. This
can result from factors such as poor gate control, high leakage currents (I,g), or in-

sufficient carrier mobility [7].

Among pristine WS, devices, the highest mobility is about 1.54 times higher than
the lowest mobility. The highest on/off ratio is about 2.92 times higher than the
lowest on/off ratio, as shown in in Figure (a) and (b).

It must be noted that for switching applications, without a clear threshold voltage,
the device cannot operate as an effective switch, as it cannot distinguish between the
“on” and “off” states, as shown in Figure (c). The lack of saturation and thresh-
old voltage suggest the device is not operating as a proper field effect transistor.
Likely cause includes poor gate modulation, excessive doping [42]. Further studies
are needed to identify the exact cause, including measuring gate leakage, analysing

material quality, all will be discussed in the Section
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As apposed to pristine WS, devices, 1.76 at.% Nb-doped WS, devices exhibit ohmic
behavior. 1.76 at.% Nb doped WS, devices have lower resistivity, as seen by the
higher currents in both I-V and I-V¢s measurements, as shown in Figure (a) and
(b). The variations in resistivity among the 1.76 at.% Nb-doped WS, devices are not

as large as those among the pristine WS, devices, as shown in Figure

(a) (b)
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Figure 4.11: (a) Two-probe I-V characteristics of 1.76 at.% Nb-doped WS, films. (b)
Three-probe gating study with V;; = 1V of 1.76 at.% Nb-doped WS, film.

Table 4.8: Resistivity and carrier type of three different 1.76 at% Nb-doped WS,
devices, resistivity values calculated using the two-probe measurements in Figure

ATTe)

Device Number | Device Name | Resistivity (() - cm)
1 D1_doped 0.01186
2 D2_doped 0.01296
3 D3_doped 0.01400

1.76 at.% Nb doping, 14 slightly decreases with the negative polarity Vs, indicating
that films have a very subtle tendency to be weak p-type. The gate voltage has less
influence on the current in 1.76 at.% Nb-doped devices in comparison to pristine
WS, films, suggesting a move towards metallic behavior. This behavior can be at-
tributed to unconverted W metal residues that interfere with current modulation as

observed from TEM study.
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In the literature, low current modulation and resulting low on/off ratios in semi-
conducting devices are often attributed to presence of unconverted metal blocks or
residues in the film or high gate leakage [43, 44]. If a metal layer is present in the
matrix due to clustering or incomplete conversion, metals do not support carrier
depletion or accumulation zones due to their continuous energy bands, leading to
ineffective current switching. Additionally, strong electrostatic screening in metals
neutralizes the gate’s electric field [45], reducing current modulation effectiveness.
Imperfections in WS, devices can also cause increased leakage currents, further low-
ering on/off ratios. The measurements in this chapter have not accounted for leak-

age current.

4.4 Discussion

This study highlights the challenges in synthesizing pristine and Nb-doped WS,
films using the TAC method. Raman spectroscopy revealed that pristine and Nb-
doped WS, films were successfully grown on different substrates, including glass
and R-cut Al,O3. The influence of the substrate was found to be negligible, as the
Raman shift (<1 cm™!) of pristine and doped WS films remained within the sys-
tem’s margin of error. However, the influence of Nb doping was not observed in
the Raman characterization. This is not unusual, as Raman spectroscopy may fail to

reveal such influences in bulk TMD films [46].

Crystallographic analysis revealed that both pristine and Nb-doped WS; films pre-
dominantly exhibited lateral (00n) growth. The films showed a preferential orien-
tation on R-cut Al,O3 substrates. Sojkova et al. demonstrated experimentally that
maintaining a constant TMD film thickness while varying only the carrier gas flow
rate (and hence the evaporated sulfur source), the details are given in Section[4.2|led

to orientations parallel to the basal plane [47].

TEM studies revealed mainly two important observations: firstly, both films were

found to be polycrystalline in nature; secondly Nb-doped WS, films showed some
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unconverted W blocks and in pristine WS,, W residues were located in the middle
of the film, as revealed by HAADF TEM, a density-sensitive technique. Interest-
ingly, the presence of W blocks in the middle of the WS, layers suggests that the
conversion process is not solely initiated from the top surface, where evaporated
sulfur reacts with the deposited transition metal, as typically expected [48]. This
finding implies that sulfur vapor interacts with the film in a more complex man-
ner during the conversion process. The lack of sulfur partial pressure might lead to

unconverted residues of W among WS, layers.

This unconverted W was found excessive in the Nb-doped WS; sample, simply in-
complete conversion was observed, with W blocks located closer to the substrate.
The presence of Nb could not be confirmed by EDS, which may indicate that Nb
remained within the unconverted W, potentially making the alloy thermodynami-
cally harder to convert to the sulfide based film. In the end Nb is used enhancing
the refractory properties, strength, and toughness of alloys, as utilized in steel and

alloying industries [49].

Electrical measurements revealed that pristine WS, films exhibited n-type behav-
ior, with mobility and on/off ratios consistent with TAC-grown films. However,
due to limitations in the growth process, variations in the resultant WS, films were
observed, reaching up to 60%. Moreover, Nb-doped films demonstrated weak p-
type conduction but exhibited poor gate control and higher conductivity, suggesting
metallic behavior. This behavior is likely attributed to incomplete conversion and

potential Nb clustering or layered formation within the films.

4,5 Conclusion

WS, naturally exhibits n-type behavior due to intrinsic defects, unintentional dop-
ing, and Fermi level pinning near the conduction band. This study investigates the
potential of introducing niobium as a dopant to modulate the electronic properties

of WS, and achieve p-type conductivity.
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The synthesis process involved the Thermal Assisted Conversion method, where
1.76 at.% Nb was introduced into a nominal 10 nm tungsten stack prior to con-
version. The conversion was performed at 900°C for 30 minutes in a sulfur-rich
environment. Both pristine and Nb-doped WS, samples were characterized us-
ing Raman spectroscopy, X-ray diffraction, and transmission electron microscopy
, confirming highly textured structures with (00n) orientation and the presence of
characteristic Raman-active vibrational modes. Electrical characterization revealed
that pristine WS, exhibited n-type behavior with a mobility of approximately 0.1
cm?/V:s and an on/off current ratio of 8. Nb-doped WS, demonstrated very weak
p-type conduction under higher voltage stresses, though incomplete conversion of

tungsten layers hindered device performance.

4.5.1 Number of Devices and repeatability

The table 4.9 shows the substrates used to characterize pristine and Nb doped WS,
films. Variations are calculated based on the minimum and maximum values of
the electrical characterization results, more specifically mobility difference, for the

pristine WS; transistor.

Table 4.9: Number of devices and variations for pristine and 1.76 at.% Nb-doped
WS, samples. The numbers in parentheses next to the substrate in the table indicate
the number of devices.

Sample | XRR XRD Raman | TEM Transistor Variations
WS, Rcut(l) | Rcut(l) | Rcut(l) | R cut(1) SiO,(3)
Nb-WS, | Rcut(1l) | Rcut(l) | Rcut(l) | Glass(1) SiO,(3)

Up to 60.56%

4.6 Future Work

The table 4.9 reveals the number of samples used in this chapter. It underscores the
need for further optimization of the metal film thickness for WS, films. In the MoS,
chapter, all films exhibited full conversion, with segregated Rhenium attributed to

excessive doping beyond the solubility limit of the Mo matrix. However, in this
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chapter, complete conversion of tungsten (W) to WS, was not achieved, likely due
to sulfur diffusion limitations in the thicker tungsten films. The presence of uncon-
verted W residues, even in pristine samples, suggests that the sulfurization process
requires further refinement. Therefore, optimizing the film thickness and systemat-

ically investigating structural and electrical properties are essential.

Future research should address several critical areas to optimize the synthesis pro-
cess and fully exploit the potential of pristine WS, and Nb-doped WS,. One signif-
icant challenge lies in the incomplete conversion of tungsten layers to WS,, partic-
ularly in Nb-doped samples. This incomplete sulfurization compromises the uni-
formity and performance of the films. To overcome this, alternative sulfurization
techniques, such as plasma-enhanced or high-pressure sulfurization, should be ex-
plored to improve the quality of WS, films by reducing voids and enhancing layer

adhesion to the substrate.

Another critical area is achieving enhanced control of Nb doping to ensure uniform
distribution and minimize clustering or metallic behavior in the doped films. Ad-
vanced deposition techniques, such as atomic layer deposition or molecular beam
epitaxy, could offer the precision required for more consistent incorporation of Nb
atoms into the WS; lattice. Systematic investigations of higher Nb doping concen-
trations could help enhance p-type behavior while addressing the issue of uncon-
verted W layers. This would require detailed studies on the solubility limits of Nb

and its impact on crystallinity.

Further, advanced characterization techniques, such as in situ Raman spectroscopy
or X-ray diffraction during the sulfurization process, should be employed to mon-
itor phase evolution and doping effects in real-time. High-resolution transmission
electron microscopy, combined with elemental mapping techniques such as energy-
dispersive X-ray spectroscopy or electron energy loss spectroscopy, could provide
deeper insights into the spatial distribution of Nb and its impact on the film struc-

ture.
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By addressing these areas, future research can overcome current limitations and un-
lock the full potential of Nb-doped WS, for applications in next-generation electron-
ics, including complementary metal-oxide-semiconductor technologies and flexible
devices. These advancements will contribute to bridging the performance gap be-
tween n-type and p-type TMDs, enabling more efficient and versatile electronic sys-

tems.
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5 | Solution Processed Negative Gauge

Factor PtSe, Sensors

5.1 Background and Motivation

Piezoresistance is the property of certain materials to change their electrical resis-
tance in response to applied mechanical stress. This effect is widely harnessed in
strain sensors, where piezoresistive materials respond electrically to mechanical de-
formation. In piezoresistive sensors, sensor sensitivity is quantified by the gauge
factor G, defined as AR/ Ry = Ge under low strain conditions, where the resistance
response AR/ Ry is directly proportional to the applied strain € [1]. This gauge factor

is crucial and widely studied in piezoresistor research [2].

Traditional piezoresistive sensors include metallic strain gauges, which typically ex-
hibit gauge factors between 1 and 5 and are effective for strains below 0.01% [3], as
well as silicon-based sensors, which offer a higher gauge factor (50-200) [4] allow-
ing for the detection of small strains (1%) [4]. However, silicon sensors are brittle
and lack conformality, limiting their effectiveness in applications requiring flexibil-
ity. For applications involving non-flat, adaptable surfaces—such as wearables or
biomedical devices—strain sensors need to be flexible and conformal to adapt to
dynamic functionality. Flexible electronic applications necessitate that materials be
processed at low temperatures to accommodate the flexibility of substrates such as

polyimide, polyethylene terephthalate (PET), foil, paper, and starch-based materials
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[5]. Several strategies have been suggested to broaden the range of compatible sub-
strates, including the introduction of new materials. For instance, two-dimensional
(2D) materials play a crucial role in nanostructured piezoresistive sensors, serving
as a conductive additive in nanocomposites and forming the basis of polymer-free

films and networks [6].

Using the piezoresistive qualities of 2D materials, strain sensors exhibiting gauge
factors ranging between 0.55 for graphene [7] to 350 [8] have been developed. The
wide range of gauge factors is due to different growth conditions for materials syn-
thesized at high temperatures (> 120°C) as well as varying percolation and cracking
behaviors in materials, which influence the continuity of conductive pathways and

the mechanical stability under strain [9)].

Among 2D materials, PtSe», a typical member of the group-10 TMDs, exhibits prop-
erties that could be useful in sensor applications due to its tunable electronic band
structure [10]. The most common method for producing few-layer PtSe, (<1 mg)
involves using furnaces, where the transformation of TMD materials incurs signifi-
cant thermal-budget costs estimated at 0.75 kWh for an hour growth at 400 °C with
the assumption of 3 kW power rating and 80% furnace efficiency. Furthermore,
this processing method is not compatible with flexible substrates due to the high-
temperature requirements [11-14]. Other low-temperature methods are available,
but they often require acidic chemical treatments [15, 16], further limiting compat-
ibility. Consequently, fabricating piezoresistive materials on soft and transparent

substrates without thermal or electrochemical treatments remains a challenge.

One technique that shows promise in addressing the challenges is electrochemical
exfoliation (EE), which offers a low-energy pathway for producing materials with-
out harsh chemical treatments or high temperatures. EE leverages ions’ intercalation
to induce layered materials” exfoliation [17], resulting in the formation of nanosheets
with thicknesses below 10 nm [18]. By controlling the electrochemical parameters,

such as voltage and electrolyte composition, the lateral size, thickness, and mor-
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phology of the exfoliated flakes can be tailored, offering greater control over the
final network properties [19]. Another critical aspect of fabricating flexible elec-
tronic devices is the deposition method used to assemble PtSe; flakes into func-
tional networks. The alignment and packing of flakes play a crucial role in deter-
mining the overall performance of the devices. Several deposition techniques have
been explored to align PtSe; flakes, including spin-coating [20] and dip-coating [21].
However, these techniques often suffer from limitations such as poor coverage, non-
uniformity, and limited scalability, thereby hindering their widespread adoption in

flexible electronic applications.

Langmuir-Schaefer (LS) deposition offers a promising solution to overcome the lim-
itations of conventional deposition techniques [22]. LS deposition involves the self-
assembly of PtSe, flakes at the liquid-liquid interface [23], followed by the transfer
of the assembled network onto a substrate. LS deposition enables precise control
over the packing density and orientation of flakes, resulting in a highly aligned and

conformal network with minimal mesoporosity [19].

Furthermore, LS deposition can be performed at room temperature, eliminating the
need for high-temperature processing steps that are incompatible with flexible sub-
strates [24]. This study leverages the LS deposition technique to explore networks
of EE-processed PtSe,, aiming to demonstrate its potential for enhancing the perfor-

mance and scalability of nanosheet-based sensors on flexible substrates.

5.2 Methodology

5.2.1 Electrochemical Exfoliation of PtSe, Crystal

The electrochemical exfoliation process started intercalating the PtSe, bought from
HQ Graphene crystals. To incorporate PtSe, (HQ Graphene) crystals, a two-electrode
electrochemical setup is employed. The cathode comprises a small amount of crystal

piece, measuring 5 mm, while a platinum foil sourced from Alfa Aesar acts as the an-
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ode. Copper crocodile clips are used to secure the electrodes in the solution securely.
The electrolyte solution consists of 5 mg/ml tetrapropylammonium (TPA) bromide
obtained from Sigma-Aldrich mixed with 50 ml of propylene carbonate. Applying a
voltage of -8V across the electrodes for 30 mins facilitates the intercalation of the 2D
crystal with TPA+ cations. The observed expansion of the 2D crystal to over twice
its original volume corroborates successful intercalation. Later, the expanded PtSe,
crystal went through a bath sonication process utilizing the Fisherbrand 1122xx se-
ries bath sonicator using 1mg/ml poly(vinylpyrrolidone) (PVD) and (DMF) for 5

minutes, the details in the next section.

5.2.2 Ink Formulation with PtSe;, Crystal

The PtSe, crystal undergoes a series of treatments: it is first bath-sonicated in a
solution containing 1 mg/mL polyvinylpyrrolidone (PVP) in dimethylformamide
(DMF) for 5 minutes. Then, centrifugation at 500 rpm (24g) for 20 minutes removes
any unexfoliated crystals. The resulting dispersion is further size-selected by cen-
trifuging the supernatant (top 90%) at 1000 rpm (97g) for 1 hour and collecting the
sediment. To eliminate the PVP, the sediment is diluted with 2 mL of DMF and
centrifuged at 10k rpm (9744g) for 1 hour, repeating this process twice and collect-
ing the sediment each time. A third washing step, using isopropano (IPA), removes
residual DMF: the sediment is diluted in 0.5 mL of IPA and centrifuged at 10k rpm
(9744g), with the sediment collected afterward. The sediment is then redispersed
in IPA (approximately 0.5 mL, concentration around 2.5 mg/mL) to create the 97g
dispersion used for PtSe; in the study. IPA is chosen for its low boiling point (ap-

proximately 82.5°C), allowing for rapid evaporation after LS deposition.

5.2.3 PtSe, Network Formation by Langmuir-Schaefer

The LS assembly involves positioning a Si/SiO; and PET chips (2 x 2 cm) on top of
a Teflon stand (10 cm long), placed within a beaker containing approximately 100

mL of deionized water. A layer of distilled hexane (around 20 mL) is then deposited
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onto the water’s surface to create a water/hexane interface, under which the chip
is submerged. Next, inks of PtSe; are drop-cast (approximately 140 uL) onto the
hexane surface until complete coverage is achieved. The Teflon stand and Si/SiO,
chip are carefully lowered through the 2D crystal layer to coat the substrate surface
with the TMD network. The resulting TMD networks are then allowed to dry in

ambient air within a fume hood for approximately 6 hours.

5.2.4 Atomic Force Microscopy

AFM measurements were carried out with a Bruker Multimode 8 microscope to as-
sess flake thickness and size. After diluting in IPA (1:100), PtSe; inks were applied to
Si/5i0, surfaces and then annealed at 120°C) for 15 minutes. Employing OLTESPA
R3 cantilevers in ScanAsyst mode allowed us to scan and statistically analyze x

flakes, calculating their lateral size as the square root of length times width.

5.2.5 Raman Spectroscopy

The PtSe;, inks drop casted on Si/SiO; substrates. Raman analysis was carried out
using Witec Alpha 300R confocal Raman microscope with a laser wavelength of 532
nm at a power of < 300 yW and a spectral grating with 1800 lines/mm. The spectra

shown for the sample were obtained by averaging 20 discrete point spectra.

5.2.6 Optical Absorption Spectroscopy

The transmission spectra of he single LS deposited network was acquired using a

Cary50 UV-Vis spectrometer.

5.2.7 X-Ray Diffraction

XRD spectra were captured using a Panalytical X'Pert Pro diffractometer with a Cu
tube emitting Ka radiation (1.5406 ). The spectra were acquired in the 26 range from

10° to 80° on the films prepared via LS technique using the Si/SiO, (100) orientated
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wafers that have 300 nm oxide.

5.2.8 Electromechanical Testing

Mechanical testing was performed using a Zwick Z0.5 ProLine Tensile Tester fitted
with a 100 N load cell. We attached silver wires to the PtSe, network, which was
deposited on PET through the LS method, using silver paint to form electrical con-
nections. The dimensions of the samples were approximately 5 mm by 25 mm, and
they featured a PET layer thickness of 130 ym. Before testing, the sensors were sub-
jected to a conditioning regimen that included cyclic stretching using a sawtooth
strain profile, a critical step to prevent inaccurate electrical readings during the ini-
tial stretch/release cycle due to the network’s original non-equilibrium condition.
Resistance measurements were conducted with a Keithley KE2601 Source-Meter,
controlled through a 2-probe LabView configuration. The electromechanical test-
ing was limited to a maximum strain of 0.5 % to avoid permanent damage such as

cracking or electrode delamination.

5.3 Results and Discussion

5.3.1 PtSe; Ink Production and Characterization

Electrochemical exfoliation is utilized to intercalate and expand bulk PtSe; crystals.
A photograph of a PtSe; crystal is shown in Figure (a). Figure (b) illus-
trates the schematic of the setup used in the electrochemical exfoliation (EE) pro-
cess, where a single PtSe; crystal is connected to the anode via crocodile clips, while
a Pt foil serves as the cathode. A bias of -8V is applied between the electrodes for
30 minutes to insert TPA™ cations into the PtSe; crystal. Tian et al. demonstrated the
effectiveness of this bias for other TMD films such as MoS; and WS,, which justifies
using the same voltage for PtSe; [19]. This applied bias causes the crystal to expand
to more than twice its original volume [19], indicating successful cation insertion

under the applied negative bias. The resulting exfoliated PtSe; ink is shown in a
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bottle in Figure[5.1](c).

Kme -
DI water

Figure 5.1: (a) Photograph of a bulk PtSe, crystal before exfoliation, showing its
compact structure. (b) Schematic of the electrochemical exfoliation (EE) setup: a
PtSe; crystal is connected to the anode via crocodile clips, and a Pt foil serves as the
cathode. A bias of -8V is applied between the electrodes to intercalate TPA* cations
into the crystal. (c) Image of the exfoliated PtSe, ink in a bottle, demonstrating
its dispersion in solution. (d) The schematic of the Langmuir Scaheffer deposition.
[TALK]The scale bar in (a) is 5 mm.

To verify the presence and assess the quality of the PtSe; flakes after electrochemical
exfoliation, Raman spectroscopy is employed as the initial analytical technique, as
shown in Figure 5.2 (a) and (b). Initially, PtSe; flakes are deposited on a polyimide
substrate to perform strain measurements. However, polyimide exhibits strong flu-
orescence under laser excitation [25], resulting in significant background noise that
obscures the vibrational modes of PtSe;, as shown in Figure (a). To overcome
this issue, the flakes are instead deposited on a Si/SiO, substrate. Using this ap-

proach, the characteristic vibrational modes of the PtSe; flakes are resolved, while

carefully controlling the laser power to remain below 300 yW to avoid heating the
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PtSe, network on the Si/SiO, substrate.

This technique reveals two prominent Raman peaks at 178 cm™ and 206 cm™!, corre-
sponding to the E in-plane vibrational mode and the A, out-of-plane vibrational
mode, respectively. Additionally, a subtle peak near 232 cm™ is observed, attributed
to the longitudinal optical (LO) mode. The E; mode reflects in-plane atomic vi-
brations, describing lateral properties of the layers. The Aj; mode corresponds to
out-of-plane vibrations, highlighting interlayer interactions. The LO mode, a mixed
vibrational and electronic mode, is linked to longitudinal phonons and electron-
phonon coupling. The Raman results align with findings reported in the litera-

ture [26-29].

PtSe, on a polyimide substrate PtSe, on a Si/SiO, substrate

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

0 200 400 600 800 150 175 200 225 250
Raman Shift (cm™") Raman Shift (cm™)

Figure 5.2: Raman spectroscopy of PtSe; flakes on different substrates. (a) Raman
spectrum of PtSe, deposited on a polyimide substrate, showing high fluorescence
and background interference. (b) Raman spectrum of PtSe, on a 5i/SiO; substrate,

revealing distinct vibrational peaks at 178 cm™ (Eg mode), 206 cm™ (A ¢ mode), and
1

a subtle LO mode near 232 cm™.
Subsequently, atomic force microscopy (AFM) is applied to analyze the structural
properties of deposited PtSe; flakes, as illustrated in Figure[5.3(a). Since polyimide
is a flexible substrate, a Si/SiO; substrate is used for depositing the flakes prior to
AFM characterisation. The AFM image provides a detailed micrograph of a flake

with a thickness of 4 nm and its corresponding cross-sectional profile. Furthermore,
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Figure 5.3: AFM analysis of the PtSe; network. (a) AFM micrograph of PtSe; flakes
showing a flake with a thickness of approximately 4 nm, as indicated by the cross-
sectional profile. (b) Histogram of flake thickness distribution, with an average
thickness of 4.5 nm and a standard deviation of +1.57 nm. (c) Thickness vs. length
scatter plot, showing the length distribution of flakes, with an average length of 1.3
pm and a standard deviation of £0.8 ym. (d) Aspect ratio vs. thickness scatter plot,
revealing a broad range of aspect ratios with an average exceeding 300, emphasiz-
ing the significant anisotropy in the flakes” dimensional properties.

the distribution of flake thicknesses and lengths is statistically analyzed, with his-
tograms presented in Figures [5.3(b), 5.3(c), and [5.3(d), respectively. The average
flake thickness is recorded as 4.5 nm with a standard deviation of +£1.57 nm, as seen
in Figure 5.3(b). This measurement suggests the presence of fewer than 10 layers,
considering an interlayer distance of 0.5 nm [30]. The average flake length is mea-
sured as 1.3 pm with a standard deviation of £0.8 pm, as shown in Figure c).
Additionally, the aspect ratio distribution of the flakes, depicted in Figure d),
shows a broad range, with an average aspect ratio exceeding 300. This high as-

pect ratio underscores the significant anisotropy in the dimensional properties of
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the flakes. This high aspect ratio underscores the significant anisotropy in the di-
mensional properties of the flakes, highlighting their elongated geometry with a
much greater length compared to their thickness. Such anisotropy is characteris-
tic of exfoliated 2D materials, where the atomic layers are strongly bonded within
the plane but weakly bonded between the layers, resulting in unique structural and

mechanical properties. This feature is crucial for applications requiring directional

conductivity or flexibility [31].

Transmission spectra of the PtSe; network on a polyimide substrate were measured
using an integrating sphere to separate the influence of the substrate from that of
the PtSey, as shown in Figure 5.4(a). The transmission behavior of PtSe, was de-
termined to be approximately 60% at a wavelength of 1000 nm after subtracting
the substrate influence. The inset in Figure [5.4(a) shows an optical micrograph of

the PtSe; network on the polyimide substrate, revealing uniform deposition over a

large area.
a b
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Figure 5.4: (a) Transmission spectrum of the PtSe, network on a polyimide substrate,
showing approximately 60% transmission at 1000 nm. The inset displays an optical
micrograph of the PtSe; network, demonstrating uniform flake distribution with a
scale bar of 20 pm. (b) XRD pattern of the PtSe; network on a Si/SiO, substrate,
with a prominent peak at 17.4° corresponding to the (001) orientation and an inter-
layer spacing of 0.5 nm. Peaks associated with the Si substrate, such as Si-(002) and
Si-(004), are also identified.

Verification of the orientation of the PtSe; flakes on the Si/SiO, substrate was con-
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ducted using X-ray diffraction (XRD) analysis, as illustrated in Figure [5.4(b). XRD
was employed to assess the crystalline plane orientations of the PtSe, network. A
prominent peak at 17.4°, corresponding to an inter-layer spacing of 0.5 nm [32], con-
tirms the (001) orientation of the flakes [33, 34]. Additional peaks, such as Si-(002)
and Si-(004), arise from the substrate, and their intensities validate the proper align-

ment of the PtSe, flakes on the substrate.

The key point of electromechanical properties of PtSe,, was previously, was found
based on the stacking order of the assemblies [35, 36] and alignment of the crys-
tals[37]. Following EE and LS deposition processes, the PtSe, networks demon-
strated a unique 001 diffraction peak. This observation suggests that the flakes
within the network are primarily aligned along the basal plane, without the pres-

ence of additional peaks indicative of varied orientations.

5.3.2 Sensor Measurements of PtSe, Networks

The piezoresistance of a material is closely linked to its electrical properties. For
this reason, the electrical resistivity of the PtSe, networks was first measured, yield-
ing pNet = 0.83 £ 0.05 Qm [38]. It has been shown that, for low-porosity networks
composed of high-carrier-density nanosheets [39], the resistivity can be expressed

as:

ONet = tNs(Rns + Rp) (1)

Here, tNs represents the nanosheet thickness, while Rys and Rj denote the resis-
tances of the nanosheets and the inter-nanosheet junctions, respectively. This re-
lationship reflects the fact that charge carriers traversing the network must cross
an inter-nanosheet junction each time they pass through a nanosheet. When the
junction resistance is significantly larger than the nanosheet resistance, the network
resistivity becomes much higher than that of its individual nanosheets [39]. Previ-

ous studies on PtSe; networks have indicated that Rns < Ry [38], suggesting that
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these networks are dominated by junction resistance. This allows Equation (1) to
be simplified to pnet = tnsRj. Using the measured value of tng = 4.5 & 1.6 nm, the
junction resistance was estimated to be R; ~ 90 M(), which is significantly larger

than the few MQ) values previously reported for MoS; networks [38].

To evaluate the suitability of the PtSe; networks fabricated via electrochemical ex-
foliation and Langmuir-Schaefer deposition for piezoresistive sensor applications,
electrical measurements under tensile strain were conducted. The strain sensor had
a gauge length of 2 cm, as shown in Figure[5.5/(a) (inset). The network was kept taut
at the start of the measurement. A reduction in electrical resistance was observed
as tensile strain was applied, as illustrated in Figure (a), indicating a negative

gauge factor of —5.0.

The linear response of the PtSe; strain gauge up to 0.5% tensile strain demonstrates
its potential for strain-sensing applications, particularly in low-strain conditions.
Furthermore, the sensitivity of the strain gauge, represented by the slope of AR/ Ry
versus €, was higher than that of conventional metal foil strain gauges [40]. This
negative piezoresistive effect, where resistance decreases under tensile strain, is
characteristic of semiconductor strain gauges, differing from the behavior of metal
foil strain gauges [41]. A similar negative gauge factor of —12 has been reported
for nickel metal [1]. Long-term stability of the devices was assessed through cyclic
tests, as shown in Figure (b). The upper graph in Figure 3b shows the strain
profile during cyclic electromechanical testing, with a triangular sawtooth pattern
ranging from 0 to 0.5% strain and a strain rate of 1%/s. The lower graph illustrates
corresponding resistance changes over time, showing periodic resistance variations
aligned with the applied strain, (b). This confirms the strain gauge’s respon-
siveness. Figure5.5|(c) presents a histogram of the calculated gauge factors from re-
peated measurements, with values normally distributed around —5.45 4-0.33. These
results align with findings by Boland et al., who reported a negative gauge factor
of up to —12 in PtSe; layers converted from a platinum coating on polymer sub-

strates through high-temperature processing [42]. Wagner et al. observed an even
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Figure 5.5: Electromechanical characterization of the PtSe, network. (a) Relative re-
sistance change (AR/Ry) as a function of applied tensile strain up to 0.5%, showing
a negative gauge factor of —5.0. The inset illustrates the strain gauge with a gauge
length of 2 cm. (b) Cyclic strain testing with a triangular sawtooth strain profile
(top) and corresponding resistance response (bottom), demonstrating the stability
of the strain gauge over 1000 cycles. (c) Histogram of gauge factor measurements,
showing a normal distribution centered around —5.45 £ 0.33. (d, e) SEM images of
the PtSe, network before and after 1000 cycles of 0.5% tensile strain, showing the
network’s structural integrity with continuous percolation paths and long junction
overlaps.

higher negative gauge factor of —84.8 in TAC-grown PtSe; films transferred onto
polyimide, attributed to an increase in the density of states under strain [43]. The
observation of a negative gauge factor in PtSe, networks represents a significant dis-
tinction from the positive gauge factors seen in metallic strain gauges. This behav-
ior highlights the semiconductor-like properties of PtSe,, with resistance decreasing
under tensile strain. The LS deposition technique enhances this behavior by creat-
ing highly aligned and densely packed flakes, improving the network’s mechanical

stability. SEM imaging was conducted before and after 1000 cycles of 0.5% cyclic
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tensile strain (Figures[5.5/(d) and [5.5](e)). The PtSe; flakes maintained a continuous
percolating network, with junctions characterized by long overlaps and edge-to-

edge contacts.

Itis noted that the gauge factor measured in the solution deposited networks (—5.45)
is significantly lower than the value reported by Wagner [43] (—85). To understand
the nature of this discrepancy, a simple model is developed to describe passive re-
sistance in the networks. Details of this model are provided in the Appendix

For any isotropic piezoresistive material, the gauge factor is expressed as [1]:

_ 1 dp

where v and p represent the Poisson ratio and resistivity of the piezoresistive mate-
rial, and pg denotes its zero-strain resistivity. The first term accounts for the effect of
strain on sample dimensions (and resistance), while the second term describes the
effect of strain on the intrinsic material properties. This general equation is com-
bined with Equation [1, which describes the resistivity of a nanosheet network, to

obtain the network gauge factor:

dRns | 4Ry

+
GNet = (1 +vy +v;) + %€ de 3
Net ( Y z) RNS,O ¥ R],O ( )

Here, the subscript “0” denotes the values of the nanosheet and junction resis-
tances at € = 0. Additionally, the first term is modified to account for the fact that
nanosheet networks are anisotropic and are expected to exhibit different Poisson ra-
tios in the in-plane (y) and out-of-plane (z) directions (since the strain is applied in

the x direction).

Equation[3lis presented as a general expression for the gauge factor of a low-porosity

network of highly aligned nanosheets. This equation is applicable to various spe-

. e . . . dR .
cific scenarios by considering the nature of the parameters ‘ﬂ;?s and —Z. The sim-

plest situation is that where straining the network results in the nanosheets sliding
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past each other without themselves becoming strained. Within this scenario, dlseNS
= 0, because the nanosheets themselves remained undeformed. This situation has
been observed previously in aligned networks of electrochemically exfoliated MoS,
nanosheets [44]. However, as it is shown in Appendix such a scenario cannot

describe a negative gauge factor within the network.

The second simplest situation is one where all the strain applied to the substrate

is transferred to the nanosheets. As described in the Appendix the parameters

dR . .
‘ﬂ;?s and d_e] were calculated under circumstances of full strain transfer. Under these

conditions, Equation {3|is derived as:

NS,0

Get = (2vy +v2) + 2N [Gys — (v, — 1)] )
PNet,0

Here, GNs denotes the intrinsic gauge factor of the nanosheets, while pns g and pNet o

represent the zero-strain resistivities of the individual nanosheets and the network,

respectively. The Poisson ratios v, = 0.5 (associated with the polymer substrate)

and v, = 0 (consistent with networks) are approximated [45, 46].

By further simplifying the relationship, Equation 4| can be approximated as:

GNet ~ GNSM 5)

PNet,0
This equation 5| demonstrates in a straightforward manner that, for nanosheet net-
works that are severely junction limited (pxns 0 < pnet,0), the gauge factor of the net-
work is significantly reduced compared to that of the nanosheets themselves. Such
junction limitations are observed in most nanosheet networks [39]. Indeed, Carey
[38] showed that, for networks of electrochemically exfoliated PtSe; nanosheets, the
intrinsic mobility of the nanosheets was s = 20 cm?/Vs, while the mobility of the
overall network was pne = 1 cm?/Vs. This discrepancy is attributed to the fact that

Ryns < Rj in these networks.
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By assuming that the carrier density remains the same in both nanosheets and the

network, it is possible to write:

PNSO _ HNet 0.05

PNet0  HUNS
for networks of electrochemically exfoliated PtSe, nanosheets. By combining this
value with the measured value for Gn,; = 5.45, equation (4b) can be used to estimate
Gns = 109. This value is reasonably close to the value of Gys = 85, which was

measured by Wagner for thermally grown PtSe; films [43].

This agreement indicates that the model is consistent with the experimental data. It
is suggested that the strain applied to the substrate is fully transferred to the PtSe;
nanosheets within the network. However, this raises the question as to why Caffrey
[8] observed no strain transfer from the substrate to electrochemically exfoliated
MoS; nanosheets, despite the network being fabricated in a manner very similar to

that used here.

5.4 Conclusion

Our research presents advancements in PtSe; strain sensor technology using both
electrochemical intercalation and LS deposition, which speeds up the production
process from days to hours and removes the need for strict thermal and environ-
mental controls. The LS deposition results in PtSe, flakes with high degree align-
ment without cracking even after 1000 cycles under low < 1% strain. The study
identifies a gauge factor of —5.45nm 4= 0.33. The high gauge factors are crucial for
applications demanding high precision, and lower gauge factors are more suitable
for environments with high stress, such as in harsh industrial settings. These find-
ings also have implications for health monitoring and electronic skin applications,
where the durability of low gauge factors allows for effective strain monitoring of
minor joint movements, ultimately improving the comfort of monitoring devices in

everyday use.
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5.5 Future Plan

The next steps in this research aim to build upon the demonstrated potential of PtSe,
as a high-performance material for strain sensing applications, focusing on material
properties, device integration, and process optimization to broaden its applicability

in flexible electronics and beyond.

Exploration of Material Properties

To fully understand the origin of the negative gauge factor observed in PtSe,, de-
tailed studies on the strain-dependent electronic band structure will be conducted
using density functional theory (DFT) simulations. This approach will provide
deeper insights into how strain modulates the material’s electronic properties, en-
abling more precise control over its piezoresistive behavior. Additionally, the role
of interlayer interactions in multilayer flakes will be investigated to optimize their
piezoresistive performance. This includes studying how the stacking order, flake
thickness, and interlayer coupling influence the material’s response under mechan-

ical deformation.

Electrochemical exfoliation (EE), which has already proven to be an energy-efficient
method for producing PtSe, nanosheets, will be extended to other semiconducting
materials. Systematic experiments will explore the influence of key material prop-
erties, such as bandgap, carrier density, and ductility, on the exfoliation process.
This effort aims to broaden the range of materials that can be effectively exfoliated,
enabling new applications in piezoresistive sensors and other flexible electronic de-

vices.

Device Integration and Performance Enhancement

Future work will focus on integrating PtSe; sensors into advanced device architec-

tures. Flexible electronics, such as wearable biomedical monitors and robotic skins,

191



will be developed to demonstrate the potential of PtSe; in real-world applications.
Transparent electronics will also be explored, leveraging the semi-transparent na-
ture of PtSe; networks to create multifunctional devices that combine strain sensing
with optoelectronic functionalities. To achieve this, prototypes will be tested under

practical conditions, such as dynamic strain and complex surface geometries.

The modulation of the gauge factor and sensing range will also be explored by al-
tering the composition and structure of the 2D materials used. Building on recent
findings, future studies will systematically vary the proportions of 2D materials
and modify the mechanical properties of the substrates. This will enable the de-
velopment of sensors tailored to specific applications, with optimized performance

characteristics such as sensitivity, stretchability, and durability.

Process Optimization and Scalability

While Langmuir-Schaefer (LS) deposition has shown promise for creating well-aligned
networks of PtSe; nanosheets, its limitations in controlling the overlap and connec-
tivity between nanosheets remain a challenge. Future efforts will refine the LS depo-
sition process by systematically studying the effects of surface tension, ink concen-
tration, and deposition parameters. Advanced characterization techniques, includ-
ing optical microscopy, atomic force microscopy, and scanning electron microscopy,
will be employed to optimize the overlap and alignment of nanosheets, enhancing

the mechanical and electrical performance of the resulting networks.

To further improve scalability, the LS deposition technique will be adapted for larger
substrates and combined with complementary methods, such as inkjet printing or
spray coating. This hybrid approach aims to balance the precision of nanosheet
alignment with the demands of large-scale manufacturing, ensuring that the sensors

remain viable for industrial applications.
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Long-Term Stability and Environmental Testing

Ensuring the reliability of PtSe;-based sensors under varied operational conditions
is critical for their widespread adoption. The long-term stability of the sensors
will be evaluated through extended cyclic testing, surpassing the current 1000-cycle
benchmark, and under different strain levels. Environmental testing will examine
the effects of temperature, humidity, and mechanical wear, providing essential in-

sights into the durability of these sensors in real-world scenarios.

By addressing these challenges and leveraging the unique properties of PtSe, and
other exfoliated 2D materials, this future work aims to advance the field of flexible
electronics. The ultimate goal is to develop scalable, high-performance piezoresis-
tive sensors capable of meeting the demands of emerging applications in healthcare,

robotics, and beyond.
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Al | Appendix1

The appendix provides an overview of supplementary materials and detailed cal-
culations that support the main findings discussed in this thesis. The first section
presents detailed calculations and characterization data for rhenium-doped molyb-
denum disulfide (MoSy), including XRR fitting results, atomic percent calculations
for various doping concentrations, and activation energy analyses derived from Ar-
rhenius plots. Following this, the thickness and roughness profiles of MoS, films at
different doping levels are discussed using advanced techniques such as TEM and
AFM. Subsequent sections explore similar analyses for WS;) films doped with nio-
bium, highlighting the structural and compositional modifications induced by dop-
ing. Finally, the appendix includes a theoretical model for gauge factor in piezoresis-
tive networks of nanosheets, using PtSe; as a case study to elucidate strain transfer
mechanisms and their effects on network resistivity. The modeling studies for PtSe;)
network is completed by Prof. Jonathan Coleman. These materials aim to provide
the necessary context and detail to support the experimental and theoretical conclu-

sions drawn in the main chapters.
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Al.l1 Rhenium doped Molybdenum XRR Results

The XRR fitting results are shown in Figure The table that includes the XRR
titting results, as well as the values after conversion, is shown in Table In the
section on Re-doped MoS,, three different compositions are presented. These are:
pristine MoS,, meaning there is no Re contribution; 0.2 nm Re in a nominal thick-
ness of a 20 nm stack, corresponding to 2.63 at.% Re; and 2 nm Re, corresponding
to 10.48 at.% Re-doped MoS;. Atomic weight calculations are provided following

section.

A1.1.1 Thickness of MoS, Before and After Conversion

Initial transition metal thicknesses were determined using XRR, with the related fit
shown in Figure After conversion, the pristine and 10.48 at.% Re-doped MoS,
tilms were sent for imaging, while the 2.63 at.% Re-doped MoS, film was examined
using AFM. The examination of the samples using TEM for pristine and 10.48 at.%
Re-doped films, or AFM for the 2.63 at.% Re-doped film, aimed to understand the
resultant thickness after the furnace process and to investigate the structural prop-
erties.

Table A1.1: Comparison of thickness values before and after conversion for pristine
and rhenium-doped MoS, samples with varying concentrations of Re. The tech-
niques used for measuring thickness are listed for each sample, highlighting the
combined use of TEM and AFM for structural and topographical characterization.

Concentration (at.%) | Thickness/Before | Thickness/After | Technique
Pristine 18.1 nm 49 nm TEM
2.63 at.% Re 19.6 nm 50 nm AFM
10.48 at.% Re 19.9 nm 41 nm TEM
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Figure Al1.1: XRR fit of three samples using GenX, showing R, fit and residual dis-
tribution. The residual represents the difference between the experimental and sim-
ulated values. The R? values demonstrate that the fits are reliable.
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A1.2 Calculation of Atomic Percent of Rhenium [Re:

0.2 nm]

Step 1: Parameters. Substrate area: A = 1cm?. Atomic weights: My, = 95.95g/mol,

Mpge = 186.21g/mol. Densities: ppo = 10.28 g/cm3, PRe = 21.02g/cm3. Thick-

nesses:

fMo = 19.5nm = 195 x 1077 cm,  tgre = 0.5nm = 0.5 x 1077 cm.

Avogadro’s number: N4 = 6.022 x 10* atoms/mol.

Step 2: Calculate Volumes. The volume of each layer: V =t - A:
Vo = tMo - A = (195 x1077) -1 =19.5 x 10~7 cm?,

VRe = tre - A = (05 x1077) -1 = 0.5 x 1077 cm?.

Step 3: Calculate Masses. The mass of each layer is given by m = V - p:
Mo = VMo - PMo = (19.5 x 1077) - 10.28 = 2.003 x 10> g,

MRe = VRe - PRe = (0.5 x 1077) - 21.02 = 1.051 x 10 % g.

Step 4: Calculate Number of Atoms. The number of atoms in each layer is:

2.003 x 102
= 2O X Y T 6.022 x 108 = 1.26 x 10" atoms,

Nyo = "Ny =
Mo ™ My A 95.95
MRe 1.051 x 10~° 23 15
Nge = Nyp= "0 16022 x 102 = 3.40 x 10" atoms.
Re Mo A 18601 6.022 x 10 3.40 x 10°° atoms
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Step 5: Calculate Atomic Percent. The atomic percent of Re (xge) is calculated:

3.40 x 1015

- 100 = 2.63 at.%.
3.40 x 1015 + 1.26 x 1017 a

NRe
XRe = ———— x 100
Re NRe + NMO

205



A1.3 Calculation of Atomic Percent of Rhenium [Re : 2
nm]

Step 1: Parameters. Substrate area: A = 1cm?. Atomic weights: My, = 95.95g/mol,

Mpge = 186.21g/mol. Densities: ppo = 10.28 g/cm3, PRe = 21.02g/cm3. Thick-

nesses:

fMo = 18.0nm = 18.0 x 107 cm,  tge = 2.0nm = 2.0 x 10~/ cm.

Avogadro’s number: N4 = 6.022 x 10* atoms/mol.

Step 2: Calculate Volumes. The volume of each layer: V =t - A:
Vo = tvo - A = (18.0x1077) -1 =18.0 x 10~7 cm?,

VRe = tre - A = (20 x1077) -1 =2.0 x 10~ cm?.

Step 3: Calculate Masses. The mass of each layer is given by m = V - p:
Mo = VMo - PMo = (18.0 x 1077) - 10.28 = 1.850 x 10> g,

MRe = VRe - Re = (2.0 x 1077) - 21.02 = 4.204 x 10 % g.

Step 4: Calculate Number of Atoms. The number of atoms in each layer is:

1.850 x 10~°
2O XY T 6.022 x 108 = 1.16 x 10" atoms,

Nyo = "Ny =
Mo ™ My A 95.95
MRe 4204 x 107° 23 16
Nge = Np= """ .6.022x 102 =1. 10'® atoms.
Re Mo A 18601 6.022 x 10 36 x 10" atoms
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Step 5: Calculate Atomic Percent. The atomic percent of Re (xge) is calculated:

Nge 1.36 x 101°
_ __Re__ 100 100 = 10.48 at.%.
*Re = Nre+ Nvio " 1.36 x 1016 + 1.16 x 1077 | a
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Al.4 Activation Energy Calculations

The activation energy (E;) for charge carriers was determined using the Arrhenius

equation:
Eq

In(R) = In(Ry) + KT

The slope obtained from the In(R) vs. 1/T plot corresponds to:

lope = =
slope = ks

where E, is the activation energy and kp is the Boltzmann constant (8.617 x 107%eV/ K).

Pristine MoS,:

The slope of the linear fit for pristine MoS, is 1.28. Using the relation:

E, = slope - kg

we calculate:

E,=1.28-8617 x 1072 = 1.1018 x 102 eV = 110.2 meV

2.63 at.% Rhenium-Doped MoS;:

The slope of the linear fit for 2.63 at.% Rhenium-doped MoS, is 0.81. Using the same
relation:

E, = slope - kp

Then,
E, =0.81-8.617 x 1072 = 6.980 x 10~ *eV = 69.8 meV

These calculations confirm that the activation energy decreases with Rhenium dop-

ing, consistent with donor levels being introduced near the conduction band.
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A1.5 Pristine MoS, Thickness Profile (TEM)

The thickness of pristine MoS, was analyzed using High-Angle Annular Dark Field
(HAADF) imaging in a TEM setup, which provides high contrast based on the
atomic number (Z) for thin film characterization. The extracted intensity profile was
used to determine the full-width at half-maximum (FWHM) of the intensity peak,
yielding a film thickness of 49 nm. Figure shows the HAADF image and cor-
responding intensity profile, highlighting the electron scattering behavior of MoS;
and its substrate.

HAADF Intensity profile
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Figure A1.2: The thickness of the pristine MoS; film that grown on R-cut Al,O3 sub-
strate, was measured using HAADF imaging in a STEM setup. The intensity profile
extracted from the cross-sectional image was analyzed, and the FWHM of the in-
tensity peak was determined to be 49 nm, corresponding to the film thickness. The
y-axis represents the electron scattering intensity (x10%), quantifying the HAADF
signal across the pristine MoS; film and substrate. HAADF detectors collect elec-
trons scattered at high angles, which are sensitive to the atomic number (Z) of the
material (proportional to Z2). Materials with higher atomic numbers scatter more
electrons, resulting in higher intensity peaks on the y-axis. The peaks in the profile
indicate the presence of the MoS; film, while the lower intensity regions correspond
to the substrate and vacuum.
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Al1.6 2.63at.% Re doped MoS, Thickness Profile (AFM)

Thickness in the Range of 2.5 pm to 3.5 pm (Excluding Peaks):

¢ Line 1 (Black):
Ignoring the peak, the thickness fluctuates around 45-55 nm in this region.

This range represents a more realistic film thickness.

* Line 2 (Red):
Excluding the peak, the thickness lies in the range of 50-60 nm. This is consis-

tent with the overall average thickness of the film.

* Line 3 (Blue):
The thickness fluctuates between 40-50 nm in this range. This is slightly below

the average but still realistic for the film.
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Figure A1.3: The image shows the AFM micrograph of 2.63 at.% Re-doped MoS;
film grown on R-cut Al,O3 substrate and the corresponding line profiles of height
across three selected areas (labeled as Line 1, Line 2, and Line 3). The left panel
represents the surface topography, with the height variation color-coded from 0 to
115 nm. The right panel illustrates the height profiles along the three marked lines
in the AFM image. For AFM image analysis, an open source software Gwyddion is
used [1]. The detail about it is given in the Section
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Al1l.7 10.48 at.% Re doped MoS; Thickness Profile (TEM)

(] H ¥ N
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Average MoS, (10.48 at.% Re doped) film thickness: 41 nm First
evidence of inhomogeneous film form the substrate side.

Figure Al.4: HAADF imaging and intensity profile analysis of 10.48 at.% Re-doped
MoS; film grown on R-cut Al,O3 substrate. The left panel shows the cross-sectional
HAADF image, while the right panel displays the corresponding intensity profile.
The film thickness was determined to be 41 nm based on the full-width at half-
maximum of the intensity peak. The intensity profile highlights the electron scatter-
ing behavior, with higher intensity peaks corresponding to the MoS; film and lower
intensity regions indicating the substrate. Evidence of inhomogeneity in the film is
observed near the substrate side.
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A1.8 Pristine MoS, Roughness analysis (AFM)

The figure shows the AFM topographic image of a selected area on pristine
MoS; that grown on R-cut Al,O3 substrate, highlighting its surface morphology.
The analysis reveals a surface roughness of over 6 nm along the red line. XRR fitting
for this sample was not feasible (as discussed in the Methods section due to
insufficient diffuse X-ray scattering, which limits the signal detected by the X-ray
detector. When surface roughness exceeds a certain threshold, as observed here,
XRR becomes unreliable for characterizing thickness and roughness. In such cases,
alternative techniques such as AFM or cross-sectional TEM are more suitable for

accurate thickness determination and surface characterization.

1 —— Roughness of Prjstine MoS,

0 100n 200n 300n 400n 500n
Length (m)

Figure A1.5: (a) AFM topographic image of pristine MoS, showing the surface mor-
phology over a chosen area where scale bar is 400 nm. (b) Line profile analysis along
the red arrow in (a) reveals the surface roughness with a height variation more than
5 nm.
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A2 | Appendix?2

A2.1 Calculation of Atomic Percent (W:NDb)

Step 1: Parameters. Substrate area: A = 1 cm?. Atomic weights: My = 183.84 g/mol,
My = 92.91 g/mol. Densities: pyy = 19.25g/cm>, pnp = 8.57 g/cm®. Thicknesses:
tw = 9.8nm = 9.8 x 107 cm, ty, = 0.2nm = 0.2 x 1077 cm. Avogadro’s number:

N4 = 6.022 x 10% atoms/mol.

Step 2: Calculate Volumes. The volume of each layer: V =t - A:

Viw=tw-A=98x10"7-1=98x10"cm?, Vyp=tnp-A=02x10"7-1=02x10"cm

Step 3: Calculate Masses. The mass of each layer is given by m = V - p:
my = Vi -pw = (9.8 x 1077) - 19.25 = 1.887 x 10> g,
My = Vi - onp = (02 x 1077) -8.57 = 1.714 x 107 g,

Step 4: Calculate Number of Atoms. The number of atoms in each layer is: N =

% . NA:
mw 1.887 x 10_5 23 16
= L Ny=—"""T—".602x10°=618x1
Nw My Ny 133.84 6.022 x 10 6.18 x 10" atoms,
Myp 1.714 x 1077 o3 15
Nyp = 2 -Ny= —“"—"———.6.022 x 10* = 1.11 x 10" atoms.
NO= My, A 92.91 aroms
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Step 5: Calculate Atomic Percent. The atomic percent of Nb (xnp) is calculated:

Nnp
np = ——N 100,
NP Nup + Nw
1.11 x 101°
b = s % 100 =~ 1.76 at.%.

1.11 x 10 + 6.18 x 1016
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A2.2 Pristine WS, Thickness Profile (TEM)

HAADF Intensity profile
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Figure A2.1: The thickness of the pristine WS, film was measured using HAADF
imaging in a STEM setup. The intensity profile extracted from the cross-sectional
image was analyzed, and the FWHM of the intensity peak was determined to be
30 nm, corresponding to the film thickness. The y-axis represents the electron scat-
tering intensity (x 10%), quantifying the HAADF signal across the pristine WS, film
and substrate. HAADF detectors collect electrons scattered at high angles, which
are sensitive to the atomic number (Z) of the material (proportional to Z2). Materi-
als with higher atomic numbers scatter more electrons, resulting in higher intensity
peaks on the y-axis. The peaks in the profile indicate the presence of the WS, film,
while the lower intensity regions correspond to the substrate and vacuum.
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A2.3 Nb doped WS, Thickness Profile (TEM)

WS,

Figure A2.2: The thickness of the Nb-doped WS, film was measured using HAADF
imaging in a STEM setup. The thickness of the film is similar to pristine WS, film.
However, unconverted metal blocks are obvious with Nb doped WS, film. The
substrate is here Glass (Amorph SiO;).
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A3 | Appendix 3

A3.1 Generating a Model for Gauge Factor in PtSe, Net-
works

The parameter that quantifies the magnitude of the piezoresistive effect is the gauge
factor, G, defined as the fractional resistance change AR/ Rq per unit strain € in the

linear, low-strain regime [1, 2]
_ AR/Ry
==

G (1)

Here, Ry denotes the resistance in the unstrained state. Usually, the gauge factor
is measured at low strain, and in that limit, it can be shown that for an isotropic
material:

1 dp

G:(1+2v)+p—0% )

where v and p are the Poisson ratio and resistivity of the piezoresistive material, and
po is its zero-strain resistivity. The first term describes the effect of strain on sample
dimensions (and resistance), while the second term describes the effect of strain on

the intrinsic material properties.

To properly analyze our data, it is necessary to understand the factors controlling
conduction in networks of highly aligned, electrochemically exfoliated nanosheets
such as those under study here. Recently, Gabbett et al. proposed a model that well-
describes conduction in nanosheet networks [3]. This paper provides an equation

for network resistivity which, in the case of very low-porosity networks of high-
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carrier-density nanosheets [3], can be written as:

Pretwork ~ tNs[Rns + Rjl, 3)

where ty is the mean nanosheet thickness and Rys and R; are the mean resistances
of individual nanosheets and junctions within the network, respectively. Combining
equation (2) and equation (3) allows us to generate an equation for the gauge factor
of our networks. In addition to calculating the second term in equation (2), we
modify the first term to account for the anisotropic nature of nanosheet networks,
which are expected to have different Poisson ratios in the in-plane (y) and out-of-

plane (z) directions (here the strain is applied in the x-direction):

dRNs/de + dR;/de

, 4)
Rnso + Rjo

GNetwork = (1 =+ Vy + VZ) +

where the subscript “0” denotes the value at € = 0. The first term describes the
contribution to the piezoresistance from dimensional changes under deformation
(GDimensional), While the second term describes the intrinsic piezoresistance of the

material (GIntrinsic)-

Case 1: No Strain Transfer from Substrate to Nanosheets

This scenario is relevant if applying strain causes the nanosheets to slide past each

other without themselves deforming. Because the nanosheets do not change size:

dRns
de

0. (5)

Then the problem reduces to calculating dR;/de. To do this, we note that for a
junction resistance:
P]
Ry =-—, 6
y (6)
where A; is the junction area that must depend on strain, while p; is a constant

associated with transport across the junction. In Figure S1, we model a junction in
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the simplest possible way.

A Top view

NS

Side view

INS a

Figure A3.1: Nanosheet overlap schematic, showing top view and side view of two
square overlapping nanosheets. Here, the x-direction is the direction of strain (hor-
izontal in the figure), while y is the perpendicular in-plane direction (vertical in the
tigure).

Consider two square nanosheets (length Iys) partially overlapping, as shown in the
schematic. The overlapping area is the junction. The junction area is:

Aj = alys, (7)

where a4 is the length of the partial overlap. The left-hand edge of the nanosheets is

at positions X; and X;. Then the distance between edges is:

AX = (X2 — Xl) = ZNS — 4a. (8)

When strain is applied to the system, the left-hand edges of the nanosheets will
become further apart:
AX = (e +1)AX,, ©)

where the subscript “0” denotes the unstrained case.

Assume that when strain is applied, the nanosheets slide across each other, and the
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nanosheet length does not change. Then:

AX = ZNS —4a, (10)

and in the absence of strain:

AXo = Ins — ao, (11)

where a; is the unstrained value of a.

Rearranging:
Aj = Aj [1 _0-f ;}({f‘))e] : (12)
Thus:
us (X_I)
Ry~ B 13
IR A== fo)/fo)e (1
At small strain:
dR
d—€] = Rjo (1 — fj0) / fro- (14)

This is a positive value. Combining this result with equations (2) and (3), we find

that:

2
Getwork = (1+ vy +12) + fjjj” (1= f0) /fpo- (15)

Here, the gauge factor must be positive. This is NOT consistent with our experi-
mental data, ruling out Case 1. However, we note that Case 1 has been observed
previously for networks of MoS; nanosheets, which have slightly lower aspect ra-

tios than those here [4].
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Case 2: Maximum strain is transferred from the substrate to the
nanosheets such that the nanosheet strain is the same as the applied

strain

Here we assume that enough stress is transferred between the substrate and nanosheets,
and between nanosheets, such that all nanosheets feel the same strain as the applied

strain.

In this scenario, all dimensions in the x-direction will be stretched by a factor of (1 +
€), while dimensions in the y-direction will be changed (i.e., reduced) by a factor of
(1 —vy€), where v, is the Poisson ratio in the y-direction, which, for simplicity, is

assumed to be the same for the substrate and nanosheets.

Then the junction area is:
Aj =alys(1+€)(1 —vye), (16)

where 7 is increased by the strain and /s (representing the nanosheet length in the

y-direction) is reduced by strain.

Simplifying:
Ap = Ap(1+e€ —vye), (17)

2

valid at small strain, where € is neglected. Then:

P P
R = L — . 18
I A] A]Q(1+€—Vy€) ( )

At small strain, this becomes:

ARy ~ ﬂ(—1/y)€. (19)



Noting that:

Ry P -
—| =-—, (from equation S4), 20
Aty A ! ) “
we have:
ARy _ —wyRy
_ _ 21
- . (21)

This is true at small strain. N.B. Assuming v, < 1, this value is negative.

We can find ARns by modifying the definition of the gauge factor (AR/ Ry = Ge):

ARNs/R; = Gg. (22)

For PtSe;, Gns < 0, so this value is negative. Using equation (S3):

GNetwork = (1 + vy + Vz) + GRP;\]—]SOO (GNS - (Vy - 1)) . (23)

Interestingly, symmetry implies that we can consider Gg = (v, —1). This implies
that, in this scenario of efficient strain transfer from the substrate to nanosheets, the

junction gauge factor is negative. This is because the junction area increases with

strain in this scenario.

We can now apply the network conductivity model, equation (2), (written for zero
strain), and the equivalent equation for individual nanosheets, and use these to

eliminate the resistances from the equation above. This yields:

GNetwork = (1 + Vy + VZ) + GR‘O;]—]SOO + ‘O;\I—ISOO (GNS - (Vy - 1)) : (24)
Which simplifies to:
GNetwork = (2vy +1v2) + GR'OPLJSOO [Gns — (v, —1)]. (25)

We can approximate v, = 0.5 (that of the polymer) and v, = 0 (consistent with
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networks) [5-11], meaning;:

2vy,+v, =1 and (v, —1)= —05. (26)

This equation means that a 2D material like PtSe;, with a large negative intrinsic
gauge factor (Gns = —85) [ref13], can form networks that display a small negative

gauge factor, as long as 2v, + v, is small enough.

We can test the agreement between this model and our experiment using known

values of various parameters. Taking the published value of Gns = —85[12] and
our value of Gnetwork = —5.45, combined with:
PNSO _ 0 076, 27)
Pjo
this data implies:
,uNSO/]/[Network = 13. (28)

This value is reasonably close to the ratio of 20 recently reported for similar PtSe;

networks [13], and shows that case 2 is consistent with experimental data.

This strongly supports scenario 2 and implies that enough stress is transferred to

the nanosheets for them to reach close to the full applied strain.
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