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1. Introduction — Transition Metal Dichalcogenides

The rapid reduction in the size of electronic devices presents significant challenges for
silicon-based microelectronics in the sub-10 nm range. To address the constraints of silicon-based
electronics, the exploration of new semiconductor materials is needed. In recent decades, there has
been a continuous investigation of new materials with the aim of either substituting or
complementing silicon in electronic devices [1]. Layered 2D materials gained significant interest
due to their exotic properties and possible applications in diverse areas, including channel
transistors, logic devices, and memories [2]. Graphene is the most well-known and studied 2D
material [3]. Despite its exceptionally high carrier mobility, monolayer and bilayer graphene lack
a pristine band gap, which constitutes a primary drawback in applications. Nonetheless, the
limitations of graphene prompted the exploration of other inorganic layered materials, including
hexagonal boron nitride, silicene, borophene, MXenes, or transition metal dichalcogenides [4].
One of the most promising classes of layered materials is transition metal dichalcogenides
(TMDs), characterized by the general formula “MX>”, where M stands for transition metal from
groups 4 — 10, and X represents chalcogen. TMDs have a crystal structure consisting of hexagonal
layers of metal atoms sandwiched between two layers of chalcogen atoms. In-plane exist strong
covalent bonds, while adjacent layers are bonded together only by the van der Waals interactions
[5], which allows prepare them in monolayer or few-layer form. TMDs could have a vast array of
atomic combinations and diverse phases, including 1T (octahedral symmetry), 2H (trigonal
prismatic coordination), and 3R (rhombohedral symmetry). TMD family encompasses insulators
(e.g., HfSe»2), semiconductors (e.g., MoS2, WS»), semi-metals (e.g., WTe»), genuine metals (e.g.,
VSez), and even superconductors (e.g., NbS,, NbSe>). The range of electrical conduction
properties is attributed to the existence of a non-bonding d band and its filling state [6]. Fig. 1
displays crystal structure of 2H-MoS; and 1T-PtSes.
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Figure 1: Side and top view of crystal structure belonging to (a) 2H-MoS; and (b) 1T-PtSe,

Exploring TMD materials led to interesting findings about their band structure, which
changes dramatically with the number of monolayers. Bulk semiconducting TMDs have an
indirect bandgap while thinning to a monolayer, becoming a direct semiconductor [5]. The bulk
MoS: has an indirect bandgap of 1.2 eV, changing to the direct bandgap of 1.9 eV as the
monolayer [7]. Similar dependence of electronic structure on the thickness was also observed for
PtSe>. The bulk crystal of PtSe> shows semi-metallic characteristics, although after thinning down



to a few monolayers, it became a p-type semiconductor. Nonetheless, reported values of bandgap
are not quite uniform. For monolayer PtSe», reported values range from 1.05 to 2.48 eV, and values
for bilayer fall within the range of 0.21 - 0.80 eV [8]. Observed dependence of electronic structure
on number of monolayers underscores the critical role of interlayer coupling. Furthermore, the
electronic properties of TMDs are very sensitive to external conditions such as pressure,
temperature, pressure, or strains. Therefore, the band structure and consequently the properties of
TMDs might be tuned used various approaches - defect engineering, applying strains, doping,
intercalation, or using external fields [5].

In our work we will focus on the fabrication and investigation properties of Li-doped MoS»
and PtSe; thin layers. For PtSe, we have examined the role of stoichiometric Se:Pt ratio on the
electrical properties.

2. Present State of the Problematics

2.1 Fabrication of TMDs:

Several fabrication techniques have been developed and can be divided into two main
approaches — top-down and bottom-up. In the top-down approach, the bulk crystals are exfoliated
into few-layer or monolayer structures. The second bottom-up approach uses growth methods such
as molecular beam epitaxy, atomic layer deposition, pulsed laser deposition, chemical vapor
deposition or thermally assisted conversion.

The top-down fabrication techniques include mechanical and liquid exfoliation. The
mechanical exfoliation process was successfully used to fabricate single-layer graphene [3], and
later, it was used in other layered inorganic materials, including MoS, [9]. This principle uses
adhesive Scotch tape to peel off thin crystals of a bulk TMD crystal. Then, the tape is placed in
contact with the chosen substrate and pressed down. Upon removal of the tape, the TMD flakes or
nanosheets remain on the surface of the substrate. Flakes can vary in size and thickness, typically
ranging from a monolayer to a few layers. Scheme of mechanical exfoliation and optical images
of prepared flakes are shown in Fig.2 [10]. To date, mechanical exfoliation is the most efficient
way to produce the highly crystalline atomically thin nanosheets of layered materials. Despite this,
the exfoliation method does not allow any systematic control of flake size and thickness. In
conclusion, mechanical exfoliation is more suitable for fundamental characterization and research
than for large-scale production of TMD monolayers for industrial application. Other exfoliation
approach is a liquid exfoliation using ion intercalation. The typical procedure involves bulk TMD
powder submerging in a lithium-containing compound (e.g., n-butyl lithium) solution. Fabrication
of nanosheets of certain TMDs through Li intercalation includes a phase transition [11], which is
the main obstacle, along with the flakes' limited size and their overlapping.

As an illustration of bottom-up approaches we will discuss the pulsed laser deposition
(PLD), chemical vapor deposition (CVD) and thermally assisted conversion (TAC). PLD is based
on physical vapor deposition in a high vacuum. High-power laser pulses ablate the target and
generate the plasma plume. Species get transferred to the substrate surface and crystalize. The PLD
growth is independent of the partial pressures of the individual cations. The additional advantage
is the stoichiometric transfer of ablated material to the substrate. TMD thickness is tuned by
controlling the frequency of laser pulses, alternatively by laser energy or deposition pressure,
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which can be used to modify the mean free path of ablated particles. The PLD-deposited TMDs
thin films are of high quality and have a large area [12].

@ Scotch tape CVD is versatile and mostly used

method to prepare various TMD materials.
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Figure 2: Principle of TMD nanosheets fabrication and their mObﬂity is the most crucial parameter for
corresponding optical images prepared using (a-b) Scotch tape electronic and optoelectronic applications.

exfoliation and (c-d) CVD growth.

The TMDs prepared by CVD growth have
lower charge carrier mobility than exfoliated flakes due to the numerous defects or grain
boundaries, which serve as scattering centers.

application [13]. The charge carrier

TAC is a method in which the metal/metal oxide layer is converted into TMD by introducing
vapor-phase chalcogen. This method might be considered part of CVD. Regarding the chalcogen
used, TAC is often called sulfurization, selenization or telurization Using TAC is possible to
purposely change the crystallographic alignment of a few layers of MoS: and other TMDs by
changing annealing parameters [14]. Such orientation tuning is desirable for intended applications.
For instance, the horizontally aligned MoS: (layers are parallel to the substrate surface) is suitable
for applications in electronics or optoelectronics. In contrast, the vertically aligned MoS: (layers
are perpendicular to the substrate surface) is applicable in hydrogen evolution reactions or solar
cells [14]. The main challenges of TAC are linked to lower grain dimensions resulting in lower
charge carrier mobility of prepared TMDs. However, modification methods can enhance
properties of fabricated TMDs.

2.2 Defect engineering:

Synthesis by chemical methods incorporates various structural defects like vacancies,
dislocations, and grain boundaries. The study of the defects in the TMDs was focused mainly on
the MoS; and its phases. Most point defects can be defined as vacancies and antisite defects. In
general, it was reported that chalcogen single vacancy (Vx) was the most populous point defect in
TMDCs. However, chalcogen double vacancy (Vx2) or metal vacancies (Vm) were also observed.

The electrical role of sulfur vacancies in MoS; is still questionable. Early stages of research
believed sulfur vacancies contribute to the n-type doping effect. However, theoretical studies have
not confirmed these experimental results, which opens the way for new approaches. Some studies
suggest that the vacancies might act as acceptors and thus produce p-type doping. Other studies
indicated that vacancies form traps at the neutral level, which results in electrostatic effects. A
recent study of transient current measurement performed by Juchan Lee et al. [15] revealed that
sulfur vacancies induce deep- and shallow-level traps. This indicates that sulfur vacancies could
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not act as direct doping elements (donors or acceptors). Instead, the holes become ensnared at
these deep trap sites and persist for an extended duration. Trapped holes had a positive charging
effect, which enhanced electron generation within the channel. Consequently, sulfur vacancies
seem to induce an n-type of doping impact, which agrees with early research observations.

Hu Xu et al. [16] proposed PtSe> thin films with p-type and n-type conductivity using
different selenization properties. A deficiency of Se in stoichiometry composition led to n-type
conductivity. On the other hand, the slow cooling process with continuous Se precursor supply led
to the Se:Pt ratio of about 2.24 and p-type of conductivity.

2.3 Doping/Intercalation of TMDs

The ability to introduce impurity elements and dope semiconductors with proper carriers is
crucial for their successful implementation in practical devices. For TMDs, substitutional doping
proves higher stability than charge transfer doping by surface adsorbates, which are susceptible to
thermal desorption. Impurity atoms may substitute either metal or chalcogen sites and act as donors
or acceptors, depending on their relative valency [17].
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Figure 3: Schematic diagram of different doping types. The yellow and blue balls in the schematic stand for the intrinsic atoms in
TMDs. (a,b) M and X substitutional doping, the red and navy-blue balls represents M substitutional atoms and X substitutional
atoms, respectively. (¢) Vacancy doping formed in TMDs. (d) Atom or molecular intercalation formed in the van der Waals gaps
The red balls correspond to the intercalated atoms or molecules. (e,f) Physical and chemical adsorption formed on the surface of
TMDs [18].

On the other hand, the intrinsic van der Waals gap allows to intercalate species. Intercalation
species in the vdW gap of TMDs modify the properties of TMDs through many effects, including
charge doping, orbital hybridization, expansion of the ¢ lattice constant, phonon scattering, or
introducing disorder. By this, a vast range of properties can be tuned, such as electrical
conductivity, optical modes, magnetic order, catalytic activities, or energy storage and conversion
performance. Intercalants can be categorized into three groups: (1) Alkali metal atoms + groups
I, XIII, and XIV elements; (2) Transition metals; (3) Organic molecules [19].

Different effects can change the electronic properties of TMDs—the first is charge transfer
from intercalants to the host atoms, and the second is associated with lattice modulation (transfer
from 2H phase to 1T phase) [19]. Phase engineering might be useful for reducing contact
resistance in device fabrication. Kappera et al. [20] reported on the top-gated FET device with a
2H-phase MoS: channel, while the 1T-MoS, edges were used for Au-contacting electrodes.
The device with 1T/metal contacts proved low resistance, which increased mobility values and the
on/off ratio compared to the device using only a 2H/metal interface.



2.4 Applications:

One of the primary
attractions of 2D crystals lies in /’
their potential as conduction \ /’
channels in digital circuits beyond
the silicon. The pioneering work
of Radisavlejic et al. [9] reported a
FET consisting of a micro-

Top gate Monolayer MoS,

Source

e

Hfo, ——

Si0, —»

mechanically cleaved single-layer
MoS; on the top of the Si/SiO»
substrate, using gold electrodes
and 30 nm HfO, as the gate
insulator. The scheme of the
device is in Fig. 4. The device exhibited n-type conductivity, with a room-temperature current
on/off ratio of 108 and mobility of 200 cm? V-2 s'1. On the other hand, devices fabricated using
MOCVD/CVD still show significantly smaller charge mobilities.

Si substrate

Figure 4: Scheme of top-gated monolayer MoS2 field effect transistor [10].

Zhao et al. [21] reported for the first time a FET device with a CVT-grown PtSe, channel.
The few-layer PtSe, device exhibited semiconducting behavior and achieved room-temperature
electron mobility of 210 cm? V2 s! in a back-gated configuration. The device using bulk PtSe>
exhibited metallic-like behavior. Xu et al. [16] investigated both n-type and p-type FETs fabricated
from PtSe, grown by the selenization of Pt films. FET mobilities were 14 cm? V2 st and 15 cm? V-
2 s’ for p-type, n-type PtSe: device respectively. Notably, the performance of both types is nearly
symmetric. The p-type PtSe; was grown by over-selenization, meaning the Se precursor was
supplied during the slow cooling process, which led to an increased Se:Pt ratio to 2.45. Oppositely,
n-type conductivity was achieved selenization with a rapid cooling process. In this case, the Se:Pt
ratio was only 1.96.

TMDs including MoS: and PtSe: find their applications in optoelectronic devices, sensors
or electrocatalytic devices [2,8].



3. Objectives of the Dissertation Thesis

e Fabrication of lithium-doped MoS: few-layer films using a one-zone sulfurization method
with LizS as a lithium source. Using both molybdenum and molybdenum disulfide layers
for the doping.

e Detection of the lithium amount using Synchrotron radiation X-ray photoemission
spectroscopy (XPS) and Elastic Recoil Detection Analysis (ERDA)

e Study the influence of the growth parameters (annealing temperature and time, amount of
Li>S used) and the initial layer (Mo, MoS>) thickness on the structural and optical
properties of the doped films. Characterization of the films using XRD measurements,
GIWAXS (grazing-incidence wide-angle X-ray scattering), Raman spectroscopy, and
optical measurements. The measurements aim to determine the correlations between the
structural and optical properties of the doped layers and the lithium content in the sample.

e Monitoring the dependence of electrical conductivity and charge carrier mobility on the
concentration of Li in MoS; layers. Measurements of the temperature dependence of doped
layers determination of the mechanism of electrical conductivity of thin layers.

e Fabrication of undoped and over-doped PtSe> films. Study of the influence
of stoichiometry on the electrical properties of the final films.

e Fabrication and study of lithium-doped PtSe: (or other TMD) thin films.



4. Experimental methods
4.1 MoS: and PtSe; fabrication:

The thermally assisted conversion was used to fabricate both MoS, and PtSe, few-layer
films. In the first step, thin metal layers were deposited on the top of the c-plane sapphire substrate
using homemade DC magnetron sputtering from Mo or Pt targets at room temperature in an argon
atmosphere. Pressure during sputtering was 10~ mbar, and the DC power and emission current
were 460 W, 0.3 A, and 580 W, 0.18 A, respectively, for Mo and Pt deposition. The sample holder's
rotation speed controlled the deposited layers' thickness. Thicknesses of sputtered Mo and Pt layers
ranged from 1 nm to 10 nm.

Figure 5: Schematic of the custom-designed TAC chamber, quartz crucible with chalcogen powder, and the pre-deposited metal
film placed in the middle of the furnace [91].

In the second step We used a custom-designed one-zone furnace (Fig. 5). The substrate with
pre-deposited (Mo, Pt) was inserted into the quartz crucible alongside the chalcogen (S, Se)
powder and placed in the middle of the one-zone furnace. The furnace was connected to the gas
supply. For the growth, we used nitrogen flow with different flow rates. The thin metal layers were
annealed in chalcogen vapors in a nitrogen atmosphere at ambient pressure. The sulfurization
temperature was 800 °C for the fabrication of MoS;, and the selenization temperature was 550 °C
for the fabrication of the PtSe: thin films. The heating rate was set to 25 °C/min for both
chalcogenizations. The maximum temperature was held for 30 minutes, followed by spontaneous
cooling.

MoS:; layers were also grown by the pulsed laser deposition (MBE/PLD-2000 system). The
system consisted of a KrF excimer laser emitting at a wavelength of 248 nm, optical mirrors, and
a focusing lens. A laser pulse with an energy of 70 mJ, operating at a repetition rate of 4 Hz and
with a spot size of 2 mm?, ablated the stoichiometric MoS; target. The sample holder was heated
at 800 °C; however, the real growth temperature on the substrate was about 600 °C, and the growth
pressure was 2.6-10° mbar. Following film growth, samples were cooled to 200 °C at a rate of 50
°C/min and then cooled naturally. This rapid cooling helped reduce sulfur desorption from the
resulting MoS2 thin film. The final thickness of the MoS2 film was controlled by the number of
pulses, typically within the range of 400 to 800 pulses.

4.2 Li-doping of thin films:

For doping, we used a method called solid-state diffusion. The Mo/MoS; thin film sample
was placed in the middle of the one-zone reactor alongside a mixture of chalcogen and lithium
sulfide (Li2S) powders. LizS is a compound that melts at the temperature of 938 °C. The doping
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temperature was set to 600 °C or 800 °C. In the presence of a sulfur reduction atmosphere, Li>S
undergoes evaporation. Applying the annealing temperature of 800 °C, there were no Li,S residues
in the crucible after annealing.

We have tested two approaches to fabricating Li-doped large-area (~ cm?) MoS, samples. In
the first one, the pre-deposited Mo layer was sulfurized in a mixture of sulfur and Li>S powders.
The heating rate was 25 °C/min, the growth temperature was set to 800 °C, and it was kept for 30
minutes. Nitrogen flow was set to 100 sccm. The second approach uses already-grown MoS»
layers, which were annealed in a mixture of S/Li>S powders. Initial MoS> layers were grown either
by the sulfurization of Mo thin films or PLD. The heating rate was 25 °C/min, and the maximum
temperatures were 600 °C and 800 °C for PLD and TAC-grown initial MoS; layers, respectively.
The maximum temperatures were kept for 30 minutes and cooled naturally. Two varying quantities
of LizS (0.1 and 0.25 g) were employed, substituting 20% and 50% of the sulfur powder,
respectively.

4.3 Characterization techniques:

Our samples were characterized using different techniques, including Raman spectroscopy,
X-Ray Diffraction (XRD), Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS), Atomic
Force Microscopy (AFM), synchrotron-based X-ray Photoelectron Spectroscopy (XPS), Elastic
recoil detection analysis (ERDA), Hall measurements, R(T) measurements and optical
characterization.

Raman spectra of studied samples were obtained at ambient conditions by a confocal Raman
microscope (Alpha 300R, WiTec, Germany). A 532 nm wavelength laser was used, with a laser
power below 1 mW to prevent sample damage. The scattered Raman photons were gathered using
a 50x (NA=0.8) microscope objective and detected by a Peltier-cooled EMCCD camera. A blazed
grating with 1800 grooves per minute was employed for dispersing the Raman spectra. The
spectral resolution of the system used is approximately 0.75 cm™.

XRD analysis was performed with a diffractometer Bruker D8 DISCOVER equipped with a
rotating anode (Cu Ka) working at a power of 12 kW. The diffraction patterns were measured
using a symmetric 26/6 configuration. Diffractograms were recorded in the interval of 26 from 10°
to 35°. The in-plane crystallographic orientation of films was studied by the azimuthal ¢-scan
concerning the sapphire substrate. Additionally, the out-of-plane texture was investigated by the
o-scan.

GIWAXS measurements performed in our experiment were done on the home-built system
consisting of the microfocus X-ray source (IuS, Incoatec GmbH, Germany) using focusing Montel
optics, sample holder with attached hexapod (H-811.S2, Physik Instrumente, Germany) and
CMOS-based X-ray 2D detector (Pilatus 200K, Dectris, Switzerland). The power of the
microfocus X-ray source was 30 W (voltage of 50 kV and current was 600 pA), which generates
Cu Ka radiation with energy 8.04 keV (A=1.54 A) and a photon flux of approximately 3 x
108 photons/s. The examined sample was placed in the hexapod with 6 degrees of freedom to
ensure the grazing-incidence geometry. The incidence angle was set to 0.2°. The detector
collecting GIWAXS patterns had the size of 498 x 407 pixels (with the size of 172 x 172 pm?).
The sample-detector distance (SDD) was validated by a calibration standard (corundum) and



determined to be about 50 mm. All measurements were conducted in ambient conditions, and each
GIWAXS pattern was collected using an exposure time of 600 seconds.

AFM: MoS; samples were measured on HR-AFM (BrukerNano, Multimode 8), with a tip radius
of 2 nm, to achieve the best possible resolution. A one-dimensional autocorrelation function (ACF)
was performed on the data. The fitting parameters of ACF correspond to RMS surface roughness
and correlation length. The grain-size distribution was obtained as well.

XPS experiments were conducted at the BACH beamline at Elettra synchrotron in Trieste, Italy.
The main advantage of synchrotron-based XPS is the wide range of tunable photon energies. We
needed lower photon energies for Li detection. The beamline was equipped with an R3000
hemispherical analyzer at 60° relative to the X-ray incidence direction. The samples were degassed
in a vacuum at a temperature of 250 °C for 10 minutes before the measurements. The spectra were
recorded in a normal emission geometry.

ERDA measurements of our samples were carried out in Helmholtz-Zentrum Dresden-Rossendorf.
In the initial batch of samples, a 43 MeV C1’" ion beam was employed, with recoil atoms and
scattered ions detected at a scattering angle of 29.5° using a Bragg ionization chamber. H and Li
recoils were identified using a separate solid-state detector at a scattering angle of 40°. This
detector contained a 25 pm Kapton foil to stop scattered and heavy recoil ions. Another batch of
samples was analyzed by a 15 MeV CI*" beam, and recoils and ions were detected at a scattering
angle of 40° employing a time-of-flight — energy (ToF-E) telescope.

Hall measurement consisted of an electromagnet with a tunable magnetic field up to 1T, powered
by a high-power source. The constant current was produced by the current source Keithley 2400,
and a Keithley 2700 multi-meter was used for measuring the voltages.

Resistance vs. Temperature R(T) measurements of MoS: and Li-doped MoS, samples' was
acquired using the four-probe method using the Physical Property Measurement System — Model
6000, from Quantum Designed Inc. Gold contacts were patterned using photolithography (lift off
method) and deposited by the thermal evaporation on the top of the samples. The distance between
contacts was 10 pm.

Optical characterization of our films was done by collecting reflectance and transmittance spectra
measured with Shimadzu SolidSpec-3700 spectrophotometer in the UV—VIS range.
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5. Results and discussion

5.1 Undoped MoS:; layers fabricated by TAC

The MoS: films were grown by the TAC method from 1, 3, and 10 nm Mo films. The Raman
spectroscopy confirmed the formation of 2H-MoS,. Figure 6a shows the normalized Raman
spectra containing characteristic in-plane E%g (~383 cm!) and out-of-plane Ay (~408 cm™). The

thicknesses of the samples were estimated from XRR to 4, 12 and 40 nm. To obtain information
about the orientation of the as-prepared MoS; films, GIWAXS measurements were performed.
GIWAXS provides statistical average information over a significant sample’ area. In Fig. 6b, for
the thinnest 4 nm MoS sample, only one diffraction spot at g. ~ 1 Al is visible, indicating that
the layers are aligned horizontally (basal planes are parallel to the substrate). For thicker films, 12
and 40 nm MoS: (Fig 6.4c and 6.4d, respectively), two diffraction spots are present at gy, ~ 1 A,
indicating the vertical alignment of the layers. The azimuthal @-scans of as-prepared MoS; layers
did not show any tendency of ordered growth in the a-b plane.
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Figure 6: (a) Normalized Raman spectra of undoped MoS; films with different thicknesses grown by one-zone sulfurization at
800 °C for 30 min on the c-plane sapphire substrate. Corresponding GIWAXS reciprocal space maps of 4 nm (b), 12 nm, (c) and
40 nm (d) thick MoS; films.

5.2 Fabrication of Li-doped MoS; starting from Mo film (two-step synthesis)

Li-doped MoS: films were prepared similarly to undoped films. In the first step, Mo with
thicknesses of 1, 3, and 10 nm was deposited on the c-plane sapphire substrate. The second step is
sulfurization, where part of sulfur powder is replaced by Li>S powder. The Li>S was 20% (0.1 g)
or 50% (0.25 g) of the total powder weight. The sulfurization parameters were the same as in the
case of the fabrication of undoped MoS: layers.

The Mo conversion to MoS; was confirmed using Raman spectroscopy for both
concentrations of LixS. In the normalized Raman spectra (Fig. 7a-b) are present characteristic
peaks of MoS:, namely E%g and A1g. The differing intensities of the E%g peak in normalized spectra
indicate varied orientations of the MoS; layers, particularly noticeable for 40 nm thick Li-MoS»
prepared at two different nominal Li>S concentrations.
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Figure 7: Normalized Raman spectra of Li-doped MoS, prepared from Mo films of different thicknesses using one-zone
sulfurization at 800 °C for 30 min with 20% (a) and 50% (b) Li>S portion. XRD patterns of the same films with 20% (c) and 50%
(d) LizS portion. Azimuthal @-scans of 103 diffraction of 4 nm lithiated MoS; are shown as insets.

The XRD was used to examine the crystal structure of the as-prepared films (Fig. 7c-d). For
4 nm Li-doped MoS; films, a broad 002 diffraction peak of 2H-MoS: is present in the pattern (with
FWHM over 2°). This broadening can be attributed to the low film thickness. In the case of the
thickest 40 nm films, the 002 diffraction has very low intensity, which suggests the prevalent
horizontal alignment of the MoS; layers. For 12 nm MoS;, the 002 diffraction peak is significantly
greater in the sample prepared with 50% Li2S, probably due to the different orientation of MoS»
layers. Epitaxial growth was observed for the thinnest 4 nm MoS: samples prepared with both Li>S
concentrations. In the ¢@-scan patterns (insets of Fig. 7) six distinct peaks separated by 60° are
present, confirming the epitaxial growth.

The orientation of Li-doped MoS: layers was investigated using GIWAXS measurements
(Fig. 8). When a 3 nm thick initial Mo layer was used, vertically aligned films grew with less Li>S
and horizontally oriented Li-doped MoS; layers were obtained using 50% Li>S concentration.
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Figure 8: GIWAXS reciprocal space maps of Li-doped MoS2 films with different thicknesses grown by a two-step route using
one-zone sulfurization at 800 °C for 30 minutes with (a-c) 20% and (d-f) 50% nominal Li2S concentrations.
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5.3 Fabrication of Li-doped MoS: starting from MoS; layers (three-step synthesis)

The second approach of Li-doping involved already-grown MoS; as initial layers. The MoS»
layers of different thicknesses prepared by TAC were annealed in the sulfur and Li>S powders
mixture under the same conditions as in the case of Mo initial layers. Again, two concentrations
of Li2S powders were used (20% and 50%).

Figure 9a-b shows the normalized Raman spectra of initial and Li-doped MoS: layers. The
changes were only minimal in all cases, besides 12 nm Li-MoSz, where the intensity of E%g peak
slightly increased compared to the undoped film for both Li>S doping concentrations, suggesting
orientation change. XRD investigation (Fig. 9c-d) shows similar results as in the case of two-step
synthesis presented in the previous sub-chapter. In contrast, an intense and narrow 002 diffraction
peak is present in the XRD pattern of 12 nm MoS: prepared with 20% and specifically with 50%
LixS. This suggests a horizontal orientation of 12 nm MoS; films. Insets presents azimuthal ¢-
scans, showing ordering in the a-b plane for 4 nm and even for 12 nm Li-doped MoS; films.
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Figure 9: Normalized Raman spectra of Li-doped MoS, prepared from MoS; films of different thicknesses using one-zone
sulfurization at 800 °C for 30 min with 20% (a) and 50% (b) Li»S portion. XRD patterns of the same films with 20% (c) and 50%
(d) Li,S portion. Azimuthal ¢-scans of 103 diffraction of 4 and 12 nm lithiated MoS; are shown as insets.

The alignment of the Li-doped MoS; layers was checked by the GIWAXS technique.
GIWAXS reciprocal space maps are gathered in Figure 6.10. These measurements confirmed the
horizontal orientation of 12 nm Li-doped MoS, samples, which has been expected from the Raman
and XRD analysis. Three diffractions are visible for the thickest 40 nm samples — two at qxy ~ 1
A" and one at g, ~ 1 A!, meaning that the mixed horizontal and vertical orientations of hexagonal
Li-MoS: layers were present for both doping concentrations. Anyhow, the initial undoped 12 nm
MoS:; films were vertically oriented, therefore we can conclude that Li doping induced conversion
from the vertical to horizontal alignment of the layers.

To be sure, whether the lithium is the key factor of reorientation of already grown thicker
MoS: layers, we performed an additional thermal annealing in a sulfur atmosphere without Li>S
powder on undoped MoS, samples. We did not spot any signs of reorientation upon GIWAXS
examination. This experiment confirms lithium’s role in the reorientation of the few-layer MoS»
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films. We performed also experiments with lower Li doping temperatures (400 °C and 600 °C);
however, any change in the orientation was observed. We suppose that under certain conditions
lithium acts as a catalyst and enables structural reorganization. This scenario is supported by the
fact that we did not observe any change in the film orientation if the lithiation temperature was set
to 600 °C.
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Figure 10: GIWAXS reciprocal space maps of Li-doped MoS; films with different thicknesses grown by a three-step synthesis
using one-zone sulfurization at 800 °C for 30 minutes with (a-c) 20% and (d-f) 50% nominal Li,S concentrations

5.4 Identification of Li content in Li-doped MoS:

The chemical composition of our samples and verification of lithium content were checked
by a combination of synchrotron-based X-ray photoemission spectroscopy, X-ray absorption near-
edge structure, and Elastic Recoil Detection Analysis. XPS spectra were recorded at three photon
energies — 120, 270, and 600 eV. Figure 11 displays Li 1s and Mo 4s XPS core-level spectra
acquired at a photon energy of 270 eV from the Li-MoS; samples prepared using two-step and
three-step methods. The Li 1s peaks in XPS spectra of 4 and 12 nm Li-MoS; exhibit a dominant
component centered at a binding energy of 55.8 £ 0.1 eV, whereas the Li 1s peak for the 40 nm
Li-MoS; sample is shifted to 56.4 + 0.2 eV. The binding energy of 55.8 eV can be ascribed to Li
atoms intercalated into MoS; [22]. The Li 1s peaks of our Li-MoS2 samples were also assigned
by the Li K-edge XANES spectroscopy.
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Figure 11: Li 1s and Mo 4s XPS spectra gathered from the surfaces of Li-doped films prepared by two-step (top) and three-step
(bottom) sulfurization with a 20% (left) and 50% (right) portion of Li»S. All spectra were acquired using a photon energy of 270 eV.
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Li K-edge XANES spectra exhibit

3 4 nm Li-MoS, unique energy positions and line shapes for
E different lithium compounds, serving as
2 40 nm Li-MoS, distinctive signatures for identifying phase
- composition [23]. Figure 12 shows the Li K-
< p g
5 edge spectra gathered from the 4 and 40 nm
o . . .
L:J_u 40 nm Li-MoS, thick Li-doped MoS‘z samples. The Li K-edge
S treated in H,0 spectrum observed in the 4 nm film has not
been documented previously in the literature.
| L L L LN L L L L LN L LI L L BN L L L | . )
53 55 57 59 61 63 65 67 69 71 Phases such as Li;S, LiOH, Li,COs, and Li

, _ Phaton energy (eV) _ oxides can be ruled out as they would display
Figure 12: Li K-edge XANES spectra of Li-MoS; films fabricated

using two-step synthesis. The lowermost spectrum was obtained distinct features absent in the observed
from the 40 nm Li-MoS; sample after it was soaked in ultrapure spectrum. Thus, we attribute the Li K-e dg e

water for a few minutes.

shape obtained from the 4 nm thick Li-MoS>
film to lithiated MoS.. Although the Li K-edge spectrum of the 40 nm thick sample is notably
different. Weak features of Li-MoS; in the energy range from 55 to 58 eV are still discernible,
while dominant features are visible between 60 and 70 eV, which might be attributed to
Li,SO4 [24]. However, upon removal of the topmost surface layers, the 40 nm Li-MoS; exhibited
a Li K-edge spectrum almost identical to that obtained for the thinner sample. This suggests that
the thicker MoS; films also underwent lithiation like the thin ones. To validate our attribution of
the observed Li K-edge XANES spectra to Li-MoS, we did theoretical investigation of the
electronic structure of the unoccupied states of Li-doped MoS.. The computed XANES spectra for
Li atoms intercalated in tetrahedral and octahedral sites of MoS, accurately replicate the key
experimental characteristics, including the main edge above 57 eV and the pre-edge region around
55eV.

Lithium molar fraction was estimated by XPS from intensity ratios of peaks Mo 4s and Li 1s
(Fig 11). The photon energies were kept below 600 eV to achieve sensitivity to Li 1s. However,
the probing depth was limited to less than 4 nm. On the other hand, Li content examined by ERDA
provided us with information from the whole samples’ volume. The data from both techniques are
summarized in Table 1.

Table 1: Atomic concentrations of LixMoS, determined by ERDA and XPS. Numbers determined by XPS are averaged values of
depth profiling Li contend obtained by tuning photon energies.

Two-step synthesis Three-step synthesis
“flf.sf(ﬁ'ye" Li>S amount x (LiyMoS)) x (LizMoS))

tekness ERDA XPS ERDA XPS
4 nm 20 % 0.15 0.11+0.04 0.14 0.13+0.02
12 nm 20 % 0.04 03+0.1 0.63 0.17£0.05
40 nm 20 % 0.05 n/a* 0.06 n/a*
4 nm 50 % 0.27 0.10 £ 0.03 2.20 0.10+0.01
12 nm 50 % 0.08 0.41 +£0.06 0.44 0.10+0.05
40 nm 50 % 0.02 n/a* 0.02 n/a*

*n/a values reflect the uneven depth distribution of Li near the surface observed by XPS

For the 4 nm Li-MoS: films prepared using 20% Li>S are both ERDA and XPS results in
good agreement. The 4 nm thick films prepared with a higher fraction of Li>S showed higher
lithium content within the film, as indicated by the ERDA results. This suggests that lithium is
concentrated near the substrate, thus it is undetectable by XPS. Similar to the 12 nm Li-MoS>
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prepared by three-step synthesis, which was horizontally aligned with a-b plane ordering. We
believe this structure facilitates lithium storage between the layers of MoS:; however, we cannot
rule out the formation of the Li-rich interface between the MoS; and the c-plane sapphire substrate.
Conversely, the 12 nm Li-MoS: films synthesized in two steps exhibited less lithium in the bulk
and higher concentrations near the surface. This reversed concentration profile could be due to
different diffusion coefficients of Li in MoS; and metallic Mo. The 40 nm samples had a vertical
orientation; therefore, intercalated Li was more accessible to air molecules. We believe it might
cause Li segregation to the surface.

5.5. Comparison of TAC-grown and PLD-grown Li-doped MoS:: from structural
characterization to electron transport

For the electrical characterization we have used layers with predominant horizontal
orientation, to obtain most ideal transport case. Studied undoped thin MoS; films were grown by
two techniques TAC and PLD, which were subsequently annealed in the presence of Li>S with
two nominal concentrations 20% and 50%. Both initial MoS> layers were horizontally aligned and
had comparable thickness. By the XRR method, the thickness of TAC samples was estimated to
be 4 nm (corresponding to 5-6 ML) and PLD-grown samples were slightly thinner, about 3.5 nm
(corresponding to 5 ML).

To be sure Li-doping did not caused phase transition from semiconducting 2H to metallic 1T,
we checked our doped and undoped MoS; samples by various characterization techniques. Raman
spectroscopy and XRD analysis proved formation of 2H-MoS; and horizontal orientation of MoS»
layers for both, doped and undoped MoS: films. Moreover, the optical characterization was done
by measuring the transmittance and reflectance from both the front and back sides of the sample.
This method allows us to determine the absorbance of MoS; layers without assuming any specific
model for the layer’s dielectric function [25]. Fig. 13 presents the absorption spectra of the
undoped, and Li-doped samples prepared with 50% Li>S. All spectra are consistent with those
reported for multi-layer samples with a similar number of MoS> monolayers [26]. All of them
show an optical gap of 1.7 - 1.8 eV, which confirms that both the undoped and Li-doped samples
are semiconductors.
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Figure 13: Absorbance of as-prepared and Li-doped MoS; samples grown by (a) TAC and (b) PLD method

The chemical composition and stoichiometry of the undoped and Li-doped MoS, were
analyzed by synchrotron-based X-ray photoemission spectroscopy. Li ls spectra (Fig. 14)
verifying lithiation of both TAC and PLD-grown samples. Similarly, as discussed previously, the
main component of Li 1s is centered at a binding energy of 55.08 + 0.1 eV, attributed to Li
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intercalation to MoS,; Ilayers[22]. The minor

.. . . O Exp. data .
component at lower binding energies likely came from — Rt A Lils
. . . — Li,MoS, §
the presence of Li in hydroxide and oxide — LiOH, Li,0
species [27,28]. The intensity ratio between Li 1s and — Mo s

) ) - Background
Mo 4s peaks reflects the relative elemental atomic -

concentrations. The Li content x (LixMoS) and S:Mo
stoichiometric ratio is gathered in Table 2 for all
investigated CVD-grown and PLD-grown MoS;
samples. It is noteworthy, that PLD-grown samples
had stoichiometric Mo:S ratio close to 2, while the
CVD-grown  samples  exhibited  perturbated
stoichiometry with S:Mo ratio approaching 2.2. Traces

of other impurities and carbon contamination was | TAC M08, 50% Li,S " = 7% s intiteny
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Figure 14: Li 1s and Mo 4s photoelectron spectra for Li-
Fig. 15a shows the measured R(T) data in terms doped TAC and PLD-grown MoS; films. The spectra were

of log R vs T. For all our samples, the R(T) dependence ©0tained using a photon energy of 120 ¢V.

tends to diverge as T decreases, which is characteristic of the insulating transport regime [29]. The
undoped TAC-grown sample is far more resistive than the undoped PLD-MoS: one. After
introducing the Li atoms in a PLD-MoS,, the resistance increased quite dramatically with the
increase of Li concentration. For the TAC-grown samples, the effect of Li doping on the resistance
magnitude is considerably weaker. The same data are plotted as log R vs 1/T in Fig. 6.15b. It is
evident that the data do not follow the Arrhenius dependence log R « 1/T. such dependence is
typical for the thermally activated transport and nearest neighbor hopping in disordered solids,
which was observed previously in transport studies of MoS: [30].
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Figure 15: Measured R(T) dependence for a series of PLD-grown and TAC-grown MoS; thin films with corresponding Li
stoichiometric coefficients. In panel (a) the data are shown as R vs T, and in panel (b) as log R vs 1/T.

At low enough temperatures, transport in disordered solids occurs via the Mott variable
range hopping (VRH) rather than via the nearest neighbor hopping [29]. For the Mott VRH, the
electron localized at the Fermi level (Er) moves to another localized state in an optimum hopping
distance which is determined by the trade-off between the lowest energy difference and the shortest
hopping distance [29]. In a non-interacting disordered system, the density of states at the Fermi
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level, N(EF), is finite and the resistance of the two-dimensional disordered system is described by
Mott VRH with R(T) dependence In(R/Rmott) = (Tmor/T)", where

27
kgTwow = v o= (1)

is the hopping activation energy, with Lioc being the electron localization length and 1/(N(Er)Lioc?)

being the electron energy spacing the electron overcomes in one hop [29].

The Mott VRH dependence In(R/Rwott) = (Tmott/T)'" has been observed at low temperatures
in two-dimensional disordered MoS: flakes prepared by the exfoliation [30,31]. If the disordered
film of interest is not sufficiently thin, the Mott VRH exhibits dependence In(R/Rmott) = (Tmott
/T)V4, typical for three-dimensional systems [29].

Another work reported that the exfoliated MoS; flakes treated in n-butyllithium exhibit the
dependence In(R/Rgs) = (Tes /T)"? [32], typical for the Efros-Shklovskii VRH [33]. Efros and
Shklovskii have shown that the Coulomb interaction between the localized electrons opens the
Coulomb gap at the Fermi level which emerges in the vanishing of N(EF). As a result, below a
certain critical temperature the Mott VRH dependence In(R/Rmott) = (Tmot/T)"? changes to the
Efros-Shklovskii VRH dependence In(R/Rgs) = (Tes /T)"? with activation energy [33]

re?

amerggLlioe’

kpTes = (2)
where e is the electron charge, ¢o is the permittivity of vacuum, ;. is the relative permittivity of the
system, and I' = 6.5 [34]. The Efros-Shklovskii dependence holds for any system dimensionality.

To determine which R(T) dependence applies to our samples, we plotted the data from
Fig. 15 in Fig 6.16 as InR vs T"? and In R vs T'3. For better visibility, the data are displayed
separately due to different resistance magnitudes. The data in Fig. 6.16a for PLD-undoped samples
support better the dependence In(R/Rgs) = (Tes/T)"?; however, the data in Figs. 15b and 15¢ do
not allow us to distinguish between In(R/Rgs) = (Tes/T)"? and In(R/Rumot) = (Tmot/T)"3, which is a
frequently faced problem [34].

To demonstrate that all our samples follow the dependence In(R/Rgs) = (Tes/T)"?, typical for
Efros-Shklovskii VRH, we need to discuss the values of the fitting parameters 7gs and Twvow. These
parameters are summarized in Table 2 along with corresponding activation energies ks7gs and
ksTwvon. Firstly, we examine the TAC-grown samples and their values of Twmow, Which reach
approximately 107 K, corresponding to activation energies ks Tmou ~ 103 €V. In contrast, the largest
reported Tvon value for MoS; films was about 10° K, corresponding to the activation energy ks Twvott
~ 10 eV [31]. Generally, activation energies for various thermally activated transport processes in
disordered solids rarely exceed 10 eV. These activation energies are usually much lower [29].
Therefore, activation energies ksTmor ~ 103 €V are too large to be meaningful, which leads us to
the conclusion that our TAC-grown MoS: samples do not exhibit the Mott VRH, despite the R(T)
data in Fig. 24c following the dependence In(R/Rumot) = (Tmow/T)"? quite well. On the other hand,
the values of 7Tks are a hundred times lower and correspond to the activation energies kpTes ~ 7 —
12 eV, which are quantitatively reasonable. So, we conclude that the undoped and Li-doped TAC-
grown MoS; samples follow the Efros-Shklovskii VRH dependence In(R/Rgs) = (Tes/T)"2.
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Figure 16: Experimental data from Fig. 15 are plotted as In R versus 1/T"?and as In R versus 1/T!3. (a) Data for the undoped PLD-
grown MoS; film, (b) data for the PLD-grown MoS; films with lithium stochiometric coefficients of x = 0.2 and x = 0.3, (c) data
for the TAC-grown MoS; films without (x = 0) and with lithium doping (x = 0.1, x = 0.13). The solid lines show the fit of the
experimental data by the dependencies In(R/Rgs) = (Tes /T)"? and In(R/Rmott) = (Tamort /T)"3. The values of the fitting parameters
Tgs and Twoy are summarized in Table 2.

The conclusion remains consistent also for the PLD-grown MoS; samples. In the case of the
Li-doped PLD-grown samples shown in Fig. 24b, the activation energies ks7mou (see Table 6.4)
are still unusually high (above 10? €V), whereas the energies kg Tgs reasonable (less than 3.5 eV).

Table 2: Studied MoS; samples, amount of Li,S/S used for fabrication, stochiometric coefficient of Li, and composition determined
by photoemission spectroscopy, fitting temperatures Tgs, Tmot, and corresponding activation energies kg Tks, ks Twmow, characterizing
the transport mechanism in the samples.

Stoichiometric Composition

Sample  Li:S/S  coefficient LiMoS,  Tis[K] T ok KD

of Li-x [eV] [eV]
TAC MoS, 0% 0 MoS22 82 942 7.1 5049 152 435
TAC MoS:» 20% x=0.13+0.03 Lio.1MoS2.2 84 772 7.3 5240436 451
TAC MoS: 50% x=0.10£0.02 Lio.iMoS2.2 140218 12.1 10972 142 945
PLD MoS» 0% 0 MoS2.0 2 551 0.22 67 103 5.8
PLD MoS2 20% x=02+0.1 Lio2MoSa.1 29 503 2.54 1 252 645 108
PLD MoS2 50% x=03+0.1 Lio3sMoS2.0 37653 3.24 1 681 548 145
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To support the above conclusions, we might plug ksTmow ~ 10° €V into the equation (1) and
obtain the energy level spacing 1/(N(Er)Lioc* ~ 10% €V, which is again too large to be meaningful.
On the other hand, by plugging the activation energies ks Tes ~ 0.22 — 12 eV and permittivity €. ~ 5
(valid for few-layer MoS; films) to equation (2) we obtain the localization length Lioc ~ 0.16 —
13 nm. Here is even the lowest Lioc of 0.16 nm reasonably large and might correspond to a
localized state at an impurity. According to this equation, the larger the activation energy ks7ks the
smaller the localization length Lioc due to disorder. If we examine ks7ks values for undoped PLD-
grown and TAC-grown MoS: samples (Tab. 2), we can see that TAC-grown MoS: has this value
thirty times larger. Disorder in the undoped TAC-grown sample is therefore much stronger than
in the undoped PLD-grown sample. The question remains what caused this strong disorder.

Looking closer at Tab. 2, we can see that TAC-grown MoS; samples are non-stoichiometric
(the S:Mo ratio is about 2.2), while the PLD-grown MoS; samples have an S:Mo ratio close to 2.
It is important to mention that excess sulfur does not affect the resulting XRD patterns
demonstrating the crystalline arrangement. This indicates that the excess sulfur acts as an impurity
disorder by filling the gaps between neighboring monolayers, leading to the significant electrical
resistance observed in the TAC-grown samples.

What remains to be determined is the origin of the disorder in the undoped PLD-grown MoS»
sample. We therefore estimated the lateral grain size distribution using atomic force microscopy.
The size of grains Lgnins for MoS: layers grown by TAC and PLD are in the range of 2 — 30 nm
suggesting only negligible differences in grain sizes for these two fabrication methods. The
undoped PLD—grown sample has a localization length Lioc of approximately 13 nm, which exceeds
Lgrin, suggesting that electron localization in the undoped PLD—grown sample is caused by
disorder due to the grain boundaries. On the other hand, for the undoped TAC—grown sample is
Lioc ~ 0.3 nm. Such a small Li,c cannot be ascribed to grain boundary disorder with Lgpin in the
range of 3 - 30 nm, therefore it must be attributed to the non-stoichiometry, as was discussed
above. The disorder induced by the minor traces of impurities (Te, Na, K) detected via XPS is
most probably negligible.

The fact that Li intercalation introduces additional disorder is visible in data from Table 2,
as the increase of x is accompanied by the rise of ks7&s. Only one exception was observed — the
TAC-grown sample with x = 0.1 exhibits a larger ks7TEs than the sample with x = 0.13. However,
this inconsistency could be ascribed to experimental uncertainties in determining the Li
concentration. If lithium caused any electron doping, such effect was completely obscured by the
effect of disorder.

5.6 Doping effects in PtSe;

Platinum diselenide is another member of the TMD material group that we have studied in
the thesis. As we have already mentioned, PtSe: in the bulk form is semimetal becoming a
semiconductor after thinning to a few layers. Thanks to the high values of charge carrier mobilities,
this material is prospective for use in electronics. Our aim was to increase the charge carrier
mobilities and to decrease the number of charge carriers to prepare the films suitable for field-
effect transistors.

Li-doped PtSe> films were prepared in the same manner as Li-MoS». The part of selenium
powder was replaced by lithium sulfide. Magnetron sputtered Pt layer layers (1 and 3 nm thick)
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were annealed in a mixture of selenium with Li>S powder. Since the growth temperatures of PtSe»
are lower than those of MoS;, annealing temperatures were in the range of 400 - 550 °C.
Subsequently, films were characterized by Raman and electrical measurements. Raman
measurements confirmed the formation of PtSe, after annealing with lithium presence. No
significant difference was observed suggesting that the presence of Li in the reaction system did
not influence the growth mechanism.

To estimate the charge carrier mobility, their number, and type of charge carriers, Hall effect
measurements in van der Pauw configuration were performed. These measurements showed
different behavior of the doped samples. Although the resistivity of the films increased, the results
of the Hall measurements were inconclusive. This suggests the very low values of the charge
carrier mobility. We suppose that this was caused by the disorder increase as in the case of Li-
doped MoS,. Thus, Li doping of PtSe; films is not suitable for the fabrication of the films for field-
effect transistors. For that reason, we focused on the tuning of the selenium content in the samples.

Influence of Se content on charge carrier mobility

A set of PtSe, few-layer films was prepared by one-zone selenization of 1 nm thick pre-
deposited Pt layers on the c-plane sapphire substrate. Annealing temperature (550 °C), heating rate
(25 °C/min), and annealing time (30 minutes) were the same for the fabrication of each sample,
while the nitrogen flow rate varied from 20 up to 350 sccm.
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Figure 17: (a) Typical XRD pattern of the PtSe; film prepared by selenization of 1 nm Pt layer at 550 °C for 30 minutes and (b) ¢-
scan of 101 diffraction of PtSe, and 104 diffraction.

The crystal structure of as-prepared PtSe; films was determined by the XRD. The XRD
patterns of various samples did not vary much with different nitrogen flow rates. In Fig. 17a is a
typical XRD pattern obtained in symmetrical 6/26. Only a 001 diffraction of the hexagonal 1T
PtSe> phase was present in the pattern, which suggests that layers are oriented horizontally. The
Laue oscillations on both sides of dominant 001 diffraction demonstrate the films’ high
crystallinity and homogeneous thickness. The thicknesses of investigated PtSe; films were
calculated from Laue oscillations and XRR measurements. All films have a similar thickness
of 4 £ 0.5 nm, corresponding to 8 + 1 monolayers of PtSes. In the azimuthal @-scan of 101
diffraction of PtSe; are recognizable maxima, indicating a tendency of PtSe, layers to grow
epitaxially (Fig. 17b).

21



-
o

Norm. intensity (arb. u.)
(=} (=}
9 (&)

——20scem N,
——50 sccm N,
100 sccm N,
—— 150 sccm N,
——200 sccm N,
——250 sccm N,
267 sccm N,
——350 sccm N,

140 160 180 200 220 240 260 280

Figure 18: Normalized Raman spectra of PtSe; films prepared by
selenization of 1 nm thick Pt layer at 550°C for 30 min with different
nitrogen flow rates.

Raman shift (cm™)

Normalized Raman spectra of all
investigated PtSe; films are in Fig. 18. The
vibrational modes belonging to PtSe, are
visible in spectra, specifically, the E; mode
occurring around 175 cm™! and the A, mode
at approximately 207 ¢cm™!. The broad and
less intense peak around 230 cm™ s
assigned to overlapping longitudinal optical
modes [35].

The electrical characterization of our
samples was done using the van der Pauw
method without any patterning. The cold-
pressed indium contacts were placed at the
corners of the PtSe; samples. Results from

the measurements are gathered in Table 3. The polarity of the Hall coefficient is positive for all

as-prepared samples, suggesting the p-type of conductivity of our PtSe; films. The charge carrier
mobility ranged from 10.8 to 27.1 cm?V-!s'! for the films prepared with different N, flow rates.

Table 3: Electrical properties of PtSe; films prepared by selenization of 1 nm Pt layer at 550 °C for 30 min with different N, flow
rates and corresponding Se:Pt obtained by XPS analysis.

trati f . i
Nitrogen flow Hall mobility CC(I)II;CYZI; Zjlrlr(zzrz Hall constant Se:Pt ratio
rate (sccm) u (cm?Vis™t) (em?) (cm?/As) (1200 eV)
20 20.3 1.1884 x 10" 5.2522 = 10* 2
50 14 1.7468 x 10" 3.5731 x 10* 1.971
100 15.4 1.4144 x 10" 4.4130 x 10°* 1.979
150 23.19 8.30 x 10" 7.50 x 10* 2.002
200 18.1 1.4761 x 10" 4.2283 x 10* 1.988
250 27.1 1.0739 x 10" 5.8122 x 10* 2.035
267 244 6.72 x 10" 9.29 x 10* 2.015
350 10.8 3.5220 x 10" 1.7722 x 10* 1.971

However, there is no direct correlation between the charge carrier mobilities and nitrogen
flow rates from Table 3. As the next characterization of PtSe, films, we have performed

synchrotron-radiation XPS measurement using a photon energy of 1200 eV, to estimate the
chemical composition of our layers. Fig. 19 shows typical binding spectra of Pt 4f and Se 3d. The
binding energies of the main peaks at 73.07 + 0.05 eV for Pt 4f;,> and 54.40 + 0.03 eV for Se 3ds»
are in good agreement with previously reported values for PtSe, [35]. The Se:Pt ratio for our
samples varies from 2.1 &+ 0.2. These values differ for different Se:Pt ratios, moreover, we found
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dependence of charge carrier mobility and
concentration on the Se:Pt ratio. The mobility had
increased more than twice as Se:Pt ratio increased in a

26-: W Data
4 — Fit result
22:_: — Pt 4f7/2
18— Pt 4f5,,
---- Backg.

Pt 4f

relatively narrow range from 1.97 to 2.03. In contrast,
the charge carrier concentration decreased at the same
interval. This dependence is visualized in Fig. 20.
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Figure 19: Typical XPS spectra (acquired at a photon

energy of 1200eV) of PtSe, films prepared by
selenization of 1 nm thick Pt layer at 550 °C for 30 min
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6. Conclusions

Dissertation thesis was focused on the study, fabrication, and characterization of doped TMD
films. Special attention was devoted to two promising TMD materials: MoS. and PtSe.
Concretely, we focused on the fabrication and characterization of Li-doped MoS: and PtSe; layers
and Se undoped/over-doped PtSe> layers. Few-layer films were prepared by thermally assisted
conversion of pre-deposited metal layers. As prepared films were characterized by Raman
spectroscopy, XRD, GIWAXS, AFM, ERDA, XPS, optical and electrical measurements.

Concerning Li-doped MoS», we used lithium sulfide (Li2S) as the source of Li and two
different initial layers — sputtered molybdenum and already-grown molybdenum disulfide layers
of different thicknesses. The presence of Li was confirmed using synchrotron-radiation XPS with
low photon energies and ERDA. Thanks to XPS and Li K-edge XANES we identified that Li
intercalated into MoS> layers. We found out that the chosen method — one-zone sulfurization using
Li2S powder was suitable for preparing MoS; films containing Li. It was shown that Li-doping has
a significant influence on the structural properties of MoS: layers, mainly on the orientation of the
prepared layers. For thinner films (prepared from 1 nm Mo, or 4 nm MoS), ordering in a-b plane
was observed in all cases. The thicker MoS; layers prepared by sulfurization have a predominantly
vertical orientation. However, the 12 nm and 40 nm MoS; samples tend to grow horizontally or at
least with mixed orientations when Li>S was present in the annealing process. Moreover, an almost
complete transition from vertical to horizontal alignment was observed for films prepared from
12 nm MoS: layers. Until now, the initial layer thickness and sulfur vapor pressure have been
considered crucial parameters for the final orientation of MoS; layers grown by sulfurization. We
demonstrated that the orientation of the MoS> basal plane in few-layer films can also be adjusted
through lithium doping.

Li-doping or intercalation of MoS: might introduce the transition from the semiconducting
2H phase to the disordered 1T/1T" phase. Raman spectroscopy, XRD, and optical absorption
proved that our samples remained in the 2H phase after Li intercalation. We examined the
electrical transport properties of horizontally aligned Li-doped MoS: layers. The initial MoS>
layers were fabricated using two different methods- TAC and PLD. From electrical R(T)
measurements we can conclude that all samples exhibited the insulating dependence In(R/Rgs) =
(Tes/T)'?, which is typical for the Efros—Shklovskii variable range hopping in a disordered
semiconductor. The Li intercalation induced additional disorder enhancing the Efros—Shklovskii
insulating regime of electronic transport already present in MoSz samples. The activation energies
ksTrs increased with the Li amount intercalated in the samples. The undoped TAC-grown MoS»
sample was far more resistant than the undoped PLD-grown. The origin of the strong disorder in
initial TAC-grown MoS; might be attributed to the sulfur non-stoichiometry (S:Mo ~ 2.2). On the
other hand, the weak disorder in PLD-grown MoS; sample was due to the grain boundaries.

For PtSe; layers, the lithium intercorporation caused a disorder increase similar as in the case
of MoS,. However, our goal was to produce PtSe; layers suitable for the fabrication of FET
transistor. Then we studied the influence of the nitrogen flow on structural, and electrical
properties of prepared PtSe; layers, while other growing parameters (thickness of initial Pt layer,
growing temperature, time, and heating rate) stayed unchanged. From the Raman, XRD, and XRR
we saw no significant influence of nitrogen flow on the thickness and the crystal structure of as-
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grown PtSe>. Hall carrier mobility changed in range of 10.8 up to 27 cm?V-!s’!, nonetheless,
without any dependence on the nitrogen flow. XPS analysis revealed the difference in the
stoichiometric Se:Pt ratio of investigated samples. Upon further examination, we saw clear
correlation between the Se:Pt content in PtSez layers and their carrier mobilities. The charge carrier
mobilities increased with increasing Se:Pt ratio. At the same time the concentration of charge
carriers decreased, meaning the scattering on the ionized impurities is likely the reason of observed
dependence of mobility vs. Se:Pt ratio. We may conclude that even the nitrogen flow rate does not
appear to control the structural and transport properties of as-grown films directly, we have
identified the Se:Pt ratio as a parameter that controls the charge carrier mobility.
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