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Abstract 

 

The series of articles is devoted to discussion of the fundamental physical properties 

of the monolayer binary and ternary group-VI transitional metal dichalcegonides 

(TMDs) such as MoS2, MoSe2, WS2, WSe2 and Mo(SxSe1-x)2 and also of group VII 

such as ReS2 crystals. The monolayer TMDs due to the coupling of the spin – valley 

degree of freedom, strong confinement of carriers to single layer and reduced dielec-

tric screening provide a unique possibility to study many-body effects. Accordingly, 

my research are mainly focused on the electron – electron and electron – phonon in-

teractions in two dimensional TMDs.  

The electron – electron interaction studies were carried out in the comparative temper-

ature –dependant (7- 295 K) photoluminescence (PL), photo excitation photolumines-

cence (PLE) and reflectance contrast (RC) measurements in monolayer group VI 

TMDs with high crystal symmetry [H4, H5, H6] and also in mono- and few layer VII 

group TMDs such as ReS2 crystals, which possess reduced crystal symmetry and in-

plane anisotropy of the optical properties [H2]. Based on the optical spectra I analyzed 

different excitonic complexes which were characterized in terms of their binding ener-

gies, total charge, form of localization and spin –valley configuration of the constitu-

ent carriers. In the PL and Raman scattering investigations I showed, that the binding 

energy of an additional electron to the neutral exciton is comparable with a phonon 

energy. Then, I demonstrated that strong increase of trion PL intensity with the in-

crease of sulfur mole content in ternary Mo(SySe1-y)2 is attributed to two effects: (i) 

strong increase of exciton - trion coupling mediated by the optical phonon, which is 

realized by tuning phonon energy through trion binding energy, and (ii) significant in-

crease of two-dimensional electron gas concentration [H4, H5]. Furthermore, I 

showed that strong exciton – phonon coupling in monolayer TMDs leads to the high 

energy, multi- phonon upconversion photoluminescence, which may be used in the la-

ser cooling [H1]. In the reverse PL measurements in monolayer WS2, I showed that 

upconversion photoluminescence energy gain is up to 150 meV at T = 295 K and 42 

meV at T = 7 K. In addition, I showed that upconversion mechanism strongly depends 

on two electron concentration (2DEG), which was demonstrated in power- dependant 

anti-Stokes excitonic emission measurements performed in ambient and in vacuum 

[H1]. The strong impact of 2D carrier concentration on the electron- phonon interac-

tion was also probed in the resonant Raman scattering measurements in monolayer 

MoS2. I showed that dispersion of b mode strongly depends on 2DEG concentration, 

which was tuned by the change of environmental conditions. In addition, I confirmed 

that it is the second order scattering process involving combinations of the acoustic 

LA and TA phonons at K points of BZ [H3]. 

Presented results are important not only from the fundamental point of view but also 

can be consider in applications. They highlight the impact of environmental condi-

tions, chosen substrate and structural defects on optical properties of monolayer 

TMDs. 

 

State of knowledge before the beginning of the studies and discussion of the 

scientific purpose of the research 
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Semiconducting transition metal dichalcogenides (TMDs) of chemical formula 

MX2 (such as WSe2, WS2, MoSe2 and MoS2) have attracted considerable attention 

from the scientific community due to the underlying physics and promising applica-

tions in photonics, optoelectronics and the development of valleytronics [1-12]. These 

layered materials are indirect semiconductors in bulk form, but when thinned down to 

one monolayer they become direct semiconductors in the visible to the near infrared 

region of the optical spectrum [1-12]. The bulk crystals are built up of van-der-Waals 

bonded X- M -X units which consist of two hexagonal planes of X atoms and an in-

termediate hexagonal plane of M atoms coordinated through covalent interactions with 

the S atoms in a trigonal prismatic arrangement. In monolayers of TMDs the bottom 

of the conduction band and the top of the valence band are located at the binary in-

dexed corners K
+
 and K

−
 of the 2D hexagonal Brillouin zone. The lack of inversion 

symmetry and a strong spin–orbit coupling in single layers of TMDs results in valley-

contrasting strong spin splitting of the valence and conduction bands. The confinement 

to a single layer and reduced dielectric screening lead to strong many body effects 

mediated by Coulomb interactions. The optical spectra of TMDs monolayers are dom-

inated by excitons, bound electron–hole pairs (X = e + h), which exhibit very high 

binding energies of a ~500 of meV [13-15], leading to their stability at room tempera-

ture. In the optical spectra of TMDs monolayers also different excitonic complexes are 

observed. In the presence of excess carriers charged excitons, called trions (T), con-

sisting of two electrons and one hole (X
-
 = 2e + h) or two holes and one electron (X

-
 = 

2e + h), are detected in optical spectra of TMD monolayers. The binding energy of an 

additional carrier to neutral exciton is determined in the optical spectra as an energy 

distance between neutral and charged excitons and it varies from 30 to 42 meV [16-

27, H4-H6]. Varying values of trion binding energies for particular TMDs monolayers 

are related to the different doping level and different position of Fermi level [22]. 

The spin splitting of the valence band Δv, leading to formation of so called A 

and B excitons, amounts to about 150, 180, 430, and 450 meV for the MoS2, MoSe2, 

WS2, and WSe2 monolayer, respectively [28]. As predicted in theoretical calculations 

[6, 29], the conduction-band spin splitting Δc is significantly smaller and shows a larg-

er relative variance between different TMDC monolayers. It leads to the splitting be-

tween the dark and bright exciton subbands of the so-called A-exciton defined by the 

spin–orbit splitting in the conduction band, Δc. Bright excitons are composed of an 

electron and hole with parallel spin, whereas dark excitons are composed of the elec-

tron and hole with the opposite spin. In molybdenum based TMDC Δc is predicted to 

be positive (equals 3 and 21 meV in MoS2 and MoSe2, respectively), resulting in the 

lowest energy exciton subband being bright. In contrast, in tungsten based TMDC Δc 

is predicted to be negative (equals -32 and -37 meV in WS2 and WSe2, respectively), 

and the lowest energy subband is dark [29]. This leads to the significant differences 

observed in the emission spectra of molybdenum and tungsten based compounds 

which, among others, are related to the detection of different spin - valley configura-

tions of negative trion [24, 26]. In the low temperature photoluminescence (PL) spec-

tra of MoSe2 monolayers, well resolved exciton and trion transitions, separated by 30 

meV, are detected [20, 21, H4-H6]. While, low temperature emission spectra of WSe2 

are dominated additionally by lines positioned in the low energy sector of PL spectra 

[17-19]. The nature of these lines is still under debate. They have been assigned to 

excitons localized on defects (L) [17] or phonon- assisted transitions [29]. There is al-
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so another interpretation based on low temperature power dependent PL experiments 

reported on observation of biexciton emission (XX) among these spectral lines [25]. 

On the other hand, similar investigations conducted on WS2 monolayers force the in-

terpretation, that the XX emission is merged with the emission of a localized exciton 

(L) [23], which is based on a linear increase in the integrated XX/L PL intensity for 

low excitation densities and a quadratic one for higher exciton densities. Moreover, 

other authors reported investigations in favor of a trion nature of this species [26]. 

They showed in PL experiments on a WSe2 monolayer that by applying a gate voltage, 

the spectral weight of PL transfers from the neutral exciton (X) to the trion (T) and at 

a voltage higher than 20 V, to a new PL feature (named X2′), positioned at the same 

energy as the biexciton emission. 

The aim of my investigations was to gain insight into the nature of excitonic complex-

es observed in different energy regions of the optical spectra of two dimensional 

group-VI and -VII TMDs. For this purpose, I constructed an experimental set- up, 

which allowed me to conduct the simultaneous reflectance contrast (RC), photolumi-

nescence (PL), excitation photoluminescence (PLE) and Raman scattering measure-

ments with a micrometric spatial resolution in broad temperature range from 7 to 300 

K. I also developed a method of monolayer separation based on mechanical exfolia-

tion from bulk crystals using different adhesion tapes and elastomers. On the base of 

experimental results I analyzed all the observed excitonic complexes and I interpreted 

them in terms of their binding energies, total charge, form of localization and spin - 

valley configuration of the constituent carriers. I also studied many-body effects relat-

ed to electron – phonon interactions. 

 

Achieved scientific results being the subject of habilitation and prospects for 

their possible use. 

 

1) Probing the nature of the excitonic compexes in monolayer WSe2, WS2, MoSe2 and 

MoS2. 

 

In the work [H6], based on the comparative temperature- dependant photolumi-

nescence (PL) and reflectance contrast (RC) experiments I discussed the optical 

properties of WSe2, WS2, MoSe2 i MoS2 monolayers. In order to characterize all 

the monolayers under the same condition, including the impact of the substrate on 

the optical properties, they were exfoliated onto the same target SiO2/Si substrate. 

In figure 1.1 (a)- (d) examples of comparative PL and RC spectra of all the studied 

monolayers are presented at T = 7 K. Two resonances are observed in the higher 

energy region of the PL and RC spectra for all the samples. They are attributed to 

the optical transitions of an exciton (X, a higher-energy one) and trion (T, a lower-

energy one). The common feature observed in the PL spectra of all the studied 

monolayers is that the PL intensity of the trion exceeds that of the exciton. In con-

trast, the RC spectra are much more diverse. In reflectivity spectra of selenides, 

WSe2 and MoSe2, the exciton resonance is substantially stronger than that of the 

trion. Moreover, in WSe2 the trion resonance is scarcely distinguished in the RC 

spectra. In the RC spectra of WS2 the X resonance is slightly stronger than the T 

resonance, and only in MoS2 the T resonance is stronger than that of X. The reason 



7 

 

for the difference in the optical amplitude of the exciton and trion in the PL and 

RC spectra is that the strength of the exciton and trion resonances in reflectivity is 

determined by respective density of states, whereas the PL intensity is contributed 

additionally by a state occupation factor. The qualitative comparison of the optical 

properties shows that the relation in the strength of the exciton and trion resonanc-

es in the RC spectra depends on the two dimensional carrier concentration 

(2DCG), which in sulfides is about two orders of magnitude higher than in 

selenides [4, 16].The increase in the 2DCG concentration results in the increase in 

the strength of the trion resonance relative to the strength of the exciton resonance.  

An inspection of the RC spectra presented in Fig. 1.1 shows that the highest 2DCG 

concentration (electron) is expected in MoS2, then in WS2, next in MoSe2, whereas 

the lowest in WSe2. This qualitative estimation of the 2DCG concentration turned 

out to be very supportive, particularly for the interpretation of the mentioned series 

of emission lines observed in the low energy sector of the PL spectra of the tung-

sten compounds [17, 25]. 

In the work [H6], in the low energy sector of the PL spectra of the WSe2 and WS2 

MLs shown in figures 1. 1 (a) and (b) a group of high intensity lines, labeled by 

analogy to localized excitons as (L1–Ln) is detected. As clearly seen in Fig. 1(a), 

none of the (L1–Ln) lines are individually distinguishable in the RC spectra of 

WSe2. However, it is significant that in the RC spectra of WS2 a new additional 

line (named L0) is observed. Interestingly, its energy position in the RC spectra 

matches the energy of the prominent emission line L1, which was interpreted pre-

viously as biexciton (XX) [23]. At that stage of investigation, according to my 

knowledge, it was first observation of the L0 resonance in RC spectra of the WS2. 

 

 

 

 

 

 

 

 

Fig. 1.1 Examples of comparative PL and RC spectra recorded at T = 7 K for the 

monolayers of: (a) WSe2, (b) WS2, (c) MoSe2, (d) MoS2. 

 

Further investigation of RC spectra showed that the strength of the L0 resonance is 

strongly position dependent and there is a clear correlation between the strength of 
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the X, T and L0 resonances. In figure 1.2 the RC spectra of the WS2 monolayer 

recorded at different points on the monolayer are presented. The increase in the 

strength of the L0 resonance is accompanied by the simultaneous increase in the 

strength of the T resonance and the decrease of the strength of the X resonance. 

Since the increase in the trion strength relative to the exciton strength is related to 

the increase in the 2DCG concentration, this observation implies that: (1) the con-

centration of the 2DCG is different in different regions of the studied WS2 mono-

layer, and (2) the strength of the L0 resonance increases with the increase in the 

2DCG concentration. The observed increase in the strength of the T and L0 reso-

nances in the RC spectra with the increase in the 2DCG concentration allowed me 

to assess both features as related to the fine structure of the trion. 

It is well established from the PL studies of gated WS2 structures that pristine WS2 

MLs are n-type doped, so I attribute the T and L0 resonances to two optically 

bright negatively charged trion species (X
−
). Due to the Pauli principle two con-

stituent electrons in a trion in TMDC monolayers occupy states with different spin 

or valley index. In a WS2 monolayer this leads to three possible pairs of doubly 

degenerate configurations of the bright trion X
−
 complex, schematically presented 

in Fig. 1.3 (a) – (c): (a) the intravalley trion, with a hole and a pair of electrons in 

the same valley in the upper and lower conduction bands, forming an electron spin 

singlet state, (b) the intervalley trion, with electrons located in different valleys, in 

the upper and lower conduction bands, forming an electron spin triple state, and 

(c) the intervalley trion with electrons located in different valleys, but in the upper 

conduction bands, forming an electron singlet state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 The RC spectra of WS2 record-

ed at different points on a monolayer.  

Fig. 1. 3 A schematic illustration of 

possible configurations of a hole and 

a pair of electrons in trion in a WS2 

monolayer  

 



9 

 

The formation of trion complexes with an additional electron in the lower-energy 

spin-split conduction band, presented in figures 1.3 (a) and (b), are more probable 

at low two-dimensional electron gas (2DEG) concentrations, whereas the for-

mation of the trion complex with electrons in the higher-energy spin-split conduc-

tion bands are preferable at higher 2DEG concentrations, when the electron Fermi 

level is located above the upper spin-split conduction band. 

One possible model that could explain the coexistence of the T and L0 resonances 

in the RC spectra is that the WS2 monolayer is inhomogeneous, possibly due to in-

teraction with the substrate or randomly created vacancies which act as acceptors 

or donors, resulting in regions with low and high 2DEG concentration. 

The proposed interpretation of the fine structure of the trion in WS2 monolayer 

predicts energy splitting of the trion into three separate resonances, not resolved 

within the linewidth of the T and L0 features in RC spectra. The observation of the 

splitting of the T feature into two components, attributed to the electron spin sin-

glet (TS) and triplet states (TT), with an additional electron in the lower conduction 

band [24], is very difficult in the optical spectra of the standard WS2/SiO2 struc-

tures due to small splitting of the singlet–triplet states (7 - 11 meV) in comparison 

to the linewitdh of the T resonance. However, it can be achieved in the high quali-

ty WS2/hBN/SiO2/Si structures [H1]. 

To gain more insight into the character of the L1 and other low energy L lines I 

performed excitation power and temperature dependant PL measurements of WS2 

and WSe2 monolayers. At T = 7 K and low excitation powers all the X, T and L 

lines in the PL spectra of WSe2 and WS2 are well separated and have comparable 

intensities, whereas at higher excitation powers the L1 line strongly dominates the 

spectra. It is worth to note, that in the emission spectra of WSe2 the L1 and L series 

were better resolved than in the emission spectra of WS2. However, the same rela-

tion in the evolution of the total PL intensity of the X, T, L1 and L2–L4 species as a 

function of the excitation power were observed. I showed that the integrated PL in-

tensity of the exciton and trion grows almost linearly, whereas the integrated PL 

intensity of the L1 exhibits superlinear growth with the excitation power. The lines 

L2–L5 in WSe2 and L2–L4 in WS2 grow sublinearly with the excitation power. To 

compare my data with the previous reports [23, 25] I analyzed the emission from 

the L1 in terms of the neutral exciton X strength using a power law relation of the 

form IL1∼IX

. For WSe2 I obtained α = 1.28, slightly lower than  = 1.39 obtained 

in [25]. For WS2 I obtained α =1.46, whereas in [23] authors reported on a linear 

dependence of the total PL intensity of the relevant line for low excitation powers 

and a quadratic one for higher excitation powers. They interpreted this effect as re-

lated to emission of two different species with the same PL energy: at low excita-

tion power the main contribution to PL stems from defect bound excitons, whereas 

for higher excitation powers the emission from biexciton dominates. Although the 

relation of the L1 feature in PL spectra of WSe2 and WS2 to biexciton emission, 

proposed in the previous studies, is convincing, on the base of my study of the PL 

and RC spectra of WS2 monolayer I proposed an alternative interpretation of the 

L1 feature as related to the superposition of: defect bound exciton, trion emission 
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and biexciton. However, it is worth to note that the simultaneous observation of all 

the excitonic complexes (particularly in WS2) requires different experimental con-

ditions, including different 2DCG concentration and different quality of the stud-

ied sample (highly or low defected). As was shown in theoretical calculations [30, 

B2], point defects in TMDs serve as both, donors or acceptors. In strongly con-

fined systems, by analogy to 2D GaAs/AlxGa1-xAs structures, in the presence of an 

excess electron (hole) gas, a neutral donor, D0 (or a neutral acceptor, A
0
) can bind 

an additional electron (hole) to form a charged complex D
−
 (or A

+
) [31, I1, I3]. 

The stability of such charged complexes is also expected in TMDC monolayers. 

Moreover, as predicted in theoretical calculation, their binding energy is equal to 

about 30 meV [32]. Hence, in a highly n-type doped WS2 monolayer the formation 

of optically active complex of an exciton bound on a negatively charged donor 

(D
−
X  = = D

0
 + e +e +h ) is very probable, but its contribution to the PL spectra is 

excepted to be very weak. Another scenario, possible in the defected structure, is 

that the L1 feature is additionally contributed by emission of excitons bound on 

neutral donors or acceptors (D
0
X = D

0
 + e+ h or A

0
X = D

0
 + e+ h). It is well 

known from the PL studies of bulk crystals [33, 34] that the D
0
X and A

0
X emis-

sion intensities exhibit superlinear dependence on the laser power, and the similar 

behavior is expected in atomically thin TMDC. Consistently, I attributed the L2–L4 

lines positioned in the PL spectra of WS2 at lower energies in respect to the L0 line 

to optical transitions of: electron to acceptor (e–A
0
), hole to donor (h–D

0
), and do-

nor to acceptor (D
0
–A

0
) complexes, as they exhibit similar sublinear growth of the 

emission strength as a function of the laser power as relevant complexes in bulk 

crystals [33, 34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 The temperature evolution of the PL and RC spectra of WSe2 and WS2 

monolayers. (a) PL spectra of WSe2. (b) RC spectra of WSe2. (c) PL spectra of 

WS2. (d) RC spectra of WS2. 

 

The temperature dependant PL and RC studies of WSe2 and WS2 monolayers also 

support proposed interpretation of the L0, L1, L2-Ln transitions. As seen in the PL 
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spectra presented in Fig. 1.4 (a) i 1.4 (c), with increasing temperature the low en-

ergy L peaks rapidly quench and they are not detected in the spectrum at tempera-

tures above 80 K. This rapid quench of the low intensity lines is independent of the 

excitation power. However, in both monolayers with increasing temperature the 

PL intensity of the L1 line decreases much slower than the PL intensity of the other 

L lines. Additionally, in the WS2 monolayer the L0 resonance in the RC spectra 

exhibits similar temperature evolution as the L1 resonance in the PL spectra and 

disappears from the RC spectra at the same temperature T > 80 K. This accounts 

for the relation of the L0 and L1 resonance to the same radiative complex. In order 

to interpret the rapid temperature quenching of the L0 and L1 features I considered 

the impact of the inhomogeneous distribution of the 2DEG in the WS2 monolayer. 

In other words, I assumed that due to the potential fluctuations in some regions of 

the monolayer the upper spin-split conduction band is positioned below the Fermi 

level. As the temperature increases, the access electrons become more mobile, that 

causes a more homogeneous redistribution of the 2DEG over the whole sample, 

which in turn leads to decrease of the number of electrons in the upper conduction 

bands and the L0 resonance disappears from the RC spectra of the WS2 monolayer. 

With the increase in the temperature, the occupation of the lower spin-split con-

duction band is only weakly affected and the T resonance, related to the trion 

complex with the access electron in the lower spin-split conduction band, is de-

tected in the PL and RC spectra up to T = 295 K.  

In contrast to low energy L lines the X and T lines contribute to the PL spectra of 

WS2 and WSe2 monolayers at all measured temperatures T= 7–295 K. This is re-

lated to a higher oscillator strength of the X and T states compared to the localized 

states. Additionally, the observation of the strong temperature induced transfer of 

the optical strength from the L features to the exciton (X) and trion (T) (Fig. 1.5) 

implies that the exciton and trion are related to essentially free states, for which lo-

calization has insignificant effect on the emission energy, whereas the L features 

are related to strongly localized states, positioned in the low energy sector of the 

emission spectra. The temperature quenching of L lines in emission spectra above 

80 K can be explained by the fact that excitons gain kinetic energy and become 

less susceptible to the capture process. 

Looking at the temperature evolution of the integrated PL intensities of excitons 

and trions in WSe2, WS2, MoSe2 and MoS2 monolayers presented in Fig. 1.5 (a) – 

(d), one can find significant differences between them, mainly related to the differ-

ent 2DEG concentrations in sulfides and selenides and the opposite sign of the 

conduction band spin-splitting in the tungsten- and molybdenum based TMDs. In 

figure 1.6 the logarithm of the trion to exciton ratio of integrated PL intensity is 

drawn as a function of invert temperature in WS2, WSe2 and MoSe2. In high tem-

perature regime (different for individual TMDs), the temperature evolution of the 

total PL intensity of the trion and exciton lines can be described using the Boltz-

mann law: ~exp-(ET- EX)/kBT, where ET and EX are the trion and exciton energy 

positions in the PL spectra, and kB isthe Boltzman constant.  
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As is seen from Fig. 1.6, the ratio of the exciton to trion PL intensity obeys Boltz-

mann law in WSe2 at temperatures above T > 80 K, when the L lines disappear 

from the PL spectra. Moreover, the energy E = –(ET- EX) = 30 meV obtained 

from the Boltzman law is in good agreement with the energy separation of the T 

and X lines in the PL spectra (Fig 1.1 (a)). In contrast, in WS2, where the L lines 

disappear from the PL spectra in the same temperature range, the ratio of the 

exciton to trion PL intensity obeys Boltzmann law at much higher temperatures T 

> 180 K. Also, the energy E = 46 meV obtained from the Boltzman law is slight-

ly higher than energy separation of the T and X lines in the PL spectra which is 

equal to 42 meV (Fig 1.1 (b)). In MoSe2, where no additional lines, except X and 

T, are observed in the PL spectra, the Boltzman law for emission lines is valid at T 

> 60 K, when the trion PL intensity starts to decrease significantly. This result re-

veals a complex interplay between the effect of different recombination channels 

(radiative and non-radiative) and 2D carrier concentration in WSe2, WS2 i MoSe2 

monolayers. However, in high temperature regime, different for different samples, 

radiative recombination of the trion and exciton are the dominant recombination 

channels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant difference in the energy separation of the trion and exciton lines in the 

PL spectra of selenides and sulfides are related to a strong difference in their 2D 

carrier concentration [4, 16]. In selenides, WSe2 and MoSe2, the carrier concentra-

tion is low and the energy separation of the X and T lines is equal to the trion bind-

ing energy. However, in WS2 and MoS2, the 2D electron concentration is high, 

which causes that during the radiative recombination of an electron– hole pair in a 

Fig. 1.5 Integrated PL intensities of 

excitons, trions and localized excitons as a 

function of the temperature in: (a) WSe2, 

(b) WS2 (c) MoSe2 and (d) MoS2. 

 

Fig. 1. 6 Integrated PL intensity 

rate ln(IT/IX) of the trion (T) and 

exciton (X) lines as a function 

of 1/T (symbols) for WS2,WSe2 

and MoSe2. 
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trion complex, an additional electron is excited over the Fermi energy due to the 

space filling effect, and the relation between the exciton and trion positions in the 

PL spectra is given by the formula E = Eb + EF [22]. 

In order to determine the trion binding energy one has to decrease the 2D carrier 

concentration, what can be realized in a gated structure. Lacking capabilities to 

conduct transport measurements on the monolayers I performed the following ad-

ditional PL experiments in ambient and in vacuum. It is well established that under 

ambient conditions the physisorbed O2 and H2O molecules deplete n-type materi-

als such as MoS2 and WS2, much more than conventional electric field gating [35, 

36]. 

The comparison of the RC and PL spectra recorded at T = 295 K in ambient and 

vacuum conditions for all the studied monolayers is shown in Fig. . 1.7 (a)-1.7 (d). 

The experiments were performed under the same conditions for all the samples.  

In the PL and RC spectra of selenides, WSe2 and MoSe2, recorded at T = 295 K, in 

ambient and in vacuum, only one line of the exciton is detected in both monolay-

ers. The energy position of the X line in the PL and RC spectra in both monolayers 

is almost the same. This observation confirms that the 2DCG concentration is sub-

stantially lower in the selenides than in the sulfides. 

In the sulfides, WS2 and MoS2, the 

shape and energy position of the PL 

lines and RC resonances strongly dif-

fer between experiments performed in 

ambient and vacuum, which confirms 

the previous reports that in ambient 

the 2DCG concentration is strongly 

depleted. The PL spectra of WS2 and 

MoS2 measured in vacuum are domi-

nated by the trion. However, in the 

PL spectra of WS2 measured in ambi-

ent well resolved peaks of X and T 

are resolved. Their energy separation 

equal to 30 meV is lower than the 

energy separation of the X and T 

peaks in PL spectra measured at low 

temperatures in vacuum which 

amounts 42 meV. Hence, the Fermi 

level can be evaluated using equation 

EF= E – Eb = 12 meV. This value is 

equal roughly to one half of theoreti-

cally predicted energy distance be-

tween spin-split conduction bands c, 

which means that Fermi level in 

WS2/SiO2 structures is positioned 

between them. Then, using the equa-

 

Fig. 1.7 The PL spectra recorded at T = 

295 K in ambient (black line) and vacu-

um (red line) for (a) WSe2, (b) WS2, (c) 

MoSe2 and (d) MoS2. 
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tion n = meEF/πћ
2
 and the electron effective mass me = 0.37 [6], we calculate the 

intrinsic 2D electron concentration n = 1.8 x 10
12

 cm
-2

. In the PL spectra of MoS2 

measured in ambient we detect only the T line, which enables us to evaluate the 

trion binding energy. This observation also shows the high 2D electron gas con-

centration in MoS2, even in vacuum. Using the theoretically calculated trion bind-

ing energy in MoS2 as Eb = 30 meV [32] and the electron effective mass of me = 

0.35 [37] and also E = 43 meV we evaluate the Fermi energy as EF = 13 meV 

and the intrinsic 2D electron concentration as n = 1.9 x 10
12

 cm
-1

. These calcula-

tions confirm previous qualitative estimation of 2DEG concentration in the mono-

layer TMDs, which was proposed on the grounds of  the comparative RC meas-

urements. 

 

2) Phonon assisted upconversion photoluminescence processes in WS2 and WS2/hBN 

heterostructures. 

 

The atomically thin semiconductors based on transition metal dichalcogenides due 

to their very strong photon–exciton [1 -15] and and phonon–exciton interactions 

[29, H5] are very promising for applications based on the anti – Stokes processes 

in which an absorption of a photon leads to reemission of a photon at energy high-

er that the excitation energy [38, 39]. Moreover, tungsten- based TMDs appear to 

be particularly effective due to prominent emission intensity in ambient, about two 

orders of magnitude higher than in molybdenum- based compounds [H6]. 

Recently, Jones et al.[38] reported phonon-mediated upconversion of photon emis-

sion by ~30 meV up to 250 K, from trion (T = X
−
) to exciton (X), in a single layer 

of WSe2. This was possible because the strong confinement of carriers to a single 

layer results in a very high binding energy of an electron to an exciton forming a 

trion, ~30 meV, comparable with a phonon energy [38, 40]. 

The motivation for my studies of the exciton complex- phonon interactions was 

based on the comparable values of the energy separation of the X and T lines in PL 

spectra of monolayer TMDs [H5, H6] with the energies of optical phonons, such 

as: E = 30 meV and EA1 = 29.8 meV for MoSe2[40, H4], E = 39-43 meV and 

EA1 = 50 meV for MoS2 [40, H4], E= 43 meV and EA1 = 52 meV for WS2 [40, 

B5]. Taking into account both the phonon energy and efficiency of the emission 

intensity in different TMDs in ambient [H6], I chose monolayer WS2 for further 

investigations. 

In contrast to ref. [38], I demonstrated a room temperature upconversion photolu-

minescence process in a monolayer semiconductor WS2 with a larger energy gain, 

up to 150 meV. I also showed that the energy gain significantly depends on the 

temperature and increases from 42 meV at 7 K to 150 meV at 295 K.  

Since the optical properties of WS2 monolayer related to relative X and T PL in-

tensities are strictly influenced by the temperature, environment and target sub-

strate, the studies were started with comparing the upconversion photolumines-

cence process in WS2/SiO2 and WS2/hBN/SiO2/Si structures under ambient condi-

tions. 
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For both structures, the incident photons (1. 85 eV) are converted into emitted 

photons with an energy higher by 150 meV, even though the intensity of the 

upconversion emission detected in WS2/hBN/SiO2/Si heterostructure is one order 

of magnitude lower than in WS2 deposited directly on the SiO2/Si substrate.  

 

 
 

Fig. 2.1 Upconversion photoemission process in monolayer WS2. (a) The schemat-

ic representation of upconversion process. (b) Examples of the upconversion pho-

toemission spectra in WS2/SiO2/Si recorded for different excitation photon ener-

gies. (c) Examples of the upconversion photoemission spectra in 

WS2/hBN(136 nm)/SiO2/Si detected for different excitation photon energies. To 

reduce laser scattering light short-pass (in wavelength) edge filters (EF) with edge 

at 652 nm (1.90 eV) were used. 

 

 
 

 

 

 

 

Fig. 2.2 Excitation energy dependence of the upconversion photoemission. (a) 

Evolution of the upconversion emission spectra as a function of the laser excita-

tion photon energy in WS2/SiO2/Si, recorded in ambient, at 295 K. (b) The de-

pendence of the upconversion integrated intensity on the energy difference of the 

neutral exciton (X) and the excitation photon energy (EX–Eex). 
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The examples of the upconversion emission spactra in WS2/SiO2 and 

WS2/hBN/SiO2/Si structures are shown in Fig. 2.1 (b) and (c), respectively. The 

intensity of emitted upconverted photons in both WS2/SiO2/Si and 

WS2/hBN/SiO2/Si heterostructures strongly correlates with the intensity of normal 

photoluminescence (PL), spectral shape of which strongly depends on the thick-

ness of hBN layer. This is why, for further studies of the excitonic upconversion 

photoluminescence in ambient at 295 K, I chose single layers of WS2 exfoliated on 

SiO2/Si substrate, as they exhibit the most prominent emission attributed to the 

neutral exciton (X). Figure 2.2 (a) shows the colour map of the upconversion pho-

toemission intensity as a function of the exciting photon energy, whereas Fig. 2.2 

(b) presents the dependence of the upconversion photoluminescence integrated in-

tensity in the spectral range from 1.91 eV to 2.10 eV on the energy difference (EX–

Eex) of the exciton X and the exciting photon energy Eex. For the energy difference 

EX–Eex from 50 meV to 155 meV, the integrated upconversion photoluminescence 

intensity decreases with decreasing excitation photon energy with the rate equal to 

−0.0256 meV
−1

. 

In order to identify the mechanism responsible for the upconversion in monolayer 

WS2, particularly the nature of the initial states being in resonance with the inci-

dent photons (~1.85 eV), the comprehensive, temperature –dependent PL experi-

ments of WS2/SiO2 and WS2/hBNSiO2/Si structures were performed. In contrast to 

WS2 monolayers deposited directly on the SiO2/Si substrate, for all the investigat-

ed WS2/hBN/SiO2/Si structures the additional emission lines, except the X line, 

appeared in the PL spectra in ambient, at T = 295 K (see Fig. 2.3 (a)). One of the 

lines, positioned at the energy of 1.964 eV, 42 meV below that of the exciton (X), 

is attributed to a trion (T), whereas the lower-energy broad features labeled as L, 

positioned at ~1.86 meV, are attributed to strongly localized exciton [23 ,H6]. The 

L lines in the PL of the WS2/hBN/SiO2/Si heterostructures are recorded about 

150 meV below that of the free exciton. Moreover, for all the WS2/hBN/SiO2/Si 

heterostructures with finite hBN thickness, the characteristic red shift of X line, 

about 8 meV below its position recorded for the WS2 monolayer deposited on 

SiO2/Si, is observed. This energy difference is related to the change of the exciton-

binding energy Eb and the bandgap energy Eg (EX = Eg − Eb). The different dielec-

tric environments of WS2 monolayers lead to the reduction of both Eg and Eb en-

ergies in WS2/hBN/SiO2/Si heterostructures in comparison with the WS2/SiO2/Si 

structures. These results show that an extra hBN layer used between the flake and 

SiO2/Si substrate can act as a buffer layer and changes the doping level in the 

monolayer system. Here, it is manifested by the altering trion to exciton emission 

intensity ratio (T/X) shown in the inset of Fig. 2.3 (a). For normal WS2/SiO2/Si 

structure, the trion peak is hardly detected in the PL spectra, whereas for 

WS2/hBN/SiO2/Si heterostructures with increasing hBN thicknesses the T/X PL 

intensity ratio increases. The rising value of the T/X PL intensity ratio indicates 

that the increasing of hBN layer thickness leads to the growth of two-dimensional 

electron gas concentration in monolayer WS2. This dependence can be explained 

by the fact that the WS2 is naturally n-doped whereas positively charged defects 
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(or charge inhomogeneity) are embedded in SiO2 surface, close to the monolayer 

WS2. Hence, the positively charge defects in SiO2 surface strongly influence an 

electron charge in WS2. Intuitively, the electron-binding energy to the charged de-

fect embedded in SiO2 is the largest for WS2/SiO2/Si structures and should de-

crease with increasing thickness of hBN layer. Our experimental results are quali-

tatively consistent with recent theoretical calculations of the ground-state energies 

of electrons as a function of the distance of a positive point-charge defect from the 

mid-plane of the monolayer [41]. 

 

 
 

Fig. 2.3 Photoluminescence, reflectance contrast and Raman scattering. (a) Exam-

ples of photoluminescence spectra of monolayer WS2 deposited on SiO2/Si sub-

strate and on hBN/SiO2/Si substrates with different thicknesses of hBN layers, ex-

cited with incident photon energies of 2.33 eV (532 nm), and recorded in ambient 

at 295 K. The inset shows the T/X emission intensity ratio for different flakes, 1, 2 

and 3, respectively. (b) Examples of photoluminescence spectra of monolayer WS2 

deposited on hBN/SiO2/Si substrates with different thicknesses of hBN layers, ex-

cited with incident photon energies of 2.33 eV (532 nm), and recorded in vacuum 

at 7 K. (c) The red-shift of neutral exciton (X) emission line for increasing thick-

ness of hBN layer. d The comparison of low temperature PL and RC spectra rec-

orded in WS2/hBN(21 nm)/SiO2/Si. (e) The temperature evolution of PL spectra in 

WS2/hBN(21 nm)/SiO2/Si. (f) Helicity-resolved Raman spectra excited with 

532 nm laser line for WS2/SiO2/Si. 
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These results show that the electron-binding energy is the largest when the defect 

is at the surface, and it significantly decreases from 150 meV to a few meV as the 

distance between point-charge defect and the mid-plane of the monolayer exceeds 

100 nm. Interestingly, the L lines attributed to localized excitons emerge in the PL 

spectra on the low energy wing of the trion when hBN layer is placed between the 

WS2 monolayer and SiO2 substrate and they are well resolved in the spectra and 

comparable with the trion emission for hBN thickness higher than 300 nm. 

Figure 2.3 (b) compares low temperature (7 K) spectra, normalized to maximum 

photoluminescence intensity, detected for selected WS2/hBN/SiO2/Si 

heterostructures with different thicknesses of hBN layers (21 nm, 120 nm, 

136 nm), respectively. There is a qualitative correlation between the energy of the 

peak associated with particular transition and the thickness of the hBN layer. The 

emission lines detected at higher energies and interpreted as nearly free complex-

es, including X, TS, TT [[24, 38]] and L0 [42, H6], exhibit an apparent red shift 

with increasing thickness of hBN (for X line see Fig. 2. 3(c)), whereas the series of 

lower energy L lines (strongly localized) remains energetically inert. Moreover, 

the emission intensity of the L lines differs slightly from flake to flake due to dif-

ferent amount and types of created vacancies and the difference in the local two-

dimensional electron gas concentration, but without evident correlation with the 

thickness of hBN layer. Also, for all the studied samples, the L transitions do play 

a significant role in absorption type experiments, such as reflectance contrast (RC) 

spectroscopy. While, it is worth to note, that the extra hBN layer deposited be-

tween SiO2 and WS2 allows to observe different kind of trions (TS, TT i L0), both in 

the PL and RC spectra (Fig. 2.3 (d)). Furthermore, the temperature evolution of the 

PL spectra of WS2/hBN/SiO2/Si structures, presented in Fig. 2.3 (e), shows that the 

L lines are detected in the optical spectra up to 160 K, which corresponds to signif-

icantly higher temperature range than for standard WS2/hBN/SiO2/Si structures. It 

allowed to observe that at high temperatures the L lines merge energetically with 

the states from the trion tail. 

In order to identify potential phonon modes involved in the upconversion process, 

the polarization resolved Raman scattering measurements were done at room tem-

perature, under ambient conditions. Figure 2. 3 (f) presents helicity resolved Ra-

man scattering spectra of a monolayer WS2 deposited on an SiO2/Si substrate ex-

cited with the 532 nm laser line with σ
+
 polarized excitation and detection either in 

σ
+
 or σ

−
 polarization, labeled σ

+
σ

+
 or σ

+
σ

−
. This method allows us to resolve and 

precisely assign degenerate Raman bands for the monolayer WS2 [43], the E’ and 

2LA (M), respectively. The first order out-of-plane A’1 mode (52 meV) is visible 

only in σ
+
σ

+
 configuration, whereas the in-plane E’ (44 meV) is detected only in 

the spectra of opposite helicity σ
+
σ

−
.  

Since the polarization properties of the A’1 phonon (σ
+
σ

+
) are consistent with 

preservation of valley polarization of the exciton complex for selective excitation 

with circularly polarized light in TMDs [7-9, 38], I proposed that the upconversion 

mechanism in WS2 is based on the coupling between the initial and final excitonic 

states mediated by the three A’1 phonons. This scenario was determined by two 
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aspects : (i) the upconversion energy gain of 150 meV matches the energy of three 

phonons equals to 156 meV, (ii) the symmetry of the electronic states within the K 

valleys dictates a stronger interaction with the out-of-plane A’1 phonon than with 

the in-plane E’ mode [44, 45].  

 

 
 

Fig. 2.4 Upconversion photoemission process in monolayer WS2 at 7 K. (a) The 

PL spectrum recorded for WS2/hBN(136 nm)/SiO2/Si at 7 K. Black, green, blue 

and orange arrows point out excitation energies used in UPC experiment. (b) Ex-

amples of UPC spectra at 7 K excited with energies indicated by coloured arrows 

in (a). (c) The dependence of the upconversion integrated intensity on the energy 

difference of the neutral exciton (X) and the excitation photon energy (EX–Eex). 

 

In order to elucidate the nature of the initial states in the anti- Stokes emission pro-

cess, I performed complementary upconversion photoluminescence measurements, 

at low (7 K) and intermediate temperatures (70 K). Then, I considered two scenar-

ios. At room temperature, due to the upconversion energy gain of 150 meV com-

parable with the energy separation of the X and L, one of the possible explanation 

is that incident photon is in resonance with an exciton localized on impurity. How-

ever, taking into account two aspects: (i) absence of any L features in RC spectra 

(week absorption on excitons localized on impurities), (ii) the exponential drop of 

upconversion intensity as excitation energy is lowered from the exciton into the 

energy gap, I excluded this scenario. Hence, I proposed that the absorption of an 

incident photons at 295 K is related to the states from the tail of the trion. It was 

also confirmed by comparative PL and upconversion PL measurements at low and 

intermediate temperatures. 

At T = 7 K (Fig. 2.4 (a)-(c)) the energy gain of upconversion emission amounts to 

about 42 meV, which is comparable with the energy difference between the X and 

TS emission lines (spin singlet trion binding energy plus Fermi level energy) and 

also nearly resonates with the energy of one optical phonon (A’1 or E’). This sug-

gests that at low temperature the upconversion photoluminescence process is relat-

ed to the coupling between the trion (T) and exciton (X) states mediated by one 

optical phonon, as in work of Jones et al. [38]. Moreover, for the energy difference 
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EX–Eex between 32 meV and 40 meV, the integrated upconversion intensity de-

creases with decreasing excitation photon energy, with the rate equal to 

−0.079 meV
−1

 (Fig. 2.4 (c)), which is about three times higher (in absolute value) 

than the one estimated at 295 K under ambient condition.(– 0.0256 meV
-1

).  

 

 
 

Fig. 2.5 Upconversion photoemission process in monolayer WS2 at 70 K. (a) The 

PL spectrum recorded for WS2/hBN(136 nm)/SiO2/Si at 70 K. The coloured ar-

rows point out excitation energies used in UPC experiment. (b) Examples of UPC 

spectra at 70 K excited with energies indicated by coloured arrows in (a). (c) The 

dependence of the upconversion integrated intensity on the energy difference of 

the neutral exciton (X) and the excitation photon energy (EX – Eex). 

 

Figure 2.5 (a) shows the PL spectrum detected at 70 K. Coloured arrows indicate 

excitation energies (Eex) of the upconversion photoluminescence spectra presented 

in Fig. 2.5 (b). At this temperature, the exciting photon energy required to achieve 

a detectable upconversion photoluminescence (gradual intensity growth just above 

the noise floor) is found to exceed Eex = 2.009 eV, which corresponds to the energy 

position of the L0 line in the PL spectra. Interestingly, following the upconversion 

photoluminescence spectra excited at different energies, presented in Fig. 2. 5 (b), 

it is seen that with decreasing excitation energy from 2.036 to 2.026 eV, the inten-

sity of the upconversion photoluminescence increases and achieves maximum at 

excitation with energy nearly equals to the energy of the trion in a spin singlet 

state Ts (green arrow in Fig. 2. 5 (b)). With further decreasing excitation energy, 

the upconversion photoluminescence decreases and is not detected at excitation 

energies below 2.009 eV. Figure 2.6 (c) presents the dependence of the integrated 

intensity of upconversion photoluminescence on the energy difference EX–Eex of 

the exciton X and the exciting photon energy EX. For the energy difference from 

37 meV to 60 meV, the integrated upconversion photoluminescence intensity de-

creases with decreasing excitation photon energy with the rate equal to 

−0.054 meV
−1

, which is about two times higher and about one and half times lower 

(in absolute value) than those estimated under ambient at 295 and 70 K, respec-

tively. Importantly, these results show that upconversion photoluminescence ener-
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gy gain increases with increasing temperature. The energy gain of ~60 meV at 

70 K suggests that more than one phonon is involved in the upconversion process. 

Also, the maximum of the upconversion intensity achieved at excitation with ener-

gy nearly equals to the energy of the trion TS confirms that the initial states in the 

upconversion process are attributed to the trion and states from the tail of the trion 

at low and high temperatures, respectively. 

 

 
 

Fig. 2.6 Temperature dependence of upconverted emission with the energy gain of 

37 meV. (a) Schematic representation of the experiment: typical PL spectra with 

indicated by red arrows excitation energies used in UPC measurements at corre-

sponding temperatures. (b)–(f) Examples of normal (green line) and upconversion 

(red line) photoluminescence spectra (green and red lines, respectively) recorded at 

20 K, 80 K, 100 K, 120 K, 140 K, respectively. (g) The normal (green circles) and 

upconverted (red circles) excitonic photoluminescence integrated intensities as a 

function of temperature. 

 

In addition, the simultaneous normal and upconversion photoluminescence spectra 

at temperatures from 20 K to 160 K were performed. At all temperatures, the exci-

tation of the normal photoluminescence was fixed at 2.33 eV, while the excitation 

energy of the upconversion photoluminescence was tuned in to maintain the con-

stant energy separation between the excitation (Eex) and the exciton emission (EX). 

The upconversion experiments were performed for two different energy gains 

(EX–Eex) equal to 37 meV (Fig. 2.6) and 87 meV (Fig. 2.7), which are related to 

one phonon and multi phonon assisted upconversion, respectively. For the energy 

separation of 37 meV, which nearly matches the energy of the trion (T) emission, I 

observed that upconversion photoluminescence intensity increases and exceeds 

standard photoluminescence intensity at 120 K, whereas normal photolumines-

cence remains nearly constant with increasing temperature. Here, the observed 

excitonic upconversion growth is governed by increasing phonon population [38]. 

It is also accompanied by simultaneous increase of the trion emission intensity 

with increasing temperature. While, for the energy gain (EX–Eex) equal to 87 meV, 

which corresponds to the energy of the states from the trion tail and slightly ex-
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ceeds the energy of localized excitons L, I found consistent intensity increase of X 

upconversion photoluminescence and nearly constant normal X photolumines-

cence in temperature range from 100 K to 160 K. However, for the higher energy 

gain (87 meV), the intensity of X upconversion photoluminescence is relatively 

lower than the intensity of the normal X photoluminescence at each temperature. 

Here, the observed excitonic upconversion growth at corresponding temperatures 

is again attributed to the increasing phonon population and is correlated with sim-

ultaneous increase of the trion emission. Additionally, this growth is accompanied 

by a gradual decrease of the localized excitons PL emission, which confirms that 

in high temperature multi-phonon upconversion process the incident photon is ra-

ther in resonance with the states from the tail of the trion than in resonance with 

the exciton localized on the impurity.  

Moreover, the efficiency of the upconversion photoluminescence process by 

means of the changes in the exciton emission intensity for different energy gains 

and gradual intensity descent rates is the highest at room temperature and can be 

tuned by about two orders of magnitude over the mean energy gain of 100 meV 

(Fig. 2.2 (b)). 

 

 
 

Fig. 2.7 Temperature dependence of upconverted emission with the energy gain of 

87 meV. (a) Schematic representation of the experiment: typical PL spectra with 

indicated by red arrows excitation energies used in UPC measurements at corre-

sponding temperatures. (b)–(f) Examples of normal (green line, left vertical scale) 

and upconversion (red line, right vertical scale) photoluminescence spectra record-

ed at 80 K, 100 K, 120 K, 140 K, 160 K, respectively. (g) The normal (green cir-

cles) and upconverted (red circles) excitonic photoluminescence integrated intensi-

ties as a function of temperature from 80 K to 160 K. 

 

The character of the high temperature upconversion photoluminescence in mono-

layer WS2 was also was evaluated in the excitation power-dependent measure-

ments, in both ambient (black line) and vacuum (red line) at 295 K (Fig. 2.8 (a) –

(b)), with the excitation photon energy of 1.890 eV, corresponding to the broad 

emission of the localized excitons L (Fig. 2.8). Figure 2.8 (a) presents the compar-

ison of the upconversion PL spectra measured under different condition, for the 
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same excitation power densities. The upconversion photoluminescence spectra of 

WS2 measured in ambient conditions are dominated by the exciton emission X, 

whereas the trion T is hardly detected in the spectra. In contrast, in vacuum the 

upconversion photoluminescence spectra clearly resolves emission of both the 

exciton and trion with comparable intensities. Their energy separation equals to 

42 meV, and matches the values reported in previous studies. These results con-

firm that under ambient conditions the physisorbed O2 and H2O molecules deplete 

n-type materials [35, 36] and the 2D electron concentration is reduced in monolay-

er WS2. Figure 2.8 (c) and (d) present typical photoemission spectra recorded for 

several excitation power densities, in ambient and in vacuum, respectively. Figure 

4 (e) shows the total upconversion intensity in ambient (black points) and vacuum 

(magenta stars) as a function of excitation power density, integrated over the same 

energy range from 1.9 eV to 2.1 eV. They reveal weak sublinear (0.53) and linear 

(~1) dependence for increasing excitation power in ambient and in vacuum, re-

spectively. These observation clearly shows that upconversion mechanism strong-

ly depends on 2DEG concentration. Furthermore, as all the data of total 

upconversion intensities follow the sublinear and linear relationship, we exclude 

the possibility of nonlinear optical generation of the observed upconversion photo-

luminescence, such as two-photon excitation-induced emission [46] and exciton 

Auger scattering [47].  

 

Fig. 2.8 (a) Excitation power dependence of the upconversion photoemission. (a) 

Comparison of the spectra in monolayer WS2 deposited on SiO2/Si substrate, rec-

orded in ambient (black line) and vacuum (red line), excited with the same inci-

dent photon energy 1.890 eV and power, at 295 K. (b) Comparison of the anti-

Stokes Raman spectra measured in ambient (black line) and vacuum (red line), ob-

tained by subtracting the emission from the corresponding UPC spectra in (a). (c), 

(d) examples of spectra excited with different laser powers, recorded in ambient 

and vacuum, respectively. (e) The integrated upconversion photoemission intensity 

plotted as a function of excitation power density for total spectra recorded in am-
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bient (black circles), in vacuum (magenta stars), for X peak in vacuum (red 

points), for T peak in vacuum (blue point). 

3) Optical properties of monolayer Mo(SySe1-y)2. 

 

The characteristic features of the strictly two dimensional group –VI TMDs [1 -

12], such as direct band gaps at K
±
 points, valley-contrasting strong spin splitting 

of the valence and conduction bands and optical properties dominated by robust 

excitons are also excepted for monolayer ternary alloys such as M1-xNxX2 (M = 

Mo, N = W, X = Se, S) lub M(XyY1-y)2 [48]. The TMD alloys with controlled 

composition provide additional tuning possibilities, such as engineering of the op-

tical band-gap and the spin-orbit splitting of the valence and conduction bands, 

which make them promising candidates for applications.  

In the following part of my studies I also focused on the characterization of the 

optical properties and the lattice dynamics of the ternary Mo(SySe1-y)2 alloys [H4, 

H5, B4]. The fundamental motivation for these investigations was also related to 

exciton - phonon interactions in strictly two dimensional system with controlled 

composition y, which allows to tune phonon energy through trion binding energy 

in order to obtain the resonant condition for observation of the strong increase of 

exciton - trion coupling mediated by the optical phonon [38, H1]. 

In MoSe2 the A’1 optical phonon energy, 29.8 meV, resonances with the trion 

binding energy of 30 meV, which in turn corresponds to the exciton – trion sepa-

ration in photoluminescence spectra. While, in MoS2 the A’1 phonon energy of 51 

meV strongly exceeds those in MoSe2, and also is greater than the exciton - trion 

separation in the photoluminescence spectra of MoS2 monolayer [H6]. Hence, 

even small incorporation of sulfur atoms into MoSe2 host lattice results in signifi-

cant increase of the (Se-S) A∗ phonon energy with out-of-plane symmetry [B6, 

H4, H5]. 

Figure 3.1 (a) presents the set of unpolarized Raman spectra of the Mo(SySe1−y )2 

monolayers measured at T = 295 K for the varying composition y from 0 to 0.5. 

For the binary MoSe2, the frequencies of the first-order Raman lines are equal to 

240.6 cm
−1

 (29.8 meV) and 286 cm
−1

 (35.4 meV). They are assigned to the out-of-

plane A1 and in-plane E2 modes, respectively. The presence of a sulfur atom in the 

host lattice of MoSe2 induces vibrations with out-of-plane weight in the vicinity of 

A1 mode, resulting in characteristic splitting into two Raman features denoted as 

A (Se-Se) and A∗ (Se-S), which evolve in a different manner as a function of in-

creasing S content y. The splitting is directly related to the different distribution of 

the chalcogenide atoms within the Mo(SySe1−y)2 layers. The A’1 (Se-Se) vibration 

corresponding to the Se-Se configuration shifts to lower frequency upon increas-

ing y. Also, the intensity of this peak decreases with increasing composition y. 

Moreover, based on the polarization - resolved Raman scattering measurements of 

the bulk Mo(SySe1−y)2 alloys, this Raman line disappears from the spectra when 

the sulfur content exceeds y = 0.5 [B6]. While, within mixed A∗ (Se-S) group, we 

can identify at least three components, shifting to higher frequency upon increas-

ing y. They are well resolved for composition 0.1 and 0.2, when the 2Se2+ 1SeS, 
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2Se2 + 1S2 or 1Se2+2SeS arrangements are the most probable [B6]. Furthermore, 

the Raman studies on bulk crystals [B6] show that A* (Se-S) group is detected in 

the spectra for composition 0 < y < 1. Both split features Se-Se and Se-S preserve 

the polarization selection rules of the out-of-plane vibration, originating at the fre-

quency of MoSe2–A1 mode [43]. As seen in Fig. 3.1 (b)- (c) the A1(Se-Se) and A* 

(Se-S) modes show up only in 
+


+
 configuration, whereas E2(Se- Se) and E2(Se-

S) are detected only in the spectra of opposite helicity 
+


-
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 The Raman spectra detected of the studied MLs at T = 295 K. (a) 

Unpolarized spectra for the binary MoSe2 and ternary Mo(SySe1−y)2. Helicity-

resolved spectra for (b) MoSe2 and (c) Mo(S0.3Se0.7)2. 

 

In order to get further information about the impact of the alternating composition 

y on optical properties of the Mo(SySe1-y)2 monolayers I performed the tempera-

ture- dependant, comparative photoluminescence and reflectance contrast meas-

urements (from 7 K to 295 K). In figure 3.2, the examples of comparative PL and 

RC spectra of the studied MLs for MoSe2, Mo(S0.3Se0.7)2, and Mo(S0.5Se0.5)2 are 

presented at two temperatures T = 7 and 120 K. For all samples, two distinct tran-

sitions are observed in PL spectra. They are separated by 30 meV and attributed 

the exciton (X, higher-energy one) and trion (T , lower-energy one) emissions. 

The common feature observed in PL spectra of all studied MLs is that at low tem-

peratures (below 100 K) the PL intensity of the trion exceeds those of exciton. In-

terestingly, at T = 120 K in MoS2 the trion PL intensity is lower than that of 

exciton, whereas for composition y = 0.3 and y = 0.5 the trion still dominates the 

spectra. The complementary Fig. 3.3 (a) –(e) presents temperature dependence of 

the PL intensity of excitons and trions, and the total PL intensity for all MLs. As 

seen if Fig 3.3, the PL intensities of X and T lines decrease with increasing tem-

perature but with substantially different rates for different MLs. In contrast to bi-

nary MoSe2, where above 120 K the exciton PL intensity slightly exceeds that of 

trion, for all the ternary samples, at high temperature regime the trion dominates 
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Fig. 3.2 Examples of comparative PL and RC spectra recorded at T = 7 and 120 K 

for MLs of (a), (b) MoSe2, (c), (d) Mo(S0.3Se0.7)2, (e), (f) Mo(S0.5Se0.5)2. 

 

in the PL spectra. Interestingly, for composition y = 0.3 the PL intensity of X and  

T decreases as function of the temperature almost with the same rate. Instead, for 

composition y = 0.5 the PL intensity of T decreases about 4.5 times in temperature 

range from 7 to 120 K and then it decreases only about 1.4 times in the tempera-

ture range from 140 to 295 K, while the PL intensity of X seems to be almost 

monotonic. These differences are also clearly reflected in Fig. 3.4, which shows 

the temperature dependence of the trion to exciton PL intensity ratio IT/IX in all 

the studied MLs. 

 

 
Fig. 3.3 The PL intensities of excitons and trions, and total PL intensity as a func-

tion of the temperature in (a) MoSe2, (b) Mo(S0.1Se0.9)2, (c) Mo(S0.2Se0.8)2, (d) 

Mo(S0.3Se0.7)2, and (e) Mo(S0.5Se0.5)2. 
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At low temperatures, below T ≤ 100 K, the PL intensity of T is much higher than 

of X for all ternary samples but no evident correlation between IT/IX ratio and in-

crease of sulfur content is observed. At higher temperatures T >100 K, the IT /IX 

ratio in ternary Mo(SySe1−y)2 MLs exceeds those of MoSe2 and increase with the 

increase of the sulfur mole content. Moreover, the increase of the PL intensity ra-

tio (IT /IX) is significantly correlated with the increase of the A∗ (Se-S) phonon 

energy in Mo(SySe1-y)2 (see Fig. 3.5). 

The strong increase of the trion PL intensity in Mo(SySe1−y)2 MLs with increase of 

sulfur mole content to two effects. First, with the increase of sulfur mole content 

we observe simultaneous increase of the optical phonon energy, from Eph = 29.8 

meV to Eph = 33.2 meV, for binary MoSe2 and ternary Mo(S0.5Se0.5)2, respective-

ly. This phonon shift likely leads to the stronger exciton - trion coupling mediated 

by the optical phonon A*, which energy exceeds the trion binding energy (Fig. 3.1 

(a)), as in WSe2 and WS2 monolayers [38, H1]. This explanation can be also sup-

ported by the data presented in Fig. 3.5, which show that for small sulfur contents 

y < 0.3 the high-temperature trion to exciton PL intensity ratio (IT/IX) increases 

roughly linearly with the increase of the A∗(Se-S) phonon energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The second mechanism stabilizing a trion in PL spectra of Mo(SySe1-y) is related 

to the increase of the two-dimensional electron gas concentration with increasing 

sulfur content. It can be seen in Fig. 3.5 as the abrupt increase of IT /IX ratio for 

the higher sulfur content y ≤ 0.3. The increase of the two-dimensional electron gas 

Fig. 3.4 The temperature dependence of the trion to exciton PL intensity ratio 

IT /IX in monolayers of Mo(SySe1−y)2 alloys. In the inset, the PL spectra of all 

studied samples recorded at T = 20 K are compared: (1) MoSe2, (2) 

Mo(S0.1Se0.9)2, (3) Mo(S0.2Se0.8)2, (4) Mo(S0.3Se0.7)2, (5) Mo(S0.5Se0.5)2. 

Fig. 3.5 The dependence of the trion 

to exciton integrated intensity ratio 

on the energy difference Eph – ET 

at T = 220 K. 
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concentration in Mo(SySe1-y) is also manifested in the comparative PL and RC 

spectra as the relative increase of the optical amplitude of charged complex (Fig. 

3.2). Moreover, it is consistent with the substantial difference in the intrinsic two-

dimensional electron gas concentration in MoSe2 and MoS2 monolayers in vacu-

um [H6], which in sulfides is about two orders of magnitude higher than in 

selenides [4, 16]. 

In order to demonstrate qualitatively the increase of 2DEG concentration with the 

sulfur mole content, I used again the method of the comparative PL measurements 

in ambient and vacuum, where the intrinsic two-dimensional electron gas concen-

tration can be reduced and increased, respectively, due to different amount of 

physisorbed O2 and H2O molecules on the flake. Figure 3.5 (a) – (c) shows the 

comparison of the PL spectra recorded at T = 295 K in ambient and vacuum for 

(a) MoSe2, (b) Mo(S0.2Se0.8)2, and (c) Mo(S0.5Se0.5)2. As is seen, under ambient 

condition for all monolayers, the maximum of PL intensity is detected at the 

exciton, whereas in vacuum the maximum PL intensity shifts gradually from the 

exciton in MoSe2 to the trion in Mo(S0.5Se0.5)2. This observation indicates the in-

crease of 2DEG concentration with the increase of sulfur mole content in 

Mo(SySe1−y)2 MLs placed in vacuum. 

 

 
 

Fig. 3.6 The photoluminescence spectra recorded at T = 295 K in ambient and 

vacuum for (a) MoSe2, (b) Mo(S0.2Se0.8)2, and (c) Mo(S0.5Se0.5)2. 

 

4) The study of dispersive ‘b’-mode in monolayer MoS2 in temperature dependent reso-

nant Raman scattering experiments. 

 

The monolayer TMDs are two dimensional systems which are very good platform 

for studies of fundamental effects based on second – order processes that involves 

the resonant scattering of excited electrons by phonons in the 2D Brillouin zone 

[44, 49]. 

The resonant Raman scattering (RRS) is widely used to study the electron-phonon 

interactions and electronic band structures in semiconductor. The observation of 

the rich variety of features in the second-order Raman spectrum of TMDC is 

strongly dependent on the incident photon energy, which covers the energy of the 

excitonic levels [49]. 
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The goal of presented work [H3] was to characterize the dispersive ‘b’-mode in 

monolayer MoS2 in the detailed RRS studies as a function of exciting laser energy 

and temperature T = 7 -300 K. The investigation were focused mainly on the de-

pendence of the electron- phonon interactions on 2DEG concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 presents the comparison of the Raman scattering spectra of monolayer 

MoS2 for non-resonant (λ = 532 nm) and resonant (λ = 632.8 nm) excitations in the 

spectral range 360 – 480 cm
−1

. The non-resonant Raman scattering (NRRS) spec-

trum of monolayer MoS2 is dominated by two vibrational modes: E’ at 384 cm
−1

 

and A’1 at 406 cm
−1

. Additionally, the week and broad band at 460 cm
−1

 is ob-

served, commonly attributed to the overtone of the LA phonon at the M point in 

the BZ and assigned to the 2LA(M) band [49]. However, Carvalho et al. [44] at-

tributed this feature to four different second order scattering processes involving 

LA phonons near the saddle point between K and M (pDOS singularities) and 

from LA phonons near ~K and ~M. The RRS (633 nm, 1.96 eV) spectrum of 

monolayer MoS2 is more complex. At resonant excitation second-order modes are 

more intensive than the first-order modes. Also, two additional modes named in 

literature as b and c appear in the RRS at 418 cm
-1

 and 378 cm
−1

, respectively. In 

the previous studies of bulk MoS2 the peaks b and c were also observed [50, 51]. 

The peak c was assigned to a dispersionless transverse optical phonon E
2

1u from 

the Γ point 51, while the b mode, with a dispersive behavior near the A and B 

excitonic resonances, was accessed to the excitonic polariton scattered by succes-

sive emission of a dispersive quasi-acoustic interlayer breathing phonon and a 

dispersionless phonon E
2

1u, both along the c axis and at Γ point of BZ [50]. How-

ever, the presence of the ‘b’ and c modes in RRS spectra of monolayer MoS2 [44, 

52] rules out these interpretations. Livneh and Spanier [52] interpreted the b band 

as the double Raman scattering involving combinations of the acoustic LA' and 

TA' phonons at K points of BZ. This interpretation was confirmed recently by 

Carvalho et al. [44] in the multiple energy excitation Raman study of monolayer 

Fig. 4.1 Room temperature of 

NRRS (532 nm, green) and RRS 

(633 nm, red) spectra Raman scat-

tering spectra of monolayer MoS2.  
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and bulk MoS2. While, the c mode was attributed to the second order process in-

volving phonons from K and M valleys. 

In order to gain an insight into the nature of the dispersive b mode, the Raman 

scattering spectra of monolayer MoS2 as a function of temperature (T = 7–295 K) 

and the excitation laser energy at resonant conditions were performed. As seen in 

Fig. 4. 2 (a), for the excitation energy at 1.96 eV, below T = 100 K, the mode b is 

not detected in Raman spectra. However, above 80 K the b mode appears in Ra-

man spectra and gradually gains in intensity with the further increase of the tem-

perature. It is strictly correlated with the resonant conditions, when the A exciton 

energy level crosses the excitation energy. It is clearly seen In Fig. 4.2 (b) which 

presents temperature evolution of the RC spectra of monolayer MoS2. At T = 7 K 

two well resolved resonances are detected in the RC spectra and attributed to the 

lowest energy bright A-exciton and trion. Due to the high concentration of 2DEG 

in MoS2 monolayer, the trion resonance dominates the RC spectra and is well re-

solved at all measured temperatures, whereas the X resonance is hardly resolved 

in the RC spectra above T > 160 K [H4, H6]. With the increase of temperature the 

X and T resonances in RC spectra shift to lower energy. When the excitation en-

ergy (1. 96 eV) exceeds the A exciton energy, the b mode appears and is well re-

solved in the Raman spectra.  

The temperature dependence of the E’, A1’ and b bands are presented in Fig. 4.2 

(c). The absolute values of the temperature coefficients of E’, A1’ modes equal 

0.4 × 10
−2

 and 0.8 × 10
−2

 cm
−1

/K, respectively. The temperature coefficient of the 

b mode is significantly higher and equal 3.5 × 10
−2

 cm
−1

/K. This is due to the fact 

that the frequency shift of the b mode is substantially affected by the change in the 

position of the exciton energy with respect to the excitation photon energy.  

 

 
 

Fig. 4.2 (a) Raman scattering spectra and (b) reflectivity contrast spectra of MoS2 

recorded at T = 7 – 295 K and vacuum. The Raman spectra are excited by a 

632.8 nm line of He-Ne laser marked in (b) as a dashed red line. (c) Temperature 

dependence of observed Raman peak positions.  
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The dispersion of the b mode was also probed in the excitation energy dependant 

Raman scattering spectra at T = 7 K and vacuum, when the incident photon ener-

gy is tuned across the A exciton level (1.964 eV), from 1.9592 eV to 1.9965 eV 

(Fig. 4.3 (a)). With the laser excitation of the photon energy equals 1.9592 eV and 

lower than the A exciton energy the b mode is not recorded in the Raman spectra. 

When the incident photon energy is just above the A exciton energy level the b 

line appears at 430 cm
−1

 and shifts to lower frequency to A1’ phonon line. Fig. 4.3 

(b) presents the dependence of the frequency shift of the b mode as a function of 

the excitation phonon energy. The frequency shift is almost linear and equal to -

83 cm
−1

/eV. 

 

 

 

 

 

 

 

 

Fig. 4.3 Examples of the Raman scattering spectra of monolayer MoS2 recorded 

for various incident photon energies at T = 7 K and vacuum. (b) The evolution of 

the b mode as a function of the incident photon energy. 

The similar studies of the Raman scattering spectra of monolayer MoS2 as a func-

tion of the incident phonon energy were performed at room temperature 

T = 295 K, in ambient (Fig. 4.4 (a) and b)). As at low temperature the energy posi-

tion of E’ and A’1 phonon modes are independent on excitation photon energy, 

whereas the b mode shifts almost linearly to lower frequency with the rate equal 

to -71 cm
−1

/eV, close to that at T = 7 K. Interestingly, both the frequency shift of 

the b mode as a function of the incident photon energy at T = 7 and 295 K, equal -

83 and -71 cm
−1

/eV, respectively, are very close to those obtained in the similar 

studies of bulk crystals, equal  -80 cm
−1

/eV at T = 7 K [50] and almost two times 

higher than those recently reported by B. R. Carvalho et al. [44] for monolayer 

MoS2 equal 40 cm
−1

/eV at T = 295 K.  

These significant differences in the dispersion of the b mode are likely related to 

the significantly different two dimensional (2D) electrons gas concentration in the 

investigated samples. This result also implies a strong dependence of the electron-

phonon interaction on 2DEG concentration. 
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Fig. 4.4 (a) Examples of the Raman scattering spectra of monolayer MoS2 record-

ed for various incident photon energies at T = 295 K and vacuum. (b) The evolu-

tion of the ‘b’ mode as a function of the incident photon energy. 

5) Exciton binding energy and hydrogenic Rydberg series in layered ReS2. 

 

Unlike VI- group TMDs, layered ReS2 crystallizes in a distorted 1 T diamond-

chain structure with triclinic symmetry unit cell [53-55]. Each layer consists of a 

sheet of Re atoms located between two S atoms sheets, bound by strong ion-

covalent bond between Re and S atoms. The S atoms have a distorted octahedral 

coordination around the Re atoms which results in the formation of Re−Re chains 

clusters along the b-axis [55]. The distortion of the crystal lattice leads to aniso-

tropic in-plane optical and electrical properties. Additionally, as suggested in the 

recent Raman scattering studies [56], due to in-plane distortion in ReS2 the inter-

layer coupling is weak in comparison to VI -group TMDs, which should result in 

a lack of correlation between the number of layers and the alteration of physical 

properties in ReS2. In contrast, recent photoluminescence (PL) and reflectance 

spectroscopy experiments on bulk, few- and monolayer ReS2 imply that the transi-

tion energies of the observed excitons can be tuned with layer thickness [57]. An-

other controversy is related to the nature of the energy gap of ReS2. Some authors 

have argued that ReS2 exhibits a transition from the indirect to direct optical band 

gap when thinned from bulk to monolayer [58, 59], similarly as in the group VI 

TMDCs. However in ref.[56, 60], the authors have proven the contrary, i.e. that 

the energy gap in ReS2 is direct independently of the number of layers. 

The aim of the work [H2] was to clarify those issues, and to provide insight into 

the nature of excitons observed in the optical spectra of ReS2 using the accuracy 

of low temperature (7 K) photoluminescence, reflectance contrast and excitation 

photoluminescence experiments. In addition, the magneto-photoluminescence 

measurements were conducted in the Voigt configuration with magnetic field up 

to 10 T with a 1 T step applied along the b axis (B||b). 

The anisotropy of the optical properties in layered ReS2 was studied in polariza-

tion- resolved photoluminescence and reflectance contrast experiments at 7 K. In 

the PL studies, the incident light was circularly polarized (
+
) and incident photon 



33 

 

energy was equal to 2.33 eV. Then, the PL spectra were analyzed in linear polari-

zation configuration with the polarization angle of the electric field light (E) var-

ied between 30° and 120° with respect to the Re chain axis (b-axis). The results 

are shown in Fig. 5.1 (a). 

 

 
 

Fig. 5.1 (a) Polarization-resolved photoluminescence spectra, measured at 8° in-

tervals from 30° to 120°. (b) The integrated PL intensity of the X1
(1)

 and X2
(1)

 

ground states emission plotted as a function of the polarization angle. The data are 

presented in a polar plot over a 360° range for clarity. 

 

In the low energy sector of the PL spectra shown in Fig. 5.1 (a) two well resolved 

excitonic peaks are observed, which are attributed to the excitonic ground states 

1 s and label as X1
(1)

 and X2
(1)

. Their relative PL intensity changes drastically with 

the polarization angle but the PL maxima of both lines are detected at the same 

energy independently of the polarization angle. This implies that these excitons 

are strongly polarized along different directions of the crystal. In the higher ener-

gy sector of the PL spectra, next four peaks, labeled in analogy to hydrogenic se-

ries as 2 s, 3 s, 4 s and 5 s, are observed and attributed to excited states of the Ry-

dberg series of the excitons X1
(1)

 and X2
(1)

. In order to distinguish between the two 

excitonic series of excited n = 2–5 states, the PL spectra was analysed in two op-

posite polarizations, where emission of the X1
(1) 

exciton or the X2
(1)

 exciton disap-

pears from the spectra. From the detailed analysis of the evolution of total PL in-

tensity of X1
(1)

 and X2
(1)

 emission presented in Fig. 5.1 (b), it is found that X1
(1)

 re-

lated peak disappears at 113° (blue line) polarization angle, whereas X2
(1)

 one at 

33° (red line). The same conditions respond to series X1
(n)

 and X2
(n)

, respectively. 

The PL spectra recorded at these two polarizations are presented in Fig. 5.2 (a). 

The peak positions determined as the maxima in PL spectra are plotted in Fig. 5.2 

(b) i (c) as function of the quantum number n, for the excitons X1 and X2, respec-

tively.  
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Fig. 5.2 (a) Polarization-resolved PL and RC spectra of bulk ReS2 recorded in two 

linear polarization with the angle between E and b equal to 33° (red line) and 

113° (blue line). (b) and (c) Experimentally and theoretically obtained transition 

energies for the 3D exciton states as a function of the quantum number n, for the 

X1 and X2 excitons, respectively. 

 

In order to calculate the exciton binding energies of X1 and X2 excitons, the ex-

perimental data were compared with theoretical prediction of hydrogenic Rydberg 

series. Accordingly, the formula typically employed for the description of three 

dimensional (3D) Wannier excitons in inorganic semiconductors was used [61]: 

E
(n)

b = Eg –R*y/n
2
,
 
where Eg is the energy gap, n is the number of exciton state, 

Eb
(n)

 is the binding energy at nth excitonic state and Ry* is the effective Rydberg 

constant. Moreover, to estimate the binding energy of X1 and X2 excitons accord-

ing above model, it was assumed that both excitons are related to the same energy 

gap Eg, as predicted in recent numerical calculation [62]. The estimated energy 

gap was equal to 1671.7 meV, while the Coulomb binding energies of excitons X1 

and X2 were equal to 117.5 and 86.6 meV, respectively. Then, the relative Bohr 

radius of X1 and X2 excitons was calculated using the well know relations for 

hydronic like excitons :Eb/R*y = mex/
2
 i aex/aH = /mex, where: Ry = 13.6 eV and 

aH = 0.53 A are Rydberg constant and Bohr radius of the hydrogen atom, respec-

tively; mex is a relative effective mass of an exciton, ε is the relative dielectric 

constant of ReS2 and aex is the exciton Bohr radius. The relative effective masses 

of X1 and X2 excitons (1/mex = 1/me + 1/mh) equal to 0.33me i 0.39me, respective-

ly, were calculated using the tensor of the electron and hole effective masses taken 

from literature [60, 63]. The two dielectric constants in directions along and per-

pendicular to b axis were obtained: 1 = 6.2 i 2 = 7.8. The estimated exciton Bohr 

radius was equal to ~1 nm for both excitons. 

To strengthen the interpretation of lines attributed to excited states of the Rydberg 

series of the excitons X1
(1)

 and X2
(1)

, the additional photoluminescence excitation 

measurements at T = 1.8 K were performed. Figure 5. 3 (a) presents polarized 

113° PL and 113° PLE spectra in which only the Rydberg series of the exciton X2 

is detected. The PLE signal was detected in the energy range related to the ground 
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exciton state from 1535 to 1605 meV (marked by dotted line). The laser excitation 

energy was tuned across the energy of the excited states 2 s, 3 s, 4 s and 5 s from 

1619 to 1676 meV (the energy region of excitation of PLE signal is marked by ar-

rows). The PLE signal is presented in Fig. 5. 3 (b) as a color map. The comparison 

of the PLE and PL spectra is displayed in Fig. 5.3 (b) and (c), respectively, and 

shows that features observed in the PLE spectra correspond to the energy position 

of the emission lines in the relevant energy regions of PL spectra. This result con-

firms that high energy lines observed in the PL spectra are indeed related to the 

hydrogenic Rydberg series of X1 and X2 excitons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, for the laser excitation energy lower than energy of the 2s excited state, 

no emission is detected and the features observed in the low energy sector of 113° 

PLE spectra are related to Raman active optical phonons. For comparison, Fig. 5. 

3 (d) shows the non-resonant (2.33 eV), unpolarized Raman scattering spectra of 

bulk ReS2. In the 120–450 cm
−1

 range we can distinguish up to 18 phonon modes 

(marked by arrows) whose energies agree well with the previous studies of Raman 

spectra of ReS2 [56, 64]. 

Rys .5. 3 (a) The PL and PLE spectra of bulk ReS2 recorded at T = 1.8 K.(a) The 

113° PL spectrum. The energy regions of detection and excitation of PLE signal 

are marked by dotted lines and arrows, respectively. (b) The 113° PLE signal 

plotted as a color map. Red and blue color indicate high and low intensity, respec-

tively. (c) The 113° PL spectrum presented in the energy region of PLE signal. (d) 

Unpolarized Raman spectra of bulk ReS2. 

Fig.5. 4 (a) and (c) Magnetic field evolu-

tion of PL spectra of bulk ReS2 at T = 1.8 

K in polarizations E(<33°) B||b and 

E(<113°) B||b, respectively. (b) and (d) 

Energies of different excitonic transitions 

extracted from PL spectra recorded in σ 

and π polarizations, respectively. 
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The magneto-photoluminescence measurements have been conducted in the Voigt 

[65] configuration with magnetic field up to 10 T with a 1 T step applied along the 

b axis (B||b). In Fig. 5. 4 (a) and (c) the PL spectra recorded in the magnetic fields 

from 0 to 10 T with a 2 T step are presented for two distinctive linear polariza-

tions (E(33°)B||b) and (E(113°)B||b) (as in Fig. 3a), respectively. The magnetic 

shift of all the observed lines (E) is very small. For the ground states of the 

excitons X1 and X2 the shift is not measurable, whereas for the excited states it is 

less than 2 meV for the highest applied magnetic field B = 10 T. This observation 

mainly confirms the strong Coulomb binding of the both excitons. Due to the 

large width of emission lines (full widths at half maximum (FWHM) equal to ~15 

meV and ~7 meV for the ground and excited states of X1 and X2 excitons, respec-

tively) the Zeeman splitting is not observed the accurate estimation of the Lande g 

factor is not possible. 

Further optical spectroscopy investigations were performed on ReS2 flakes with 

different thicknesses. The thickness of the flakes was determined by atomic force 

microscope. Figure 5. 5 (a) presents unpolarized PL spectra of ReS2 flakes with 

different number of layers (from 8L to 1L). For all the studied flakes in the low 

energy sector of PL spectra two emission lines are detected, which by comparison 

to PL spectra of bulk crystals were attributed to optical transitions of the ground 

states of excitons X1 and X2. However, in contrast to bulk ReS2 crystals, the excit-

ed states of excitons X1 and X2 in the PL or RC spectra were not resolved. At the 

higher energy, there was only the broad PL feature (marked as ExS in Fig. 5.5 

(a)), which energy position increased when the thickness was thinned down to 

monolayer. Moreover, as in the bulk ReS2 crystal, the excitons X1 and X2 are 

strongly polarized in emission and pseudo-absorption spectra (Fig. 5.5 (b)). How-

ever, the total PL intensity of both excitons strongly increases with the number of 

layers, and starts to saturate for flakes thicker than 8 layers, which is seen in Fig. 

5.5 (a). This is in contrast to the behavior observed in the group VI TMDCs, such 

as MoS2, MoSe2, WS2 and WSe2, where the PL intensity of the monolayer in-

creases by orders of magnitude due to the crossover from an indirect band gap in 

the bulk to a direct band gap in the monolayer [1-12]. 

Moreover, the decreasing PL intensity for thinner samples implies that in layered 

ReS2 the direct band gap occurs at the Γ-point of the Brillouin zone irrespective of 

the crystal thickness. Hence, the oscillator strength of excitonic transitions should 

increase simultaneously for thicker samples. As seen in Fig. 5.5 (d), with decrease 

of the number of layers, from 15 L to 1 L, both X1 and X2 excitons exhibit strong 

blue shift, which is 114 meV and 146 meV, respectively. Simultaneously, their 

relative energy separation increases from 30 meV to 60 meV, as shown in Fig. 5.5 

(c). These large shifts are in strong contrast to other, well known group VI 

TMDCs, where the shifts for the ground state A excitons are much smaller and are 

in the order of tens meV [19]. It is likely due to the stronger electron-hole cou-

pling at Γ-point than at K-point, where direct band gap occurs for the monolayer 

MoS2, MeS2, WS2 and WSe2. In the case of group VI TMDCs, an increasing band 

gap with decreasing flake thickness compensates the effect of an increasing 
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excitonic binding energy resulting in a weak dependence of exciton transition en-

ergy on the layer thickness. In ReS2, observed increase of the exciton transition 

energy caused by quantum confinement is less compensated (Fig. 5.5 (d)). More-

over, this energy change is different for excitons X1 and X2 likely due to induced 

in-plane anisotropy. 

 

 
 

Fig .5.5 (a) Unpolarized PL spectra of 1 L, 2 L, 4 L, 5 L, 6 L and 8 L ReS2 flakes. 

(b) Polarization-resolved PL and RC spectra of 15 L and 6 L flakes recorded in 

two linear polarization with the angle between E and b equal to 33° (red line) and 

113° (blue line). (c) Energies of different excitonic transitions extracted from PL 

measurements. (d) The transition energy for X1 and X2 caused by quantum con-

finement. 

 

Summary of the achievements 

 

Presented achievements concern both the scientific research and organizational as-

pects. I built original experimental set- up for optical spectroscopy of low dimensional 

structures from the ground up. This system allowed me to conduct the simultaneous 

and comparative photoluminescence (PL), excitation photoluminescence (PLE), pseu-

do- absorption (reflectance contrast RC)) and Raman scattering measurements with a 

micrometric spatial resolution in broad temperature range from 7 K to 300 K. For the 

low temperature optical measurements I set a low vibration closed- cycle cryostat us-

ing helium gas. I developed also methods of monolayer separation using mechanical 

exfoliation techniques with different adhesion tapes, which allowed me to deposit 

monolayer TMDs on the same SiO2/Si or hBN/SiO2/Si substrates. Then, I compared 

the optical properties of different monolayer TMDs under ambient and vacuum. I fo-

cused my research mainly on the studies of many- body effects, in particular the elec-

tron – electron and electron – phonon interactions. On the base of experimental results 

I analyzed all the observed excitonic complexes and I interpreted them in terms of 

their binding energies, total charge (neutral and charged complexes) [H4, H5, H6], 
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form of localization (nearly free and strongly localized on the defects) [H6] and spin –

valley configuration of the constituent carriers (intra- and inter-valley singlet and tri-

plet trions) [H6]. 

The significant result in presented studies concerned the observation of additional 

excitonic resonance in RC spectra of monolayer WS2, positioned at low energy in re-

spect to the singlet intra-valley trion TS. This resonance was interpreted as arising 

from negative trion with electrons located in different valleys, but in the upper con-

duction bands, forming an electron singlet state [H6]. According to my knowledge, it 

was the first observation of such a feature in the RC spectra of monolayer WS2. By 

taking an advantage of the probing simultaneous RC and PL spectra, I observed that 

energy position of this resonance in RC spectra matches the energy position of emis-

sion line in PL spectra, interpreted in the literature as a biexciton (XX). Based on this 

observation, I proposed an alternative interpretation of the XX line as related to the 

superposition of: defect bound exciton, trion and biexciton emission [H6]. In my stud-

ies I emphasized that simultaneous observation of all the excitonic complexes (par-

ticularly in WS2) requires different experimental conditions, including different 2DCG 

concentration and different quality of the studied samples (highly or low defected). 

Currently, in the literature there is another interpretation of this prominent feature 

suggested that it arises from the exciton – plazmon interaction [66]. This aspect is still 

an open question and requires further investigations. 

In my studies I focused also on exciton – phonon interaction. In the PL and Raman 

scattering investigations I showed, that the binding energy of an additional electron to 

the neutral exciton (trion binding energy) is comparable with a phonon energy (A’1 or 

E’). Then, I demonstrated that strong increase of trion PL intensity with the increase of 

sulfur mole content up to y ≤ 0.5 in ternary Mo(SySe1-y)2 is attributed to two effects: (i) 

strong increase of exciton - trion coupling mediated by the optical phonon, which is 

realized by tuning phonon energy through trion binding energy, and (ii) significant in-

crease of two-dimensional electron gas concentration [H4, H5]. Furthermore, I 

showed that strong exciton – phonon coupling in monolayer TMDs leads to the high 

energy, multi- phonon upconversion photoluminescence, which may be used in the 

optical cooling [H1]. In the reverse PL measurements in monolayer WS2 deposited on 

SiO2/Si nad hBN/SiO2/Si substrates, I showed that upconversion photoluminescence 

energy gain is up to 150 meV at T = 295 K and 42 meV at T = 7 K. The mechanism of 

the observed process was interpreted as a strong trion – exciton coupling (also includ-

ing states from the trion tail) mediated by one and many phonons at low and high tem-

peratures, respectively. According to my knowledge, it was the first observation of the 

multi-phonon upconversion photoluminescence in the 2D TMDs in ambient and vacu-

um, demonstrating strong dependence of this process on the 2DEG gas concentration 

[H1]. The strong impact of 2D carrier concentration on the electron- phonon interac-

tion was also probed in the resonant Raman scattering measurements in monolayer 

MoS2. I showed that energy dispersion of b mode strongly depends on 2DEG concen-

tration, which was tuned by the change of environmental conditions. In addition, I 

confirmed that it is the second order scattering process involving combinations of the 

acoustic LA and TA phonons at K points of BZ [H3]. 
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The interesting part of my research was also devoted to the layered group- VII TMDs 

with reduced symmetry such as ReS2, which crystallizes in a distorted 1 T diamond-

chain structure with triclinic symmetry unit cell and possesses the in-plane anisotropy 

of the optical properties. In these studies I explained the nature of excitons observed in 

the optical spectra of ReS2 crystals with different thickness using the accuracy of low 

temperature (7 K) photoluminescence, reflectance contrast and excitation photolumi-

nescence experiments [H2]. Based on the experimental results I proposed that the ob-

served optical transitions arise from two Rydberg series of Wannier excitons. The 

comparison of the experimental data with theoretical model allowed to calculate: (1) 

the energy gap equals to 1611 meV, (2) the binding energies of X1 and X2 excitons 

equal to 117.5 meV and 86.6 meV, respectively, (3) the exciton Bohr radius equal to 

~1 nm for both X1 and X2 excitons, which is comparable with the monolayer thickness 

and (4) the dielectric constants in directions along and perpendicular to b axis equal to 

1 = 6.2 and 2 = 7.8. Furthermore, based on the evolution of PL spectra as a function 

of number of layer I showed that the total PL intensity of both excitons strongly de-

creases with the decreasing thickness. The decreasing oscillator strength of excitonic 

transitions implies that in layered ReS2 the direct band gap occurs at the Γ-point of the 

Brillouin zone irrespective of the crystal thickness. This is in contrast to the behavior 

observed in the group VI TMDCs, where the PL intensity of the monolayer increases 

by orders of magnitude due to the crossover from an indirect band gap in the bulk to a 

direct band gap in the monolayer. 

 

5. Discussion of other scientific achievements. 

 

Scientific achievements that do not directly constitute the habilitation achievement and 

are obtained after doctoral thesis concern the studies of low dimensional semiconduct-

ing structures and can be divided into three groups: (a) the studies of the optical prop-

erties of two dimensional GaAs/AlxGa1-xAs quantum wells (QW), with different width 

and doping profile, confining a 2D hole gas [I1, I3], (b) the studies of the optical 

properties of AlAs/GaAs core –shell nanowires [I2] ,(c) the studies of the optical 

properties and lattice dynamics of monolayer VI- group TMDs [B1-B6]. 

 

Two dimensional GaAs/AlxGa1-xAs quantum wells. 

After doctoral thesis I continued the optical spectroscopy studies in high magnetic 

fields (B =17 T) and low temperatures (2-30 K), which were focused on the many – 

body effects in two dimensional (2D) systems confining charge carriers. 

The most important results obtained for 2D GaAs QW are: (1) the observation of a 

clear correlation between the localization degree of various excitonic complexes (X, 

X
+
, AX

-
) and the corresponding values of valence hole g- factor [I3], (2) the observa-

tion of three distinct dissociation processes for hole cyclotron replica of positive trions 

bound to neutral acceptors in the spin-doublet state (SU–A
0
X

+
d) in temperature de-

pendant (2 K to 30 K) PL studies at high magnetic fields B = 17 T [I1]. 
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From the polarization-resolved high-field magneto-photoluminescence spectra of 

asymmetric GaAs quantum wells I determined the spin splitting and corresponding va-

lence hole g-factors of various (neutral and charged) excitonic complexes. By compar-

ing the experimentally obtained values with the theoretical calculation of the real 2D 

structure (theoretical calculation performed by Arkadiusz Wójs, Krzysztof Ryczko and 

Maciej Kubisa), I found a clear correlation between the localization degree of various 

excitonic complexes (X, X
+
, AX

-
) and the corresponding values of valence hole g- fac-

tor. The values of gh determined for nearly free states, such as neutral exciton (X) and 

positively charged exciton X
+
 demonstrate rather distinct behavior, in terms of both 

magnitude and magnetic field evolution. The gh of X was smaller than gh of X
+
 in the 

entire range of applied magnetic fields (0 – 23 T). At high magnetic fields (23 T) the 

values of g – factors were equal to 0.88 and 1.55 for X and X
+
, respectively. Moreo-

ver, the measured gh of X was in line with the calculated g- factor of excited hole lev-

els of a light hole character (which envelope function extend over the entire QW 

width.), while gh of X
+
 was approximately equal to an average between ground and 

excited hole states, suggesting balanced contribution from the ground and excited hole 

states.  

For negatively charged complexes AX
-
 (A

-
 + h +e) observed in the low energy range 

of PL spectra, the hole g- factor begun from a high value at zero field and rapidly de-

creased with the field growth. Also, gh increased with the AX- emission energy, from 

6 to 11, at B = 0 T, which reflects a significant dependence of these values on the A-

/QW distance and penetration of the exciton envelope function into the barrier.  

Based on the studies of magnetic field and temperature dependence of PL spectra of 

superior quality GaAs/AlxGa1-xAs 15 nm wide quantum wells confining a 2D hole gas, 

I described the thermal dissociation processes of the excitonic complexes, both nearly 

free and bound on neutral acceptors. At a magnetic field B = 15 T, from the tempera-

ture (2- 14 K) decrease of the integrated emission intensity of the hole cyclotron repli-

ca of the positive trion bound to the neutral acceptor in the hole spin doublet state 

(SU- AXd
+
 = A

-
 + 3h + e), the three distinct dissociation processes were observed with 

the activation energies E1 = 0.8 meV, E2 = 1 meV and E3 = 2.4 meV. Comparing these 

values with the energy position of particular emission lines in PL spectra, I found that 

the activation energies E1 and E2 are related to dissociations resulting in a free hole (h) 

and an exciton bound to a neutral acceptor in the hole spin-singlet (A
0
Xs) or triplet 

state (A
0
Xt). The third activation energy E3 was attributed to the dissociation into a 

free positive trion X
+
 and a neutral acceptor (A

0
). 

In addition, from the temperature evolution of the integrated emission of the free trion 

lines (X
+
) I evaluated the transition energy between the two triplet trion states, the 

dark one (X
+

td) and the bright one (X
+

tb), which was equal to E = 0.28 meV and 

comparable with the difference of the spectral positions of the relevant radiative re-

combination lines in PL spectra. 

 

The GaAs/AlAs nanowires 

The main result obtained for the GaAs- AlAs core- shell nanowires (NWs) concerned 

resonant coupling between two -dimensional hole gas and optical phonons. 
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In optical studies of the single core- shell NWs with 60 nm GaAs core, I showed that a 

modulation of the shell - structure leads to an unintentional p-type doping and for-

mation of a high density two-dimensional hole gas at the core(GaAs)/shell(AlAs) in-

terface. I showed, that placing a narrow 1 nm GaAs quantum well in the AlAs shell ef-

fectively getters residual carbon acceptors and hence acts as an efficient impurity trap 

due to the higher solubility of carbon atoms in GaAs and due to the floating of carbon 

atoms at the AlAs vacuum interface during the MBE growth. The localization of two – 

dimensional gas at the core/shell interface of the NW was also confirmed in self-

consistent calculation of the charge distribution in NW (M. Royo, A. Bertoni, G. Gol-

doni, Institute for Nanoscience, CNR-NANO S3, Modena, Italy). 

The power and temperature dependant PL measurements of single core – multishell 

NWs confirmed the two- dimensional character of confined carriers which were in-

volved into radiative recombination (the emission lines in the PL spectra at energies 

above energy gap of bulk GaAs, Eg = 1.519 eV). In addition, the PL in high magnetic 

field showed a clear signature of avoided crossings of the n= 0 Landau level emission 

line with the n = 2 Landau level TO phonon replica. The coupling was caused by the 

resonant hole-phonon interaction, which points to a large two-dimensional hole densi-

ty in the structure. 

 

The semiconducting group VI transition metal dichalcogenides. 

 

My research of the optical properties and lattice dynamics of two dimensional group 

VI TMDs were initiated by characterization of a single WS2 layers obtained by exfoli-

ation n- type bulk crystals and deposited on standard SiO2/Si substrate [B6]. The aim 

of this work was to study the nature of optical transitions in monolayer WS2 using two 

beam excitation with energies above (2.330 eV) and below (1.44 eV) the band gap. 

According to my knowledge, this was among the first investigations concerning 

TMDs, in which the excess density of electrons in the sample was tuned optically, by 

independent excitation of donor states positioned a few hundreds meV below the con-

duction band. However, the results showed that low temperature (4 K) PL spectra of n 

–type WS2/SiO2/Si structure is dominated rather by excitons localized on defects (L), 

independently on the excitation, and the observation of nearly free excitons and trions 

requires a special, more careful sample preparation. This aspect was continued and 

presented in my further works directly related to the subject of scientific achievement 

[H1, H6]. 

 

Simultaneously, I carried out studies on the fundamental physical properties of bulk 

ternary molybdenum based compounds with formula Mo(SySe1-y)2 [B3, B4]. I focused 

on the impact of composition variations y on the lattice dynamics and optical proper-

ties. The most important result obtained for mixed Mo(SySe1-y)2 crystals was observa-

tion and explanation of an effect related to the splitting of A1g mode into two groups of 

modes, A1g(Se-Se) and A*(Se-S), respectively, for increasing y composition (y ≤ 1). 

Particular Raman lines were attributed to different varying configurations of Se and S 

atoms around Mo atoms for trigonal pyramidal geometry [B5]. The composition evo-
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lution of particular modes in the polarization- resolved Raman spectra was compared 

with a calculation model prediction. It was tri-atomic linear chain model which as-

sumed that interaction between the next nearest neighbors are described by force con-

stants depended on composition y. Additionally, the scanning transmission electron 

microscopy (STEM) imaging (National Institute of Advanced Industrial Science and 

Technology (AIST), Tsukuba, Japan )) of mixed crystals Mo(SySe1-y)2 revealed a ran-

dom arrangement of the S and Se atoms around the Mo atoms and also showed that 

hexagonal atomic structure is preserved in entire range of composition y. 

The temperature dependence of the spectral features in the vicinity of the direct band 

edge (A and B excitons) of mixed-crystals Mo(SySe1-y)2 solid solutions was measured 

in the temperature range of 25-295 K by using piezo-reflectance (PzR) [B3]. The near 

band-edge excitonic transition energies were found to vary smoothly with the increase 

of S content y, indicating that the natures of the direct band edges of Mo(SySe1-y)2 sol-

id solutions are similar. The energy splitting between the A and B excitons as a func-

tion of increasing composition y revealed almost linear variation from 253 to 204 meV 

for Mo(SySe1-y)2 with 0< x < 1. These results provide useful information for Mo(SySe1-

y)2 based device applications.  

Simultaneously, I participated in research concerning point defects in 2D TMDs and 

their impact on the properties of the material. In work [B3] using scanning TEM 

(STEM) experiments, a new class of point defects in single-layer TMDs were ob-

served. These defects occur exist in chalcogen-deficient TMDs and can be created 

through 60° rotations of metal–chalcogen bonds in the trigonal prismatic lattice. By 

sequential rotations of metal–chalcogen (M–X) bonds, the rotational defects can ex-

pand in size and also migrate in the lattice. First-principles calculations provided in-

sights into the evolution of rotational defects and showed that they give rise to p-type 

doping and local magnetic moments. This result seems to be promising for application 

since shows that a controllable introduction of rotational defects can be used to engi-

neer the properties of these materials. 

 

In work [B1], comparative studies of the optical and electrical properties of one and a 

few layers of MoS2 deposited on different substrates, such as SiO2/Si and aluminum 

and also for suspended layers (reduced sample –substrate), were conducted. Analyzing 

a spectral shape of the PL spectra recorded in ambient for monolayer MoS2 and then 

following the relative trion to exciton emission intensity ratio (IT/IX), the doping in the 

different monolayer systems was compared and qualitatively determined. The rising 

value of (IT/IX) PL intensity ratio indicted the simultaneous increase of two dimen-

sional electron gas concentration (2DEG) in the studied MoS2 flakes, which was the 

highest in MoS2/SiO2 structure, then significantly lower in suspended flake and the 

lowest in monolayer MoS2 supported on Al. The optical spectroscopy studies of dif-

ferent MoS2 flakes were qualitatively consistent with KPFM measurements. There 

was a clear correlation between the increasing value of work function of 4.84 eV, 4.88 

eV, 4.98 eV determined for SiO2/Si supported, suspended and Al supported MoS2 

monolayers, respectively, and the decreasing electron gas concentration determined by 

the decreasing T/X PL intensity ratio, correspondingly. These results confirmed that 
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work function is very sensitive to the doping level at the surface of the MoS2 flakes. 

 

While, in work [B2] the complementary study of dispersive b mode in monolayer 

MoS2 in polarization-resolved resonant Raman scattering experiments were conducted. 

The Raman spectra were recorded in two polarization configurations labeled σ
+
σ

+
 or 

σ
+
σ

−
 corresponding to the laser line with σ

+
 polarized excitation and detection either in 

σ
+
 or σ

−
 polarization. The first order out-of-plane A’1 mode was visible only in σ

+
σ

+
 

configuration, whereas the b mode was detected only in the spectra of opposite 

helicity σ
+
σ

−
. This confirmed that b mode is a combination of LA and TA phonons at 

K points of BZ. 

 

Currently, I continue studies of the optical properties of strictly two dimensional 

TMDs. In the Polish – German Beethoven project, which I supervise, I do research fo-

cused on the spin and pseudospin properties of energetically controllable dark and 

bright excitons in tailored Mo1-xWxSe2 alloys. 

 

To sum up my scientific achievements (the full list is included in the annex): 

- I am a co-author of 30 peer-reviewed scientific papers in international journals (16 

published after PhD), including two articles in Nature Communications, one article in 

Nano Letters, one article in Scientific Reports. six articles in Physical Review B, one 

article in Applied Physics Letters, two articles in Nanotechnology, three articles in 

Journal of Applied Physics and one article in Solid State Communications, 

- The total number of citations of my works according to the Web of Science database 

(as of March 29, 2019) is: 289, 

- The number of citations without self-citations is 256, 

- The Hirsch index according to the Web of Science database is 8. 

- I am doing reviews for international scientific journals, including Applied Physics 

Letters, Journal of Alloys and Compounds, Solid State Communications, Coatings 

MDPI, Materials MDPI, 

- I participated in over 12 scientific conferences, I delivered 14 talks, including 6 in-

vited oral presentations, 

- I am a member of Polish Physical Society, 

- I manage one research project (funded by the National Science Center), I was a sci-

entific investigator in three other projects. 

 

List of publications (selection): 

Own work directly (B) related to the subject of scientific achievement (obtained 

after the PhD thesis): 

 

[B1] M. Tamulewicz; J. Kutrowska-Girzycka, K. Gajewski, J. Serafińczuk; A. 

Sierakowski, J. Jadczak, L. Bryja,T. Gotszalk, Layer number dependence of the work 

function and optical properties of single and few layers MoS2: effect of substrate, 

Nanotechnology, https://doi.org/10.1088/1361-6528/ab0caf, IF 3.404. 
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[B2] J. Kutrowska-Girzycka, P. Kapuściński, J. Jadczak and L. Bryja, The study of 

dispersive ‘b’ mode in monolayer MoS2 in polarization-resolved resonant Raman scat-

tering experiments, Acta Physica Polonica A 134, 4 (2018) , IF: 0.857 

[B3] Yung-Chang Lin, Torbjörn Björkman, Hannu-Pekka Komsa, Po-Yuan Teng, 

Chao-Hui Yeh, Fei-Sheng Huang, Kuan-Hung Lin, Joanna Jadczak, Ying-Sheng 

Huang, Po-Wen Chiu, Arkady V. Krasheninnikov & Kazu Suenaga, Three-fold rota-

tional defects in two-dimensional transition metal dichalcogenides, Nature Communi-

cations volume 6, Article number: 6736 (2015), IF: 11.329 

[B4] Y. J. Wu , Po-Hung Wu , J. Jadczak , Ching-Hwa Ho, Hung-Pin Hsu , Kuang-

Kiao Tiong, Piezoreflectance study of near band edge excitonic-transitions of mixed-

layered crystal Mo(SxSe1-x)2 solid solutions, Journal of Applied Physics 115, 223508 

(2014), IF 2.183  

[B5] J. Jadczak, D. O. Dumcenco, Y. S. Huang,Y. C. Lin, K. Suenaga, P. H. Wu, H. 

P. Hsu, and K. K. Tiong, Composition dependent lattice dynamics in MoSxSe2-x alloys, 

Journal of Applied Physics, Volume 116, 193505 (2014), IF 2.183 

[B6] A. A. Mitioglu, P. Plochocka, J. N. Jadczak, W. Escoffier, J. A. Rikken, L. 

Kulyuk, and D. K. Maude, Optical manipulation of the exciton charge state in single-

layer tungsten disulfide , Phys. Rev. B 88, 245403 (2013), IF 3.664 

 

Own other work (I), not related to the subject of scientific achievement (obtained 

after the PhD degree): 

 

[I1] L. Bryja, J. Jadczak, K. Ryczko, M. Kubisa, J. Misiewicz, A. Wójs, F. Liu, D. R. 

Yakovlev, M. Bayer, C. A. Nicoll, I. Farrer, D. A. Ritchie, Thermal dissociation of 

free and acceptor-bound positive trions from magnetophotoluminescence studies of 

high quality GaAs/AlxGa1-xAs quantum wells, Phys. Rev. B 93, 165303 (2016), IF 

3.836 

[I2] J. Jadczak, P. Plochocka, A. Mitioglu, I. Breslavetz, M. Royo, A. Bertoni, G. 

Goldoni, T. Smolenski, P. Kossacki, A. Kretinin, Hadas Shtrikman, and D. K. Maude, 

Unintentional high-density p-type modulation doping of a GaAs/AlAs core–multishell 

nanowire, Nano Lett. 14, 2807 (2014), IF: 13.592 

[I3] J. Jadczak, L. Bryja, K. Ryczko, M. Kubisa, A. Wójs, M. Potemski, F. Liu, D. R. 

Yakovlev, M. Bayer, C. A. Nicoll, I. Farrer, D. A. Ritchie, High magnetic field studies 

of charged exciton localization in GaAs/AlxGa1−xAs quantum wells, Appl. Phys. Lett. 

105, 112104 (2014), IF: 3.302 
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