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Introduction 
Two-dimensional (2D) materials have been attracting researchers interest from 2004, 
when the first graphene monolayer was isolated [1]. Since then, numerous other 2D 
materials have been discovered, a large and interesting 2D material family of transition 
metal dichalcogenides (TMDs) among them. One of the pioneers and most well-studied 
monolayered TMD is MoS2, however, also WS2 monolayer has recently gathered a lot of 
attention. Monolayered TMDs are semiconductors with direct band gap in the visible or 
near infrared spectral range, while the thickness of these monolayers is less than a 
nanometer [2]. These materials have many desirable properties for future flexible 
optoelectronic and electronic applications. 

One exceptional aspect about TMDs is the excitonic emission, that is observable at 
room temperature and even above, due to the high exciton binding energy 𝐸𝐸𝐵𝐵  [3], [4]. 
TMDs can be characterized by two excitonic bands (A- and B-band), due to the spin-orbit 
coupling of the valence band. Moreover, these exciton bands involve different types of 
excitons including neutral excitons, trions, and biexcitons [5].  

There are many different methods to obtain monolayered TMDs. One of the most 
popular is chemical vapor deposition (CVD), which has been used to produce large areas 
(recent results are around from 500 µm to 2.5 mm) of TMD monolayers with high quality 
[6]–[8]. Large areas of TMD are important for applications, however, these areas have to 
also be of high quality, homogeneous, and stable under operating conditions. It is 
important to note that most optoelectronic devices operate at higher temperatures than 
room temperature. 

Therefore, before these materials can be used in future electronics and optoelectronics, 
many issues must be addressed, such as the growth of homogeneous and large area 
monolayers, electrical and optical properties at various conditions including different 
temperatures and different excitation powers. Moreover, the stability of the materials in 
ambient and working conditions is an important factor. Although MoS2 and WS2 have 
been studied thoroughly with various spectroscopy methods, these have mostly been 
conducted on fresh and good quality samples. It is not well known how high concentration 
of defects or aging affects the optoelectronic properties of TMDs. 

The aim of this doctoral thesis was to grow monolayered TMDs (MoS2 and WS2) by 
CVD and study them by photoluminescence (PL) spectroscopy at different temperatures 
and different laser powers. PL spectroscopy was chosen as the main characterization 
method because it allows to study the excitonic emissions at different conditions and 
enables to gain new knowledge about the defect structure, stability, and homogeneity 
of these materials. 

To achieve the aims of this thesis, the following issues were investigated during this 
work. Firstly, a monolayered MoS2 with high density of defects was studied and the 
presence of the B trion was detected. Secondly, the properties of an aged WS2 monolayer 
on Si/SiO2 substrate were studied and the exciton localization routes in this material were 
determined. Thirdly, the properties of the defect-bound exciton band in WS2 monolayer 
at low temperatures were thoroughly studied. Finally, the PL properties of a WS2 
monolayer at elevated temperatures and the temperature-induced degradation were 
investigated. 

The present thesis is based on four published peer-reviewed papers and divided into 
three main chapters. Chapter 1 presents a literature overview of the main methods and 
known optoelectronic properties of the TMDs. In the end of chapter 1, the literature 
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overview is summarized, and the aims of the thesis are formulated. In chapter 2, the 
experimental details are described, including the growth conditions for TMDs and the 
characterization tools. The results and discussion are presented in chapter 3. Chapter 3 
is subdivided into four sections, each based on a separate paper that are the basis of this 
thesis. In conclusion, the main results are summarized. Some results of this thesis have 
been presented by the author at different conferences.  

This work was financially supported by European Union through the European 
Regional Development Fund, Project TK141, by the institutional research funding IUT 19-
28, by the Estonian Research Council grant PRG1023, and by FP7 project CHEETAH, EC 
grant agreement no. 609788. Part of the equipment used in this work was financed by 
ASTRA 5-7 programme. This work was partially supported by the ASTRA “TUT 
Institutional Development Programme for 2016-2022” Graduate School of Functional 
Materials and Technologies (2014-2020.4.01.16-0032). 
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Abbreviations, Terms and Symbols 
2D Two-dimensional 
𝛼𝛼 Absorption 
𝐴𝐴1 Process rate parameter 
AFM Atomic force microscope 
𝛽𝛽 Coefficient for the interaction of excitons with acoustic phonons 
CBM Conduction band minimum 
CVD Chemical vapor deposition 
𝐸𝐸𝑎𝑎  Activation energy 
𝑓𝑓(𝐸𝐸,𝑇𝑇) Distribution function 
FWHM Full width at half maximum 
ℏ𝜔𝜔 Average phonon energy 
ℏ𝜔𝜔𝐿𝐿𝐿𝐿 Longitudinal optical phonon energy 
LSE Localized-state ensemble  
𝑛𝑛𝑆𝑆 Refraction index of the SiO2 layer 
PL Photoluminescence 
𝜌𝜌(𝐸𝐸) Density of states function 
RC Reflectance contrast 
𝑅𝑅𝐿𝐿 Reflectance spectrum from the WS2 monolayer 
𝑅𝑅𝑆𝑆 Reflectance spectrum from the Si/SiO2 substrate 
𝜎𝜎 Width of the density of states function 
𝑆𝑆 Electron-phonon coupling strength 
SEM Scanning electron microscope 
TMD Transition metal dichalcogenide 
1/𝜏𝜏𝑟𝑟 Rate of radiative recombination 
1/𝜏𝜏𝑡𝑡𝑟𝑟 The attempt-to-escape rate of localized carriers 
VBM Valence band maximum 
𝜙𝜙 Integral intensity of the PL band 
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1 Literature review 
With the discovery of the first two-dimensional (2D) material – graphene [1] in the year 
2004, a new path in material science was discovered.  Other new 2D materials with 
equally interesting properties, have followed the success of graphene. All monolayers of 
these materials are less than a nanometer thick [2], [9]. A small part of the ever-growing 
family of 2D materials is illustrated in Fig. 1.1. One large group in the 2D material family 
is 2D semiconductors, also known as transition metal dichalcogenides (TMDs). TMDs 
have opened new possibilities for various electronic and optoelectronic applications that 
are based on atomically thin layers [10]–[12]. The list of applications that can be 
potentially improved using different TMDs include field-effect transistor sensors [13], 
field-effect transistors [14], valleytronic based devices [15] and photodetectors [16]. 

 
 
Figure 1.1: In the family of 2D materials are graphene (semimetal) and other analogues such as 
hexagonal boron nitride (insulator), semiconductor transition metal dichalcogenides (TMDs), and 
the black phosphorus (BP) family. 2D materials cover the full range of electronic properties. In the 
corners of the figure, the materials’ cross-sectional structure is shown. [17] 

 
Bulk TMDs are layered semiconductors composed of stacked sheets of atomically thin 

layers held together by van der Waals forces [18]. As van der Waals forces are weak, 
these layers can be exfoliated into monolayers or few-layer systems. The monolayers 
themselves have strong covalent bonds between cations and anions [19]. 

 A monolayer consists of three atomic layers, where a layer of transition metal atoms 
is sandwiched between two chalcogen atom layers. An illustration of the atomic 
structure of two-layered TMDs is given in Fig. 1.2. TMD monolayers usually appear in the 
2H phase, where the metal atoms are characterized by a trigonal prismatic geometry and 
the chalcogen layers are in an eclipsing configuration [20]. When either the top or bottom 
chalcogen layer is shifted, TMD monolayers are in another polymorph known as the 1T 
phase, which has tetragonal symmetry and corresponds to an octahedral coordination of 
the metal atoms [20]. Density functional theory calculation on the 1T phase freestanding 
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monolayer is unstable in the absence of external stabilizing influences and transforms 
into the 1T′ phase [21], [22]. Phase transition from the stable 2H phase to the 1T phase, 
however, requires a considerable amount of energy [23]. The 2H phase is semiconducting 
and is often referred to as the trigonal prismatic structure, while the 1T and 1T′ phases 
are metallic and are called octahedral and distorted octahedral, respectively [22]. The 1T′ 
phase is the 1T phase after a symmetry-reducing distortion [22]. 

Layered TMDs can be distinguished by their different stacking orders. The 2H structure 
has two layers per unit cell stacked in hexagonal symmetry, while the 3R structure has 
three molecular layers in rhombohedral symmetry [19], [24]. 

 

 
Figure 1.2: A three-dimensional schematic of a two-layered TMD structure, where the atomic 
structure of a monolayer is in the form of MX2 (M = Mo, W; X = S, Se, Te). Modified image from [25] 

Best known TMDs are MoS2, MoSe2, WS2, WSe2. In the form of a monolayer, these 
materials have desirable semiconductor properties for optoelectronic applications, such 
as direct band gap in the visible or near infrared spectral range. Due to the layered 
stacking features, individual layers of the TMDs can be obtained by several exfoliation or 
vapor deposition methods [26]. First, TMD monolayers were obtained via mechanical 
exfoliation [10]. After that, a number of different methods have been used to get TMD 
monolayers and other 2D materials, such as the mechanical exfoliation method [27], 
liquid exfoliation method [28]–[30], chemical vapor deposition (CVD) [31]–[33], wet 
chemical method [34] and many more innovative methods. Among these, the CVD 
method is the most popular one, especially for producing large areas (around 100 µm 
and more in diameter) of high-quality TMD monolayers compatible with industry 
standards [26]. 

These previously listed methods can be divided into two general types of approaches – 
“top-down” and “bottom-up” methods [35]. Exfoliation methods are part of “top-down” 
approaches, while CVD can be classified as a “bottom-up” approach [26], [35]. 

With “bottom-up” method, the monolayers are grown from smaller atomic or 
molecular components. One of the most commonly used CVD synthesis routes involves 
two different processes, the evaporation of the precursors, which is followed by 
decomposition or further reactions to form the desired products [36], [37]. Only two 
precursors, which react in the vapor phase, are required for this approach – transition 
metal oxides/halides and chalcogen precursors. One important factor is the carrier gas, 
most commonly inert gases, such as Ar or N2, that transport the vaporized precursors to 
the substrate during the growth process. However, several studies have found that the 
incorporation of H2 into carrier gas is important when Se is used as a chalcogen source 
[38], [39] or WO3 is the transition metal source [40], [41]. H2 incorporation (forms H2S) 
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can efficiently accelerate the reduction of WO3 powder and optimize the flake shape [42]. 
By the CVD method, TMD monolayer flakes have exhibited many different shapes  
[20], [43]–[46], such as triangles, hexagons, truncated triangles, six-point stars, and 
butterfly-like shapes. 

The TMD monolayers by the CVD method are grown at elevated temperatures  
(T>700 °C), which makes the choice of the substrate of crucial importance. Thermally 
stable and rigid silicon substrate covered with a thin (~ 300 nm)  SiO2 layer (Si/SiO2) is  
the most commonly used [42], [47]. More recently, alternative substrates, such as 
sapphire (Al2O3), mica, molten glass, and Au foil have been widely implemented [42]. 
Sapphire and mica single crystal substrates offer atomically flat surfaces, good stability, 
perfect lattice matching, while molten glass can provide a flat liquid surface and lower 
nucleation density, promoting large crystal domain size and Au foils have a lower energy 
barrier, enabling ultrafast growth [42]. The possibility to transfer TMD films from the 
growth substrate to another substrate makes these materials even more promising for 
applications. Different potential applications need a more diverse selection of substrates, 
such as flexible substrates for flexible electronic and optoelectronic devices or substrates 
with dielectric properties to modify excitonic properties [47]. 

Over the years, the size of TMD flakes grown by the CVD method has progressed from 
a couple of micrometers to tens and hundreds of micrometers. The latest progress in the 
CVD growth has resulted in TMD flakes with sizes from 500 µm to 2.5 mm [6]–[8]. 

Bulk TMD has been shown to have an indirect band gap, while TMD isolated to a 
monolayer has a direct band gap. For example, bulk MoS2 has an indirect band gap with 
the value of around 1.2 eV that transfers to a direct band gap with the value around  
1.9 eV for a MoS2 monolayer [48], [49]. In WS2, the corresponding values have been 
found to be around 1.3 eV and 2.0 eV, respectively [48]. 

The phase diagram of a bulk TMD normally shows an indirect band gap from Γ point 
to an intermediate point in the Brillouin zone (Γ – I). Monolayered TMD has a direct band 
gap at the K point in the Brillouin zone, which results in a strong photoluminescence (PL) 
emission. If a TMD has two layers, the indirect band gap (Γ – I) becomes significant and 
the direct band gap character is reduced. Furthermore, the intensity of the PL emission 
is significantly reduced. 

One nondestructive and quick method to identify monolayered TMDs from bulk TMDs 
is Raman spectroscopy. Raman spectra of the TMDs include first-order modes at the 
Brillouin zone center - in-plane mode 𝐸𝐸2𝑔𝑔1 (Γ) and the out-of-plane mode 𝐴𝐴1𝑔𝑔(Γ). It has 
been found that the separation of these Raman peaks decreases with the decreasing 
thickness of the TMD. In the monolayered WS2, the in-plane mode 𝐸𝐸2𝑔𝑔1 (Γ) was found at 
355.2 cm-1 and the out-of-plane mode 𝐴𝐴1𝑔𝑔(Γ) at 417.2 cm-1, resulting in the separation 
of these peaks Δ = 22.0 cm-1, while the separation in bulk WS2 was Δ = 25.2 cm-1 [50].  
In monolayered MoS2, the corresponding separation was found to be Δ = 18.0 cm-1 

(𝐸𝐸2𝑔𝑔1 (Γ) at 384.7 cm-1 and 𝐴𝐴1𝑔𝑔(Γ) at 402.7 cm-1), while for bulk MoS2 Δ = 24.8 cm-1 was 
obtained [51]. However, these values do not only depend on the thickness of the 
material, but also on other external properties or conditions that can affect the Raman 
spectra of the TMDs. These external perturbations can be strain, pressure, electric field, 
charge transfer, temperature, and substrate under the TMD [52]. 

Another Raman mode that can be used to identify WS2 monolayers is a zone-edge 
mode, which is identified as the longitudinal acoustic mode at the M point (LA(M)).  
This mode is activated by disorder and has the strongest intensity with laser excitations 
that meet the resonance requirements (for example, a laser with 514 nm wavelength). 
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However, in the case of resonance, 2LA(M) is the dominating mode only in the monolayer 
and it loses its relative intensity with the increasing number of layers [50]. This means 
that both frequency shifts and changes in relative intensity can be used to identify 
monolayered WS2.  

Another method to study the TMDs is photoluminescence spectroscopy (PL). PL method 
is a useful method for the identification of different excitonic emissions in TMDs at low-, 
room-, and high-temperatures. Excitons in TMDs are observable at higher temperatures 
due to high exciton binding energy 𝐸𝐸𝐵𝐵  reaching almost a hundred meV. TMDs can often 
be characterized by two exciton peaks, called the A-exciton and B-exciton, respectively. 
Due to the spin-orbit coupling, the valence band maximum (VBM) at the K point is split 
into two bands with distinct spin orientation and the conduction band minimum (CBM) 
is nearly degenerate. The A-exciton arises from vertical transition at the K point, while B-
exciton is the vertical transition between the split valence band and the conduction band 
(illustrated in Fig. 1.3) [4], [53]. 
 

 

Figure 1.3: Illustration of the A and B exciton systems constructed from the electrons in the 
conduction band and holes in the A and B valence bands, respectively. Modified image from [53] 
 

A- and B-excitons are charge-neutral excitons (a bound state of an electron and a 
hole), however the A-exciton emission has often higher PL intensity than the B-exciton 
emission and is therefore more extensively studied. Besides A- and B-excitons, other 
excitonic quasiparticles also exist in TMDs, such as charged excitons, also known as 
trions. Trion emission can be found at lower energy compared to exciton emissions 
(either A or B) and can be excited in the presence of residual excess charge carriers. 
Trions either consist of two holes and one electron or two electrons and one hole  
(see Fig. 1.4 (c)) [54]. The formation of a quasiparticle consisting of two excitons 
(biexcitons) is also expected in monolayered TMDs due to the large exciton binding 
energy. Biexcitons can either be bound or unbound (see Fig. 1.4(d)). Biexciton PL 
emission is at energies below the exciton and trion emission due to the additional binding 
energy [5], [54]. An extensive list of different exciton types in TMDs is illustrated in  
Fig. 1.4. 
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Figure 1.4: Different exciton types in TMDs (a) Schematic of the energy levels containing binding 
energies of excitons, trions, and biexcitons. (b) Excitons are Coulomb-bound electron-hole pairs 
(illustrated as ovals in the figure): Bright excitons consist of electrons and holes with antiparallel 
spins, while dark excitons consist of electrons and holes with parallel spins. (c) Trions emerge when 
an additional electron or hole joins the exciton, forming negative or positive trions, respectively.  
(d) Biexcitons are created from two free excitons with different total momenta. (e) Interlayer 
excitons appear when electrons and holes are located in different layers. [5] 

1.1 General properties 
1.1.1 Molybdenum disulfide – MoS2 
MoS2 is one of the first discovered and the most studied monolayered TMD. 
Monolayered MoS2 has a direct band gap, while the bulk MoS2 has an indirect band gap. 
With the decreasing thickness of the MoS2 layer, the PL intensity increases remarkably. 
The room temperature PL spectrum of monolayered MoS2 is characterized by two 
excitonic bands at around 1.8 and 1.95 eV and they are called A and B exciton bands, 
respectively. The presence of two excitonic bands is related to the spin-orbit splitting of 
the valence band (∆𝑆𝑆𝐿𝐿). For MoS2 ∆𝑆𝑆𝐿𝐿 ~ 160 meV (148 meV [55], 170 ± 2 meV [56])  
has been determined. Concurrently the splitting of the conduction band was found to be 
smaller than 5 meV [55], [57]. 

However, the actual peak position of A and B bands depends on the type of the 
substrate and on the quality of the monolayer. Namely, it has been shown that CVD 
grown monolayers on Si/SiO2 substrates usually exhibit PL emission at lower energy than 
in exfoliated monolayers [58], [59]. The redshift of the PL bands is caused by intrinsic 
tensile strain [60], [61]. The strain and the presence of lattice defects do not only affect 
the properties of PL bands, but also the position of Raman peaks of the monolayer  
[62]–[65]. The A excitonic band is often a sum of neutral exciton (A0) and trion (A-) 
emissions [66]–[70]. A trion is a charged exciton that can be either negative (A-) or 
positive (A+) depending on the type of majority carrier and its emission is at lower energy 
than neutral excitonic emission. The theoretical calculations have predicted the double  
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peak structure also for the B band [53], [71], [72]. Indeed, the negative B trion (B-) has 
been experimentally observed by reflectance contrast measurements in both WSe2 and 
MoSe2 [73], however, it has not been detected in PL studies. 

1.1.2 Tungsten disulfide – WS2 
Among TMDs, the 2D semiconductor monolayered WS2 is particularly promising for a 
variety of future optoelectronic applications, as it has the largest band gap in the visible 
spectral range, at around 2.0 eV, and it usually also exhibits the most intense 
photoluminescence emission. Similarly to MoS2, the characteristic PL spectrum of WS2 
monolayer consists of two excitonic peaks – A- and B-excitons, with peak positions near 
2.0 and 2.4 eV, respectively. The two exciton peaks are the result of the spin-orbit 
splitting of the valence band by ∆𝑆𝑆𝐿𝐿 ~ 430 meV (430 meV [55], 425 ± 18 meV [56]).  
The large difference between the valence band splitting for WS2 than MoS2 can be 
explained by the larger intrinsic spin-orbit coupling of tungsten compared to that of 
molybdenum [56]. 

The peak position of the A-exciton peak is very sensitive to the preparation method 
and to the substrate properties. An A-exciton peak at around 2.0 eV has been found in 
mechanically exfoliated WS2 monolayer [74]. In the case of CVD grown WS2 monolayers 
on Si/SiO2 substrate, the built-in strain and altered charge-carrier concentration causes 
the A exciton PL peak to redshift [75]–[77]. This strain will be relaxed when such 
monolayers are transferred to another substrate [47]. Defects in monolayers are another 
factor, which can affect the PL emission, namely, PL intensity. Two types of defects, 
radiative and non-radiative, have been proposed [78], however, their precise influence 
is complex. Still, it seems that the radiative defects are concentrated at the edges  
(see Fig. 1.5) and at the grain boundaries [79]. 
 

 
 

Figure 1.5 (c,d) Optical microscope images of triangular WS2 monolayers. (c’,d’) PL images of the 
same triangles illustrating higher PL intensity at the edges. Scale bars = 20 µm. Modified image 
form [79] 
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1.2 Aging of TMD 
For applications, it is important that materials have high thermal and chemical stability. 
As 2D materials are extremely thin, stability is even more important, otherwise 
monolayers can corrode, decompose, and have degenerative issues. As of 2013, according 
to Geim et al. TMDs were considered air-stable semiconductors in ambient conditions. 
However, recent studies show that TMD monolayers do not exhibit so good long-term 
stability in air as expected [80]–[82]. Gao et al. [81] have detected that CVD grown WS2 
and MoS2 monolayers have large-scale structural and morphological changes after about 
1 year storage at ambient conditions. Environmental degradation occurs due to the 
presence of oxygen and moisture in the air, resulting after a year of storage in oxidized 
metal states and organic adsorbates in both aged MoS2 and aged WS2 monolayers.  
The oxidation and eventually degradation starts at the defects, grain boundaries, and 
edges of the TMD flakes [81], [83] and these processes can be accelerated by using higher 
temperatures [83]. However, the optical properties of aged TMD monolayers have not 
been studied in detail yet. It has been shown that the surface roughness of the aged 
MoSe2 monolayers is increased [84], causing a random distribution of tensile strain in the 
monolayer. This can lead to spatial optical band gap fluctuations in the material, which 
in turn are capable of localizing excitons.  

1.3 TMD properties at low temperatures 
At room temperature, the PL spectrum of WS2 is dominated by charge-neutral A-exciton 
peak that is often accompanied by the charged trion A- peak at about 43 meV lower 
energy [54]. At lower temperatures (T ≈ 10 K), the PL spectrum of WS2 monolayer is found 
to be dominated by a broad defect-bound exciton band (XD) at around 1.9 eV [85].  
In addition single-photon emission has been detected in the same spectral region of the 
low temperature PL spectra of WS2 monolayer [86] and WSe2 monolayer [60], [87], [88]. 
Single-photon emission is a series of sharp peaks in the defect band spectral region.  
At low temperature, the PL spectrum of MoS2 monolayers is characterized by the A-band 
(A- trion at around 1.92 eV and A-exciton at around 1.96 eV) and the B-band at around 
2.1 eV. 

The origin of excitons in the defect band is not fully known. One suggestion is that the 
excitons in the defect band region can be bounded to lattice defects [89], [90]. In addition 
to lattice defects, Venanzi et al. [91] have shown that the excitons in defect-bound 
exciton band are localized by physiosorbed gas molecules on the MoSe2 monolayer 
surface. This phenomenon can appear in other TMDs like WS2. 

1.4 TMD properties at high temperatures 
Exceptionally high exciton binding energy 𝐸𝐸𝐵𝐵  values such as 0.71 eV [3] and 0.83 eV [4] 
have been  determined for monolayered WS2. High exciton binding energy has also been 
found in other TMDs, thus making excitonic emission observable in these materials at 
room temperature and even above that. Due to this interesting feature, it has been 
proposed by Li et al. [92] that MoS2 monolayers can be used in opto-electronic devices 
that work in elevated temperatures.   

To establish operating conditions in future applications, which may involve elevated 
working temperatures, high temperature measurements are necessary. Until now, several 
high-temperature PL studies of A exciton peak have been conducted with a variety of 
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contrasting results. An increase in the PL intensity with temperature has been reported 
in monolayered MoS2 [92], [93]. Moreover, an initial increase in the PL intensity of 
monolayered MoS2 was followed by the subsequent decrease with further increase in 
the temperature [92]. Contradicting previous results, a monotonic decrease of PL 
intensity with temperature has also been observed in MoS2 monolayers [94].  

Contradictory behavior of the PL emission at elevated temperatures has been seen 
also in other TMDs besides monolayered MoS2. Zhu et al. [95] observed PL enhancement 
at temperatures above 300 K in few-layer WSe2, but a monotonic decrease in single-layer 
WSe2. Increasing PL intensity above room temperature has been also observed in 
multilayered WS2 [96], while Chen et al. [93] reported that in WS2 monolayers they 
observed an initial decrease of PL intensity above room temperature, which was followed 
by an increase of PL intensity and then followed again by a subsequent decrease with 
further increase in temperature. These previous results are quite unusual, because 
typically the reduction of PL intensity in semiconductors at elevated temperatures is 
observed. In contrast, Gaur et al. [97] have shown that PL intensity indeed decreases 
constantly in the temperature range of 83 – 473 K for single-layer WS2 grown on sapphire. 
Similar results were reported also by Su et al. [77], who showed that the PL peak has a 
redshift and a decrease in intensity with increasing temperature for both irregularly 
shaped WS2 monolayer grown on Si/SiO2 and a triangular WS2 monolayer grown on 
sapphire. Integrated PL intensity has also been observed to decrease in vertically stacked 
WS2/MoS2 monolayer heterostructure at temperatures above room temperature [98]. 
The latter was attributed to a thermally activated non-radiative recombination mechanism. 

PL intensity is not the only photophysical parameter that can be affected by elevated 
temperatures. Additionally, degradation of TMDs has been observed at elevated 
temperatures. In single-layer MoS2 degradation has been seen in different environments. 
Namely, the appearance of small triangular holes in a hydrogen and argon gas mixture at 
around 773 K has been reported [99] and grain boundary degradation has been seen 
when heated in air [100]. 

1.5 Summary of literature review and aim of the study 
2D semiconductors, such as TMDs, are less than a nanometer-thick semiconductors with 
interesting and useful properties for future optoelectronic and electronic devices. As this 
new class of materials are relatively new and emerging, there are still many fundamental 
aspects that need to be studied before these materials can be used in applications. Some 
of the well-known TMDs are MoS2, MoSe2, WS2, WSe2. 

According to the literature, among many different TMD obtaining methods, the CVD 
method is the most popular one. The CVD method has been used to produce large areas 
of TMD monolayers with high quality, also showing promising results to be compatible 
to industry standards, as the latest progresses have resulted in TMD flakes with sizes 
from 500 µm to 2.5 mm. 

A great method to study the optical properties and excitonic emissions in TMDs is PL 
spectroscopy. Due to the high exciton binding energy 𝐸𝐸𝐵𝐵, excitons are observable in 
TMDs at room temperature and even higher. At room temperature, TMDs can be 
characterized by two exciton peaks (A- and B-excitons), due to the spin-orbit splitting of 
the valence band. The A excitonic band is often a sum of neutral exciton (A0) and trion 
(A- or A+) emissions. It has been shown by theoretical calculations, that the B band is 
expected to have the same double peak structure as A excitonic band. However, the B trion 
emission has not yet been observed by PL spectroscopy. 
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Before TMDs can be used in applications, high thermal and chemical stability is 
important. Environmental degradation can occur due to the presence of oxygen and 
moisture in the air. After a year of storage, oxidized metal states and organic adsorbates 
have been detected in both aged MoS2 and aged WS2 monolayers. Oxidation and 
eventually degradation starts at defects, grain boundaries and at the edges of the TMD 
flakes, high temperatures can accelerate these processes. Aging in TMDs can also lead to 
the increase of the surface roughness that can lead to localized excitons. 

At lower temperatures (T ≈ 10 K), the PL spectrum of a WS2 monolayer is found to be 
dominated by a broad defect-bound exciton band (XD). The peak position of XD has been 
found to be around 1.9 eV at low temperatures. The origin of excitons in the defect band 
is not fully known. It has been suggested that the excitons in the defect band region can 
be bounded to lattice defects or are localized by physiosorbed gas molecules on the 
monolayer surface.  

As monolayered WS2 has exceptionally high exciton binding energy (0.71 eV or 0.83 eV), 
several high-temperature PL studies of A exciton peak have been conducted. However, 
the studies have had a variety of contrasting results so far. PL intensity is not the only 
photophysical parameter that can be affected by elevated temperatures. Additionally, 
degradation of TMDs has been observed at elevated temperatures and different 
environments. Namely, the appearance of small triangular holes in a hydrogen and argon 
gas mixture at around 773 K has been reported and grain boundary degradation has been 
seen when heated in air. 

Based on the literature summary, this work aims to grow monolayered TMDs by 
chemical vapor deposition (CVD) and study them by photoluminescence spectroscopy (PL) 
at different temperatures and different laser powers. Photoluminescence spectroscopy 
allows to study the excitonic emissions at different conditions, in order to get a better 
understanding of the stability and homogeneity of these materials. The aim is divided 
into the following objectives: 

• to grow MoS2 and WS2 monolayers by chemical vapor deposition method. 
• to study single-layer MoS2 with a high density of defects to detect the presence 

of the B trion. 
• to study the properties of aged WS2 monolayers on Si/SiO2 substrate and to 

understand the exciton localization routes in this material. 
• to study the properties of defect-bound exciton band in WS2 monolayer at 

low temperatures. 
• to study the properties of WS2 monolayer at elevated temperatures and to 

identify how these temperatures consequently affect the degradation of the 
flake. 
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2 Experimental 
This section is an overview of all experiments conducted in the frame of this thesis. 
Section 2.1 is about the CVD growth of WS2 and MoS2 monolayers. Section 2.2 is about 
the characterization methods used to study these monolayers. More details can be found 
in [I-IV]. 

2.1 Chemical vapor deposition of TMD monolayers 
2.1.1 CVD of WS2 monolayer 
The WS2 monolayers on Si/SiO2 substrate studied in [I] were synthesized by an original 
tellurium-assisted CVD method at Rice University in Houston, USA. This synthesis was 
used to grow WS2 layers at a lower temperature (compared to synthesizes in [III, IV]) and 
under atmospheric pressure in a quartz reaction tube (inner diameter ~ 5 cm). W and Te 
powders were mixed and scattered on a Si/SiO2 substrate, and the quartz tube was 
heated to 500 °C at a rate of 50 °C/min and was then kept at 500 °C for 15 min before 
cooling. The sulfur powder was loaded at the upstream zone inside the same quartz tube 
with a temperature of about 200 °C. Argon was used as carrier gas (100 sccm) and for 
protection from oxidation. No tellurium containing phases were detected in the resulting 
WS2 layers after growth. The samples were stored at room temperature in a container 
for about 1 year before the study. 

WS2 monolayers studied in [III] were grown by the CVD method in Tallinn University 
of Technology. For growth, WO3 and S precursors and a Si/SiO2 substrate were used.  
A two-zone furnace with separated heating zones (MTI Corporation, OTF-1200X) was 
used and the temperatures for the zone with sulfur (Zone 1) and the zone with WO3 
powder (Zone 2) were 200 °C and 850 °C, respectively (See Fig. 2.1). A mixture of N2 and 
H2 (9%) gases was used as the carrier gas with a flow rate of 132 sccm. The Si/SiO2 

substrate was placed face down next to the WO3 precursor. The WO3 powder zone 
reached 850 °C 15 min before the sulfur zone reached its maximum temperature of  
200 °C, the system was held at both maximum temperatures for 15 minutes. After that 
WO3 powder zone was let to cool down, the cooling of the sulfur zone started after 
additional 15 minutes. 

   

Figure 2.1 (a) Image of the experimental setup of the CVD system at Tallinn University of 
Technology. (b) Schematic view of the CVD method setup used in [II] and [III]. 

 
WS2 monolayers studied in [IV] were synthesized by the CVD method at University of 

Duisburg-Essen in Duisburg, Germany. For fabrication, a multizone split tube furnace 
with thermally separated heating zones (ThermConcept, ROK 70/750/12-3z) was used. 
The substrates were Si/SiO2 wafers. First, ammonium tungsten oxide hydrate (ATH) was 

(b) (a) 
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dissolved in deionized water. The solution with 1000 g/l was transferred onto the first 
substrate in several little droplets of ~1 mm in diameter. Subsequently, the substrate was 
heated under ambient atmosphere at 500 °C for 30 min to convert ATH into the tungsten 
source WO3. Afterwards, cholic acid sodium salt (CAS) was spin coated as the seeding 
promoter onto the substrate containing WO3 as well as onto a second otherwise clean 
substrate. The substrate with WO3 was put into a crucible, the second substrate – only 
with seeding promoter – was flipped and put upside down onto the first one. The crucible 
containing the substrate and the tungsten source was put into the center heating zone 
and a second crucible filled up with 100 mg sulfur was put into the heating zone 
upstream. After sealing, the tube was purged with Ar gas. For the CVD process, the Ar 
flow rate was set to 50 sccm. The central heating zone was heated to 825 °C in 20 min 
and the sulfur heating zone to 150 °C in 10 min after a delay of 10 min. After holding the 
maximum temperatures for 30 min, the furnace was opened for rapid cooling. 

2.1.2 CVD of MoS2 monolayer 
MoS2 monolayers on Si/SiO2 substrate studied in [II] were grown by a CVD method in 
Tallinn University of Technology, in a two-zone furnace (MTI Corporation, OTF-1200X). 
MoO3 powder (Zone 2) and sulfur (Zone 1) precursors were used and their zones were 
heated up to 790 °C and 200 °C, respectively (See Fig. 2.1). N2 was used as a carrier gas 
with a gas flow of 100 sccm. The Si/SiO2 substrate was positioned face-down at about  
2 cm from MoO3 precursor. Similarly to the WS2 growth in [III], the MoO3 powder zone 
reached 790 °C 15 min before the sulfur zone reached its maximum temperature of  
200 °C, the system was held at both maximum temperatures for 15 minutes. After that 
WO3 powder zone was let to cool down, the cooling of the sulfur zone was started after 
additional 15 minutes. This growth process produced uniform MoS2 domains and the size 
of these areas ranges from several tens to more than a hundred micrometers.   

2.2 Characterization  
Raman spectroscopy is a nondestructive method that gives information about the 
compositional and structural state of the sample and additionally it provides information 
about intrinsic strain and impurities. Raman spectroscopy is a method that is based on 
inelastic scattering of the light by the sample, which leads a small amount of scattered 
light to have different wavelengths, which depend on the chemical structure of the 
sample. Raman spectroscopy is a great method to determine the number of layers in 
TMDs.  

Raman measurements were carried out using a confocal Horiba LabRAM HR800 
Micro-Raman system equipped with a multichannel CCD detection system in the 
backscattering configuration with a spectral resolution better than 1 cm-1. For excitation, 
a continuous wave Nd-YAG laser (wavelength 532 nm) was used. The 50x and 100x 
objective lenses in the microscope were used for the measurements. Most measurements 
were carried out at room temperature and in ambient air. For temperature-dependent 
Raman measurements (T = 80 – 300 K), Linkam THMS600 heating/cooling stage with liquid 
nitrogen was used. 

Photoluminescence spectroscopy (PL) is a noncontact and nondestructive method to 
study materials. PL can be used to determine the recombination mechanisms, defects 
and impurities in the material and the quality of the material. 

During this thesis, different micro-PL systems were used to carry out PL measurements. 
Room-temperature PL measurements were carried out using a confocal Horiba LabRAM 
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HR800 Micro-Raman. For excitation, a continuous wave Nd-YAG laser (wavelength 532 nm) 
was used.  A Linkam THMS600 heating/cooling stage was used for high temperature PL 
measurements (T = 298 – 723 K) and for low-temperature measurements (T = 80 K).  

In [I], PL measurements were carried out at University of Tartu using a Renishaw 
inVia Raman microscope (using 50x or 100x objective lenses) equipped with a 
multichannel CCD detection system in the backscattering configuration with a spectral 
resolution better than 1 cm–1 and an Ar laser (wavelength 488 nm) for excitation. For the 
low temperature (T = 10 – 300K) PL and reflectance contrast (RC) measurements, 
the UTREKS-LSO cryosystem with the helium bath cryostat was used.  

In [III], a continuous-flow liquid helium cryostat Janis ST-500 was used for the 
temperature-dependent (T = 15 – 295 K) PL measurements. PL measurements were 
carried out using a 0.50m focal length monochromator ACTON 2500i and an 
Oxxius - LMX-532 laser (wavelength of 532 nm) with different powers. For PL detection, 
a liquid nitrogen-cooled CCD camera was used. Measurements were carried out during 
a research visit at University of Duisburg-Essen in Duisburg, Germany. 

In [IV], PL measurements were carried out at high temperatures in an inert 
atmosphere. Before the measurements, several steps had to be followed. The cryostat 
was flushed with Ar gas for approximately 10 minutes and after that the valves were 
closed. The pressure at room temperature was around 2 atm. While the sample was 
heated, the cryostat housing had a water-cooling system. Samples were heated with a 
10 K/min rate and were held at the desired temperatures for at least 5 min to let the 
sample temperature to stabilize. Measurements were performed in an argon 
atmosphere, preventing WS2 flakes from oxidizing. 

PL imaging was carried out on a microscope unit with a high-power 420 nm light 
emitting diode (Thorlabs M420L3) for wide-field excitation and for detection through a 
50x objective with a cooled Atik 414EX CCD camera (filters to remove excitation emission 
were employed) was used. 

For reflectance contrast measurements (RC), a modified setup of the Raman system 
was used, where the laser was replaced with a halogen light source (Euromax Iluminator 
EK-1). To ensure constant light intensity, the light source was connected to a power 
source with a constant current. It has been shown [101], [102], that the absorption 
spectrum is directly related to the reflectance contrast spectrum. Two reflectance 
spectra 𝑅𝑅𝐿𝐿(𝐸𝐸) and 𝑅𝑅𝑆𝑆(𝐸𝐸) were measured from the WS2 monolayer and from the Si/SiO2 
substrate, respectively, as a function of the photon energy 𝐸𝐸, 𝑛𝑛𝑆𝑆 is the index of refraction 
of the SiO2 layer and 𝛼𝛼 is the absorption of the sample. RC spectrum is defined as follows 
[101]:  

𝑅𝑅𝑅𝑅(𝐸𝐸) =
∆𝑅𝑅
𝑅𝑅

(𝐸𝐸) =
𝑅𝑅𝐿𝐿 − 𝑅𝑅𝑆𝑆
𝑅𝑅𝑆𝑆

=  
4

𝑛𝑛𝑆𝑆2 − 1
𝛼𝛼(𝐸𝐸)  (1) 

An atomic force microscope (AFM; Bruker Multimode) with a Nanoscope V controller 
was used to determine the surface roughness and the thickness of the layers. 

The high-resolution scanning electron microscope (SEM) HR-SEM Zeiss Merlin was 
used to study the morphology of some monolayers. 
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3 Results and discussion 

3.1 Photoluminescence study of B-Trions in MoS2 monolayers with high 
density of defects 
In this section, CVD grown MoS2 monolayers were studied by photoluminescence 
spectroscopy to detect B-trions. All following results have been published in the paper 
[II]. In Fig. 3.1, a SEM picture of the MoS2 monolayer and the Raman spectrum from the 
marked red circle is presented. The Raman peaks associated with MoS2, namely,  
the in-plane mode 𝐸𝐸2𝑔𝑔1 (Γ) (381.7 cm-1) and the out-of-plane mode 𝐴𝐴1𝑔𝑔(Γ) (405.0 cm-1) 
are clearly seen in Fig. 3.1(b) [51], [103]. The separation between these peaks is  
Δ = 23.3 cm-1 and this value is higher than the usually observed separation in high-quality 
monolayers (Δ ≈ 19 cm-1 [51]). Vertical-dashed lines in Fig. 3.1(b) mark the peak positions 
of high-quality exfoliated monolayer and, with respect to these lines, our CVD-grown 
MoS2 has peaks that are either softened (𝐸𝐸2𝑔𝑔1 (Γ)) or stiffened (𝐴𝐴1𝑔𝑔(Γ)), which can be 
attributed to the presence of substrate-induced tensile strain and charge doping [61], 
[104]. The origin of tensile strain in CVD-grown MoS2 layers has been attributed to the 
mismatch of the thermal expansion coefficient between the layer and a Si/SiO2 substrate 
[61] or/and to the surface roughness [84], [105]. It is known that the lattice tensile strain 
affects predominantly the in-plane vibration mode 𝐸𝐸2𝑔𝑔1 (Γ) while the 𝐴𝐴1𝑔𝑔(Γ) mode is 
relatively unaffected: -2.1 cm-1 per % strain and -0.4 cm-1 per % strain, respectively [63]. 
According to these estimations, our MoS2 monolayer seems to have a tensile strain in 
the range of 1%. However, the shift of the  𝐸𝐸2𝑔𝑔1 (Γ) mode can be also related to the high 
defect (mostly sulfur vacancies) concentration as was shown in ref. [65]. The blue shift 
of the 𝐴𝐴1𝑔𝑔(Γ) peak is believed to be a result of hole doping, because, due to the strong 
interaction between 𝐴𝐴1𝑔𝑔(Γ) phonon and electrons, the 𝐴𝐴1𝑔𝑔(Γ) mode is very sensitive to 
the doping of MoS2 [106]. High concentrations of sulfur vacancies and cracked regions 
are very active centers for molecular adsorption and, for example, adsorbed O2 and/or 
H2O can introduce hole doping and thus reduce the electron concentration [106].  
As it was shown in refs. [61], [107], reduced electron concentration leads to a blue shift 
of the 𝐴𝐴1𝑔𝑔(Γ)  peak compared with the peak position in the exfoliated high-quality 
monolayer. It was also shown that nitrogen doping could be an effective way to produce 
hole doping in MoS2 monolayers [108] by creating 𝑁𝑁𝑆𝑆 acceptor defects. The presence of 
weak side peaks at about 409 and 378 cm-1 (see Fig. 3.1(b)) also confirms a high defect 
concentration in our monolayer, because these peaks were previously assigned to the 
defect-induced modes [109], [110]. 
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Figure 3.1: (a) SEM picture of our MoS2 monolayer, the red circle indicates the location where 
Raman and PL spectra were measured. (b) Raman spectrum from the monolayer area of MoS2. Red 
lines show the result of spectral fitting with Lorentzian curves and the blue line is a cumulative 
fitting result. Vertical dashed lines represent the peak positions measured from high-quality 
exfoliated MoS2 monolayers. [111] (Figure 1 in [II]) 

Room temperature PL spectra of MoS2 show a clear presence of A and B bands at 
about 1.79 and 1.95 eV, respectively, see Fig. 3.2(a). Additional weak band XD at 1.69 eV 
is also visible and it is related to defect bound excitons [112]. The relative PL intensity of 
the B-band was higher than usually observed in high-quality MoS2 monolayers, and the 
overall photoluminescence intensity was also rather weak. In addition, we noticed a faint 
continuous background emission and it was subtracted during further analysis. All PL 
bands are red-shifted with respect to the peak positions of high-quality exfoliated 
monolayers and this is typical for CVD grown strained MoS2 on Si/SiO2 substrates [61], 
[113]. At the same time, we did not observe any features corresponding to the indirect 
transition usually visible in multilayers at about 1.5 eV [114]. This fact confirms that the 
redshift of PL bands is caused by the strained and defective MoS2 monolayer and not by 
the presence of multilayers. The effect of tensile strain on PL properties of MoS2 
monolayers is studied in many papers and it was found that the decrease in the optical 
band gap is approximately linear with strain, ≈ 45 meV per % of strain for monolayer 
MoS2 [115]. Later studies showed even higher values, ≈ 100 meV per % of strain [61], 
[105], [116]. The peak position of the A-band in exfoliated MoS2 monolayers is about 
1.85 eV [117] and therefore we can expect to have ≈ 0.6% of strain in our monolayer. 
This strain is smaller than the estimated strain value from Raman measurements and 
therefore we expect that the shift of Raman peaks is partly caused also by charge doping. 
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Figure 3.2: (a) Normalized room temperature PL spectra of MoS2 monolayer measured at different 
laser power. The inset shows a magnified range of the B-band with fitting results using pseudo-
Voigt peak shape function for exciton (B0) (magneta line) and trion (B+) (blue line) and A-band 
(dotted curve). Experimental points are presented as circles, fitting results are given with solid black 
and red lines. Peak positions of B0 and B+ are marked with dashed vertical lines. Fitting result for 
the A-band (at 7mW) is also shown as dashed lines. (b) Integrated photoluminescence intensity of 
different PL bands as a function of the laser power plotted on a log–log scale. The lines are least 
squares fit to the data. (A modified version of Figure 2 and Figure 3 in [II]) 

The increase of an excitation intensity leads to nearly linear increase of the A-band 
intensity, while the B-band shows a superlinear increase. Moreover, we noticed a 
redshift of the B-band with increasing laser power, but the shape and the peak position 
of the A-band did not change. All these facts confirm that the A-band does not contain 
additional trion emission and we observe only emission of neutral excitons A0. At the 
same time, the behavior of the B-band can be explained if both trions and neutral 
excitons are present. Different properties of A and B bands in our monolayer indicate 
that electrons in the conduction band play a minor role and holes in both valence bands 
determine the emission properties. Therefore, we probably have positive B-trions (B+) 
where two holes are paired with one electron. Accordingly, all PL spectra were fitted 
using a pseudo-Voigt line shape for A0, B+, and B0. The separation between our B0 and B+ 
bands was found to be 18 meV and it was kept constant in all fittings. Based on 
deterioration of the fit upon changing this separation, we estimate the uncertainty of the 
trion binding energy to be less than 2 meV. By changing the laser excitation intensity over 
a factor of 150, the peak positions and peak widths (FWHM) of these PL bands did not 
change, indicating no heating of the sample over the range of laser power used. 
An example of this fitting for the B band region is shown in Fig. 3.2 (a). At lower laser 
powers, the B0 band dominates at 1.956 eV, but at higher laser powers, we clearly see a 
rapid increase of the B+ band at 1.938 eV. The value of spin-orbit splitting in our 
monolayer is found to be ∆𝐸𝐸𝑆𝑆𝐿𝐿 = 166meV and it is slightly bigger than in high-quality 
monolayers. According to recent first-principle calculations [72], the binding energy of 
trions in MoS2 monolayers somewhat depends on the substrate, and for Si/SiO2 substrate 
values 35/32 and 18/17 meV were found for A-/A+ and B-/B+ trions, respectively. 
The latter agrees very well with our experimental value. Very small binding energy for 
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the B trion also explains why it is so difficult to resolve the B trion emission while the  
A trion is often visible even at room temperature. 

In general, the excitation intensity dependence of the PL intensity is a good indicator 
of the nature of radiative recombination processes. Specifically, the integral PL intensity, 
I, shows a power law dependence on the laser excitation power, P, as 𝐼𝐼 ~ 𝑃𝑃𝑘𝑘. A value of 
k ≈ 1 indicates an exciton-like transition and k << 1 suggests a recombination path 
involving defects [118]. For trions, where the recombination involves three particles, the 
intensity should show a 𝑃𝑃1.5 dependence, i.e., superlinear increase with laser power 
[119]. If both trion and neutral excitons are present, then the increase of B-band intensity 
must have a superlinear dependence with 1 < k < 1.5. The actual value of k for each PL 
band depends also on other conditions like type of a substrate, defect concentration, and 
crystal quality of monolayers. The dependence of the integral intensity of PL bands on 
laser power is presented in Fig. 3.2(b). Both neutral excitons (A0, B0) show a nearly linear 
increase with laser power (note that the B0- band seems to have almost the same 
behavior as the A0-band at higher laser power), but the B+ band increases with k = 1.42. 
This value correlates with the expected value for trions (k = 1.5). The total intensity of 
the B-band increases with laser power as 𝐼𝐼 ~ 𝑃𝑃1.25. 

All the properties of our MoS2 monolayer indicate that we have a very high 
concentration of defects and quite low carrier concentration. The reason for the fairly 
intense B-band emission, compared to those reported in the literature, is therefore 
assigned to defects. In particular, we assume that there is a non-radiative recombination 
channel that preferentially acts on the holes in the A-band. This can occur if the traps are 
energetically close to the valence band maximum, which is responsible for the A-band 
emission. For example, as it was shown in ref. [120], sulfur adatoms on the surface of 
MoS2 layer can introduce a very fast non-radiative recombination channel. 

 

Figure 3.3: The band structure near the K-point of the Brillouin zone showing radiative and non-
radiative emissions in MoS2 monolayer. (Figure 4 in [II]) 
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The difference in the relative intensities of trions and excitons in the A and B bands 
also appears puzzling. After all, the presence of B-trions should imply the presence of 
free carriers and thereby also of A-trions. We speculate on two scenarios for this 
apparent discrepancy: either the density of A-trions or their emission intensity is 
suppressed. For the former, if there is fast recombination channel for the A-excitons,  
as also assumed above, they will recombine before they can find a free carrier and 
thereby form a trion. Thus, the A-trion formation is suppressed. In this scenario, it is 
irrelevant whether the free carriers are electrons or holes, as long as their concentration 
is low. The fast recombination channel does not need to be completely nonradiative,  
but it needs to be selective to A to keep the exciton density sufficiently low, while  
B-excitons live longer and form trions. In the latter scenario, the calculated lowest energy 
B+ trion has one hole in the highest valence band (VB) and one hole in the lower  
spin-orbit-split band (VB-1). This could in principle show up either as A+ trion or as  
B+ trion. However, due to the spin orientation in the relevant bands, it is expected to be 
dark in A, but bright in B, [72], [121] and thus shows up more strongly as B+. The reason 
for the enhancement of this type of trions over “normal” A+ trions could be ascribed to 
the same process as in the previous scenario. Alternatively, we could assume that there 
is a fast non-radiative recombination mechanism that affects similarly both conduction 
band states, but preferentially the VB holes over the VB-1 holes. Then, B-exciton is broken 
via electron trapping and subsequently recombines with VB hole, but the hole is left in 
the VB-1 state. Since the hole concentration is subsequently reduced at VB state, this 

essentially leads to transferring the hole concentration from VB to VB-1. Consequently, 
the trion can be formed even as a combination of A-exciton and hole at VB-1. 

The band structure of all observed emissions are summarized in Fig. 3.3. Following the 
above discussion, we have also illustrated the possible defect-induced recombination 
channel in the figure, although at present the exact nature of the defects remains 
unknown. Additionally, further studies are needed to investigate the properties of  
B-trions in more detail. 

3.2 Local strain-induced band gap fluctuations and exciton localization 
in aged WS2 monolayers 
The WS2 monolayers studied in this section were grown by a tellurium-assisted CVD 
method at Rice University in Houston, USA, and all results have been published in greater 
detail in paper [I]. WS2 monolayers mainly grew as triangular islands with domain sizes 
up to tens of micrometers (see Fig. 3.4(a) and (b)). There are also regions where 
additional 2L and even 3L layers can be observed in the center of some triangles.  
The thickness of as-grown WS2 monolayers was measured with AFM and was about  
0.8 nm and the sample surface was quite smooth (surface roughness ~ 0.3 nm) [122]. 
After one year, the typical surface roughness increased to 0.5 nm in aged WS2 
monolayers and, in addition, a high density of nanocaps with the base diameter about 
30 nm and an average height of 7 nm can be observed (see Fig. 3.4(c)). Similar nanocaps 
were found also in aged MoSe2 monolayers [84].  

Fig. 3.5(a) shows the Raman spectra of the aged WS2 monolayer at different 
temperatures. All Raman spectra measured from different monolayer islands are quite 
similar and do not differ significantly from the spectra of as-grown layers. The frequency 
separation of 60 cm-1 between 𝐸𝐸2𝑔𝑔1 (Γ) and 𝐴𝐴1𝑔𝑔(Γ) modes is typical for single layer WS2 
measured in many papers [50], [52], [123], [124]. 
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At the same time, the PL spectrum of the aged WS2 monolayer is redshifted about  
24 meV, see Fig. 3.5(b). It is known that the PL peak position of TMD monolayers is very 
sensitive to the strain and often CVD grown monolayers show exciton emission at lower 
energy than monolayers transferred by mechanical exfoliation from bulk crystals. It has 
been shown that the thermal expansion coefficient (TEC) of WS2 is smaller than that of 
the Si/SiO2 substrate [125]. Therefore, we will expect an in-plane compression stress on 
WS2 during cooling after CVD growth and, finally, the formation of tensile strain. It was 
found [126], that the strain affects the band gap energy and also the work function of 
WS2. Often this compressive stress leads to the formation of ripples and other local 
inhomogeneities with different strain values. As it was shown [126], the tensile stress 
(positive strain) has a higher effect on the band gap energy than the compressive stress 
(negative strain). Therefore, it is natural to believe that in our aged monolayers some 
additional tensile strain is causing this 24 meV redshift of exciton PL peak and the origin 
of this extra strain seems to be related to the observed nanocaps. 

 
Figure 3.4: Optical (a) and SEM (b) microscopy images of WS2 layers on Si/SiO2 substrate. The positions 
of single layer (1L), double (2L), and triple (3L) layers were indicated, (c) the AFM scan of the 1L 
area. (Figure 1 in [I]) 
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The room temperature PL spectrum of the aged monolayer showed only one slightly 
asymmetric A-exciton peak. Completely different spectra were obtained at T = 10 K, see 
Fig. 3.6(a), where 5 different PL bands can be clearly observed. All spectra were fitted 
using an asymmetric hyperbolic secant function: 

 𝐼𝐼(𝐸𝐸) = 𝐼𝐼0/[exp((𝐸𝐸 − 𝐸𝐸𝑀𝑀)/𝑊𝑊𝐻𝐻𝐻𝐻 + exp(−(𝐸𝐸 − 𝐸𝐸𝑀𝑀)/𝑊𝑊𝐿𝐿𝐻𝐻],  (2) 

and the result of this fitting for one spectrum is also shown in Fig. 3.6(a). Here 𝑊𝑊𝐻𝐻𝐻𝐻  and 
𝑊𝑊𝐿𝐿𝐻𝐻  are related to the width of high energy and low energy sides of the PL band, 
respectively, while 𝐸𝐸𝑀𝑀  is related to the peak position 𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  =  𝐸𝐸𝑀𝑀 − [ 𝑊𝑊𝐻𝐻𝐻𝐻𝑊𝑊𝐿𝐿𝐻𝐻

𝑊𝑊𝐻𝐻𝐻𝐻+𝑊𝑊𝐿𝐿𝐻𝐻
]𝑙𝑙𝑛𝑛(𝑊𝑊𝐿𝐿𝐻𝐻

𝑊𝑊𝐻𝐻𝐻𝐻
), 

but only in the case of a symmetrical band 𝐸𝐸𝑀𝑀 =  𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚 . The hyperbolic secant function 
is found to fit well also excitonic PL bands in MoSe2 monolayers [127].  

The shape and intensities of the spectra taken from different islands and different 
positions differ significantly, demonstrating large spatial variations of monolayer 
properties. At the same time, the peak positions of all PL bands (except XD) remained 
almost constant. All 5 detected PL bands can be divided into 3 groups: A-exciton peaks 
𝐴𝐴𝑆𝑆0 (𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  = 2.030 eV) and A0 (𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  = 2.010 eV); trion peaks 𝐴𝐴𝑆𝑆− (𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  = 1.989 eV) and 
A- (𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  = 1.970 eV), and a deep defect-related exciton peak XD (𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  = 1.93 eV).
The separation between double peaks is about 20 meV and the subscript S denotes here
shallow states. The double structure of the exciton and trion peaks is rather
extraordinary and can be seen merely at very low temperatures (T < 30K). At higher
temperatures, only A0 and A- peaks together with XD peak persist. The origin of double
peaks will be further discussed later. The rather high intensity of defect-related exciton
peak XD in all monolayer islands is a clear indication of the high concentration of defects
in aged WS2 monolayers. We also observed that the high intensity of XD peak is usually
accompanied by the high intensity of the trion peak.

Figure 3.5: (a) Room temperature (black) and low temperature (T = 80 K) (blue) Raman spectra from 
a WS2 monolayer region. (b) Normalized room temperature PL spectra of as-grown and aged WS2 
monolayers. The separation between PL peaks is 24 meV. (A modified version of Figure 2 and Figure 3 
in [I]) 
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Figure 3.6(b) presents the PL spectra of an aged WS2 monolayer measured at T = 80 K 
using different laser power. All spectra were fitted with an asymmetric hyperbolic secant 
function (Eq. 2) and the fitting result for 3.5 W spectrum is presented as blue and red 
lines. The inset shows the integrated intensities of A0, A- and XD bands as functions of the 
excitation power. With the increase in the excitation power, the emission from exciton 
and trion states linearly increases (slope = 1) over the whole studied range. The emission 
from XD shows a sublinear dependence and saturates at higher excitation power. Similar 
saturation of the wide XD band was observed also in MoS2 [128] and in other WS2 
monolayers [54]. The nature of the defects responsible for the XD band is not clear, but 
due to the very broad and somewhat variable shape of this band we can expect the 
presence of several different defects.  

 

Figure 3.6: (a) Low temperature (T = 10 K) µPL spectra of an aged WS2 monolayer island taken from 
3 different spots. Result of spectral fitting with an asymmetric hyperbolic secant function (Eq. 2) is 
also shown for one spectrum. (b) Excitation intensity dependent normalized PL spectra of aged 
monolayer WS2 measured at T = 80 K and a result of fitting with asymmetric hyperbolic secant 
function (Eq. 2). All spectra are vertically shifted for clarity. The inset shows the integrated intensity 
of different peaks as a function of laser power. (A modified version of Figure 4 and Figure 5 in [I]) 

 
For temperature-dependent RC and µPL measurements, we selected monolayer 

regions, where low-temperature PL intensities of XD and trion bands were lowest and, 
thus, the shape of the A0 band is relatively well defined. Unfortunately, at temperatures 
T < 80 K, the XD and trion bands start to appear and the reliability of PL spectral fitting 
suffers a lot. This was not the case with RC measurements (calculated by Eq. 1), where 
the spectra were unaffected by trion resonances even at very low temperatures, see  
Fig. 3.7 (a). As it was shown [102], the inverted reflectance contrast spectra of 2D 
monolayers near the exciton resonances are usually proportional to the absorption and 
therefore the shape of inverted RC can be used to probe the density of excitonic states. 
For the RC peak fitting, we used again the asymmetric hyperbolic secant function (Eq. 2) 
after subtracting the slowly changing background. The asymmetric hyperbolic secant 
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function was used because the RC peak had an asymmetric shape with larger width at 
the low energy side. The ratio 𝑊𝑊𝐿𝐿𝐻𝐻/𝑊𝑊𝐻𝐻𝐻𝐻  was about 2.5 and did not change with 
temperature. Both A and B exciton peaks were detected. The same fitting function was 
used also for PL spectra, presented in Fig. 3.7 (b). Values for peak position 𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  and full 
width at half maximum (FWHM) for A0-exciton peaks were calculated numerically from 
the fitting curves and are presented in Fig. 3.8. 

Figure 3.7: (a) Temperature dependence of the reflectance contrast spectra of aged WS2 monolayer 
showing A and B exciton resonances. (b) Temperature evolution of normalized A0-exciton PL 
emission. (Figure 6 in [I]) 

The temperature dependence of A0-exciton peak position obtained from RC 
measurements can be well described by a standard semiconductor bandgap model [129]: 

𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚 = 𝐸𝐸(0)  − 𝑆𝑆ℏ𝜔𝜔[coth(ℏ𝜔𝜔/2𝑘𝑘𝑇𝑇) − 1],  (3) 

where 𝐸𝐸(0) is the peak position at T = 0 K, 𝑆𝑆 is the dimensionless electron-phonon 
coupling strength and ℏ𝜔𝜔 is the average phonon energy. The fitting result with Eq. 3 is 
shown as a red line in Fig. 3.8 (a) and the parameters found from the fitting are given in 
Table I. Very similar behavior is seen also for B peak, see Fig. 3.8(a). The separation 
between A and B exciton peaks is ~420 meV and this value is very close to the spin-orbit 
splitting of the valence band 425 ± 18 meV found for WS2 [56]. Actually, these fitting 
parameters are comparable with the parameters for WS2 monolayers obtained by 
mechanical exfoliation from a bulk crystal and without any strain [130]. However, some 
discrepancies also exist between the parameters. First, 𝐸𝐸(0) values differ about 42 meV. 
Second, the A0 exciton peak position found from PL measurements has slightly different 
behavior, see Fig. 3.8(a). At lower temperatures, the separation between A0 exciton 
peaks measured using reflectance contrast (absorption) and PL is increasing, and this is 
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typical for localized excitons, where the temperature dependence of peak position often 
exhibits an S-shape behavior [131], [132]. 

Figure 3.8(b) shows the temperature dependence of the full width at half maximum 
(FWHM) of A-exciton line found from the reflectance contrast and PL spectra. The linewidth 
broadening of the A-exciton for RC band was fitted using the linewidth broadening 
relation proposed by Rudin et al. [133]: 

𝐹𝐹𝑊𝑊𝐹𝐹𝐹𝐹(𝑇𝑇) = 𝑊𝑊0 + 𝛽𝛽𝑇𝑇 + 𝛾𝛾/[exp(ℏ𝜔𝜔𝐿𝐿𝐿𝐿/𝑘𝑘𝑇𝑇) − 1],  (4) 

where 𝑊𝑊0 is a width at T = 0 K including also inhomogeneous broadening, 𝛽𝛽 is a 
coefficient for the interaction of excitons with acoustic phonons and the last term 
represents the interaction with LO (longitudinal optical) phonons, ℏ𝜔𝜔𝐿𝐿𝐿𝐿is the LO-phonon 
energy. The LO-phonon energy is taken equal to 44.6 meV for WS2 [134]. The fitting result 
is presented in Fig. 3.8(b) as a red curve and the fitting parameters are shown in Table I. 
At higher temperatures (T > 150K) the FWHM of PL band also shows widening due to 
electron-phonon interaction, but the width of the PL band seems to be smaller than for 
RC band. This difference is related to the fact that the PL spectrum does not represent 
the total exciton density of states because the photoexcited carriers undergo relaxation 
processes before they recombine radiatively. Therefore, the PL spectrum corresponds to 
the distribution of the lowest exciton energy states while the reflectance contrast 
spectrum represents the distribution of all exciton states. However, at temperatures 
T < 150K, the width of the PL band starts to increase rapidly with the decreasing of 
temperature. Moreover, the shape of the PL band near the peak maximum changes and 
becomes wider, see Fig. 3.8 (b). This behavior is again typical for localized excitons [135]. 

Figure 3.8: (a) Temperature dependence of the PL peak energy (blue circles) and peak position of 
reflectance contrast (RC) spectra (solid squares). Fitting result using Eq. 3 is given with red curve. 
Peak positions of different PL peaks at T = 10 K are also indicated. (b) Temperature dependence of 
FWHM of A0-exciton peak obtained from RC (solid squares) and PL spectra (circles). Red curve 
represents the fitting with Eq. 4 (Figure 7 in [I]) 
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Table 3.1. Fitting parameters as obtained from fitting of the temperature dependence of 𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚 and 
FWHM (RC spectra) for A0-exciton peak using Eq. 3 and Eq. 4. Fitting results from ref. [130] are 
given in parentheses. 

Fitting equation Parameter Value 
Eq. 3 𝐸𝐸(0) (eV) 2.021 (2.063) 

S 2.23 (2.4) 
ℏ𝜔𝜔 (meV) 22.7 (31) 

Eq. 4 𝛾𝛾 (meV) 53.2 
ℏ𝜔𝜔𝐿𝐿𝐿𝐿 (meV) 44.6 
𝑊𝑊0 (meV) 31.8 

A general model for the luminescence of localized-state ensemble (LSE) was given by 
Li et al. [135] According to this work, the shape of the PL band for localized excitons is 
asymmetric and can be calculated using the density of states function for excitons 𝜌𝜌(𝐸𝐸) 
and a distribution function 𝑓𝑓(𝐸𝐸,𝑇𝑇) for localized carriers. The 𝑓𝑓(𝐸𝐸,𝑇𝑇) function has a shape 
resembling a Fermi distribution with a characteristic energy 𝐸𝐸𝑓𝑓 . The distribution of the 
localized states 𝜌𝜌(𝐸𝐸)  is usually assumed to be described by a Gaussian-like function, but 
other shapes are also possible. In Ref. [84], for example, the Lorentzian shape was used. 
According to Ref. [135], the low-energy side of PL band is less affected by the distribution 
function 𝑓𝑓(𝐸𝐸,𝑇𝑇) and therefore the shape of this side gives a clue about the shape of the 
𝜌𝜌(𝐸𝐸) function. In our case, it is reasonable to approximate the function 𝜌𝜌(𝐸𝐸) by a 
hyperbolic secant, because this function is the most suitable one for PL band shape 
fitting. Then the overall shape of the localized exciton PL band is given by: 

𝐼𝐼(𝐸𝐸,𝑇𝑇) = 𝐴𝐴(𝑇𝑇)𝜌𝜌(𝐸𝐸)𝑓𝑓(𝐸𝐸,𝑇𝑇) =
𝐴𝐴(𝑇𝑇)𝜌𝜌0 sech[𝐸𝐸 − 𝐸𝐸0

𝜎𝜎 ](𝜏𝜏𝑡𝑡𝑟𝑟𝜏𝜏𝑟𝑟
)

exp[
𝐸𝐸 − 𝐸𝐸𝑓𝑓
𝑘𝑘𝑇𝑇 ] + 𝜏𝜏𝑡𝑡𝑟𝑟

𝜏𝜏𝑟𝑟

,  (5) 

where 𝐴𝐴(𝑇𝑇) is a temperature-dependent term, 𝜌𝜌0 is the amplitude, 𝐸𝐸0 is the peak 
position and 𝜎𝜎 is the width of the density of states function, 1/𝜏𝜏𝑟𝑟 and 1/𝜏𝜏𝑡𝑡𝑟𝑟 represent 
the rate of radiative recombination and the attempt-to-escape rate of the localized 
carriers, respectively. The shape calculated by Eq. 5 can be quite well fitted using an 
asymmetric hyperbolic secant function. At the same time, the shape and the 
temperature dependence of the peak position 𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  and FWHM of localized exciton band 
significantly depend on 𝐸𝐸0 and 𝐸𝐸𝑓𝑓. In many cases [135], the best correlation with 
experimentally measured temperature dependencies is obtained by taking 𝐸𝐸0 > 𝐸𝐸𝑓𝑓. 
Figure 3.10(a) shows PL spectra calculated by using Eq. 5 for the case 𝐸𝐸0 − 𝐸𝐸𝑓𝑓  = 20 meV, 
𝜎𝜎 = 6 meV and 𝜏𝜏𝑡𝑡𝑟𝑟/𝜏𝜏𝑟𝑟 = 0.1 and in Fig. 3.9(b), the temperature dependencies of peak 
position 𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚 − 𝐸𝐸0 and FWHM are given. It can be seen that the shape of the 
calculated PL band shows very similar behavior to what was observed experimentally, 
see Figs. 3.7–3.9. At temperatures T < 150 K, we see a rapid increase of FWHM and a 
gradual redshift of the peak position. Furthermore, the shape of the PL band near the 
peak maximum becomes wider and the same trend was observed experimentally, 
see Fig. 3.7(b). This means that the LSE model applies to the aged WS2 monolayer and 
spatial fluctuations of the bandgap energy due to local strain will induce this localization 
in the lowest-energy regions, where the excitons will be swept by the strain-induced 
potential gradient and funneled toward the center [136]. An LSE model was previously 
proposed also for WS2 monolayers grown on a silicon substrate in a hot-wall furnace, 
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where the room temperature PL peak has a maximum at about 1.955 eV [137]. One 
potential source of the local strain is associated to the relatively high nanocaps found by 
AFM scan on the surface of the WS2 monolayer, see Fig. 3.5(c). The average distance 
between these nanocaps is less than the diffusion length of excitons in WS2 monolayers 
(~ 350 nm [138]) and therefore excitons can be easily captured in these regions with high 
strain and reduced band gap energy. The possible strain 𝜀𝜀 for these nanocaps was 
obtained from the curvature of the nanocaps using the pure-bending equation  
𝜀𝜀 = (𝑑𝑑/2)/(𝑅𝑅 − 𝑑𝑑/2), where 𝑅𝑅 and 𝑑𝑑 are the radius of curvature and the thickness of 
WS2 monolayer, respectively [139]. Taking the average thickness of the monolayer  
𝑑𝑑 = 0.8 nm, height ℎ = 7 nm and the diameter 𝑎𝑎 = 30 nm of nanocaps, the tensile strain 
value will be 𝜀𝜀 =  2.1% and, according to the experimentally determined peak position 
shift of –11.3 meV per % of strain [75], the overall peak position shift is 23.7 meV.  
This obtained value is in good correlation with the A0-exciton peak position separation 
between as-grown and aged WS2 monolayers, see Fig. 3.5(b). At low temperatures, we 
also detected additional exciton 𝐴𝐴𝑆𝑆0 and trion 𝐴𝐴𝑆𝑆− peaks at higher energies, see Fig.3.6(a). 
The position of these peaks suggests that they are also related to strained areas, where 
the band gap energy is about 4 meV less than in as-grown monolayers. This energy 
corresponds to the strain value of 𝜀𝜀 =  0.35% and this strain could be caused by the 
general increase of the surface roughness in aged monolayers. These states are very 
shallow, and excitons are easily thermalized into deeper states when the temperature is 
increased. The whole aged monolayer surface is thus disturbed by the strain having 
slightly different origin (increased surface roughness vs. nanocaps) and values and 
therefore we could see emission from localized states only. The recombination model for 
excitons and trions in aged WS2 monolayer is given in Fig. 3.10. At low temperatures, the 
exciton and trion recombination is possible from both deep 𝜌𝜌𝐷𝐷 and shallow  𝜌𝜌𝑆𝑆 localized 
states showing double peak structure. At higher temperatures, only  𝜌𝜌𝐷𝐷 states are active. 
According to our calculations 𝜀𝜀𝐷𝐷 = 24meV and 𝜀𝜀𝑆𝑆 = 4 meV. 

 

Figure 3.9: (a) Calculated temperature dependence of the luminescence peak shape (normalized) 
for the case of E0 - Ea = 20 meV and σ = 6 meV using Eq. 5, (b) the temperature dependence of peak 
position (red) and FWHM (blue). (Figure 8 in [I]) 
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The origin of the nanocaps in the aged monolayer is not clear. It was shown in Ref. 
[81] that aging usually leads to oxidation of metal states and this process is more 
prominent at grain boundaries. Sulfur vacancies are similarly believed to play an 
important role in these oxidation processes. It is also possible that very small 
nanoparticles were formed on a Si/SiO2 surface during growth and they are not 
completely reacted in S atmosphere. Similar nanoparticles were found in many 
monolayers where they acted as seeds for CVD monolayer growth [140]. During aging, 
these nanoparticles beneath the monolayer start to expand due to oxidation and, as a 
result, nanocaps are formed. However again, the true origin of these nanocaps is a topic 
of future studies. 

 

Figure 3.10: Proposed recombination model for localized excitons and trions in aged WS2 
monolayers. Density of deep 𝜌𝜌𝐷𝐷 and shallow 𝜌𝜌𝑆𝑆  localized states are shown. The origin of double PL 
peaks is explained. (Figure 9 in [I]) 

3.3 Tailoring of bound exciton photoluminescence emission in WS2 
monolayer 
This section presents a PL study of bound exciton emission in CVD grown WS2 monolayers 
and is based on the results published in the paper [III]. Most of the WS2 monolayers grew 
in the form of triangular islands with domain sizes up to several tens of micrometers. 
However, other shapes were also observed, for example, in Fig. 3.11(a), a scanning 
electron microscope (SEM) image of butterfly-like WS2 monolayer is presented.  
The diameter of this monolayer is about 40 µm. Butterfly-like shaped WS2 monolayers 
have been seen previously in several studies [20], [46], [141]. These kinds of monolayers 
are reported to consist of two symmetrical wings with different atomic orientations, 
separated by a grain boundary [20]. The grain boundary usually includes multiple 
different misaligned atoms, creating extended defects in the material. The grain 
boundary area in the middle of the butterfly-shaped WS2 monolayer is of particular 
interest, and therefore, this flake was chosen for further studies. To confirm the high 
concentration of defects in the grain boundary, a room-temperature PL map from the 
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monolayer was created. In Fig. 3.11(b), the PL peak position map of the A0 (neutral A 
exciton) peak is presented, showing the redshift of the A0 peak in the middle of the flake. 
It was shown that the high concentration of defects [142] and a possible tensile strain 
are the main reasons for this kind of peak shift of A0 excitons in different TMD 
monolayers, as we have seen in the previous section and in [84], [89]. In Fig. 3.11(c),  
two low-temperature (T = 15 K) PL spectra from different regions are presented and a 
region with a high-intensity defect-bound exciton PL emission is chosen for further 
studies and the results are presented below. 

 

 

Figure 3.11: (a) SEM picture of a butterfly-shaped WS2 monolayer. (b) 2D PL map showing the 
redshift of the A0 exciton peak in the middle of the flake. (c) Low-temperature (T = 15 K) PL spectra 
from different WS2 monolayer areas marked as 1 and 2 in (b). (Figure 1 in [III]) 
 

The room-temperature PL spectrum of this defective region shows only one 
asymmetrical A0-exciton peak at 𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚  = 1.940 eV (Fig. 3.12(a)). The peak is shifted to 
lower energy by about 80 meV when compared to mechanically exfoliated WS2 
monolayers [54]. In the previous section, we observed an asymmetrical A0 exciton peak 
at 1.951 eV in aged CVD-grown WS2 and showed that it was redshifted due to tensile 
strain. The intensity of the A0 peak from our butterfly-shaped layer was around 100 times 
higher than the intensity of the A0 peak measured from the double-layered WS2, 
confirming that the WS2 flake studied here is indeed a monolayer. 

The Raman spectrum from the CVD-grown WS2 together with the fitting results is 
presented in Figure 3.13(a). From the fitting, the positions of the main peaks, the in-plane 
mode 𝐸𝐸2𝑔𝑔1 (𝛤𝛤) at 355.0 cm-1 and the out-of-plane mode 𝐴𝐴1𝑔𝑔(𝛤𝛤) at 418.3 cm-1, were 
determined. The separation between these peaks is Δ = 63.3 cm-1. This value is somewhat 
higher than normally observed in WS2 monolayers with better quality, where the 
separation is usually in the range Δ = 61.5–62.4 cm-1 [50], [123], [141], [143]. It is known 
that the tensile strain in WS2 monolayers grown on the Si/SiO2 substrate causes the  
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in-plane Raman mode 𝐸𝐸2𝑔𝑔1 (𝛤𝛤)  to redshift more than the 𝐴𝐴1𝑔𝑔(𝛤𝛤)  peak [144], which 
increases the separation between these peaks. The dominating mode in Figure 3.13(a) is 
2𝐿𝐿𝐴𝐴(𝐹𝐹) (350.2 cm-1) that has approximately three times the intensity of the 𝐴𝐴1𝑔𝑔(𝛤𝛤) 
mode, which is characteristic for the Raman spectra of WS2 monolayers, measured with 
green laser excitation (514 nm [50], 532 nm [145]). This fact and the peak separation 
value confirm once again that the studied butterfly-like flake is indeed a monolayer. 
Raman spectra show no dependence on the position on the flake, which indicates the 
same strain value throughout the flake. 

Figure 3.12: Normalized (a) temperature and (b) laser power dependencies (T = 15 K) of the PL 
spectrum of a WS2 monolayer (purple lines). PL-fitting results with asymmetric hyperbolic secant 
functions (Eq. 2) are shown. Blue lines show the fitting results for the defect-bound exciton peak XD, 
red lines for the trion peaks A-, and black lines for the exciton peaks A0. (Figure 2 in [III]) 

All PL spectra were fitted using an asymmetric hyperbolic secant function (Eq. 2). This 
function has been also used in Section 3.2 to fit the PL spectra of WS2 monolayers as well 
it has been used to fit excitonic PL bands in MoSe2 [127] monolayers. 

Low laser excitation power (5 μW) was chosen for the temperature-dependent PL 
measurements (T = 15 – 295 K) to have a more pronounced defect-bound exciton band 
XD, compared with the exciton A0 and trion A- peaks (see Fig. 3.12(b)). The temperature 
dependence of some characteristic PL spectra is presented in Fig. 3.12(a). An asymmetrical 
A0 peak can be seen for the whole temperature range, although at low temperatures, 
it is relatively weak compared to the XD band. The trion peak A- appears at 65 K and 
disappears above 205 K (Fig. 3.13(b)). The XD emission band shows an asymmetric 
lineshape with a sharper high-energy cut-off and an exponential low-energy tail. This band 
is thermally quenched with increasing temperature and becomes invisible at temperatures 
above 180 K, as shown in Fig. 3.13(b). Moreover, the XD band shows a redshift with 
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increasing temperature and this shift is larger for the exciton and trion peaks, see Fig. 
3.13(b). The redshift of the A0 and A- peaks with increasing temperature follows the same 
trend as the exciton peak in strain-free mechanically exfoliated WS2 monolayers [54] 
shown as a reference in Fig. 3.13(b). A similar temperature dependence of the A0 peak 
position was found also in the study by Gu et al. [145]. 

The fitting of the PL spectra measured at different temperatures revealed that the 
width related to the low energy side 𝑊𝑊𝐿𝐿𝐻𝐻  of the XD band exhibits only a very weak 
increase with temperature (Fig. 3.13(d)), whereas the width related to the high energy 
side 𝑊𝑊𝐻𝐻𝐻𝐻  shows a clear temperature dependence. All these features observed for the XD 
band are usually considered as evidence of disorder-related effects and are also typical 
for highly doped semiconductors like CuInGaSe2 [146] or Cu2ZnSnSe4 [147]. As the random 
fluctuations of defect concentration or strain can cause band gap and electrostatic 
potential fluctuations, they may smear the band edges and form exponential tails of the 
density of states extending into the band gap. At low temperatures, excitons can be 
trapped by the localized states at the band tails, leading to the observed asymmetric 
lineshape of the PL spectra. In this case, the low-energy tail of the PL band reflects the 
energy distribution of the density of states within the band tail and has a very weak 
temperature dependence [146], [148]. At the same time, the high-energy side usually 
shows a typical broadening with increasing temperature [146], see Fig. 3.13(d). We 
therefore conclude that the XD band is related to the deep defect states within the band 
gap and that the PL emission is caused by the excitons bound to these deep defects. 

From the temperature dependence of the integral intensity, the thermal activation 
energy 𝐸𝐸𝑎𝑎  = 33 ± 4 meV was determined for the defect-bound exciton XD (Fig. 3.13(c)) 
using the following equation [149]:  

𝜙𝜙(𝑇𝑇) = 𝜙𝜙0/[1 + 𝐴𝐴1exp(−𝐸𝐸𝑎𝑎/𝑘𝑘𝑇𝑇)],  (6) 

where 𝜙𝜙 is the integral intensity of the PL band, 𝐴𝐴1 is the process rate parameter and 
𝐸𝐸𝑎𝑎  is the thermal activation energy. A similar activation energy for the defect-bound 
exciton has been found not only in WS2 [150], but also in other TMDs like WSe2 [90], [151]
and MoS2 [152]. When the temperature increases, bound excitons can be thermally 
activated into delocalized states and captured by the competing nonradiative 
recombination channels or recombine as free excitons. Therefore, it is expected that the 
intensity of the bound exciton emission decreases monotonically with increasing 
temperature. The carriers localized at shallow defect states are first thermally activated 
to the deeper states, leading to the redshift of XD with increasing temperature. 
Correspondingly, at low temperatures, the increasing excitation intensity is expected to 
cause band filling of the deeper localized energy states, giving rise to a blueshift of the 
XD emission. 

The laser excitation power dependence of the PL spectrum was measured at a low 
temperature (T = 15 K) in the range of P = 0.6 – 500 μW to study the nature of radiative 
recombination processes. In Fig. 3.12(b), the power series of the PL spectra are shown 
and it can be seen that the defect band XD strongly dominates over the exciton and trion 
peaks especially at low laser powers. Furthermore, the XD peak energy increases with 
increasing laser power (a straight blue line in Fig. 3.12(b)), confirming the expected 
blueshift caused by band-filling effects. 
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Figure 3.13: (a) Raman spectrum from the WS2 monolayer. Red lines show the result of spectral 
fitting with Lorentzian curves. The blue line presents the cumulative fitting result. (b) Temperature 
dependence of the PL peak energies. Magenta line represents a temperature dependence of the A0 
peak taken from the study by Plechinger et al. [54] (c) Arrhenius plot showing the activation energy 
of the XD band using Eq. 6 (d) The width of high (𝑊𝑊𝐻𝐻𝐻𝐻) and low (𝑊𝑊𝐻𝐻𝐻𝐻) energy sides of the XD band 
as a function of temperature. The lines are least squares fit to the data. (Figure 3 in [III]) 

The integrated PL intensity Φ versus the laser excitation power P usually follows a 
power law dependence: Φ  ≈  𝑃𝑃𝑘𝑘 [118]. The integrated PL intensity Φ as a function of 
the excitation power P was investigated for all emission bands at T = 15 K, see Fig. 3.14(a). 
Both the exciton and trion peaks (A0, A-) show nearly linear dependence (k ≈ 0.9), 
whereas the emission from the defect-bound exciton band XD shows a different 
dependence and saturates at high excitation powers. It is also observed that the XD band 
blueshifts as the excitation intensity increases and the rate of this shift is about 15 meV 
per decade of laser power (Fig. 3.14(b)). This kind of blueshift is usually considered as the 
evidence of disorder-related effects in semiconductors [89], [146], [153]. We showed 
before that the random fluctuations of defect concentration or strain can cause band gap 
and potential fluctuations and form exponential tails in the density of localized states 
extending into the band gap. At low temperatures, the increasing excitation intensity will 
cause band filling of the localized energy states, giving rise to the blueshift of XD emission. 

Figure 3.14: (a) Integrated PL intensity Φ of different PL bands as a function of the laser power, 
plotted on a log–log scale. The lines are the least squares fit to the data. (b) XD peak position 
dependence of the laser power. The line is the least square fit to the data. (Figure 4 in [III]) 



40 

It was shown theoretically that the PL intensity of the exciton-like transition should 
follow a power law Φ  ≈  𝑃𝑃𝑘𝑘  with k ≈ 1. A value k ≪ 1 indicates a recombination involving 
defect states [118]. However, the sublinear increase of the intensity of XD band with laser 
power can be explained by the limited concentration of these deep defects leading to 
the saturation of the intensity of the XD band at higher laser powers. A high concentration 
of deep defects usually leads to a steeper increase of the PL intensity reflected by higher 
values of k, as reported by different research groups, see for example the study by  
Shang et al. [154]. Different k values for the defect band have been observed also in other 
materials like WSe2 [90], [151] and MoS2 [62]. The sublinear dependence of the XD band 
intensity in TMD monolayers has been shown also in the previous section and in MoS2 

[128]. 
The nature of these deep defects is not clear, but our experiments have shown that 

by using laser annealing, it is possible to reduce the intensity of the XD band. The studied 
WS2 monolayer was annealed with a focused laser beam with P = 1500 μW (power 
density ≈ 5 × 108 W/m2) for 5 min at a low temperature (T = 15 K). To study the effect of 
annealing, the PL spectra with a laser power of 0.6 μW before and after annealing were 
compared. Such a low excitation power was used, because the XD band was found to be 
more pronounced when compared to A0 peak at low laser powers as shown in Fig. 3.12(b). 
Laser irradiation was found to reduce the relative intensity of the defect-bound exciton 
band about ten times compared to the A0 exciton peak intensity, indicating that this type 
of annealing removes some physisorbed gas atoms from the WS2 monolayer surface.  
This effect is rather interesting, suggesting that XD band can be sensitive also to other 
forms of radiation, being useful for some applications. Similar effects have been observed 
also by other groups [82], [85]. 

The most probable intrinsic defect in the WS2 monolayer could be a sulfur vacancy, VS, 
with a reported depth of about 0.47–0.6 eV from the conduction band edge [155]–[157]. 
At the same time, grain boundaries and adsorbed atoms or molecules on the surface can 
also play an important role. 

3.4 The effect of elevated temperatures on excitonic emission and 
degradation processes of WS2 monolayer 
Studied WS2 in this section were synthesized in University of Duisburg-Essen, Germany, 
via the CVD method and the results on which this section is based on are published in 
paper [IV]. WS2 monolayers were grown in a variety of different shapes with the average 
domain size around 100 µm. The WS2 monolayers were grown on Si/SiO2 substrate.  
The thickness of WS2 monolayer was determined to be about 0.8 nm, which is typical for 
TMD monolayers (Fig. 3.15 (a) and (b)) [97]. Another method to support this finding by 
initial optical characterization is Raman spectroscopy. A Raman spectrum was measured 
from area 2 (marked in Fig. 3.17) and the results are presented in Fig. 3.15 (c). Raman 
spectrum was fitted using Lorentzian curves and the peak positions of the main peaks, 
the in-plane mode 𝐸𝐸2𝑔𝑔1 (𝛤𝛤) at 357.6 cm-1 and out-of-plane mode 𝐴𝐴1𝑔𝑔(𝛤𝛤) at 419.6 cm-1 
were determined. The separation between these peaks is Δ = 62.0 cm-1 and this value is 
in the same range as the separation values (Δ  = 61.5 – 62.4 cm-1) found in good quality WS2 
monolayers [50], [123], [141], [143]. Additionally, the dominating mode is a second-order 
contribution (2𝐿𝐿𝐴𝐴(𝐹𝐹)) at 352.7 cm-1, as is typical for measurements on WS2 monolayers 
under near-resonance condition [50]. All these results confirm that the further studied 
WS2 flakes were indeed monolayers. 
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Figure 3.15: AFM height image (a) and AFM line profile (b) showing typical WS2 monolayer 
thickness. The line profile was taken along the white line shown in (a). Raman spectrum (c) from 
the WS2 monolayer. Red lines show the result of spectral fitting using Lorentzian curves. (Figure 1 
in [IV]) 

  
In Fig. 3.16(a) a PL image of a WS2 polycrystalline monolayer flake is given and in  

Fig. 3.16(b) a PL image of the same flake is given, after heating it in an Ar atmosphere up 
to T = 643 K. It illustrates the formation of cracks along the grain boundaries, although 
WS2 flakes started to be thermally unstable already at around T = 573 K, as was seen in 
the optical microscope. The different thermal expansion rates of the substrate and  WS2 
monolayer can be one reason for this cracking [47]. However, this should not have such 
a big impact, as the CVD growth temperature is T = 1073 K, and the material can indeed 
handle the temperature difference between growth and room temperatures. From that 
knowledge, the stress at T = 573 K should not have such an effect. Nevertheless, defects 
at grain boundaries can affect the material loss and this phenomenon has been detected 
previously in MoS2 monolayers heated in air [100].  

As illustrated in Fig. 3.16, grain boundaries and their degradation at higher 
temperatures can have a crucial influence on the PL emission. Consequently, an 
equilateral triangular-shaped single-layered WS2 flake was chosen for further PL studies 
and it is illustrated in Fig. 3.17. These types of flakes are monocrystalline and without 
visible grain boundaries. Which is not the case with other shapes, in which the original 
monocrystalline flakes have ripened into a larger irregular structure with internal grain 
boundaries [158].  The later discussed PL temperature dependence study was carried out 
with a 10× objective (NA = 0.25). This objective has the largest laser spot, so it can cover 
a maximum area and thus the spatial variations in the flake are averaged with the 
surrounding region (see area 1 in Fig. 3.17(a)). After the temperature dependence study, 
only part of the material was still intact (Fig. 3.17(b)) and to study the PL response of the 
intact monolayer, a 50× objective (NA = 0.50) was used (see area 2). 
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Figure 3.16: PL images of the same flake before (a) and after (b) heating the sample up to T = 643 
K. Cracking can be observed at the grain boundaries. (Figure 2 in [IV]) 
 

The initial room temperature PL image in Fig. 3.17(a) shows that the PL intensity across 
the monolayer is nonuniform. It has been reported previously in [78], that the center of 
the crystal shows lower PL intensity than the areas close to the edges, with this region of 
lower intensity also extending symmetrically from center towards the vertices. 
 

 

Figure 3.17: PL images of the same flake before (a) and after (b) it was used to study temperature-
dependent PL at elevated temperatures. Area 1 and Area 2 are representing the approximate laser 
spot size and placement of 10x objective and 50x objective, respectively. (Figure 2 in [IV]) 
 

The temperature dependence measurements were carried out in the following 
temperature range T = 303 – 723 K. The temperature dependence of some PL spectra is 
presented in Fig. 3.18(a). All temperature-dependent PL spectra had an asymmetrical 
shape and were fitted using Split Pearson VII function, because this function gave the 
best fitting result [159]. The fittings are also shown in Fig. 3.18(a). The laser power used for 
temperature-dependent measurements was 0.42 mW. The asymmetrical A exciton peak 
can be observed in the whole temperature range, but with the increasing temperature 
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the peak intensity was decreasing, which is in contrast with refs. [92] and [93]. While the 
peak intensity was decreasing, the peak position was seen to redshift and full width at 
half maximum to broaden. The temperature dependence of the A exciton peak position 
is linear and has a trendline equal to 𝑑𝑑𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚/𝑑𝑑𝑇𝑇 = -0.358 ± 0.003 meV/K (see Fig. 3.18(b)). 

 
Figure 3.18: (a) Temperature dependent PL spectra of WS2 monolayer. PL fittings using Split-
Pearson-VII function are shown as black lines. (b) Temperature dependence of exciton peak energy 
(red dots) and FWHM of the exciton peak (blue dots). The exciton peak energy dependence is fitted 
with linear and FWHM dependence is a result of fitting with Eq. 4. (c) Arrhenius style plot showing 
the thermal activation energy of the A exciton peak. Fitting result using Eq. 6 is given as a 
continuous line. Blue rectangle is showing the additional intensity decrease due to material 
decomposition. (d) Room temperature PL spectra from area 2 of Fig. 3.17(a) of the flake before and 
after heating up to T = 723 K. (Figure 4 in [IV]) 
 

Next, the temperature dependence of the FWHM was fitted using Eq. 4. The interaction 
with acoustic phonons was neglected because it usually very small [160]. The fitting result 
is presented in Fig. 3.18(b) and the fitting parameters are following 𝑊𝑊0 = 16.5 ± 0.8 meV 
and 𝛾𝛾 = 113.9 ± 1.6 meV. The FWHM of the exciton peak increases in the whole 
temperature range due to interactions with LO phonons. 

Afterward, the thermal activation energy of WS2 exciton emission was determined to 
be 𝐸𝐸𝑎𝑎  = 0.23 ± 0.01 eV and it is illustrated in an Arrhenius style plot in Fig. 3.18(c).  
The thermal activation energy was found using the Eq. 6. For the calculation of the 
thermal activation energy, only temperatures up to T = 563 K were included, because at 
temperatures above T = 563 K we noticed an additional drop of PL intensity due to the 
decomposition of the WS2 monolayer (the additional PL intensity loss due to material 
loss is marked with the blue rectangle in Fig. 3.18(c). Similar activation energies have 
been found in WS2 grown on Si/SiO2 (𝐸𝐸𝑎𝑎  = 0.40 eV [77] and 𝐸𝐸𝑎𝑎  = 0.53 eV [161]) and on 
sapphire (𝐸𝐸𝑎𝑎  = 0.20 eV) [77]. 
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Figure 3.19: Room temperature RC spectra from WS2 flake before and after heating up to T = 723 K. 
(Figure 5 in [IV]) 

Room temperature PL was measured from area 2 (marked in Fig. 3.17(a)) before and 
after heating up to T = 723 K. Area 2 is in the region that has not undergone apparent 
thermal decomposition and the results are presented in Fig. 3.18(d). The PL intensity at 
room temperature following the high temperature measurements remained in a similar 
range as before, although the intensity has reduced by a factor of two. This indicates that 
the still intact WS2 monolayer is stable against temperature variations and largely 
maintains its previous properties. This suggests that the temperature does not have an 
irreversible effect on the remaining monolayer. 

Another method to confirm that the temperature does not affect the intact material 
significantly is the Raman spectroscopy. The Raman spectrum was measured after 
heating up to 723 K from the same area as the spectrum in Fig. 3.15(c) and shows a peak 
separation of Δ = 61.9 cm-1 and the shape of the spectrum remained the same, confirming 
that the quality of the remaining monolayer is maintained. Additionally, reflectance 
contrast measurements can be also used to further study the quality of WS2 monolayer. 
RC spectra measured before and after heating (T = 723 K) are presented in Fig. 3.19. 
It shows that the shape and intensity of the A- and B-exciton bands remain relatively 
unchanged after thermal treatment. 

From Fig. 3.17(b), it seems that the remaining WS2 monolayer is concentrated near 
the edges of a triangle, while the central part of the triangle mostly is degraded. It is also 
interesting to note that the part near the edges of the flake exhibited a greater room 
temperature PL intensity compared to the central part of the monolayer. This means that 
the central part of the triangle, which has lower PL intensity, is also decomposing faster 
at high temperatures than the brighter part of the flake. It may be that the middle area 
of the triangle has more defects, which are non-radiative [78], and that this is the reason 
for material loss. Moreover, our measurements showed that the PL band from the middle 
area of the as-grown flake was also red shifted about 4 meV when compared to the edge 
region of the flake. This red shift of the exciton band in CVD grown monolayers is related 
to the slightly higher value of tensile strain, as has already been illustrated in Fig. 3.11. 
It is possible that the increased strain is also playing an essential role in the more rapid 
thermal decomposition of the central part of the flake. This is further corroborated by 
the polycrystalline flake (Fig. 3.16), which has the most significant material loss starting 
at the grain boundaries, although this flake was exposed to even lower temperatures 
(T = 643 K). However, the remaining part of the triangular monolayer does also include 
some small holes, where the material has degraded. These holes have a triangular shape 
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and are probably related to point defects. The intrinsic defects in as-grown MoS2, 
including grain boundaries and point defects as starting points for degradation is 
discussed also by Chen et al. [162]. Specifically, areas with higher defect density have 
larger concentrations of dangling bonds and consequently greater reactivity. Moreover, 
it was noticed that triangular holes due to point defects have opposite orientation to the 
parent crystal. This can also be observed in our case (see Fig. 3.17(b)). The PL peak 
position after high temperature handling had a small blueshift of 7 meV, which may be 
related to strain release [75], as the material loss and geometry change of the flake can 
affect the strain inside the flake. The same small blueshift of the A-exciton can be 
observed also in the RC spectrum after high-temperature handling, see Fig. 3.19. 

It is also noteworthy that while the first apparent material loss was detected in the 
optical image at T = 603 K, it is evident from the spectroscopy data that the initial 
degradation begins at around T = 563 K. The intensive material loss after high 
temperature treatment is visible in Fig. 3.17(b), in which only some areas of the original 
triangle are still present. 

AFM was used to further study the intact monolayer, with the results presented in  
Fig. 3.20. The height and phase scans (Fig. 3.20(a and b) respectively) show that the holes 
inside the material are indeed of triangular shape. Furthermore, the inside of the triangle 
(right side of Fig. 3.20(a)) includes areas with large aggregations of material. According 
to the phase image, these regions are not crystalline WS2, a finding that is further 
confirmed by Fig. 3.17(b), as these regions are not seen to emit PL. As such, they may be 
collections of amorphous material consisting of decomposed WS2 monolayer remnants. 

A second change that can be observed from the AFM results is that the WS2 monolayer 
edge has been shifted, while there is also a very thin line marking the former edge visible 
in Fig. 3.20. Although this shift of the edge is only by about 1 µm, it is still noticeable in 
Fig. 3.17, where the size of the triangle is smaller after high temperature measurements. 
The treatment also seems to have had some effect on the underlying substrate (SiO2), as 
evidenced by the black rectangle marked edge in Fig. 3.20(c). Here, part of the underlying 
SiO2 between the original and new WS2 appears to be eroded. Although we note that an 
imaging artifact cannot be ruled out, this apparent substrate degradation is also present 
in the eroded regions within the remaining monolayer (black rectangle marked as a hole 
in Fig. 3.20(c)). In turn, one possible reason for the shift of the edge may be due to a 
higher concentration of defects on the edge, as was discussed previously. The intrinsic 
defects can be located in grain boundaries or at edges or be present as local point defects 
and are the starting point for the degradation. 
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Figure 3.20: AFM height (a) and phase (b) images of the studied flake edge after high temperature 
measurements up to T = 723 K. Line profile (c) is presented in red color (white line from Fig. 3.20(a)). 
(Figure 6 in [IV]) 
 

As stated earlier, contradictory reports can also be found regarding the high-temperature 
photoluminescent response of other TMDs, such as MoS2. Many of the monolayered 
TMD materials (including MoS2) have similar structures and properties to WS2, and 
similar general trends to those found here could be tentatively expected in such cases. 
However, we note that the individual materials are distinct, and it is difficult to predict 
with certainty the behavior of these other systems without further measurements. 
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Conclusion 
This thesis was focusing on the PL properties of different TMD monolayers, which either 
have a high density of defects or have been aged. The main results of this thesis can be 
concluded followingly: 
 

1. CVD growth procedures for MoS2 and WS2 monolayers were successfully 
established at Taltech. 

2. PL spectra of the CVD grown MoS2 monolayer with high concentration of defects 
showed that the A band only exhibited specific excitonic properties, while the 
B-band was found to have a double structure. This double structure could be 
described by exciton and trion emissions and the B-trion binding energy of  
18 meV was found.  

3. Aged CVD grown WS2 monolayers were found to have two kinds of strain: local 
tensile strain in the nanocap regions, which formed during aging due to 
nanoparticle oxidation beneath the monolayer, and an additional weaker strain 
due to increased surface roughness. Smaller band gap due to high tensile strain 
caused the excitons to localize to the nanocap regions. This localization of 
excitons was described well by the theory of localized-state ensemble. 

4. In a low-temperature PL analysis of a CVD grown WS2 monolayer, the asymmetrical 
defect-bound exciton band XD at 1.9 eV was found to dominate the spectra.  
A thermal activation energy of 𝐸𝐸𝑎𝑎  = 33 ± 4 meV was found for the XD band. It is 
proposed that the XD band is related to the deep defect bound excitons and the 
most probable deep defect could be VS, whereas the structural defects and 
adsorbed atoms could also be the cause of these deep defects. 

5. WS2 monolayers showed at high temperatures and in an inert environment a 
standard and continuous decrease in PL intensity, accompanied with a near 
linear decrease in peak position and an increase in peak width. The center part 
of WS2 monolayer was found to degrade following the handling at elevated 
temperatures, while the other region largely maintained its original properties. 
The area with irreversible changes had initially lower PL intensity than the 
remaining region. Higher concentration of defects was suggested to be 
responsible for the material loss. 
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Abstract 
Growth and optical properties of two-dimensional transition 
metal dichalcogenides 
This thesis is focused on the photoluminescence (PL) studies of monolayered transition 
metal dichalcogenides (TMDs), MoS2 and WS2. These less than a nanometer thick 
semiconductor materials have attracted considerable attention because of their 
interesting physical properties such as a direct bandgap and very high exciton  
binding energy, meaning the exciton emission can be observed at room temperature. 
These properties make them suitable for different potential applications in various  
opto-electronic devices, such as photodetectors, solar cells, and LEDs. The stability of 
these materials has not been studied very thoroughly; however, it is crucial for future 
device production. PL spectroscopy was used as the main tool in this work to characterize 
the optical properties of TMDs. The aim was to grow TMD monolayers by the chemical 
vapor deposition (CVD) method and then investigate the optical properties of aged or 
highly defected single-layer TMDs and the overall stability of these monolayers at 
different temperature conditions. 

All studied TMD monolayers were grown by the CVD method on a Si/SiO2 substrate. 
Raman spectroscopy and atomic force microscopy were used to identify monolayered 
MoS2 and WS2 flakes.   

The B-band emission from the monolayered MoS2 sample was investigated in detail 
by PL spectroscopy. The evolution of the B-band shape upon variable excitation power is 
well described by a combination of exciton and trion contributions, from which B-trion 
binding energy of 18 meV has been extracted. The absence of accompanying A-trion 
emission in the studied samples and the enhanced intensity of the B-band could be 
ascribed to a fast non-radiative recombination channel arising from the large defect 
density in the studied samples. It has been found that band-selective recombination 
channels or the formation of dark/bright trions are possible microscopic scenarios for 
our observations. 

Temperature dependent PL and reflectance contrast spectroscopy were used to study 
aged WS2 monolayers. Aged WS2 monolayers were found to have a typical surface 
roughness about 0.5 nm and, in addition, a high density of nanoparticles (nanocaps) with 
the base diameter about 30 nm and an average height of 7 nm. The A-exciton of aged 
monolayers was found to redshift about 24 meV to lower energy compared to the  
A-exciton in as-grown monolayer at room temperature. This redshift is explained using 
the local tensile strain concept, where a strain value of 2.1% was calculated for these 
nanocap regions. Strained nanocaps have lower band gap energy and excitons will funnel 
into these regions. At T = 10 K, double exciton and trion peaks were revealed in PL 
spectroscopy. The separation between double peaks was found to be about 20 meV and 
the origin of higher energy peaks is related to the optical band gap energy fluctuations 
caused by the random distribution of local tensile strain due to increased surface 
roughness. In addition, a wide defect-related exciton band XD was found at about 1.93 eV 
in all aged monolayers. It is shown that the theory of localized excitons describes well 
the temperature dependence of peak position and halfwidth of the A-exciton band.  
The possible origin of nanocaps was also discussed. 

Temperature- and laser power-dependent PL spectroscopy was used to study the 
properties of the asymmetric defect-bound exciton band XD in defective WS2 
monolayers. Based on PL mapping, a monolayer region with an intensive XD band 
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emission at about 1.9 eV was chosen for further studies. The XD band is thermally 
quenched above 180 K, and the thermal activation energy is found to be Ea = 33 ± 4 meV. 
At T = 15 K, the XD band intensity reveals a sublinear dependence with increasing 
excitation power and the peak position shows a blueshift of about 15 meV per decade of 
laser power. It is shown that the XD band is related to the deep defect states within the 
band gap of WS2. 

Controlled experiments at high temperatures (up to T = 723 K) in an inert environment 
were performed on WS2 monolayers. In contrast to some previous PL studies with 
conflicting results, we found that the photoluminescent intensity shows a consistent 
reduction above room temperature. This is accompanied by an almost linear redshift of 
the PL peak maximum, and a nearly linear increase in the peak width, which is attributed 
to an enhanced interaction with optical phonons. Moreover, by fitting the 
photoluminescence integral intensity with an Arrhenius type dependence, we 
demonstrate that the center of the WS2 monolayer flake starts to undergo irreversible 
degradation at a temperature of 573 K in an inert environment. In contrast, regions close 
to the flake edges with a more intense room temperature PL response, remain stable. 
The macroscopic PL signal is largely recovered in these regions following subsequent 
cooling to room temperature. 
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Lühikokkuvõte 
Kahedimensionaalsete siirdemetallide dikalkogeniidide 
kasvatus ning optiliste omaduste uurimine 
Antud töö eesmärgiks oli uurida kahemõõtmelisi (2D) pooljuhtmaterjale (MoS2 ja WS2) 
fotoluminestsents-spektroskoopia (PL) abil. Viimaste aastate jooksul on need vähem kui 
nanomeetri paksused materjalid äratanud üha enam teadlaste tähelepanu oma väga 
huvitavate ja kasulike omaduste tõttu. 2D pooljuhtmaterjalid on otsese keelutsooniga 
ning ebaharilikult kõrge eksitoni seoseenergiaga, mistõttu on neid materjale ergastades 
võimalik eksitonkiirgust detekteerida ka toatemperatuuril. Eelmainitud omaduste tõttu 
võivad tulevikus 2D poojuhtmaterjalid leida rakendust erinevates optoelektroonika 
seadistes, nagu näiteks detektorites, päikseelementides ja valgusdioodides, selleks on 
aga äärmiselt tähtis nende materjalide stabiilsus. 2D pooljuhtmaterjalide stabiilsust ei ole 
veel väga põhjalikult uuritud. Antud töö esimeseks eesmärgiks oli kasvatada ühekihilisi 
MoS2 ja WS2 keemilise aurusadestuse (CVD) meetodil. Seejärel oli eesmärgiks uurida nii 
vananenud kui ka suure defektide hulgaga MoS2 ja WS2 monokihtide optilisi omadusi ning 
nende materjalide stabiilsust erinevatel temperatuuridel. 

Kõik antud töös uuritud ühekihilised MoS2 ja WS2 olid kasvatatud CVD meetodil ning 
Si/SiO2 alustele. MoS2 ja WS2 ühekihilise struktuuri kindlaks määramisel kasutati nii 
Raman spektroskoopiat kui ka aatomjõu-mikroskoopiat. 

Ühekihiliselt MoS2 uuriti fotoluminestsents spektrokoopiaga detailselt B-tsoonist 
lähtuvat kiirgust. B-tsooni spektri kuju muutumist laseri ergastusvõimsuse muutmisel on 
võimalik seletada B-eksitoni ja B-triioni kiirguste kombinatsioonina. B-triioni 
seoseenergiaks saime 18 meV. Ühekihiliselt MoS2 mõõdetud luminestsentsspektris aga 
puudus A-triion, lisaks oli B-tsooni intensiivsus võrdlemisi kõrge. Need nähtused võib 
omistada kiirele mittekiirguslikule rekombinatsioonikanalile, mis omakorda on seotud 
kõrge defektide tihedusega uuritud materjalides. Meie tähelepanekuid võib selgitada nii 
tsoonitundlike rekombinatsioonikanalitega kui ka „tumedate“ triionite moodustumisega. 

Vananenud ühekihilise WS2 uurimiseks kasutati temperatuurist sõltuvaid 
fotoluminestsentskiirguse ning peegelduskontrasti spektreid. Vananenud ühekihilisetel 
WS2  oli tavapärane pinna karedus umbes 0.5 nm, lisaks leidus kihi all ka suure tihedusega 
nanoosakesi (nanokoonused), mille põhja läbimõõt oli umbes 30 nm ja kõrgus umbes  
7 nm. Toatemperatuurne A-eksitoni kiirgus leiti olevat vananenud ühekihilises materjalis 
24 meV madalamal energial kui värskelt kasvatatud ühekihilises WS2. Spektri punanihke 
põhjuseks võib pidada lokaalseid tõmbepingeid nanokoonuste piirkonnas, kus tõmbepinge 
väärtus on umbes 2.1 %. Pinge all olevates nanokoonustes toimub ka keelutsooni 
kitsenemine, mistõttu tõmmatakse eksitonid just nendesse piirkondadesse. Väga 
madalatel temperatuuridel (T = 10 K) näitas PL spektri analüüs eksitoni ja trioni piikide 
lõhenemist kaheks eraldi piigiks. Piikide lõhenemise vahe oli umbes 20 meV. Suuremal 
energial olevate eksitoni ja triioni piikide olemasolu on seotud optilise keeltsooni laiuse 
fluktuatsioonidega, mis on tekkinud lokaalse tõmbepinge juhusliku jaotusega 
suurenenud pinna kareduse tõttu. Lisaks sellele oli igas vananenud ühekihilises WS2 lai 
defektidega seotud eksitoni piik XD, mis asus ligikaudu 1.93 eV juures. Näidati, et 
A-eksitoni kiirguse piigi asukoha ja piigi poollaiuse temperatuursõltuvust on võimalik 
kirjeldada lokaliseerunud eksitonide teooriaga. Samuti pakuti välja nanokoonuste 
võimalikud tekkepõhjused. 

Suure defektide hulgaga ühekihilises WS2 esinevate asümmeetrilise defektidega 
seotud eksitoni piigi XD omaduste uurimiseks kasutati temperatuurist ja laseri võimsusest 
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sõltuvaid PL spektreid. Fotoluminestsentskiirguse kaardistamisel oli ühekihilisel WS2 
näha piirkond, kus XD piik oli kõrge intentsiivsusega ja XD piigi asukoht oli umbes 1.9 eV 
juures. Antud piirkond valiti välja järgnevateks uuringuteks. Temperatuursõltuvuse 
mõõtmistest oli näha, et XD piik kustub temperatuuridel üle 180 K, lisaks oli võimalik välja 
arvutada termiline aktivatsiooni energia Ea = 33 ± 4 meV. Madalal temperatuuril (T = 15 K) 
XD piigi intentsiivsus kasvas sublineaarselt laseri ergastusvõimsuse kasvuga. Samal ajal 
piigi asukoht nihkus umbes 15 meV suurema energia poole iga laseri võimsuse dekaadi 
kohta. Töös on näidatud, et XD piik on seotud sügavate defektitasemetega WS2 
keelutsoonis. 

Ühekihiliste WS2 stabiilsuse uurimiseks viidi läbi kontrollitud katsed kõrgetel 
temperatuuridel (kuni T = 723 K) inertgaasi keskkonnas. Varasemalt läbi viidud ning 
osaliselt vasturääkivatele kõrgtemperatuurse fotoluminestsentskiirguse uuringute 
tulemustele vastupidiselt, näitasid antud töös läbi viidud katsed, et 
fotoluminestsentskiirguse intentsiivsus kahaneb pidevalt temperatuuri tõustes. Lisaks 
intentsiivsuse kahanemisele, piigi asukoht nihkus väiksemate energiate poole ning piigi 
poollaius laienes lineaarselt, mida võib omistada suurenenud vastasmõjule optiliste 
foononitega. Fotoluminestsentskiirguse integraalse intensiivsuse temperatuursõltuvus 
näitas, et temperatuuridel üle 573 K inertgaasi keskkonnas hakkab ühekihilse WS2 
keskkohast materjal kaduma. Ühekihilise WS2 äärealad, kus fotoluminestsentsi kiirgus oli 
algselt keskkohaga võrreldes tugevam, jäid aga stabiilseks. Nendes piirkondades jäi 
fotoluminestsentsi kiirgus peale mahajahutamist ligikaudselt samaks nagu enne 
kuumutamist. 
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Kaupmees, R., Komsa, H.-P., Krustok, J. (2019). Photoluminescence study of B-trions in 
MoS2 monolayers with high density of defects. Physica Status Solidi B, 256, 1800384 
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���������	
����������������������

���������������������������������������������	����	�������������	
����� �����������	����������� ����������������������!"�����#�$%����������������������	�����������������&��	����������������������������'(������
������	������
	��������������������	����������������	
�����	�������������

�����������	�������
	� ������ �	��� ����	�����	� �� � )�*�+�,�-.#/0 	�)�-1�,�,�2'.#30(�������	�4�������	�	
��
����	����������	�	�����������������������������	������	�������4�������	�%�������������������������
	�����	������������	
���������	
����������������	����������'(��	������������%�����	�������������������	����5�������������������%��������	���	�����������������������	
�����������'*�������%����	������������	
�����������4���������������������	�	
���������	
��������������������������������� ���������������������'.#/%#60(�����������%������������������������	����������	�������������������������������%.#/0��"�����#�'7������
	���	����������������������������	���������
���������������������������������������	�����������������	��	����	����������
���'"�	�������������������������	
����������������%������������������	�������89:##;2��<������������
	������
�����	��������	��� !"�����#�$�������
	��	�����=����	�.#>0?@AB:?CDEFGHF���@I8�DJABK !F$�����?��������������������	
���������%HF������	���������������%���8�����������������	�������'(��������������	�������
	������
�����	��������	�������
	����	�	�����7,-%.#L0�����	��	�����M��� �7,�-.--%2C0���M	,-'.2F07������������������������%�	��������	���������������������������	���	����5�����������������������	��������	�������������	�������	��������	����	�������
��������	�'�����
	��%��������������������������	
����	��������	�����	���������	�	�	�������������������������������'�����������	����5��������	���
��������������������������������	�������������%��������	

��������
�	
��������������������������')	����	�������%���	������������%��������������������	�������������������	��������������	
����������	����5������������%����������	�������
�	
���������	�'���������������	��	�������������	
�������������������������	������������!A:F/N$����������	
O:C'3P/CCQ7 �	�������������	
������������	�������	���	���'*�"�����-�%����	�������	
���������������	������������������������
�����������	�����	������	�����������	�������	���� ������������	������	���'"�������	��%�������� ��������������������������������	���!������������������"�����-�$%�	������������������������
�%�������������������

���'�����������������������?�������������������	��	���O������
	��	���	����������������R?SOJ'.2-0������������������������?��
�����	�	
��������	��	���O�������������
	��������	�������A:F/N%��TUVWXYZ�'[	��%�����	�������	���� !HC%HI$�	������������������������!JSC'L$%�������������	�
�	� �����
�����	��������	������� �	����

���������������������������������������	��	���'*����		�������������������������
�������������	��������������������������	
�����
����	��F/��<���������	
�����	���!"�����2�$'��� ���	
������
���������	�������������������	
��	�������������

���������	�����	�'.-#%#/%2#07��	�����
	�������������	�4�������	�	
��
����	���������	�	������������������������	�������4�������	����
	�����	����������������������	
�	����5������������������	����������'(��	������������%��������������������	���������������������������	
����	����5������������%����������	���������
�	
������	�'*����	�����	��������������������������	
��������	���� ��������	��	���
	��	���	������?SOJ����JSF'(�����J\F������������	�������	����	�������
�������'.2-0&	�����%������������������	
�����������	
���������������	������������������������������	����������	�	
����������
�����������	����������	�	
�����������	
����������������������	���'(�����	����������	�	
������
��������������	�������������	
���������������4������������������	
J%����	��������

�����
]̂_̀abcdefghijkleijmnophijhqpir?stmpttjljhinouehmqeqetvhwipshstixjyeqjlzs{jl|zysiijmsheysk}yskqweyj~�xjyphjqeljyjeqiq�veljq�iisixjmeie~uf��zje�zsqpipshmjzjhmjhwjstixjyeqjlzs{jl~�xjyphjpqyjeqiq�velj�iisixjmeie~

���d������b���̂b��b�b��d��� ���d����a��̂�d���

��������������������� � |¡¢|£¤¥¥¦§§ ©̈  ª««¬c�®̄ ° ±¥£¤²go³́µ¶·̧ ¶jlyek¹ºu̧ »·s~¼¹e½|²jphxjpº



�����������	
�����������
�������	�������������������������������	������������������������������������������������������������� �  ��!����"�� ���#�$���	���������
������������%����������������$"�����������&����	���������� � #����"�� ���'�$�����	������������
�������������������	��	��
���(������������&�������	�����������������������
������������	�������������������%������$����	������ ���������&����������&�������	������������ &���)*+#!!,�-
�&���������.#/+!0�1� 2���#��������&���
����	��-3*+#42�$���	��������������������������56�
�����&���������
�&����!�',������������������������&������
������	�����&���������
�&��&��	��������	�����%�����&����	����������
����	����&������
����&���7!
�������&�����
�&��������&���8��	�� ��6���������������&����	�������	���������������������������������(��	���������������	������������
����&������7!������
��������(�������������������������
�����������������������
���(������������������������ ����������	������$������������������������������	������������%����������������������������������������������������	���	���������

������������������������������������������������������	
����9��0�$������
����������������������������� �����������	������	��	���������:��&������
�������
�������	�!��9;!�'�<�����������	����������������=;#+�>��������������������	������������������������������	���������	������������
�������
�����������?������	��������������(��	������������%���+�=�<&����	���������������56�
���������� �������������&���
����	����?����&������������������������7@���7!
����&����������������
����	���$��&�����������&(����������A6B�����%� ����������C��������������������	���������������������������&��������������������&�������&������
����	����
��������&�������������(����������-ADB2��������������
���������������>�������������������������E�*FFG���<&����	��������%������$����������������%��������&����	���������
�������&��������
�&���������	�����������	�+#��<
���������������
�&��&����������������56����
��������?���
��
�����������%����������������������
������(��	�������������������
����������
��������	����:��&������������	��	����������������������������	�������������	������������
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̂+*+(2,2>.-?B+*+-DE,T+(:'2B2B+).(/5')2'(4,)).@(2-./2B+2+>?+*,2@*+6;+?+(;+(2?B.2.5@>'(+-)+(2*+-?.(-+./EXY>.(.5,3+*-A2B'-?.'(2-2.,(++;/.*/@*2B+*)5,*'/'),2'.(A<.2B2.?*.=';+4*+,2+*>+)B,('-2')'(-'4B2-,(;2.+-2,<5'-B>,['>,5;+=')+.?+*,2'(4).(;'2'.(-D_+*+'(A:+/.)@-.(2B+?*.?+*2'+-./789>.(.5,3+*-@-'(401>+,-@*+>+(2-,2+5+=,2+;2+>?+*,2@*+-A,(;B.:2B+-+2+>?+*,2@*+-).(-+C@+(253,̂+)22B+;+4*,;,2'.(./2B+/5,T+-D7+)5,*'/32B+B'4B62+>?+*,2@*+?B.2.5@>'(+-)+(2*+-?.(-+./2B+>.(.5,3+*A,(;;+2,'52B+'(;@)+;'**+=+*-'<5+)B,(4+-@?.(*+2@*(2.*..> 2+>?+*,2@*+DV@*:.*T-B,55-+*=+,-,<,-'-/.*/@*2B+*/@(;,>+(2,5,(;,??5'+;-2@;'+-.(9YEXY-,2B'4B2+>?+*,2@*+-Dàbcdefcghijklmnopqrs789>.(.5,3+*-:+*+/,<*'),2+;@-'(4,>@52'6t.(+-?5'22@<+/@*(,)+:'2B2B+*>,553-+?,*,2+;B+,2'(4t.(+-uEB+*>v.()+?2AwVSRxUR\xUM96OtyDEB+-@<-2*,2+-:+*+8'U8'V9:,/+*-DW'*-2A,>>.('@> 2@(4-2+(.[';+B3;*,2+uzE_y:,-;'--.5=+;'(;+'.('t+;:,2+*DEB+-.5@2'.(:'2BMxxx45{M:,-2*,(-/+**+;.(2.,/'*-2-@<-2*,2+'(-+=+*,55'225+;*.?5+2-./|M>> '(;',>+2+*D8@<-+C@+(253A2B+-@<-2*,2+:,-B+,2+;@(;+*,><'+(2,2>.-?B+*+,2\xx}v/.*Ox>'(2.).(=+*2zE_'(2.2B+2@(4-2+(-.@*)+7VODz/2+*:,*;-A)B.5'),)';-.;'@>-,52uvz8y:,--?'().,2+;,-2B+-++;'(4?*.>.2+*.(2.2B+-@<-2*,2+).(2,'('(4
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Curriculum vitae 
Personal data 
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Date of birth:  04.12.1992 
Place of birth:  Tallinn, Estonia 
Citizenship:   Estonian 

Contact data 
E-mail:   reelika.kaupmees@taltech.ee 
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2017–2021   Tallinn University of Technology – PhD 
2015–2017   Tallinn University of Technology – MSc, Cum Laude 
2012–2015   Tallinn University of Technology – BSc, Cum Laude 
2000–2012   Tallinn German Gymnasium – Secondary School, Silver Medal 

Language competence 
Estonian    Native 
English    Fluent 
German    Fluent 
Russian   Beginner 

Professional employment 
2020–2021 Early stage researcher at laboratory of optoelectronic 

materials physics, Tallinn University of Technology 
2017–2019 Early stage researcher at laboratory of optoelectronic 

materials physics, Tallinn University of Technology 

Conferences and training courses 
09.10.2017 Conference “Progress in photovoltaics in Denmark 2017”, 

Roskilde, Denmark 
10.10.–13.10.2017 Summer school “Advanced concepts in photovoltaics”, 

Roskilde, Denmark (oral presentation) 
07.03.–08.03.2018 Scientific conference, Graduate school Functional materials 

and technologies (GSFMT), Tallinn, Estonia (poster 
presentation) 

18.06.–22.06.2018 European materials research society (E-MRS) Spring 
Meeting, Strasbourg, France (poster presentation) 

04.02.–05.02.2019 Scientific conference, Graduate school of Functional 
materials and technologies (GSFMT), Tartu, Estonia (oral 
presentation) 

18.03.–22.03.2019 Research visit at University of Duisburg-Essen, Duisburg, 
Germany 

27.05.–31.05.2019 European materials research society (E-MRS) Spring Meeting, 
Nice, France (poster presentation) 

04.02.–05.02.2020 Scientific conference, Graduate school “Functional materials 
and technologies (GSFMT)”, Tallinn, Estonia (poster 
presentation) 
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Awards 
2017 II prize in National contest for university students on scientific 

research in the category of master studies, natural sciences 
and engineering 

Supervised dissertation 
Birkan Emrem, Master’s Degree, 2019, (sup) Jüri Krustok; Reelika Kaupmees, Phonon 
properties of Cu2(Zn,Fe)SnS4 solid solutions, Tallinn University of Technology School of 
Science, Department of Cybernetics. 
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Master’s Degree (2017), supervisor: Jüri Krustok, Local strain-induced band gap 
fluctuations and exciton localization in aged WS2 monolayers, Tallinn University of 
Technology School of Science, Department of Cybernetics. 
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tetrahedrite Cu10Cd2Sb4S13 microcrystals. Journal of Physics D: Applied Physics, 54 
(10), 105102. DOI: 10.1088/1361-6463/abce29. 

3. Kaupmees, R.; Grossberg, M.; Ney, M.; Asaithambi, A.; Lorke, A.; Krustok, J. (2020). 
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Status Solidi (RRL) - Rapid Research Letters, 14, 1900355.10.1002/pssr.201900355. 

4. Grossberg, M.; Volobujeva, O.; Penežko, A.; Kaupmees, R.; Raadik, T.; Krustok, J. 
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5. Kaupmees, R.; Walke, P.; Madauß, L.; Maas, A.; Pollmann, E.; Schleberger, M.; 
Grossberg, M.; Krustok, J. (2020). The effect of elevated temperatures on excitonic 
emission and degradation processes of WS2 monolayers. Physical Chemistry 
Chemical Physics, 22, 22609−22616. DOI: 10.1039/D0CP03248D. 

6. Kaupmees, R.; Komsa, H.-P.; Krustok, J. (2019). Photoluminescence Study of B-Trions 
in MoS2 Monolayers with High Density of Defects. Physica Status Solidi (B), 256 (3), 
1800384.10.1002/pssb.201800384. 

7. Spalatu, N.; Hiie, J.; Kaupmees, R.; Volobujeva, O.; Krustok, J.; Oja Acik, I.; Krunks, M. 
(2019). Post-deposition Processing of SnS Thin Films and Solar Cells: Prospective 
Strategy to Obtain Large, Sintered and Doped SnS Grains by Recrystallization in the 
Presence of a Metal Halide Flux. ACS Applied Materials & Interfaces. DOI: 
10.1021/acsami.9b03213. 

8. Krustok, J.; Raadik, T.; Kaupmees, R.; Grossberg, M.; Kauk-Kuusik, M.; Timmo, K.; 
Mere, A. (2019). Observation of band gap fluctuations and carrier localization in 
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6463/ab1afd. 
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9. Kauk-Kuusik, M.; Li, X.; Pilvet, M.; Timmo, K.; Mikli, V.; Kaupmees, R.; Danilson, M.; 
Grossberg, M. (2019). Nano-scale sulfurization of Cu2ZnSnSe4 crystal surface for 
photovoltaic applications. Journal of Materials Chemistry A, 7, 24884−24890. 
10.1039/C9TA08020A. 

10. Grossberg, M.; Raadik, T.; Krustok, J.; Kauk-Kuusik, M.; Timmo, K.; Kaupmees, R.; 
Mikli, V.; Mere, A. (2018). Optical and structural properties of orthorhombic and 
tetragonal polymorphs of Cu2CdGeSe4. Thin Solid Films, 666, 44−47. DOI: 
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11. Timmo, K.; Kauk-Kuusik, M.; Pilvet, M.; Altosaar, M.; Grossberg, M.; Danilson, M.; 
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füüsika laboris, Tallinna Tehnikaülikool 
2017–2019 doktorant-nooremteadur optoeletroonsete materjalide 

füüsika laboris, Tallinna Tehnikaülikool 

Konverentsid ja täiendkursused 
09.10.2017 Konverents “Progress in photovoltaics in Denmark 2017”, 

Roskilde, Taani 
10.10.–13.10.2017 Suvekool “Advanced concepts in photovoltaics” Roskilde, 
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07.03.–08.03.2018 Teaduskonverents Funktsionaalsete materjalide ja 

tehnoloogiate doktorikool, Tallinn, Eesti (poster ettekanne) 
18.06.–22.06.2018 European materials research society (E-MRS) Spring Meeting, 
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