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ABSTRACT
The doctoral thesis deals with structural and spectral analysis of 1D nanostructures. First,
techniques for the determination of crystallographic structure, as well as spectroscopic ones
used to perform this analysis, are introduced with their description and abilities. The following
chapter comprises an analysis of multi-walled WS2 nanotubes using Raman spectroscopy and
the process used to count the number of walls in these nanotubes. After that, the most complex
chapter follows with the determination of the chirality of the outermost wall of multi-walled
WS2 nanotubes. This chapter also reveals the process of the WS2 nanotubes growth.
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ABSTRAKT
Tato disertační práce se zabývá strukturální a spektrální analýzou 1D nanostruktur. Nejprve
jsou představeny techniky pro určení krystalografické struktury, stejně jako spektroskopické
techniky, které byly použity pro tuto analýzu – jejich popis a možnosti. Následující kapitola
zahrnuje analýzu vícestěnných WS2 nanotrubic pomocí Ramanovy spektroskopie a postup,
pomocí kterého by bylo možné spočítat počet stěn těchto nanotrubic. Následuje nejobsáhlejší
kapitola zaměřující se na určení chirality nejsvrchnější stěny vícestěnné WS2 nanotrubice, která
mimo jiné odhaluje i proces růstu jednotlivých stěn při tvorbě těchto nanotrubic.
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chiralita
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Introduction
Nanotechnology has been the era of the past few decades. It has driven the development
of new technologies and possibilities to a new level. The reason why all of this is possible
is because

“There’s Plenty of Room at the Bottom”
– Richard Feynman, Pasadena, 29 December 1959.1

Nowadays, advanced tools allow us to interact with nanoscale objects – not only to ob-
serve the molecules and atoms by various microscopes but also to manipulate with them
and even create artificial nanostructures. Modifying and creating nanostructures brings
possibilities to develop and manufacture surfaces with a high density of such nanostruc-
tures, leading to a high surface-to-volume ratio.

Computer microprocessors have doubled the number of transistors every two years,
but these microprocessors’ sizes remained unchanged. Being once the size of a room, the
extreme scaling allowed modern transistors to fit into a small cellphone. Research in this
thesis tries to follow this trend and contribute to it.

For the successful use of semiconductors, their doping is necessary. However, the
doping process and the result analysis become difficult when this doping must be performed
in nanostructures. Despite that, using semiconductor nanostructures brings properties not
seen in bulk, e.g., high-efficient sensors in plasmonics.

Infrared spectroscopy of vibrational molecular resonances is a powerful tool for inves-
tigating a wide range of molecules and molecular compounds via their distinct vibrational
and rotational absorption resonances, also known as molecular fingerprints [2]. A great
effort is now put into overcoming expensive detection techniques in the infrared part of the
electromagnetic spectrum (e.g., Fourier Transform Infrared Spectroscopy).

One of the promising possibilities is to use collective excitations of charge carriers
in metallic nanostructures, so-called plasmonics. The resonance frequency depends on
the nanoparticle’s size, geometry, and composition. In the case of standard metals, the
resonant frequency lies in the visible-light region, which is not where the molecular fin-
gerprints can be found. To achieve the required response in infrared region by utilizing
subwavelength structures, the permittivity needs to be tuned accordingly [3]. One ap-
proach is using a heavily doped semiconductor nanostructure, e.g., a nanowire. Knowing
the concentration of dopants is essential information about permittivity and, therefore,
the vibrational frequency.

Even though WS2 nanotubes are core parts of the presented research, this thesis does
not deal with their growth mechanisms. WS2 nanotubes were synthesized by Reshef
Tenne. The thesis is aimed at analyzing the dependency of Raman spectra on the type

1More information about Richard Feynman can be found at metamodern.com. His lectures are available
at feynmanlectures.caltech.edu. Richard Feynman received a Nobel prize in 1965 [1].
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of WS2 nanostructure, which is a method to simplify the analysis of WS2 nanotubes by
Raman spectroscopy because published experiments are inconsistent. However, the most
important topic deals with the analysis of the WS2 nanotube’s structure – its chirality de-
termination, preferably of the outermost wall. Goals are therefore summarized as follows:

• Understand the 1D nanostructures – their crystallographic structure and their prop-
erties.

• Perform structural and spectral analysis of these nanostructures to achieve the in-
formation necessary to understand their growth mechanisms and modification pro-
cesses.

• Determine the chirality of the outermost wall of the WS2 nanotube.

To discuss these goals, the thesis is divided into three main chapters. The first chapter
describes the structural and spectroscopic tools used to achieve these goals. The second
chapter contains Raman analysis of WS2 nanotubes, and the third chapter contains chi-
rality determination of the WS2 outermost wall. Each chapter comprises its review, goals,
and results. The last chapter summarizes the thesis.
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1 Techniques for spectroscopic and structural analy-
sis

This chapter describes techniques used to achieve the required information related to this
thesis – mainly structural analysis and vibrational spectra of the structure lattice.

One of the most powerful instruments for nanostructure analysis is a transmission
electron microscope equipped with different spectroscopic techniques, offering resolution
at the atomic level (section 1.1). An example of information that can be achieved using
this tool is information about the crystallographic structure.

A technique entirely different from transmission electron microscopy is Raman spec-
troscopy. This technique can measure the energies of vibrational states (phonons) in the
lattice structure (section 1.2). These three techniques are described in the following sec-
tions.

1.1 Transmission electron microscopy

Transmission electron microscopy (TEM, also an abbreviation for Transmission Electron
Microscope) is a versatile technique that can perform measurements with atomic reso-
lution. Many imaging modes like bright-field imaging, dark-field imaging, selective area
diffraction imaging, scanning bright-field, dark-field, and z-contrast (atomic mass) imag-
ing and their combination allow one to achieve desired information by utilizing only one
tool. Moreover, the ability to switch between two main imaging modes, TEM, and STEM
(Scanning TEM), on the fly brings TEM usability to an even higher level.

There are several tools like energy-dispersive X-ray spectrometers, energy monochro-
mators, electron energy loss spectrometers, and others that can be attached to the micro-
scope and acquire much more information (primarily analytical).

Almost unlimited information about transmission electron microscopy can be found
in [4, 5, 6]. Also, the author’s Diploma thesis dealing with transmission electron microscopy
may help with questions [7]. In the following sections, only techniques necessary for this
thesis are discussed.

TEM imaging (standard imaging mode)

Standard TEM imaging is an easy-to-use technique that allows a moderately skilled oper-
ator to perform basic and moderately difficult imaging. It allows us to magnify the image
by a few tens to about one million times. Several kinds of images with different informa-
tion can be acquired in TEM mode. Utilizing these different images helps to resolve many
questions related to material structure.

The first mainly used is a bright-field image (BF). This kind of image is well known in
most transmission microscopes. Thick parts, where electrons are scattered most, are dark,
while parts with thin areas or areas with no sample are bright. Also, heavier elements
scatter electrons more than lighter elements, which results in darker parts with heavier
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elements and vice versa. This effect also leads to ambiguity where thin areas with heavy
elements and thick areas with light elements are present. At first sight, this determination
is ambiguous. Contrast in BF imaging can be increased by placing an objective aperture
in the diffraction plane such that the primary beam passes through it, while the diffracted
and scattered electrons are stopped by the aperture (Fig. 1.1a).
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Fig. 1.1: Schematic illustration of a) bright-field image with objective aperture centered
around the optic axis; b) dark-field image with aperture centered around the diffracted
beam; c) dark-field image with tilted incident beam, which brings the diffracted beam
to the optical axis meaning the objective aperture is centered around the diffracted beam
and optical axis at the same time. Image adapted from [4] and modified.

Placing the objective aperture off-axis such that the primary beam is stopped creates
a dark-field (DF) image (Fig. 1.1b, 1.1c). Compared to BF image, DF image have inverted
contrast in general.

The third main type of image is a diffraction pattern. If the incident electron wave
before the sample is planar, the diffraction pattern will be located in the back focal plane
of the lower objective lens. As was already mentioned, this diffraction pattern is a sum
of individual diffraction patterns from areas with the same composition/structure. Iden-
tifying these individual diffraction patterns can help determine elements and crystallo-
graphic structures (including their orientation).
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Scanning transmission electron (STEM) imaging

Most transmission electron microscopes can operate in two completely different imaging
modes – the first is the TEM mode (which was described above), and the second is called
Scanning transmission electron microscopy (STEM). This mode is like standard scanning
electron microscopes (SEM); however, the transmitted electrons are collected. In basic
configuration (no aberration correctors), this mode usually has slightly worse resolution
than standard TEM mode. Its main advantage is better image interpretation and much
higher utilization of analytical tools.

Having a probe at one point in a time (dwell time) is incredibly beneficial for the
analytical techniques and understanding the image formation. It allows us to realize that
all analytical information comes from a single point in time. As a result, various kinds
of maps can be acquired – elemental maps, mapping of plasmon resonance interactions,
and others.

1.2 Raman spectroscopy

Raman spectroscopy is a technique with a wide variety of applications. It is highly useful
in biological and medical applications – it does not interfere with the water molecules since
they have permanent dipole moments [8]. In the DNA double helix, the vibrational states
were also observed [9]. Besides that, Raman spectroscopy is widely used in biominerals
studies [10]; it is often used in drug analysis and investigation as a tool for gathering
evidence [11, 12]. It was already used in several research projects dealing with the detection
of explosives from a safe distance (120 m) and for chemical analysis in general [13], and its
non-destructivity is an excellent tool for an efficient way to investigate works of art [14].
Typical Raman spectra of WS2 nanotube can be seen in Fig. 1.2.
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Fig. 1.2: Typical Raman spectra of WS2 multi-wall nanotube. The two most intense peaks
are at positions 351 cm−1 and 418 cm−1. These peaks represent E1

2g and A1g vibrational
modes in the WS2 structure (see Fig. 2.2). Two other peaks were also identified: A1g(M)
and E1g at positions 231 cm−1 and 287 cm−1, respectively [15, 16]. Exposure time: 300 s,
laser wavelength: 532 nm.
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In solid-state physics, Raman spectroscopy is becoming increasingly important in ana-
lyzing the optical behavior of nanostructures. This technique can reveal information about
the structural, electronic, and optical properties, lattice vibrations, strain, stability, and
stacking orders [15].

Raman spectroscopy can also determine the density of stacking faults defects within
the InAs nanowire, confirming that Raman spectroscopy is a powerful tool for detecting
crystallographic defects [17]. In combination with transmission electron microscopy, Ra-
man spectroscopy can also help to study the crystallographic structure and oxide phases
of WS2 nanotubes [18].

Raman spectroscopy utilizes the inelastic scattering of monochromatic light. For this
purpose, a laser beam is used to acquire Raman spectra. When the photon strikes the
sample’s lattice structure, it interacts with the vibrational states (phonons). This inter-
action leads to a change in photon energy – either it increases or decreases the energy by
the vibrational state’s energy. This energy change is described as the Raman shift.

Many factors influence the energy of the phonon. Composition and chemical bonding
play a key role. Also, a structure type and its quality can result in slightly different
spectra. These changes are specific to the mentioned properties, and studying the Raman
spectra can reveal this information.

1.3 Conclusions

In this chapter, we described two crucial techniques for this thesis – TEM imaging and
Raman spectroscopy.

In the TEM part, we mentioned fundamental differences between the bright-field and
dark-field images. We described how to use the objective aperture and mentioned the
diffraction pattern, which is important in structural analysis, as seen in Chapter 3. An-
other imaging mode – STEM – was also described, including its advantages compared
to the standard imaging mode. The most significant difference is that all signals are ac-
quired from a single point in a time. This allows us to use different detectors and analytical
tools and create various kinds of maps, like elemental maps.

In the last part, we described a technique entirely different from the previous two –
Raman spectroscopy. Various applications were mentioned, showing Raman spectroscopy
as a versatile technique.
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2 WS2 multi-wall nanotubes – Raman analysis

WS2 multi-wall nanotubes are nanotubes composed of more walls. The number of walls
affects the nanotube’s electrical and mechanical properties, and its knowledge is one of the
key information that characterizes their overall properties. There are two approaches
to counting the number of walls of the WS2 multi-wall nanotubes. Either it can be done
in a transmission electron microscope or possibly by a Raman spectrometer. The difference
between them is that the first approach requires an expensive tool, an expensive tool-time,
and the acquisition itself also requires more time.

The dependency of Raman spectra on the number of walls of WS2 multi-wall nanotubes
was already measured [19, 20, 21]; however, these reports are inconsistent [22] (Raman
dependency in [19], is opposite compared to the one in [22]). For this reason, it is required
to confirm the theory by our measurements and ensure we can measure it correctly using
our tools. Understanding the Raman spectra, including this dependency, is also essential
to analyze the oxidation states of WS2 nanotubes. The goal of this part is the following:

• Instead of TEM, use a Raman spectrometer to count the number of walls of the WS2

multi-wall nanotubes. Clarify the theoretical assumptions and be able to determine
the number of walls from the Raman spectrum.

2.1 Raman analysis of WS2 nanotubes

WS2 is part of a transition metal dichalcogenides (TMDs) group, where compounds like
MoS2, WS2, MoSe2, and WSe2 belong. These materials follow the success of graphene and
have gained extensive attention due to their electronic and optical properties and their
broad usage in applications [15]. They exhibit a direct band gap as a monolayer, while
bulk structures exhibit an indirect band gap [15, 23, 24].

Atoms in a single layer of TMDs are joined together by covalent bonds while the van
der Waals forces keep layers together [15, 25]. This creates interesting physical properties
where atoms in a layer are joined together firmly, whereas layers can slide over each
other, resulting in a considerable difference between 2D and 3D structures of the same
composition. Such behavior also allows us to perform exfoliation of the walls of the
multi-layered structures down to a single monolayer [15]. The TMDs’ properties can also
be tuned by applying external perturbations such as strain, pressure, temperature, or
electromagnetic field [15, 26].

WS2 was the first discovered material to form inorganic nanotubes (INT) in 1992 [27].
Their characteristic properties are high mechanical strength [28, 29], excellent electrical
transport properties [30, 31], and thermal stability [32, 33]. They were extensively re-
searched for usage as solid lubricants [34, 35] and nowadays are produced commercially
mainly as a lubricant addition [36]. Their lubricating properties are also used in medicine
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as self-lubricating coatings for medical insertion devices [37]. Besides their excellent lu-
bricating properties, their addition to the polymer matrix can increase its thermal stabil-
ity [38, 39]. Mixing WS2 nanotubes with carbon fibers into the polymer matrix results
in a strong synergistic effect [36, 40, 41]. An example of a WS2 nanotube imaged by TEM
is in Fig. 2.1.
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4.0
0 Å

9.36
Å

WS2 NT

vacuum

carbon
membrane

Fig. 2.1: Image of multi-wall WS2 nanotube from a transmission electron microscope.
The nanotube consists of 11 walls. The atomic structure is visible in the bottom right
corner.

Properties related to Raman spectroscopy

Some studies discuss Raman spectra dependency on the WS2 structure type. Intensities
and positions of the two most substantial peaks of WS2 structure near 350 cm−1 and
420 cm−1 vary depending on the structure type (WS2 monolayer, WS2 few-layer, WS2

crystal, and WS2 nanotube) [19, 20, 21]. Also, a strain-induced dependency on Raman
spectra was observed (so-called strain-induced phonon shift) [33, 42]. Because laser light is
polarized, the dependency of the angle between laser polarization and nanotube direction
on the Raman spectra was also studied [43].

Figure 2.2 shows Raman spectra from different WS2 structures. By looking at the in-
tensities, the A1g peak is much stronger than the E1

2g peak for nanotube and single crystal
than for monolayer and a few-layer structure. Figure 2.2 also shows the atomic displace-
ment in the crystallographic structure. While A1g is out-of-plane atomic displacement,
the E1

2g is in-plane displacement.
According to [16, 19, 42], the A1g mode is weaker for monolayer or few-layer structures

because Van der Waals forces are not that significant, and therefore the restoring forces are
weaker, causing the vibrations to be less intense. This suggests that the ratio A1g/E1

2g is
dependent on the number of walls in the nanotube and should increase with the increasing
number of walls.

8



Fig. 2.2: Raman spectra of WS2 nanotube, WS2 single crystal, WS2 few-layered structure,
and WS2 monolayer (left). A clear change in peak intensities and small peak position shifts
can be observed. Vibrational modes in Raman 2H structure (right). E1

2g is the in-plane
vibrational mode, and A1g is the out-of-plane vibrational mode. Image adapted from [19]
and modified.

2.2 Raman analysis on Witec Alpha 300R

All samples for transmission electron microscope in this thesis were prepared using an iso-
propyl alcohol (IPA) solution, which was drop cast to a TEM grid. Then, the analysis
was performed on a Raman spectrometer Witec Alpha 300R. For data processing, a script
written in Python was developed.

Experimental setup

The standard experimental setup was the following:
• Laser wavelength: 532 nm
• Objective: Zeiss EC Epiplan-NEOFLUAR DIC 100x (NA: 0.9)
• Exposure time: 300 s
• Diffraction grating: 2400 grids per millimeter

Effect of the experimental setup

In order to minimize the misinterpretation of the results, dependence on laser polarization,
exposure time, spectra accumulation, focal plane position, lateral position, and ambient
light influence was measured. These results were later used to investigate their possible
effect on the measurements. Besides that, different TEM membranes were also tested.

The results are summarized in table 2.1. The most significant influence was caused by
polarization adjustment and focal plane position. These two had to be appropriately ad-
justed before any spectra acquisition (beam polarization was adjusted to the parallel case,
and the focal plane was adjusted to the in-focus position). Stage position reproducibility
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was not that significant but also not negligible. In this case, not much could be done but
using a finer stage movement and positioning the stage as accurately as possible. Other
factors were negligible.

Tab. 2.1: Summary of results of all suspected influencing factors.

Factor Relative std Significance
Polarization N/A High

Focal plane position N/A High
Stage position 6.4 % Medium
Exposure time 2.8 % Low
Accumulation 1.4 % Low
Ambient light N/A Low

Experimental procedure

The TEM grid with WS2 nanotubes was placed into the Raman spectrometer. Then,
the correct position and orientation had to be found. Despite utilizing a great Raman’s
optical microscope, the nanotubes were often too small to be seen. In such scenarios,
TEM (or SEM) images were used to help with navigation. The correct laser polarization
was derived from the TEM image and the actual Raman image by comparing the sample
grid orientations and the target nanotube relative to the grid bar orientation. When this
orientation was derived, a correct laser polarization was set.

The correct stage position was found by comparing larger impurities around the target
nanotube from the TEM images with the view in the Raman spectrometer. The stage
position accuracy was then confirmed by acquiring the spectra. If the spectra exhibited
a low signal, the target nanotube was probably missed slightly. In this case, a large area
scan was performed to see the position where the spectra are registered. According to
the large area scan, the stage position was adjusted to properly fit the target nanotube’s
position.

As a last step, a correct z-height had to be found. This was done by performing a line
scan in the z-direction. Then, the z-position was adjusted according to the maximal signal
in the spectra.

Results and discussion

The dependence of the number of walls in nanotube on the A1g/E1
2g ratio was measured

for 34 nanotubes where the number of walls varied from 1 to 43. Three different data sets
were used:

• WS2 nanotubes on carbon membrane (8 nanotubes),
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• WS2 nanotubes on SiN membrane (14 nanotubes),
• WS2 nanotubes with a tungsten oxide single-crystalline core inside on SiN mem-

brane (13 cases) – all data points with one to four walls were these nanotubes with
crystalline core inside.

The results of this analysis can be seen in Fig. 2.3. Despite an enormous effort that
has been put into neglecting other influencing factors like polarization dependency, focus
dependency, and others, the results do not match the theoretical prediction. According
to it, the ratio should increase when the number of walls increases. This is not the case.
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Fig. 2.3: Dependence of A1g/E1
2g ratio on the number of walls in WS2 nanotubes. Red

marks represent pure WS2 nanotubes, while blue ones represent WS2 nanotubes with
WOx core inside. Dots represent nanotubes on the SiN membrane, while crosses represent
nanotubes on the carbon membrane. No clear trend is visible within the groups or all
of them together. If we compare the results of nanotubes on the SiN membrane, nanotubes
with a WOx core inside have a smaller number of walls, and their overall ratio is smaller
(as predicted by the theory), but we cannot exclude that the WOx core plays a role here.
If we compare pure WS2 nanotubes, those placed on carbon membrane show a lower ratio
on average than those on SiN membrane, suggesting that the supporting membrane also
influences the results.

Let us divide the results into three parts – nanotubes with tungsten oxide core inside
(blue dots), nanotubes on carbon membrane (red crosses), and nanotubes on silicon nitride
membrane (red dots).

Nanotubes with tungsten oxide core inside are in the left part of the plot, which is
expected since they have only a few walls. We assume the core inside may influence the
spectra in terms of a plot as a whole, not within this region. Thus, instead of a core
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playing a role here, a strong influence of walls was expected since the relative change is
the highest (the absolute number of walls is the lowest). The A1g/E1

2g ratio values for one,
two, and three walls do not show any trend and vary from 0.25 to 0.6 for all three cases.
Therefore, no dependence on the number of walls can be seen here.

The other cases without the core are separated according to the used membrane.
It shows the Raman spectra depend on the membrane [44, 45]. However, even with this
dependency, there is again no clear trend visible neither in the areas together nor within
them independently.
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Fig. 2.4: Dependence of A1g/E1
2g ratio on the diameter of WS2 nanotubes. Red marks

represent WS2 nanotubes, while blue ones represent WS2 nanotubes with WOx core inside.
Dots represent nanotubes on the SiN membrane, while crosses represent nanotubes on the
carbon membrane. Even though results involve a lot of noise, it can be observed that
nanotubes with smaller diameters show a larger ratio. Unfortunately, these results are not
conclusive because the data may be influenced by the supporting grid and the WOx core
inside one set of nanotubes.

Dependence of the A1g/E1
2g ratio on the number of walls is definitely the required

output here due to its usage for determining the number of walls by Raman spectrometer;
however, no less interesting is the dependence of this ratio on the diameter of the nan-
otubes. Since the nanotubes with larger diameters usually have more walls (not counting
those with a crystalline core inside), this dependency will also be influenced by the num-
ber of walls (discussed later). The result of the A1g/E1

2g ratio on the nanotubes’ diameter
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can be seen in Fig. 2.4. Even though there is no clear trend, we can see that nanotubes
with smaller diameters exhibit a larger A1g/E1

2g ratio and vice versa. Unfortunately, this
cannot be considered a reliable result since the resulting values may be influenced by the
supporting membrane and WOx core inside one set of nanotubes. Furthermore, no clear
trend can be observed if we investigate the three groups separately.

The last analysis that can be performed on this data set is the dependency of the
number of walls on the diameter. The result can be seen in Fig. 2.5. First, it is impor-
tant to clarify that this does not involve Raman spectroscopy since all the data in this
figure were acquired only in TEM. Moreover, WS2 nanotubes with WOx core cannot be
considered a representative sample since they are not standard nanotubes. These nan-
otubes were produced by interrupting the sulfurization process before they were entirely
sulfurized [46]. Their number of walls thus depends mainly on the sulfurization process.
Because the Raman spectrometer was not involved, both WS2 nanotubes on carbon and
SiN membranes (red ones) are directly comparable and are therefore considered as one
group. We can see a weak trend within the pure nanotubes, where a higher number of walls
usually means a larger diameter, but it is not always accurate, and the data vary a lot.
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Fig. 2.5: Dependence of the number of walls in WS2 nanotubes on their diameter. Red
marks represent WS2 nanotubes, while blue ones represent WS2 nanotubes with WOx core
inside. Dots represent nanotubes on the SiN membrane, while crosses represent nanotubes
on the carbon membrane. Pure WS2 nanotubes show an increasing number of walls with
increasing diameters; however, they vary significantly. Nanotubes with WOx core are also
shown for completeness, even though they are not a representative set of samples.
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2.3 Conclusions

This chapter described a thorough analysis of WS2 nanotubes by a Raman spectrometer.
First, we explained why the A1g/E1

2g ratio should depend on the number of walls within
the nanotubes. In the following part, results of many ’side effects’ that could influence the
result dependence were described. The ambient light, the number of accumulations in the
acquisition, and the exposure time influenced the results negligibly. The stage position
reproducibility was measurable but not much significant. The focal plane position strongly
influenced the spectra, and thus the focal plane was always properly focused onto the
nanotube by maximizing the intensity of the spectrum. The last test was the dependence
on polarization, which turned out to be the strongest factor with respect to Raman peak
intensity and ratio. For this reason, a parallel polarization (polarization of laser was
parallel to the nanotube’s axis) was precisely chosen. Different membranes were also
used (carbon and silicon nitride), and different kinds of nanotubes (pure nanotubes and
nanotubes with a single-crystalline core inside).

As was already mentioned, the analysis did not show any dependence of the A1g/E1
2g

ratio on the number of walls. The goal of this analysis was to make the determination
of the number of walls by Raman spectrometer a cheaper and simpler method compared
to the TEM. Not even that we did not confirm this, but we confirmed the exact opposite
– the analysis by Raman spectrometer, if ever possible, would be incomparably more
complicated and definitely not worth the effort. If we still would like to measure the
dependency, no matter how much effort would have to be put into it, there are a few ideas
gathered during the measurement we should focus on. Firstly, the analysis should aim
to determine how the supporting membrane influences the spectra. Red marks in Fig. 2.3
and 2.4 show the same type of WS2 nanotubes but on a different membrane. Ideally, they
should cover the same area in the plot.

The second factor most likely affecting the results is the purity of the nanotubes and the
corresponding purification effect by the heat generated by the laser. We performed a few
tests trying to realize the influence of the laser on the WS2 nanotube, but without much
success. We repeatedly acquired the spectra with no changes to the experimental setup and
checked how the spectra changed. Unfortunately, we did not observe any clear trend in the
changes. We also tried to change the laser power, but no trend of purification was observed.
We also tried to see the influence of the purification on the polarization-dependent spectra
measurements, and the result showed even weaker dependence and unexpected intensity
changes compared to spectra acquired using standard (low) laser power. Even though we
did not find any clear trend, we know the laser changes the analyzed environment.

The third factor that could complicate the analysis is that the nanotubes consist
of more walls with different chirality. Besides that, we observed many nanotubes in the
TEM that did not have a uniform number of walls across their whole length. Even though
we tried to choose only the ideal ones or at least large enough parts of the nanotubes
with the same number of walls, they were never completely suitable. In conclusion, the
quantification of nanotube properties by Raman spectroscopy turned out to be unfeasible.
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3 Chirality determination of the outermost wall of
multi-walled WS2 nanotube

Chirality is a geometrical property of objects. Mathematically, chiral objects cannot be
superimposed on their mirror image; otherwise, they are called achiral. Examples of such
objects can be seen in Fig. 3.1.

Fig. 3.1: Examples of chiral objects – human hands, electromagnetic waves, and DNA.
Image adapted from [47] and modified.

Many kinds of objects exhibit chiral behavior. DNA is one of the most known as its two
chains form the double helix. Electromagnetic waves are another example, like circularly
polarized light moving within space, where the electric field vector’s trajectory creates
a helix also. There are also larger and more common objects with a chiral structure.
Human hands are one of the most straightforward examples. The left hand is the mirror
image of the right hand, and they cannot be superimposed onto each other.

In science, the chirality of objects modifies their behavior. Particularly in chemistry,
chirality plays an essential role, e.g., when developing drugs. More than half of the drugs
are chiral compounds, and despite the same chemical structure, chiral drugs exhibit differ-
ences in biological activities (interaction with proteins, nucleic acids, and others). The dif-
ferences may be critical – while a drug with one chirality may cure some disease, the same
drug with different chirality can even be toxic [48, 49]. In physics, chirality is no less
interesting, and the following paragraphs describe it.

The goal of this chapter is to describe techniques that are used to determine the chiral
structure of WS2 nanotubes, what are the advantages, disadvantages, and limitations
of these techniques, how they can be combined and presents a new technique that helps
to determine the chirality of the outermost wall only, which is essential in many aspects
of properties of nanomaterials, like electrical conductivity.
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3.1 Chirality in physics

In physics, nanotubes are one of the most common structures to encounter chirality.
We can look at the single-wall carbon nanotube (SWCNT) as an example for a better
explanation. The SWCNT is created by rolling up the graphene sheet and joining the
ends of this sheet together. However, the graphene structure has 6-fold symmetry, which
is why it matters how the graphene sheet is rolled up – this is defined by a vector per-
pendicular to the nanotube’s axis. This vector is called chiral vector C and is defined
as

C = 𝑛a1 + 𝑚a2, (3.1)

where 𝑛, 𝑚 ∈ Z are the indices defining the chirality and a1, a2 are the lattice unit
vectors of the graphene sheet, as shown in Fig. 3.2. The chiral vector also defines the
chiral angle and the radius of the nanotube.

In general, all nanotubes are chiral except in two important cases where the nanotube
is achiral – the zigzag and armchair types. All nanotubes that have a chiral vector (n,0)
or (0,m) are zigzag types, and all tubes with a chiral vector (n,n) are armchair types. All
other cases are called chiral nanotubes.

Left-handed
(4,8) SWNT

C=4a1+8a2=(4,8)
a1

a1
a2

a2

C=8a1+4a2=(8,4)

Right-handed
(8,4) SWNT

Fig. 3.2: Schematic illustration of rolled-up graphene sheet resulting in a single-wall carbon
nanotube. Image adapted from [50] and modified.
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3.2 Chirality-dependent applications of carbon nanotubes

Carbon nanotubes are probably the most studied material in connection with chirality.
The reasons are apparent – the chirality modifies the nanotube’s properties. Furthermore,
a carbon nanotube can exist as a single-wall nanotube (SWNT) and a multi-wall nanotube
(MWNT), and the wall structure is simple – a rolled-up graphene sheet. These properties
make the analysis relatively straightforward.

One of the most studied phenomena is the electrical properties of nanotubes. The sig-
nificance of carbon nanotubes and their electrical properties are underlined by the TSMC1,
one of the largest companies manufacturing semiconductor devices, which has developed
technologies that use carbon nanotubes, allowing it to go beyond the 3 nm manufacturing
process [51].

In carbon nanotubes, electrical conductivity is influenced by the nanotube’s chirality
and radius defined by the chiral vector. While the armchair type is always metallic at room
temperature, zigzag and chiral types exhibit either quasi-metallic (with a small band gap)
or semiconducting behavior.

3.3 Chirality-dependent applications of WS2 and other TMDs
nanotubes

As was described in previous chapters, chirality directly affects the electrical properties
of carbon nanotubes, and WS2 nanotubes are no exception. WS2 nanotubes are semi-
conducting; thus, they exhibit different band gaps for different structure types. A direct
band gap can be observed in the WS2 monolayer and WS2 nanotubes with zigzag chirality.
On the other hand, an indirect band gap can be found in the WS2 bulk structure and WS2

nanotubes with armchair chirality (table 3.1).

Tab. 3.1: Semiconductor types of different WS2 structures.

Direct band gap Indirect band gap
WS2 monolayer WS2 bulk

WS2 NT (zigzag) WS2 NT (armchair)

In general, WS2 nanotubes’ electrical resistivity increases exponentially with the in-
creased tensile strength, making the nanotube suitable for piezoresistive strain sensor
applications [52]. Regarding the mechanical properties, WS2 nanotubes are also used as
a reinforcing material in different matrices, e.g., increasing the impact resistance while
maintaining the elasticity [53]. Similarly, as in carbon nanotubes, WS2 nanotubes can
also be used in nanoelectronics utilizing their chiral-dependent electrical properties.

1Taiwan Semiconductor Manufacturing Company Limited.
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3.4 Chirality of nanotubes

As was already mentioned, chirality is defined by the chiral vector C, according to equa-
tion 3.1. This vector defines the chiral angle 𝜃 (which can be derived from a parallelogram)
according to the equation

𝜃 = tan−1
√

3𝑚

2𝑛 + 𝑚
. (3.2)

The chiral angle is dependent only on the m/n ratio and is defined within the range
<0°; 30°> if the handedness is neglected or within the range (-30°; 30°> if the handedness
is taken into account. In this case, the range (-30°; 0°) defines left-handed chirality while
(0°; 30°) defines right-handed chirality. 0° and 30° are achiral cases, where 0° is a zigzag
nanotube, and the latter is an armchair nanotube.

Since the chiral vector is defined within the range (-30°; 30°> from the normal vec-
tor of the nanotubes axis, its size, together with the angle, also defines the nanotube’s
perimeter A according to the equation

𝐴 = a0
√︀

𝑛2 + 𝑚2 + 𝑛𝑚, (3.3)

where a0 is the basis vector, which, in the case of WS2 structure, is equal to 0.315 nm.
The diameter 𝑑t is afterward defined by the equation

𝑑t = 𝐴

𝜋
= a0

𝜋

√︀
𝑛2 + 𝑚2 + 𝑛𝑚. (3.4)

The chiral indices n, m, chiral angle 𝜃, and nanotube’s diameter 𝑑t are the basis of the
nanotube’s chirality determination.

3.5 Chirality determination of nanotubes

Techniques used to assign nanotube’s chirality are generally classified into optical (spec-
troscopic) and non-optical techniques. A list of these techniques is in table 3.2.

Tab. 3.2: Summary of optical and non-optical methods for the chirality determination
of nanotubes [50].

Optical (spectroscopic) methods Non-optical methods
Resonant Raman Spectroscopy Scanning Tunneling Microscopy

Photoluminescence Spectroscopy Transmission Electron Microscopy
Absorption Spectroscopy

Rayleigh Spectroscopy
Circular Spectroscopy
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In general, three parameters are used for chirality assignment: Excitonic energy 𝐸𝑖𝑖,
nanotube’s diameter 𝑑t, and the chiral angle 𝜃. Excitonic energy and the nanotube’s
diameter are used for optical techniques, and the nanotube’s diameter and chiral vector
are used for non-optical techniques.

Resonant Raman Spectroscopy

Raman spectroscopy is a non-destructive technique extensively used in the chirality as-
signment of carbon nanotubes. It requires minimal sample preparation – nanotubes can
be grown or dispersed on a substrate or dispersed in a solution [50]. Unfortunately, for
more complex samples, this method has crucial drawbacks. Often, a Raman spectrometer
with a tunable laser is the only option; the sample type should be known beforehand, as
well as the supporting membrane type and the surrounding environment. In the end, the
accuracy of this method limits the determination, making it often impossible to determine
the exact chiral vector [50]. This method becomes too unreliable for multi-wall nanotubes
comprising more chiral vectors, so it was not used for chirality assignment in this thesis.

Transmission electron microscopy (TEM)

Transmission electron microscopy is one of the most powerful techniques to acquire atom-
ically resolved images. The 𝑑t value can be measured directly from the image, and in the
case of a single-walled nanotube, the 𝜃 can be measured from the FFT of the acquired im-
age [50]. Unfortunately, in the case of multi-walled nanotubes, the FFT technique cannot
be used to determine the chirality of each wall separately.

More techniques can be utilized for chirality determination. Their limitations vary
depending on the required information and used sample – single-wall or multi-wall nan-
otube, chiral angle or chiral vector, information about the handedness, or knowledge of
the chiral angle of the outermost wall of multi-wall nanotube.

One of the techniques is the diffraction pattern. The WS2 structure forms a hexagonal
structure, resulting in a hexagonal-like diffraction pattern. Since one wall is formed by one
layer, the diffraction occurs twice on one wall – once on the top and once at the bottom.
Thus, one wall creates two hexagonal-line patterns in the diffraction pattern, where their
mutual rotation is proportional to the chiral angle. Unfortunately, this method cannot
determine the handedness and is suitable for single-wall nanotubes.

A different technique was tested to determine the chirality of the outermost wall. This
technique assumes that the outermost wall has the largest surface, and thus the diffraction
pattern formed on this wall should be the most intense. For this purpose, a script written in
Python was developed. This script calculates the intensities of the diffraction spots from
the same wall while considering the beam stopper. Unfortunately, even after applying
techniques like image up-scaling for sub-pixel determination and step optimizations, the
results did not fully correspond to those measured by other methods. This was most likely
caused by the fact that two different walls can have the same chiral angle, resulting in
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more intense diffraction peaks than the outermost wall, or that the nanotubes are not
perfectly circular, affecting the diffraction intensities as well.

A similar technique based on the largest surface of the outermost wall was tested –
dark-field imaging. An objective aperture was used to select only a certain diffraction
spot, and since the outermost wall is the largest, the dark-field image of the nanotube
should exhibit the largest surface if the correct diffraction spot was selected. Despite
this technique being simple, the limitations were in the instrument itself. The smallest
objective aperture is not small enough to select only the required diffraction patterns and
thus was not usable.

To determine the handedness of the wall, a method utilizing dark-field imaging with
a largely tilted beam was tested. The idea comes from the fact that if the electron beam
is largely tilted before it impacts the nanotube, the dark-field images from the top and
bottom parts should be shifted. Thus, if we select a certain diffraction spot using an
objective aperture and acquire an image of the nanotube, we should notice a difference
compared to selecting the diffraction spot from another set. Unfortunately, even though
the tilt angle was close to 6°, the difference could not be reliably determined.

3.6 Chirality determination of the outermost wall by the chain
of nanoparticles on its surface

We described in previous chapters how the chiral angle could be measured – we mentioned
the techniques, their limitations, and how these techniques perform when dealing with
multi-walled nanotubes. In this chapter, we present a technique that we believe could
help determine both the chirality and handedness of the outermost wall of multi-walled
nanotubes.

This technique is based on the deposition of different nanoparticles onto the nanotube’s
surface – the outermost wall. We tried different materials with different results, where the
deposition of gold nanoparticles via the liquid solution being the easiest2. The deposition
was performed by Lukáš Kejík and was done according to [55]. Briefly said, the WS2

nanotubes were added to a hot HAuCl4 aqueous solution, boiled for some time while
stirring, and then cooled down. The dependence of the size of gold nanoparticles on
the concentration of WS2 nanotubes and other parameters are described in [55]. Such
a solution with WS2-Au nanotubes was then put onto the TEM membrane for further
analysis.

As was mentioned in [55], the arrangement of gold nanoparticles is not random and is
attributed to surface defects, which results in gold nanoparticles being attached in chains.
We utilized this phenomenon, and an example of such a WS2-Au nanotube is in Fig. 3.3.
This nanotube has one long chain of gold nanoparticles. Due to the high energy of electrons

2The gold deposition was performed by Lukáš Kejík. Later, a successful deposition of Ge and Ga
nanoparticles was performed by Tomáš Musálek [54].
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(300 keV) in TEM, the nanotube is transparent, and the chain is visible all around the
nanotube, including the opposite side.

θ

d
th200 nm

Fig. 3.3: Multiwalled WS2 nanotube with a gold chain on its surface as imaged in TEM.
Top image: label-free image for better observation of gold chain around the nanotube;
bottom image: highlighted gold chain (green dashed curve), nanotube’s axis (red dashed
line), and parameters used for calculation in equation 3.5 (blue).

There are two ways to measure the angle between the gold chain and the nanotube’s
axis. The first approach is to measure the angle directly from the image. However, this
approach assumes that the nanotube is perpendicular to the observer (which in most
cases is, since it lies on the membrane), and the angle must be measured at the intersec-
tion of the nanotube’s axis and the gold chain in the image (where red intersects green
in Fig. 3.3). The second approach is to calculate the angle from the knowledge of the
nanotube’s diameter 𝑑t and the chain periodicity ℎ, as shown in Fig. 3.3. The calculation
comes from the fact that if we unroll the gold chain, we receive the right triangle with the
length of one leg equal to the ℎ distance and the length of the other leg equal to the 𝜋𝑑t

distance. The angle 𝜃 can then be calculated from the trigonometry of the right triangle
according to equation 3.5

𝜃 = arctan𝜋𝑑t
ℎ

. (3.5)

It is essential to say that the gold chain in Fig. 3.3 is exceptionally long, and in many
cases, the second method will not be accurate since the gold chain may be too short.
Therefore, the first method was used in most cases. If the knowledge about handedness is
required, it can be achieved by tilting the nanotube and observing the movement of the
gold particles – those on the opposite side moves in the opposite direction. If we then
know the rotation direction, we can determine the handedness.

Description of the results
All results related to the chirality assignment of the outermost wall are summarized

in table 3.3. The first column in the table is the label of the nanotube for a more straight-
forward discussion. The second and third columns show chiral angles of the outermost wall
if the gold chain would be aligned along the zigzag (second column) or armchair (third
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Tab. 3.3: Results of chirality analysis of the outermost wall. Image – what would be the
chiral angle 𝜃 if the gold chain were aligned along the zigzag and armchair direction, re-
spectively. Diffraction – what were all analyzed angles (𝜃), either manually or by a Python
script. The green color within the Image (both zigzag and armchair) and Diffraction –
manual columns mean all possible chiral angles found both in the image and diffraction
pattern. In the Diffraction – Python (last column), green means the peak with the highest
intensity was equal to the zigzag value, red means the peak with the highest intensity was
equal to a different value, and yellow means this peak is equal to the zigzag value but was
not the highest. All angle values are in degrees.

Nr. of NT
Image Diffraction

zigzag armchair manual Python

1 30 0

0 1.3
6 9.3

11 11.2
15 27.6
30 29.5

2 30 0

17 17.4
25 29.6
29
30

3
16 14 6 14.0
15 15 17 16.7

4 8 22

0 0.5
6 5.5

17 6.0
30 7.5

5 17 13
16 0.1
30 13.9

6 12 18

0 8.9
7 16.3

14 17.6
21 22.3
30 29.4

7 25 5
16 15.9
23 22.7

8 30 0 30 29.8

9 21 -9

5 9.0
17 11.5
21 12.6
25 16.4
30 24.7

22



column) direction. These values were measured directly from the image. The fourth col-
umn is all chiral angles manually analyzed from the diffraction patterns. The fifth column
is all chiral angles that were analyzed by the script.

Discussion of the results
In table 3.3, we can see that in the case of nanotubes 1, 2, 4, 6, and 9, four or five

different chiral angles were found from the manually analyzed diffraction pattern. The rest
of the cases involved only one or two different chiral angles. We can also see that each
nanotube has one chiral angle in the case of a gold chain in the zigzag direction and one
in the armchair direction, except a nanotube 3. This nanotube had two gold chains with
entirely different directions, but after the recalculation (rotation by 60°), we found out
they showed basically the same direction. However, we noted both angles since they were
considered as completely different chains. Also, all of the angles do not involve information
about the handedness (thus, all of the angles are determined within the range <0;30>°),
except the nanotube 9, which was determined including the handedness in case of Image
calculation. This nanotube was therefore determined within the range (-30;30>°.

Looking at the table, we can see that every zigzag value can also be found in manually
analyzed diffraction pattern values. In other words, it is possible that all gold chains were
aligned along the zigzag direction. Moreover, only one chiral angle was found in nan-
otube 8, and the gold chain had to be aligned along the zigzag direction (in this case,
there was no other option). On the other hand, if we look at the armchair values, we see
that only in the case of nanotubes 1 and 3 were the angles also found in manually ana-
lyzed diffraction patterns, meaning only in these two cases is the determination ambiguous.

In summary, we can state the following:

• we know for sure that these chains are not aligned along the armchair direction,
• we cannot exclude that they could be aligned along with any random chiral orienta-

tion, but it is highly improbable since there was always a match between the image
and diffraction value,

• we can state with a high probability that these chains are aligned along the zigzag
direction since there was always a match between the zigzag values and diffraction
values.

Although we achieved a 100 % matching ratio, we admit that there could be a bit
of luck and that the gold chains do not have to be aligned along the zigzag direction every
time. Unfortunately, we cannot prove this directly – but statistically, it appears that these
gold nanoparticles prefer the form along the zigzag direction.

What else can be seen in the table are values that were determined by analyzing the
peak intensity in the diffraction pattern using the python script. If we compare these values
with the gold-chain values, we notice they are often different. Nanotube 1 did not have
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a single most intense peak, but more of them. Still, we can see that angle of 29.5° would
match the gold-chain angle if that one would be the most intense. In the case of nanotube
2, the most intense peak was 29°, which matches the gold-chain angle. Nanotube 3 had
two peaks with similar diffraction, and both match the gold-chain angle. Nanotube 4 had
two of the most intense peaks, whereas only one matched to gold-chain angle. Nanotube
5 did not match the gold-chain angle at all, as well as nanotubes 6 and 7. Nanotube 8
matched the gold-chain angle (which is evident as there was no other option), and the last
nanotube 9 did not match the gold-chain angle. We can see that the results are mixed
and that we cannot determine the outermost wall’s chirality by the most intense peak.
However, the automatically processed diffraction pattern has one advantage, which is the
precision of the angular determination.

If we put all the information together, we find out that we can determine the chirality
of the outermost wall with high accuracy in most cases. The gold nanoparticle chain reveals
the chirality of the outermost wall, including its handedness. However, the accuracy is
relatively inadequate since the gold nanoparticles are large, and the chains are not so long
in most cases. On the other hand, the diffraction pattern can reveal chirality with high
accuracy, but it is impossible to determine which chirality belongs to the outermost wall,
and we cannot determine the handedness. Thankfully, we can combine this information.
We can estimate the chirality according to the gold chains, look at the diffraction pattern
and assign the estimated chiral angle to a highly precise chiral angle (preferably processed
by the Python script), including the handedness. All of this can be done during a single
TEM session. The operator only needs to acquire more images while tilting the nanotube
and then acquire the diffraction pattern with high spatial resolution.

3.7 Formation of walls

In the previous section, we described that a chain of gold nanoparticles prefers to attach
to the nanotube’s surface alongside the armchair direction. However, what makes the gold
nanoparticles do that? The answer seems to be the defects. After thoroughly investigating
the nanotube’s structure in TEM, we observed gold nanoparticles aligned with the wall
edges. These edges are visible on the nanotube’s side and appear as an additional wall on
top of the multi-wall nanotube (Fig. 3.4a).

The nanotube in Fig. 3.4 shows a few exciting things. First, there are edges visible only
at the marked positions (A – H). The second fact is that these edges perfectly fit with the
chain of gold nanoparticles. The third is that the distance between the edges visualized
by the sine curve on the left side has the same periodicity. The fourth exciting feature
is that there is always one more wall added when crossing the edge (even in the case F,
where there are three more walls, but immediately two walls are ’gone’). The last excit-
ing feature appears when looking at the nanotube from left to right. In the case of the
left gold chain, there is always one more wall (never one less). This information suggests
that the few outermost walls are not individual walls but one layer twisted into a scroll.
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Fig. 3.4: a) The image shows a multi-walled WS2 nanotube with gold particles on top of it.
The gold nanoparticles tend to form a gold-chains around the nanotube. In this case, two
gold chains are highlighted by the red sine curves. The nanotube exhibits a structural
disorder localized under the gold chains – these disorders can be seen on the edge of the
nanotube (A, B, C, D, E, F, G, H cutouts). We can see a single wall that ends at this
position in each cutout, highlighted by a red dashed line. If we consider a direction
from left to right, we can notice there is always one more single wall in the case of the
left-positioned gold chain and one less single wall in the case of the right-positioned gold
chain. This means we do not see individual nanotubes but a layer twisted into a scroll (at
least for a few outermost ’walls’). The chiral angle of this scroll’s edge is 17°. The scroll on
the right side is most likely different since it has a different chiral angle. Scale bar: 50 nm;
the height of cutouts: 25 nm. b) Image shows a diffraction pattern showing two structures
with two different chiral angles. The one highlighted by red hexagons has a chiral angle
of 17°, corresponding to the nanotube’s left part. Scalebar: 2 nm−1.

3.8 Conclusions

This chapter described in great detail the chirality of nanotubes and how one can measure
it. It started with a description of chirality, its definitions, examples, and why chirality
matters. It has interesting implications in chemistry, but in physics, chirality is often
discussed regarding nanotubes. The chirality of nanotubes modifies the nanotube’s prop-
erties, e.g., the conductivity. This is being utilized in many applications and is thus
essential information.

The chapter then continues with the techniques used to determine the nanotubes’
chirality, like Resonant Raman Spectroscopy, and the most important one for us: Trans-
mission Electron Microscopy. Regarding the TEM techniques, an angular measurement
from the diffraction pattern, a method based on the most intense diffraction peaks, dark-
field imaging, and a beam-tilt-based method were described, including all advantages and
disadvantages. In summary, all of these techniques have difficulties when dealing with
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multi-walled nanotubes, especially if handedness determination is required.
Then we presented a method based on the deposition of the gold nanoparticles onto

the nanotube’s surface with promising results. The results showed that we can determine
the chiral angle and the handedness of the outermost wall using the gold chains, though
the precision of the angular determination is low. But in combination with the diffraction
pattern analysis, we can estimate the correct chiral angle of the outermost wall using
the gold chain and determine the exact (precise) chiral angle using the diffraction pattern
analysis using a Python script. This can be done in the TEM only, using more images of one
nanotube. This ’gold chain’ method also allows estimating the chiral angle, including the
handedness purely in the SEM. This is suitable for applications where nanotubes cannot
be placed onto the TEM membrane. The drawback is that the angular resolution is low,
and we can see only the gold nanoparticles on top of the nanotube and not those at the
bottom.

At the end of this chapter, a process of how the walls are grown on the nanotube was
described, using a detailed analysis of defects on the edges of the nanotube. This analysis
revealed an interesting fact that the nanotubes are not made of more separate walls but
rather a wall that is twisted into a scroll. This analysis also supported the previous results
that the position of these defects corresponds to the position of gold chains, confirming
that the gold chains are attached along the surface defects. These results were published
by the author of this thesis in [54].
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4 Conclusion
This doctoral thesis describes the steps that were performed in order to achieve the
given goals. First, the techniques for spectroscopic and structural analysis were described
in chapter 1. The transmission electron microscopy part described techniques necessary
for proper structural analysis – different types of imaging and diffraction patterns acqui-
sition. In the second part, a Raman spectroscopy with its possibilities in general and the
details related to this thesis was described.

The second chapter introduced the transition metal dichalcogenides – their structure,
properties, applications, and how the Raman spectra should look depending on the num-
ber of walls of WS2 nanotubes. Raman spectra dependency on many different factors
was described – laser polarization, exposure time, number of accumulations, the precision
of xy- and z-positions, the surrounding illumination, and supporting grid type. Despite
an enormous effort to neglect all possible external factors, the results did not show the
expected result. The goal was to make it possible to measure the number of walls in WS2

nanotubes using a Raman spectrometer, but our results showed that the Raman spectrom-
eter is not suitable for this kind of measurement. The resulting dependency was noisy, and
no clear trend was observed. We conclude that TEM is still a superior tool for counting
the number of walls of WS2 nanotubes, compared to the analysis by Raman spectrometer.

The last chapter deals with the chirality of WS2 nanotubes. Several applications relying
on the knowledge of chirality were described, including the most common methods for
chirality assignment. Those techniques were Resonant Raman spectroscopy, determination
by diffraction pattern analysis, direct angle determination using Python script, and the
assignment using a dark-field image.

We have introduced a method that can reveal the chirality of the outermost wall.
This technique comprises the attachment of gold nanoparticles onto the surface of the
WS2 nanotube. We showed that these gold nanoparticles attach to the zig-zag direction
and form a gold chain. The angle of this gold chain then equals the chiral angle. Even
though this method can reveal the chirality of the outermost wall, its precision is relatively
low. However, in combination with the diffraction pattern analysis, the precision can be,
in most cases, increased to about 1°. Moreover, acquiring a tilt series in TEM, or one
image in SEM, adds information about the handedness.

Furthermore, a detailed structure analysis also revealed the formation of the outermost
walls. It was found that the multi-wall nanotube is not composed of more individual walls
but rather one layer twisted into a scroll (at least in the case of the first few outermost
walls).
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