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Introduction

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

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

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

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

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

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

The present thesis is based on four published peer-reviewed papers and divided into
three main chapters. Chapter 1 presents a literature overview of the main methods and
known optoelectronic properties of the TMDs. In the end of chapter 1, the literature



overview is summarized, and the aims of the thesis are formulated. In chapter 2, the
experimental details are described, including the growth conditions for TMDs and the
characterization tools. The results and discussion are presented in chapter 3. Chapter 3
is subdivided into four sections, each based on a separate paper that are the basis of this
thesis. In conclusion, the main results are summarized. Some results of this thesis have
been presented by the author at different conferences.

This work was financially supported by European Union through the European
Regional Development Fund, Project TK141, by the institutional research funding IUT 19-
28, by the Estonian Research Council grant PRG1023, and by FP7 project CHEETAH, EC
grant agreement no. 609788. Part of the equipment used in this work was financed by
ASTRA 5-7 programme. This work was partially supported by the ASTRA “TUT
Institutional Development Programme for 2016-2022” Graduate School of Functional
Materials and Technologies (2014-2020.4.01.16-0032).



Abbreviations, Terms and Symbols

2D Two-dimensional

a Absorption

Ay Process rate parameter

AFM Atomic force microscope

B Coefficient for the interaction of excitons with acoustic phonons
CBM Conduction band minimum

CVvD Chemical vapor deposition

E, Activation energy

f(E,T) Distribution function

FWHM Full width at half maximum

hw Average phonon energy

hw;o Longitudinal optical phonon energy

LSE Localized-state ensemble

ng Refraction index of the SiO: layer

PL Photoluminescence

p(E) Density of states function

RC Reflectance contrast

R; Reflectance spectrum from the WSz monolayer
Rg Reflectance spectrum from the Si/SiO> substrate
o Width of the density of states function

S Electron-phonon coupling strength

SEM Scanning electron microscope

TMD Transition metal dichalcogenide

1/t, Rate of radiative recombination

1/Te The attempt-to-escape rate of localized carriers
VBM Valence band maximum

[0) Integral intensity of the PL band
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1 Literature review

With the discovery of the first two-dimensional (2D) material — graphene [1] in the year
2004, a new path in material science was discovered. Other new 2D materials with
equally interesting properties, have followed the success of graphene. All monolayers of
these materials are less than a nanometer thick [2], [9]. A small part of the ever-growing
family of 2D materials is illustrated in Fig. 1.1. One large group in the 2D material family
is 2D semiconductors, also known as transition metal dichalcogenides (TMDs). TMDs
have opened new possibilities for various electronic and optoelectronic applications that
are based on atomically thin layers [10]-[12]. The list of applications that can be
potentially improved using different TMDs include field-effect transistor sensors [13],
field-effect transistors [14], valleytronic based devices [15] and photodetectors [16].

Insulator OO0
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bg%é h-BN 5 OO0
?Jd.’j; | B 2o,
xCe 4 > S ol
& %\iz 2 B <

BP family Graphene family

-Vl family ~ TMD (MX,) family
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m nd"(‘l‘or MosS,, WSe,, SnS, ReS G e %@

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

Bulk TMDs are layered semiconductors composed of stacked sheets of atomically thin
layers held together by van der Waals forces [18]. As van der Waals forces are weak,
these layers can be exfoliated into monolayers or few-layer systems. The monolayers
themselves have strong covalent bonds between cations and anions [19].

A monolayer consists of three atomic layers, where a layer of transition metal atoms
is sandwiched between two chalcogen atom layers. An illustration of the atomic
structure of two-layered TMDs is given in Fig. 1.2. TMD monolayers usually appear in the
2H phase, where the metal atoms are characterized by a trigonal prismatic geometry and
the chalcogen layers are in an eclipsing configuration [20]. When either the top or bottom
chalcogen layer is shifted, TMD monolayers are in another polymorph known as the 1T
phase, which has tetragonal symmetry and corresponds to an octahedral coordination of
the metal atoms [20]. Density functional theory calculation on the 1T phase freestanding
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monolayer is unstable in the absence of external stabilizing influences and transforms
into the 1T’ phase [21], [22]. Phase transition from the stable 2H phase to the 1T phase,
however, requires a considerable amount of energy [23]. The 2H phase is semiconducting
and is often referred to as the trigonal prismatic structure, while the 1T and 1T’ phases
are metallic and are called octahedral and distorted octahedral, respectively [22]. The 1T’
phase is the 1T phase after a symmetry-reducing distortion [22].

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

/‘\‘ 7 '0_1".-‘ - Wi

7

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

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

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

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

The TMD monolayers by the CVD method are grown at elevated temperatures
(T>700 °C), which makes the choice of the substrate of crucial importance. Thermally
stable and rigid silicon substrate covered with a thin (~ 300 nm) SiO2 layer (Si/SiO2) is
the most commonly used [42], [47]. More recently, alternative substrates, such as
sapphire (Al203), mica, molten glass, and Au foil have been widely implemented [42].
Sapphire and mica single crystal substrates offer atomically flat surfaces, good stability,
perfect lattice matching, while molten glass can provide a flat liquid surface and lower
nucleation density, promoting large crystal domain size and Au foils have a lower energy
barrier, enabling ultrafast growth [42]. The possibility to transfer TMD films from the
growth substrate to another substrate makes these materials even more promising for
applications. Different potential applications need a more diverse selection of substrates,
such as flexible substrates for flexible electronic and optoelectronic devices or substrates
with dielectric properties to modify excitonic properties [47].

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

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

The phase diagram of a bulk TMD normally shows an indirect band gap from I point
to an intermediate point in the Brillouin zone (I —I). Monolayered TMD has a direct band
gap at the K point in the Brillouin zone, which results in a strong photoluminescence (PL)
emission. If a TMD has two layers, the indirect band gap (I — 1) becomes significant and
the direct band gap character is reduced. Furthermore, the intensity of the PL emission
is significantly reduced.

One nondestructive and quick method to identify monolayered TMDs from bulk TMDs
is Raman spectroscopy. Raman spectra of the TMDs include first-order modes at the
Brillouin zone center - in-plane mode Ezlg(l") and the out-of-plane mode A;4(I"). It has
been found that the separation of these Raman peaks decreases with the decreasing
thickness of the TMD. In the monolayered WS, the in-plane mode Ezlg (I') was found at
355.2 cm™ and the out-of-plane mode A;,(I') at 417.2 cm™, resulting in the separation
of these peaks A = 22.0 cm™, while the separation in bulk WS, was A = 25.2 cm™ [50].
In monolayered MoS;, the corresponding separation was found to be A = 18.0 cm!
(Ez4(T) at 384.7 cm™ and A, 4(T') at 402.7 cm™), while for bulk MoS; A = 24.8 cm™ was
obtained [51]. However, these values do not only depend on the thickness of the
material, but also on other external properties or conditions that can affect the Raman
spectra of the TMDs. These external perturbations can be strain, pressure, electric field,
charge transfer, temperature, and substrate under the TMD [52].

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

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

exciton A/B

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

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

1.1 General properties

1.1.1 Molybdenum disulfide — MoS:

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

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

1.1.2 Tungsten disulfide — WS;

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

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

Figure 1.5 (c,d) Optical microscope images of triangular WS, monolayers. (c’,d’) PL images of the
same triangles illustrating higher PL intensity at the edges. Scale bars = 20 um. Modified image
form [79]
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1.2 Aging of TMD

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

1.3 TMD properties at low temperatures

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

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

1.4 TMD properties at high temperatures

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

To establish operating conditions in future applications, which may involve elevated
working temperatures, high temperature measurements are necessary. Until now, several
high-temperature PL studies of A exciton peak have been conducted with a variety of
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contrasting results. An increase in the PL intensity with temperature has been reported
in monolayered MoS: [92], [93]. Moreover, an initial increase in the PL intensity of
monolayered MoS:2 was followed by the subsequent decrease with further increase in
the temperature [92]. Contradicting previous results, a monotonic decrease of PL
intensity with temperature has also been observed in MoS2 monolayers [94].

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

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

1.5 Summary of literature review and aim of the study

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

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

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

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

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

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

e to grow MoS: and WSz monolayers by chemical vapor deposition method.

e  tostudy single-layer MoS: with a high density of defects to detect the presence
of the B trion.

e to study the properties of aged WSz monolayers on Si/SiO2 substrate and to
understand the exciton localization routes in this material.

e to study the properties of defect-bound exciton band in WS, monolayer at
low temperatures.

e to study the properties of WS2 monolayer at elevated temperatures and to
identify how these temperatures consequently affect the degradation of the
flake.
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2 Experimental

This section is an overview of all experiments conducted in the frame of this thesis.
Section 2.1 is about the CVD growth of WSz and MoS2 monolayers. Section 2.2 is about
the characterization methods used to study these monolayers. More details can be found
in [I-IV].

2.1 Chemical vapor deposition of TMD monolayers

2.1.1 CVD of WS2 monolayer

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

WSz monolayers studied in [Ill] were grown by the CVD method in Tallinn University
of Technology. For growth, WOz and S precursors and a Si/SiO2 substrate were used.
A two-zone furnace with separated heating zones (MTI Corporation, OTF-1200X) was
used and the temperatures for the zone with sulfur (Zone 1) and the zone with W03
powder (Zone 2) were 200 °C and 850 °C, respectively (See Fig. 2.1). A mixture of N2 and
H2 (9%) gases was used as the carrier gas with a flow rate of 132 sccm. The Si/SiO2
substrate was placed face down next to the WOz precursor. The WO3 powder zone
reached 850 °C 15 min before the sulfur zone reached its maximum temperature of
200 °C, the system was held at both maximum temperatures for 15 minutes. After that
WOs powder zone was let to cool down, the cooling of the sulfur zone started after
additional 15 minutes.

N,/ N, + H,

Mo0,/WO,

- Si/Sio,

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

WS2 monolayers studied in [IV] were synthesized by the CVD method at University of
Duisburg-Essen in Duisburg, Germany. For fabrication, a multizone split tube furnace
with thermally separated heating zones (ThermConcept, ROK 70/750/12-3z) was used.
The substrates were Si/SiO2 wafers. First, ammonium tungsten oxide hydrate (ATH) was
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dissolved in deionized water. The solution with 1000 g/ was transferred onto the first
substrate in several little droplets of ~1 mm in diameter. Subsequently, the substrate was
heated under ambient atmosphere at 500 °C for 30 min to convert ATH into the tungsten
source WOs. Afterwards, cholic acid sodium salt (CAS) was spin coated as the seeding
promoter onto the substrate containing WOs as well as onto a second otherwise clean
substrate. The substrate with WOs was put into a crucible, the second substrate — only
with seeding promoter —was flipped and put upside down onto the first one. The crucible
containing the substrate and the tungsten source was put into the center heating zone
and a second crucible filled up with 100 mg sulfur was put into the heating zone
upstream. After sealing, the tube was purged with Ar gas. For the CVD process, the Ar
flow rate was set to 50 sccm. The central heating zone was heated to 825 °C in 20 min
and the sulfur heating zone to 150 °C in 10 min after a delay of 10 min. After holding the
maximum temperatures for 30 min, the furnace was opened for rapid cooling.

2.1.2 CVD of MoS2 monolayer

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

2.2 Characterization

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

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

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

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

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

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

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

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

For reflectance contrast measurements (RC), a modified setup of the Raman system
was used, where the laser was replaced with a halogen light source (Euromax Iluminator
EK-1). To ensure constant light intensity, the light source was connected to a power
source with a constant current. It has been shown [101], [102], that the absorption
spectrum is directly related to the reflectance contrast spectrum. Two reflectance
spectra R, (E) and Rg(E) were measured from the WSz monolayer and from the Si/SiO2
substrate, respectively, as a function of the photon energy E, ng is the index of refraction
of the SiO2 layer and «a is the absorption of the sample. RC spectrum is defined as follows
[101]:
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An atomic force microscope (AFM; Bruker Multimode) with a Nanoscope V controller
was used to determine the surface roughness and the thickness of the layers.

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

3.1 Photoluminescence study of B-Trions in MoS2 monolayers with high
density of defects

In this section, CVD grown MoS: monolayers were studied by photoluminescence
spectroscopy to detect B-trions. All following results have been published in the paper
[I]. In Fig. 3.1, a SEM picture of the MoS2 monolayer and the Raman spectrum from the
marked red circle is presented. The Raman peaks associated with MoS;, namely,
the in-plane mode Ezlg(l“) (381.7 cm™) and the out-of-plane mode A, ,4(T) (405.0 cm™)
are clearly seen in Fig. 3.1(b) [51], [103]. The separation between these peaks is
A =23.3 cm™and this value is higher than the usually observed separation in high-quality
monolayers (A = 19 cm™ [51]). Vertical-dashed lines in Fig. 3.1(b) mark the peak positions
of high-quality exfoliated monolayer and, with respect to these lines, our CVD-grown
MoS: has peaks that are either softened (Ezlg(l”)) or stiffened (4,4(I')), which can be
attributed to the presence of substrate-induced tensile strain and charge doping [61],
[104]. The origin of tensile strain in CVD-grown MoS: layers has been attributed to the
mismatch of the thermal expansion coefficient between the layer and a Si/SiO> substrate
[61] or/and to the surface roughness [84], [105]. It is known that the lattice tensile strain
affects predominantly the in-plane vibration mode E;,(I") while the A,4(I') mode is
relatively unaffected: -2.1 cm per % strain and -0.4 cm™ per % strain, respectively [63].
According to these estimations, our MoSz2 monolayer seems to have a tensile strain in
the range of 1%. However, the shift of the Ezlg (I") mode can be also related to the high
defect (mostly sulfur vacancies) concentration as was shown in ref. [65]. The blue shift
of the A;4(I") peak is believed to be a result of hole doping, because, due to the strong
interaction between A, ,(I") phonon and electrons, the A 4(I") mode is very sensitive to
the doping of MoS2 [106]. High concentrations of sulfur vacancies and cracked regions
are very active centers for molecular adsorption and, for example, adsorbed O and/or
H20 can introduce hole doping and thus reduce the electron concentration [106].
As it was shown in refs. [61], [107], reduced electron concentration leads to a blue shift
of the A;4,(I") peak compared with the peak position in the exfoliated high-quality
monolayer. It was also shown that nitrogen doping could be an effective way to produce
hole doping in MoS2 monolayers [108] by creating N acceptor defects. The presence of
weak side peaks at about 409 and 378 cm™ (see Fig. 3.1(b)) also confirms a high defect
concentration in our monolayer, because these peaks were previously assigned to the
defect-induced modes [109], [110].
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Figure 3.1: (a) SEM picture of our MoS, monolayer, the red circle indicates the location where
Raman and PL spectra were measured. (b) Raman spectrum from the monolayer area of MoS,. Red
lines show the result of spectral fitting with Lorentzian curves and the blue line is a cumulative
fitting result. Vertical dashed lines represent the peak positions measured from high-quality
exfoliated MoS, monolayers. [111] (Figure 1 in [ll])

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

The increase of an excitation intensity leads to nearly linear increase of the A-band
intensity, while the B-band shows a superlinear increase. Moreover, we noticed a
redshift of the B-band with increasing laser power, but the shape and the peak position
of the A-band did not change. All these facts confirm that the A-band does not contain
additional trion emission and we observe only emission of neutral excitons A°. At the
same time, the behavior of the B-band can be explained if both trions and neutral
excitons are present. Different properties of A and B bands in our monolayer indicate
that electrons in the conduction band play a minor role and holes in both valence bands
determine the emission properties. Therefore, we probably have positive B-trions (B*)
where two holes are paired with one electron. Accordingly, all PL spectra were fitted
using a pseudo-Voigt line shape for A, B*, and B°. The separation between our B® and B*
bands was found to be 18 meV and it was kept constant in all fittings. Based on
deterioration of the fit upon changing this separation, we estimate the uncertainty of the
trion binding energy to be less than 2 meV. By changing the laser excitation intensity over
a factor of 150, the peak positions and peak widths (FWHM) of these PL bands did not
change, indicating no heating of the sample over the range of laser power used.
An example of this fitting for the B band region is shown in Fig. 3.2 (a). At lower laser
powers, the B® band dominates at 1.956 eV, but at higher laser powers, we clearly see a
rapid increase of the B* band at 1.938 eV. The value of spin-orbit splitting in our
monolayer is found to be AEg, = 166meV and it is slightly bigger than in high-quality
monolayers. According to recent first-principle calculations [72], the binding energy of
trions in MoSz monolayers somewhat depends on the substrate, and for Si/SiO2 substrate
values 35/32 and 18/17 meV were found for A /A* and B7/B* trions, respectively.
The latter agrees very well with our experimental value. Very small binding energy for
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the B trion also explains why it is so difficult to resolve the B trion emission while the
A trion is often visible even at room temperature.

In general, the excitation intensity dependence of the PL intensity is a good indicator
of the nature of radiative recombination processes. Specifically, the integral PL intensity,
I, shows a power law dependence on the laser excitation power, P, as I ~ P¥. A value of
k = 1 indicates an exciton-like transition and k << 1 suggests a recombination path
involving defects [118]. For trions, where the recombination involves three particles, the
intensity should show a P'® dependence, i.e., superlinear increase with laser power
[119]. If both trion and neutral excitons are present, then the increase of B-band intensity
must have a superlinear dependence with 1 < k < 1.5. The actual value of k for each PL
band depends also on other conditions like type of a substrate, defect concentration, and
crystal quality of monolayers. The dependence of the integral intensity of PL bands on
laser power is presented in Fig. 3.2(b). Both neutral excitons (A°, B%) show a nearly linear
increase with laser power (note that the B% band seems to have almost the same
behavior as the A%band at higher laser power), but the B* band increases with k = 1.42.
This value correlates with the expected value for trions (k = 1.5). The total intensity of
the B-band increases with laser power as I ~ P25,

All the properties of our MoS: monolayer indicate that we have a very high
concentration of defects and quite low carrier concentration. The reason for the fairly
intense B-band emission, compared to those reported in the literature, is therefore
assigned to defects. In particular, we assume that there is a non-radiative recombination
channel that preferentially acts on the holes in the A-band. This can occur if the traps are
energetically close to the valence band maximum, which is responsible for the A-band
emission. For example, as it was shown in ref. [120], sulfur adatoms on the surface of
MoS: layer can introduce a very fast non-radiative recombination channel.
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Figure 3.3: The band structure near the K-point of the Brillouin zone showing radiative and non-
radiative emissions in MoS; monolayer. (Figure 4 in [ll])
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The difference in the relative intensities of trions and excitons in the A and B bands
also appears puzzling. After all, the presence of B-trions should imply the presence of
free carriers and thereby also of A-trions. We speculate on two scenarios for this
apparent discrepancy: either the density of A-trions or their emission intensity is
suppressed. For the former, if there is fast recombination channel for the A-excitons,
as also assumed above, they will recombine before they can find a free carrier and
thereby form a trion. Thus, the A-trion formation is suppressed. In this scenario, it is
irrelevant whether the free carriers are electrons or holes, as long as their concentration
is low. The fast recombination channel does not need to be completely nonradiative,
but it needs to be selective to A to keep the exciton density sufficiently low, while
B-excitons live longer and form trions. In the latter scenario, the calculated lowest energy
B* trion has one hole in the highest valence band (VB) and one hole in the lower
spin-orbit-split band (VB-1). This could in principle show up either as A* trion or as
B* trion. However, due to the spin orientation in the relevant bands, it is expected to be
dark in A, but bright in B, [72], [121] and thus shows up more strongly as B*. The reason
for the enhancement of this type of trions over “normal” A* trions could be ascribed to
the same process as in the previous scenario. Alternatively, we could assume that there
is a fast non-radiative recombination mechanism that affects similarly both conduction
band states, but preferentially the VB holes over the VB-1 holes. Then, B-exciton is broken
via electron trapping and subsequently recombines with VB hole, but the hole is left in
the VB-1 state. Since the hole concentration is subsequently reduced at VB state, this
essentially leads to transferring the hole concentration from VB to VB-1. Consequently,
the trion can be formed even as a combination of A-exciton and hole at VB-1.

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

3.2 Local strain-induced band gap fluctuations and exciton localization
in aged WS; monolayers

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

Fig. 3.5(a) shows the Raman spectra of the aged WS: monolayer at different
temperatures. All Raman spectra measured from different monolayer islands are quite
similar and do not differ significantly from the spectra of as-grown layers. The frequency
separation of 60 cm-1 between Ezlg (T) and A, 4(I) modes is typical for single layer WS
measured in many papers [50], [52], [123], [124].
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At the same time, the PL spectrum of the aged WSz monolayer is redshifted about
24 meV, see Fig. 3.5(b). It is known that the PL peak position of TMD monolayers is very
sensitive to the strain and often CVD grown monolayers show exciton emission at lower
energy than monolayers transferred by mechanical exfoliation from bulk crystals. It has
been shown that the thermal expansion coefficient (TEC) of WSz is smaller than that of
the Si/SiO2 substrate [125]. Therefore, we will expect an in-plane compression stress on
WS: during cooling after CVD growth and, finally, the formation of tensile strain. It was
found [126], that the strain affects the band gap energy and also the work function of
WS.. Often this compressive stress leads to the formation of ripples and other local
inhomogeneities with different strain values. As it was shown [126], the tensile stress
(positive strain) has a higher effect on the band gap energy than the compressive stress
(negative strain). Therefore, it is natural to believe that in our aged monolayers some
additional tensile strain is causing this 24 meV redshift of exciton PL peak and the origin
of this extra strain seems to be related to the observed nanocaps.

Height 1.0 um

Figure 3.4: Optical (a) and SEM (b) microscopy images of WS; layers on Si/SiO, substrate. The positions

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

I(E) = Io/[exp((E — Ey)/WyEg + exp(—(E — Ey)/Wigl, (2)

and the result of this fitting for one spectrum is also shown in Fig. 3.6(a). Here Wy and
W, are related to the width of high energy and low energy sides of the PL band,
[ WHEWLE ]ln(@ )
WHEtW LE WHE
but only in the case of a symmetrical band E,; = E,,,,. The hyperbolic secant function
is found to fit well also excitonic PL bands in MoSe> monolayers [127].

The shape and intensities of the spectra taken from different islands and different
positions differ significantly, demonstrating large spatial variations of monolayer
properties. At the same time, the peak positions of all PL bands (except Xp) remained
almost constant. All 5 detected PL bands can be divided into 3 groups: A-exciton peaks
A2 (Epax = 2.030 eV) and A° (E,,4, = 2.010 eV); trion peaks As (E,,q, = 1.989 eV) and
A (Epax = 1.970 eV), and a deep defect-related exciton peak Xo (Epqx = 1.93 eV).
The separation between double peaks is about 20 meV and the subscript S denotes here
shallow states. The double structure of the exciton and trion peaks is rather
extraordinary and can be seen merely at very low temperatures (T < 30K). At higher
temperatures, only A° and A” peaks together with Xp peak persist. The origin of double
peaks will be further discussed later. The rather high intensity of defect-related exciton
peak Xp in all monolayer islands is a clear indication of the high concentration of defects
in aged WSz monolayers. We also observed that the high intensity of Xp peak is usually
accompanied by the high intensity of the trion peak.

respectively, while E}, is related to the peak position E,,,,,, = Ey —
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Figure 3.5: (a) Room temperature (black) and low temperature (T = 80 K) (blue) Raman spectra from
a WS, monolayer region. (b) Normalized room temperature PL spectra of as-grown and aged WS,
monolayers. The separation between PL peaks is 24 meV. (A modified version of Figure 2 and Figure 3

in [1])
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Figure 3.6(b) presents the PL spectra of an aged WSz monolayer measured at T =80 K
using different laser power. All spectra were fitted with an asymmetric hyperbolic secant
function (Eq. 2) and the fitting result for 3.5 W spectrum is presented as blue and red
lines. The inset shows the integrated intensities of A%, A-and Xp bands as functions of the
excitation power. With the increase in the excitation power, the emission from exciton
and trion states linearly increases (slope = 1) over the whole studied range. The emission
from Xp shows a sublinear dependence and saturates at higher excitation power. Similar
saturation of the wide Xp band was observed also in MoS: [128] and in other WS2
monolayers [54]. The nature of the defects responsible for the Xp band is not clear, but
due to the very broad and somewhat variable shape of this band we can expect the
presence of several different defects.
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Figure 3.6: (a) Low temperature (T = 10 K) uPL spectra of an aged WS, monolayer island taken from
3 different spots. Result of spectral fitting with an asymmetric hyperbolic secant function (Eq. 2) is
also shown for one spectrum. (b) Excitation intensity dependent normalized PL spectra of aged
monolayer WS, measured at T = 80 K and a result of fitting with asymmetric hyperbolic secant
function (Eq. 2). All spectra are vertically shifted for clarity. The inset shows the integrated intensity
of different peaks as a function of laser power. (A modified version of Figure 4 and Figure 5 in [1])

For temperature-dependent RC and pPL measurements, we selected monolayer
regions, where low-temperature PL intensities of Xp and trion bands were lowest and,
thus, the shape of the A® band is relatively well defined. Unfortunately, at temperatures
T < 80 K, the Xp and trion bands start to appear and the reliability of PL spectral fitting
suffers a lot. This was not the case with RC measurements (calculated by Eq. 1), where
the spectra were unaffected by trion resonances even at very low temperatures, see
Fig. 3.7 (a). As it was shown [102], the inverted reflectance contrast spectra of 2D
monolayers near the exciton resonances are usually proportional to the absorption and
therefore the shape of inverted RC can be used to probe the density of excitonic states.
For the RC peak fitting, we used again the asymmetric hyperbolic secant function (Eq. 2)
after subtracting the slowly changing background. The asymmetric hyperbolic secant
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function was used because the RC peak had an asymmetric shape with larger width at
the low energy side. The ratio W5 /Wyg was about 2.5 and did not change with
temperature. Both A and B exciton peaks were detected. The same fitting function was
used also for PL spectra, presented in Fig. 3.7 (b). Values for peak position E,,,, and full
width at half maximum (FWHM) for A%-exciton peaks were calculated numerically from
the fitting curves and are presented in Fig. 3.8.
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Figure 3.7: (a) Temperature dependence of the reflectance contrast spectra of aged WS, monolayer
showing A and B exciton resonances. (b) Temperature evolution of normalized A%exciton PL
emission. (Figure 6 in [l])

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

Epax = E(0) — Sho[coth(hw/2kT) — 1], (3)

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

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

FWHM(T) = Wy + BT +v/[exp(hw;o/kT) — 1], (4)

where W, is a width at T = 0 K including also inhomogeneous broadening, £ is a
coefficient for the interaction of excitons with acoustic phonons and the last term
represents the interaction with LO (longitudinal optical) phonons, Aiw, yis the LO-phonon
energy. The LO-phonon energy is taken equal to 44.6 meV for WS; [134]. The fitting result
is presented in Fig. 3.8(b) as a red curve and the fitting parameters are shown in Table I.
At higher temperatures (T > 150K) the FWHM of PL band also shows widening due to
electron-phonon interaction, but the width of the PL band seems to be smaller than for
RC band. This difference is related to the fact that the PL spectrum does not represent
the total exciton density of states because the photoexcited carriers undergo relaxation
processes before they recombine radiatively. Therefore, the PL spectrum corresponds to
the distribution of the lowest exciton energy states while the reflectance contrast
spectrum represents the distribution of all exciton states. However, at temperatures
T < 150K, the width of the PL band starts to increase rapidly with the decreasing of
temperature. Moreover, the shape of the PL band near the peak maximum changes and
becomes wider, see Fig. 3.8 (b). This behavior is again typical for localized excitons [135].
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Figure 3.8: (a) Temperature dependence of the PL peak energy (blue circles) and peak position of
reflectance contrast (RC) spectra (solid squares). Fitting result using Eq. 3 is given with red curve.
Peak positions of different PL peaks at T = 10 K are also indicated. (b) Temperature dependence of
FWHM of A%-exciton peak obtained from RC (solid squares) and PL spectra (circles). Red curve
represents the fitting with Eq. 4 (Figure 7 in [1])
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Table 3.1. Fitting parameters as obtained from fitting of the temperature dependence of Eyy, 4, and
FWHM (RC spectra) for A%-exciton peak using Eq. 3 and Eq. 4. Fitting results from ref. [130] are
given in parentheses.

Fitting equation Parameter Value
Eq. 3 E(0) (eV) 2.021 (2.063)
S 2.23 (2.4)
hw (meV) 22.7 (31)
Eq. 4 Y (meV) 53.2
hwpo (MmeV) 44.6
Wy (meV) 31.8

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

A(T)py sechiZ—Foyliry
I(E,T) = ADp(EYf (E,T) = — - (5)

Ero 1
exp[—p7 f]+TL:

where A(T) is a temperature-dependent term, p, is the amplitude, E, is the peak
position and ¢ is the width of the density of states function, 1/7,. and 1/, represent
the rate of radiative recombination and the attempt-to-escape rate of the localized
carriers, respectively. The shape calculated by Eq. 5 can be quite well fitted using an
asymmetric hyperbolic secant function. At the same time, the shape and the
temperature dependence of the peak position E,,,,,, and FWHM of localized exciton band
significantly depend on E, and Ef. In many cases [135], the best correlation with
experimentally measured temperature dependencies is obtained by taking E, > E.
Figure 3.10(a) shows PL spectra calculated by using Eq. 5 for the case E, — Ef = 20 meV,
o =6 meV and 1./, = 0.1 and in Fig. 3.9(b), the temperature dependencies of peak
position E,., — E, and FWHM are given. It can be seen that the shape of the
calculated PL band shows very similar behavior to what was observed experimentally,
see Figs. 3.7-3.9. At temperatures T < 150 K, we see a rapid increase of FWHM and a
gradual redshift of the peak position. Furthermore, the shape of the PL band near the
peak maximum becomes wider and the same trend was observed experimentally,
see Fig. 3.7(b). This means that the LSE model applies to the aged WS, monolayer and
spatial fluctuations of the bandgap energy due to local strain will induce this localization
in the lowest-energy regions, where the excitons will be swept by the strain-induced
potential gradient and funneled toward the center [136]. An LSE model was previously
proposed also for WS2 monolayers grown on a silicon substrate in a hot-wall furnace,
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where the room temperature PL peak has a maximum at about 1.955 eV [137]. One
potential source of the local strain is associated to the relatively high nanocaps found by
AFM scan on the surface of the WSz monolayer, see Fig. 3.5(c). The average distance
between these nanocaps is less than the diffusion length of excitons in WSz monolayers
(~ 350 nm [138]) and therefore excitons can be easily captured in these regions with high
strain and reduced band gap energy. The possible strain & for these nanocaps was
obtained from the curvature of the nanocaps using the pure-bending equation
e=(d/2)/(R —d/2), where R and d are the radius of curvature and the thickness of
WSz monolayer, respectively [139]. Taking the average thickness of the monolayer
d = 0.8 nm, height h = 7 nm and the diameter a = 30 nm of nanocaps, the tensile strain
value will be e = 2.1% and, according to the experimentally determined peak position
shift of —11.3 meV per % of strain [75], the overall peak position shift is 23.7 meV.
This obtained value is in good correlation with the A%-exciton peak position separation
between as-grown and aged WSz monolayers, see Fig. 3.5(b). At low temperatures, we
also detected additional exciton A2 and trion A5 peaks at higher energies, see Fig.3.6(a).
The position of these peaks suggests that they are also related to strained areas, where
the band gap energy is about 4 meV less than in as-grown monolayers. This energy
corresponds to the strain value of € = 0.35% and this strain could be caused by the
general increase of the surface roughness in aged monolayers. These states are very
shallow, and excitons are easily thermalized into deeper states when the temperature is
increased. The whole aged monolayer surface is thus disturbed by the strain having
slightly different origin (increased surface roughness vs. nanocaps) and values and
therefore we could see emission from localized states only. The recombination model for
excitons and trions in aged WS2 monolayer is given in Fig. 3.10. At low temperatures, the
exciton and trion recombination is possible from both deep pp and shallow pg localized
states showing double peak structure. At higher temperatures, only pj states are active.
According to our calculations €, = 24meV and & = 4 meV.
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Figure 3.9: (a) Calculated temperature dependence of the luminescence peak shape (normalized)
for the case of Ep - E, =20 meV and o = 6 meV using Eq. 5, (b) the temperature dependence of peak
position (red) and FWHM (blue). (Figure 8 in [1])
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The origin of the nanocaps in the aged monolayer is not clear. It was shown in Ref.
[81] that aging usually leads to oxidation of metal states and this process is more
prominent at grain boundaries. Sulfur vacancies are similarly believed to play an
important role in these oxidation processes. It is also possible that very small
nanoparticles were formed on a Si/SiO2 surface during growth and they are not
completely reacted in S atmosphere. Similar nanoparticles were found in many
monolayers where they acted as seeds for CVD monolayer growth [140]. During aging,
these nanoparticles beneath the monolayer start to expand due to oxidation and, as a
result, nanocaps are formed. However again, the true origin of these nanocaps is a topic
of future studies.
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Figure 3.10: Proposed recombination model for localized excitons and trions in aged WS,
monolayers. Density of deep pp and shallow pg localized states are shown. The origin of double PL
peaks is explained. (Figure 9 in [l])

3.3 Tailoring of bound exciton photoluminescence emission in WS,
monolayer

This section presents a PL study of bound exciton emission in CVD grown WS, monolayers
and is based on the results published in the paper [lll]. Most of the WS2 monolayers grew
in the form of triangular islands with domain sizes up to several tens of micrometers.
However, other shapes were also observed, for example, in Fig. 3.11(a), a scanning
electron microscope (SEM) image of butterfly-like WS, monolayer is presented.
The diameter of this monolayer is about 40 um. Butterfly-like shaped WS, monolayers
have been seen previously in several studies [20], [46], [141]. These kinds of monolayers
are reported to consist of two symmetrical wings with different atomic orientations,
separated by a grain boundary [20]. The grain boundary usually includes multiple
different misaligned atoms, creating extended defects in the material. The grain
boundary area in the middle of the butterfly-shaped WS> monolayer is of particular
interest, and therefore, this flake was chosen for further studies. To confirm the high
concentration of defects in the grain boundary, a room-temperature PL map from the
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monolayer was created. In Fig. 3.11(b), the PL peak position map of the A° (neutral A
exciton) peak is presented, showing the redshift of the A® peak in the middle of the flake.
It was shown that the high concentration of defects [142] and a possible tensile strain
are the main reasons for this kind of peak shift of A° excitons in different TMD
monolayers, as we have seen in the previous section and in [84], [89]. In Fig. 3.11(c),
two low-temperature (T = 15 K) PL spectra from different regions are presented and a
region with a high-intensity defect-bound exciton PL emission is chosen for further
studies and the results are presented below.
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Figure 3.11: (a) SEM picture of a butterfly-shaped WS, monolayer. (b) 2D PL map showing the
redshift of the A9 exciton peak in the middle of the flake. (c) Low-temperature (T = 15 K) PL spectra
from different WS, monolayer areas marked as 1 and 2 in (b). (Figure 1 in [lll])

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

The Raman spectrum from the CVD-grown WS: together with the fitting results is
presented in Figure 3.13(a). From the fitting, the positions of the main peaks, the in-plane
mode E;,4(I") at 355.0 cm™ and the out-of-plane mode A;4(I") at 418.3 cm™, were
determined. The separation between these peaks is A = 63.3 cm™. This value is somewhat
higher than normally observed in WSz monolayers with better quality, where the
separation is usually in the range A = 61.5-62.4 cm™ [50], [123], [141], [143]. It is known
that the tensile strain in WS2 monolayers grown on the Si/SiO2 substrate causes the
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in-plane Raman mode E;,(I") to redshift more than the A;,(I") peak [144], which
increases the separation between these peaks. The dominating mode in Figure 3.13(a) is
2LA(M) (350.2 cm?) that has approximately three times the intensity of the Ag(I)
mode, which is characteristic for the Raman spectra of WS, monolayers, measured with
green laser excitation (514 nm [50], 532 nm [145]). This fact and the peak separation
value confirm once again that the studied butterfly-like flake is indeed a monolayer.
Raman spectra show no dependence on the position on the flake, which indicates the
same strain value throughout the flake.
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Figure 3.12: Normalized (a) temperature and (b) laser power dependencies (T = 15 K) of the PL
spectrum of a WS, monolayer (purple lines). PL-fitting results with asymmetric hyperbolic secant
functions (Eq. 2) are shown. Blue lines show the fitting results for the defect-bound exciton peak Xp,
red lines for the trion peaks A-, and black lines for the exciton peaks A°. (Figure 2 in [lIl])

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

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

The fitting of the PL spectra measured at different temperatures revealed that the
width related to the low energy side W, of the Xo band exhibits only a very weak
increase with temperature (Fig. 3.13(d)), whereas the width related to the high energy
side Wy shows a clear temperature dependence. All these features observed for the Xp
band are usually considered as evidence of disorder-related effects and are also typical
for highly doped semiconductors like CulnGaSe: [146] or Cu2ZnSnSes [147]. As the random
fluctuations of defect concentration or strain can cause band gap and electrostatic
potential fluctuations, they may smear the band edges and form exponential tails of the
density of states extending into the band gap. At low temperatures, excitons can be
trapped by the localized states at the band tails, leading to the observed asymmetric
lineshape of the PL spectra. In this case, the low-energy tail of the PL band reflects the
energy distribution of the density of states within the band tail and has a very weak
temperature dependence [146], [148]. At the same time, the high-energy side usually
shows a typical broadening with increasing temperature [146], see Fig. 3.13(d). We
therefore conclude that the Xp band is related to the deep defect states within the band
gap and that the PL emission is caused by the excitons bound to these deep defects.

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

¢(T) = ¢o/[1 + Arexp(—Eq/kT)], (6)

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

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

The integrated PL intensity @ versus the laser excitation power P usually follows a
power law dependence: @ =~ P* [118]. The integrated PL intensity @ as a function of
the excitation power P was investigated for all emission bands at T = 15 K, see Fig. 3.14(a).
Both the exciton and trion peaks (A% A’) show nearly linear dependence (k = 0.9),
whereas the emission from the defect-bound exciton band Xp shows a different
dependence and saturates at high excitation powers. It is also observed that the Xp band
blueshifts as the excitation intensity increases and the rate of this shift is about 15 meV
per decade of laser power (Fig. 3.14(b)). This kind of blueshift is usually considered as the
evidence of disorder-related effects in semiconductors [89], [146], [153]. We showed
before that the random fluctuations of defect concentration or strain can cause band gap
and potential fluctuations and form exponential tails in the density of localized states
extending into the band gap. At low temperatures, the increasing excitation intensity will
cause band filling of the localized energy states, giving rise to the blueshift of Xo emission.
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Figure 3.14: (a) Integrated PL intensity @ of different PL bands as a function of the laser power,
plotted on a log—log scale. The lines are the least squares fit to the data. (b) Xp peak position
dependence of the laser power. The line is the least square fit to the data. (Figure 4 in [Ill])
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It was shown theoretically that the PL intensity of the exciton-like transition should
follow a power law @ =~ P* with k = 1. Avalue k <« 1 indicates a recombination involving
defect states [118]. However, the sublinear increase of the intensity of Xp band with laser
power can be explained by the limited concentration of these deep defects leading to
the saturation of the intensity of the Xo band at higher laser powers. A high concentration
of deep defects usually leads to a steeper increase of the PL intensity reflected by higher
values of k, as reported by different research groups, see for example the study by
Shang et al. [154]. Different k values for the defect band have been observed also in other
materials like WSe2 [90], [151] and MoS2 [62]. The sublinear dependence of the Xp band
intensity in TMD monolayers has been shown also in the previous section and in MoS>
[128].

The nature of these deep defects is not clear, but our experiments have shown that
by using laser annealing, it is possible to reduce the intensity of the Xp band. The studied
WS2 monolayer was annealed with a focused laser beam with P = 1500 pW (power
density = 5 x 108 W/m?2) for 5 min at a low temperature (T = 15 K). To study the effect of
annealing, the PL spectra with a laser power of 0.6 uW before and after annealing were
compared. Such a low excitation power was used, because the Xp band was found to be
more pronounced when compared to A° peak at low laser powers as shown in Fig. 3.12(b).
Laser irradiation was found to reduce the relative intensity of the defect-bound exciton
band about ten times compared to the A® exciton peak intensity, indicating that this type
of annealing removes some physisorbed gas atoms from the WS, monolayer surface.
This effect is rather interesting, suggesting that Xo band can be sensitive also to other
forms of radiation, being useful for some applications. Similar effects have been observed
also by other groups [82], [85].

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

3.4 The effect of elevated temperatures on excitonic emission and
degradation processes of WS, monolayer

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

in [IV])

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

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

Theinitial room temperature PLimage in Fig. 3.17(a) shows that the PLintensity across
the monolayer is nonuniform. It has been reported previously in [78], that the center of
the crystal shows lower PL intensity than the areas close to the edges, with this region of
lower intensity also extending symmetrically from center towards the vertices.
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Figure 3.17: PL images of the same flake before (a) and after (b) it was used to study temperature-
dependent PL at elevated temperatures. Area 1 and Area 2 are representing the approximate laser
spot size and placement of 10x objective and 50x objective, respectively. (Figure 2 in [IV])

The temperature dependence measurements were carried out in the following
temperature range T = 303 — 723 K. The temperature dependence of some PL spectra is
presented in Fig. 3.18(a). All temperature-dependent PL spectra had an asymmetrical
shape and were fitted using Split Pearson VIl function, because this function gave the
best fitting result [159]. The fittings are also shown in Fig. 3.18(a). The laser power used for
temperature-dependent measurements was 0.42 mW. The asymmetrical A exciton peak
can be observed in the whole temperature range, but with the increasing temperature
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the peak intensity was decreasing, which is in contrast with refs. [92] and [93]. While the
peak intensity was decreasing, the peak position was seen to redshift and full width at
half maximum to broaden. The temperature dependence of the A exciton peak position
is linear and has a trendline equal to dE,;,4,./dT =-0.358 + 0.003 meV/K (see Fig. 3.18(b)).
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Figure 3.18: (a) Temperature dependent PL spectra of WS, monolayer. PL fittings using Split-
Pearson-VIl function are shown as black lines. (b) Temperature dependence of exciton peak energy
(red dots) and FWHM of the exciton peak (blue dots). The exciton peak energy dependence is fitted
with linear and FWHM dependence is a result of fitting with Eq. 4. (c) Arrhenius style plot showing
the thermal activation energy of the A exciton peak. Fitting result using Eq. 6 is given as a
continuous line. Blue rectangle is showing the additional intensity decrease due to material
decomposition. (d) Room temperature PL spectra from area 2 of Fig. 3.17(a) of the flake before and
after heating up to T =723 K. (Figure 4 in [IV])

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

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

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

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

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

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

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

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

As stated earlier, contradictory reports can also be found regarding the high-temperature
photoluminescent response of other TMDs, such as MoSz. Many of the monolayered
TMD materials (including MoSz) have similar structures and properties to WSz, and
similar general trends to those found here could be tentatively expected in such cases.
However, we note that the individual materials are distinct, and it is difficult to predict
with certainty the behavior of these other systems without further measurements.
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Conclusion

This thesis was focusing on the PL properties of different TMD monolayers, which either
have a high density of defects or have been aged. The main results of this thesis can be
concluded followingly:

1. CVD growth procedures for MoS: and WSz monolayers were successfully
established at Taltech.

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

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

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

5. WSz monolayers showed at high temperatures and in an inert environment a
standard and continuous decrease in PL intensity, accompanied with a near
linear decrease in peak position and an increase in peak width. The center part
of WSz monolayer was found to degrade following the handling at elevated
temperatures, while the other region largely maintained its original properties.
The area with irreversible changes had initially lower PL intensity than the
remaining region. Higher concentration of defects was suggested to be
responsible for the material loss.
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Abstract
Growth and optical properties of two-dimensional transition
metal dichalcogenides

This thesis is focused on the photoluminescence (PL) studies of monolayered transition
metal dichalcogenides (TMDs), MoS2 and WS,. These less than a nanometer thick
semiconductor materials have attracted considerable attention because of their
interesting physical properties such as a direct bandgap and very high exciton
binding energy, meaning the exciton emission can be observed at room temperature.
These properties make them suitable for different potential applications in various
opto-electronic devices, such as photodetectors, solar cells, and LEDs. The stability of
these materials has not been studied very thoroughly; however, it is crucial for future
device production. PL spectroscopy was used as the main tool in this work to characterize
the optical properties of TMDs. The aim was to grow TMD monolayers by the chemical
vapor deposition (CVD) method and then investigate the optical properties of aged or
highly defected single-layer TMDs and the overall stability of these monolayers at
different temperature conditions.

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

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

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

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

Controlled experiments at high temperatures (up to T =723 K) in an inert environment
were performed on WS2 monolayers. In contrast to some previous PL studies with
conflicting results, we found that the photoluminescent intensity shows a consistent
reduction above room temperature. This is accompanied by an almost linear redshift of
the PL peak maximum, and a nearly linear increase in the peak width, which is attributed
to an enhanced interaction with optical phonons. Moreover, by fitting the
photoluminescence integral intensity with an Arrhenius type dependence, we
demonstrate that the center of the WS, monolayer flake starts to undergo irreversible
degradation at a temperature of 573 K in an inert environment. In contrast, regions close
to the flake edges with a more intense room temperature PL response, remain stable.
The macroscopic PL signal is largely recovered in these regions following subsequent
cooling to room temperature.
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Liihikokkuvote
Kahedimensionaalsete siirdemetallide dikalkogeniidide
kasvatus ning optiliste omaduste uurimine

Antud t66 eesmargiks oli uurida kahemd&&tmelisi (2D) pooljuhtmaterjale (MoS: ja WSa)
fotoluminestsents-spektroskoopia (PL) abil. Viimaste aastate jooksul on need vahem kui
nanomeetri paksused materjalid dratanud Gha enam teadlaste tdhelepanu oma viga
huvitavate ja kasulike omaduste t6ttu. 2D pooljuhtmaterjalid on otsese keelutsooniga
ning ebaharilikult kdrge eksitoni seoseenergiaga, mistdttu on neid materjale ergastades
voimalik eksitonkiirgust detekteerida ka toatemperatuuril. Eelmainitud omaduste tottu
voivad tulevikus 2D poojuhtmaterjalid leida rakendust erinevates optoelektroonika
seadistes, nagu nditeks detektorites, paikseelementides ja valgusdioodides, selleks on
aga darmiselt tahtis nende materjalide stabiilsus. 2D pooljuhtmaterjalide stabiilsust ei ole
veel vaga pdGhjalikult uuritud. Antud t66 esimeseks eesmargiks oli kasvatada thekihilisi
MoS: ja WSz keemilise aurusadestuse (CVD) meetodil. Seejarel oli eesmérgiks uurida nii
vananenud kui ka suure defektide hulgaga MoSz ja WS2monokihtide optilisi omadusi ning
nende materjalide stabiilsust erinevatel temperatuuridel.

Kdik antud t66s uuritud thekihilised MoSz ja WS: olid kasvatatud CVD meetodil ning
Si/SiO2 alustele. MoS: ja WS Uhekihilise struktuuri kindlaks maaramisel kasutati nii
Raman spektroskoopiat kui ka aatomjéu-mikroskoopiat.

Uhekihiliselt MoS uuriti fotoluminestsents spektrokoopiaga detailselt B-tsoonist
Iahtuvat kiirgust. B-tsooni spektri kuju muutumist laseri ergastusvéimsuse muutmisel on
vOimalik seletada B-eksitoni ja B-triioni kiirguste kombinatsioonina. B-triioni
seoseenergiaks saime 18 meV. Uhekihiliselt MoS2 md&detud luminestsentsspektris aga
puudus A-triion, lisaks oli B-tsooni intensiivsus vordlemisi kdrge. Need nahtused voib
omistada kiirele mittekiirguslikule rekombinatsioonikanalile, mis omakorda on seotud
korge defektide tihedusega uuritud materjalides. Meie tahelepanekuid voib selgitada nii
tsoonitundlike rekombinatsioonikanalitega kui ka ,,tumedate” trilonite moodustumisega.

Vananenud Uhekihilise WS, uurimiseks kasutati temperatuurist sdltuvaid
fotoluminestsentskiirguse ning peegelduskontrasti spektreid. Vananenud thekihilisetel
WS: olitavaparane pinna karedus umbes 0.5 nm, lisaks leidus kihi all ka suure tihedusega
nanoosakesi (nanokoonused), mille pohja 1abim&6t oli umbes 30 nm ja kdrgus umbes
7 nm. Toatemperatuurne A-eksitoni kiirgus leiti olevat vananenud ihekihilises materjalis
24 meV madalamal energial kui varskelt kasvatatud tGhekihilises WSa. Spektri punanihke
pShjuseks voib pidada lokaalseid tédmbepingeid nanokoonuste piirkonnas, kus témbepinge
vadrtus on umbes 2.1 %. Pinge all olevates nanokoonustes toimub ka keelutsooni
kitsenemine, mistottu tdmmatakse eksitonid just nendesse piirkondadesse. Vaga
madalatel temperatuuridel (T = 10 K) néitas PL spektri analiilis eksitoni ja trioni piikide
I6henemist kaheks eraldi piigiks. Piikide I6henemise vahe oli umbes 20 meV. Suuremal
energial olevate eksitoni ja triioni piikide olemasolu on seotud optilise keeltsooni laiuse
fluktuatsioonidega, mis on tekkinud lokaalse tdmbepinge juhusliku jaotusega
suurenenud pinna kareduse tottu. Lisaks sellele oli igas vananenud thekihilises WS> lai
defektidega seotud eksitoni piik Xp, mis asus ligikaudu 1.93 eV juures. Ndidati, et
A-eksitoni kiirguse piigi asukoha ja piigi poollaiuse temperatuursoltuvust on vdimalik
kirjeldada lokaliseerunud eksitonide teooriaga. Samuti pakuti valja nanokoonuste
voimalikud tekkepdhjused.

Suure defektide hulgaga Uhekihilises WSz esinevate asiimmeetrilise defektidega
seotud eksitoni piigi Xo omaduste uurimiseks kasutati temperatuurist ja laseri véimsusest
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sOltuvaid PL spektreid. Fotoluminestsentskiirguse kaardistamisel oli Ghekihilisel WS;
naha piirkond, kus Xp piik oli kdrge intentsiivsusega ja Xp piigi asukoht oli umbes 1.9 eV
juures. Antud piirkond valiti valja jargnevateks uuringuteks. Temperatuursdltuvuse
md&G&tmistest oli ndha, et Xp piik kustub temperatuuridel tle 180 K, lisaks oli vdimalik valja
arvutada termiline aktivatsiooni energia Ea = 33 £ 4 meV. Madalal temperatuuril (T =15 K)
Xpb piigi intentsiivsus kasvas sublineaarselt laseri ergastusvdimsuse kasvuga. Samal ajal
piigi asukoht nihkus umbes 15 meV suurema energia poole iga laseri voimsuse dekaadi
kohta. To0s on naidatud, et Xp piik on seotud sligavate defektitasemetega WS:
keelutsoonis.

Uhekihiliste WS, stabiilsuse uurimiseks viidi |dbi kontrollitud katsed kdrgetel
temperatuuridel (kuni T = 723 K) inertgaasi keskkonnas. Varasemalt labi viidud ning
osaliselt vasturdakivatele korgtemperatuurse fotoluminestsentskiirguse uuringute
tulemustele  vastupidiselt, naitasid antud t66s |abi viidud katsed, et
fotoluminestsentskiirguse intentsiivsus kahaneb pidevalt temperatuuri tdustes. Lisaks
intentsiivsuse kahanemisele, piigi asukoht nihkus vdiksemate energiate poole ning piigi
poollaius laienes lineaarselt, mida vdib omistada suurenenud vastasmdjule optiliste
foononitega. Fotoluminestsentskiirguse integraalse intensiivsuse temperatuursdltuvus
naitas, et temperatuuridel tle 573 K inertgaasi keskkonnas hakkab Uhekihilse WS,
keskkohast materjal kaduma. Uhekihilise WS, d4realad, kus fotoluminestsentsi kiirgus oli
algselt keskkohaga vérreldes tugevam, jdid aga stabiilseks. Nendes piirkondades jai
fotoluminestsentsi kiirgus peale mahajahutamist ligikaudselt samaks nagu enne
kuumutamist.
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Optical properties of aged WS, monolayers grown by CVD method on Si/SiO; sub-
strates are studied using temperature dependent photoluminescence and reflectance
contrast spectroscopy. Aged WS, monolayers have a typical surface roughness about
0.5 nm and, in addition, a high density of nanoparticles (nanocaps) with the base
diameter about 30 nm and average height of 7 nm. The A-exciton of aged monolayer
has a peak position at 1.951 eV while in as-grown monolayer the peak is at about
24 meV higher energy at room temperature. This red-shift is explained using local
tensile strain concept, where strain value of 2.1% was calculated for these nanocap
regions. Strained nanocaps have lower band gap energy and excitons will funnel into
these regions. At T=10K a double exciton and trion peaks were revealed. The sepa-
ration between double peaks is about 20 meV and the origin of higher energy peaks
is related to the optical band gap energy fluctuations caused by random distribution
of local tensile strain due to increased surface roughness. In addition, a wide defect
related exciton band Xp was found at about 1.93 eV in all aged monolayers. It is
shown that the theory of localized excitons describes well the temperature depen-
dence of peak position and halfwidth of the A-exciton band. The possible origin of
nanocaps is also discussed. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4985299]

l. INTRODUCTION

Layered semiconductor compounds involving transition metals from group VI and chalcogens
(TMDs) are promising candidates for studying atomically thin structures and have attracted con-
siderable attention because of their unique properties and their potential applications in various
opto-electronic devices.! The basic building block of these layers consists of one atomic layer of
transition metal atoms sandwiched by two chalcogen atomic layers, thus forming one monolayer.
All these monolayers have a strong intra layer chalcogen-metal covalent bond while different layers
are weakly linked by van der Waals forces. These binary compounds are typically semiconductors
with an indirect band gap, while monolayers often have a direct band gap in the visible or near
infrared spectral range. The band gap energy of WS, bulk crystals is about 0.88 eV, while the mono-
layer shows an optical bandgap around 2.0 eV.? Optical properties of WS, monolayers have been
studied in many papers.>~'* The room temperature photoluminescence (PL) spectrum of the WS,
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monolayer is characterized by the presence of two exciton peaks that arise from vertical transitions
at the K point of the Brillouin zone from a spin-orbit-split valence band to a nearly degenerate con-
duction band. These PL peaks are called as A and B peaks with peak positions near 2.0 and 2.4 eV,
respectively.'> So the spin-orbit splitting of the valence band is found to be 425 meV in WS, mono-
layer.'® Besides a neutral A? exciton peak a trion (A") peak is often visible at about 43 meV lower
energy.'! At temperatures below T=80K the trion peak usually dominates. However, the actual peak
positions of excitons and trions are very sensitive to the preparation method of monolayers. Often
monolayers grown by chemical vapor deposition (CVD) on Si/SiO, substrates show PL emission at
lower energies with respect to monolayers transferred by mechanical exfoliation from bulk crystals or
monolayers grown on other substrates.!”'® The main reason of this redshift is believed to be related
to the strain in as-grown monolayers, which is usually released after the monolayer is transferred on
the same Si/SiO, substrate.>!” It was found that the uniaxial tensile strain could cause the red shift
of A-exciton peak in WS, monolayer at a rate —11.3 meV per % of strain.” However, slightly higher
values were predicted by theoretical calculations.'® The origin of the strain in as-grown monolayers
is due to the different thermal expansion coefficients (TEC) of WS, and SiO, substrate. But addi-
tional strain could be related to the surface roughness, which is causing a local strain depending on
a surface topography. In MoS> monolayers this concept was verified by creating artificial atoms®®
or wrinkles?' on a substrate surface and thus getting very high values of local tensile strain and,
accordingly, band gap energy fluctuations. The formation of quite high wrinkles in WS, monolayers
due to strain relaxation processes was recently reported”” and the A? band was red-shifted in these
wrinkled areas due to layer bending. Even in WS, monolayers prepared by mechanical exfoliation
there is a remarkable inhomogeneous strain across the monolayer’s area and spatial non-uniformity
of the electron density across the monolayer surface due to oxygen chemisorption.>> Besides a strain
many structural defects exist in CVD-grown WS, on Si/SiO,. These defects introduce localized
states in the bandgap, leading a dramatic decrease in the carrier mobility. It was found that CVD-
grown monolayer of WS, on Si/SiO, substrate shows about 10° times lower carrier mobility than
mechanically exfoliated samples measured under similar conditions.’*?> It was also reported, that
during CVD growth S-rich and S-poor domains could be formed within WS, monolayers with very
different properties and this could be also one possible reason of spatial non-uniformity of WS,
monolayers.*®

Majority of TMD studies were performed on fresh grown monolayers and usually all these
compounds have been considered as air-stable semiconductors under ambient conditions. How-
ever, recent studies show that CVD grown TMD monolayers exhibit not so good long-term sta-
bility in air and usually large-scale structural and morphological changes can be detected after
about 1 year storage at normal laboratory atmosphere.”’ The presence of oxidized metal states
and organic adsorbates were detected in aged MoS; and WS, monolayers. The degradation of
monolayers commonly starts from grain boundaries and these oxidation processes can be accel-
erated by using higher temperatures.”® Unfortunately, optical properties of aged TMD mono-
layers have not been studied in detail so far. However, it was reported that the PL intensity
of aged WS, monolayers grown on sapphire substrate drops noticeably and shows large spatial
variations.”’

In our recent paper”’ optical properties of aged MoSe, monolayers were studied. These mono-
layers showed quite high surface roughness leading to a random distribution of local tensile strain
and, thus, spatial optical band gap energy fluctuations. Local band gap minimums are capable of
efficient funneling and localization of excitons. It was shown that the model of localized excitons
describes well the shape and temperature dependence of excitonic PL band. It is obvious that aging
of TMD monolayers is quite complicated and different monolayers can show very different behav-
ior. Therefore aging processes and their effect on optical properties of different TMD monolayers
definitely need further studies to clarify the nature aging and to understand exciton localization
routes.

In the present work we provide new and additional to Ref. 29 experimental results on optical
properties of CVD grown and aged WS, monolayers on Si/SiO, substrates. We show that also
aged WS, monolayers exhibit different local strains due to surface topography leading to excitons
localization.
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Il. EXPERIMENTAL DETAILS

An original tellurium-assisted CVD method was used to synthesize WS, layers on Si/SiO;
substrate under atmospheric pressure in a quartz reaction tube (inner diameter ~ 5 cm). For WS,
synthesis, mixed W and Te powders were scattered on a Si/SiO, substrate. The quartz tube was
heated to 500 °C at a rate of 50 °C/min and was then kept at 500 °C for 15 min before cooling. Using
W/Te precursor allows growth at temperatures much lower when compared to that of CVD syntheses
using WO3 precursors (~800 °C). The sulfur powder was loaded at the upstream zone inside the
same quartz tube with a temperature of about 200 °C. Argon (100 sccm) was used as protection from
oxidation and carrier gas during growth. No tellurium containing phases were detected after growth
in WS, layers. More details of the growth process can be found in the paper by Y. Gong et al.'> WS,
monolayers used in this study were stored in air under ambient conditions (i.e., room temperature
and atmospheric pressure) for about 1 year.

Raman, reflectance contrast (RC) and pPL measurements were carried out using a Horiba
LabRAM HR800 Micro-Raman system or a Renishaw inVia Raman microscope (through 50x or
100x objective lenses) equipped with a multichannel CCD detection system in the backscatter-
ing configuration with a spectral resolution better than 1 cm™!. An Nd-YAG laser (wavelength
532 nm) or an Ar laser (wavelength 488 nm) was used for excitation. The laser spot size was about
2 um in diameter. Linkam THMS350V heating/cooling stage was used for temperature dependent
Raman measurements (T=80-300K). For the low temperature (T=10-300K) PL and RC measure-
ments, the UTREKS-LSO cryosystem with the helium-bath cryostat was used. An atomic force
microscope (AFM; Bruker Multimode) with a Nanoscope V controller was used to determine the
surface roughness and the thickness of the layers.

lll. RESULTS AND DISCUSSION
A. General properties

The WS, monolayers mainly grow as triangular islands with domain sizes up to tens of microm-
eters (see Fig. 1 (a) (b)). There are also regions where additional 2. and even 3L layers can be
observed in the center of some triangles. The thickness of as-grown WS, monolayers was mea-
sured with AFM and was about 0.8 nm and the sample surface was quite smooth (surface roughness
~0.3 nm).'? On the contrary, aged WS, monolayers have a typical surface roughness about 0.5 nm
and, in addition, a high density of nanocaps with the base diameter about 30 nm and average height
of 7 nm, see Fig. 1(c). Similar nanocaps were found also in aged MoSe, monolayers.>’

Figure 2 shows the Raman spectra of aged WS, monolayer at different temperatures. All Raman
spectra measured from different monolayer islands are quite similar and do not differ significantly
from the spectra of as-grown layers. The frequency separation of ~60 cm™' between Elzg(l") and
A4,(I') modes is typical for single layer WS, measured in many papers.30-33

At the same time the WPL spectrum of aged WS, monolayer is red-shifted about 24 meV, see
Fig. 3. It is known that the PL peak position of TMD monolayers is very sensitive to the strain and
often CVD grown monolayers show exciton emission at lower energy than monolayers transferred by
mechanical exfoliation from bulk crystals. It has been shown that the thermal expansion coefficient
(TEC) of WS, is smaller than that of the Si/SiO, substrate.* Therefore, we will expect an in-plane
compression stress on WS, during cooling after CVD growth and, finally, formation of tensile strain.
It was found'” that the strain affects a band gap energy and also a work function of WS,. Often this
compressive stress leads to formation of ripples and other local inhomogeneities with different strain
values. As it was shown!? the tensile stress (positive strain) has higher effect on the band gap energy
than the compressive stress (negative strain). So it is natural to believe that in our aged monolayers
some additional tensile strain is causing this 24 meV red-shift of exciton PL peak and the origin of
this extra strain seems to be related to observed nanocaps.

The room temperature uPL spectrum of aged monolayer showed only one slightly asymmetric
A-exciton peak. Completely different spectra were obtained at T=10K, see Fig. 4, where 5 different PL
bands can be clearly observed. All spectra were fitted using an asymmetric hyperbolic secant function
I(E) = Iy [ E~Ew)/Wie 1 ¢~(E-Ew)/Wiz ]! and the result of this fitting for one spectrum is also shown
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0.0 Height 1.0 um

FIG. 1. Optical (a) and SEM (b) microscopy images of WS, layers on Si/SiO; substrate. The positions of single layer (1L),
double (2L) and triple (3L) layers were indicated, (c) the AFM scan from the 1L area.

in Fig. 4. Here Wyg and Wi are related to the width of high energy and low energy sides of the
PL band, respectively, while E); is related to the peak position E,,x = Ey — [%] In ( “fVV—Z),
but only in case of symmetrical band Ey = E,. The hyperbolic secant function is found to

fit well also excitonic PL bands in MoSe, monolayers.”> Somewhat altered shape and intensity
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FIG. 2. Room temperature (black) and low temperature (T=80K) (blue) Raman spectra from a WS, monolayer region.
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FIG. 3. Normalized room temperature PL spectra of as-grown and aged WS, monolayers. The separation between PL peaks
is 24 meV.

of the spectra taken from different islands and different positions demonstrate large spatial vari-
ations of monolayers properties. At the same time peak positions of all PL bands (except Xp)
remained almost constant. All PL bands can be divided into 3 groups: A-exciton peaks A® (E
= 2.030 eV) and A(S) (Emax = 2.010 eV); trion peaks A (Epgx = 1.989 €V) and Ay (Epax
= 1.970 eV), and a deep defect related exciton peak Xp (Ejux = 1.93 eV). Here the subscript S
denotes shallow states. The double structure of exciton and trion peaks is rather extraordinary and
can be seen merely at very low temperatures (T < 30K). At higher temperatures only A® and A~ peaks
together with X peak persist. The separation between double peaks is about 20 meV. The origin of
these peaks will be further discussed later. Rather high intensity of defect related exciton peak X p in all
monolayer islands is a clear indication of high concentration of defects in aged WS, monolayers. We
also observed that the high intensity of Xp peak is usually accompanied by the high intensity of trion
peak.

Figure 5 presents the PL spectra of aged WS, monolayer measured at T=80K using different laser
power. All spectra were fitted with an asymmetric hyperbolic secant function and the fitting result for
3.5 wW spectrum is presented as blue and red lines. The inset shows the integrated intensities of A°,
A~ and Xp bands as functions of the excitation power. With the increase in the excitation power, the
emission from exciton and trion states linearly increases (slope = 1) over the whole studied range.

PL intensity (arb. units)

18 1.9 2.0
E (eV)

FIG. 4. Low temperature (T=10K) uPL spectra of WS, monolayer island taken from 3 different spots. Result of spectral
fitting with an asymmetric hyperbolic secant function is also shown for one spectrum.
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FIG. 5. Excitation intensity dependent normalized PL spectra of aged monolayer WS, measured at T=80K and a result of
fitting with asymmetric hyperbolic secant function. All spectra are vertically shifted for clarity. The inset shows the integrated
intensity of different peaks as a function of laser power.

The emission from X, shows a sublinear dependence and saturates at higher excitation power. Similar
saturation of the wide X band was observed also in M0S,>® and in other WS, monolayers.10 The
nature of defects responsible for the X, band is not clear, but due to very wide and somewhat variable
shape of this band we can expect a presence of several different defects.

B. Temperature dependence

For temperature dependent RC and uPL measurements we selected monolayer regions, where
low-temperature PL intensities of X and trion bands were lowest and, thus, the shape of the A°
band is more or less well defined. Unfortunately at temperatures T < 80K the X and trion bands
started to appear and the reliability of PL spectral fitting suffers a lot. This was not a case with RC
measurements, where spectra were unaffected by trion resonances even at very low temperatures,
see Fig. 6 (a). If R(E) and Ry(E) are the reflectance spectra of the WS, monolayer and the Si/SiO,
substrate respectively, as a function of the photon energy (E), then the RC spectrum is defined as

(@) T=300k _AT=20K

i
)

i
=)

Reflectance contrast (arb.units)
&
Normalized PL intensity (arb. units)
p 11

0.0E .
J B-exciton
T=20 K - =
-0.5+ 1 L .
A-exciton F . 300K - i
1.8 20 22 24 26 1.8 1.9 2.0 2.1
E (eV) E (eV)

FIG. 6. (a) Temperature dependence of the reflectance contrast spectra of aged WS, monolayer showing A and B exciton
resonances. (b) Temperature evolution of normalized A%-exciton PL emission.
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follows: RC(E)=[R(E) - Ro(E)J/[R(E)+Ry(E)]. As it was shown? the inverted reflectance contrast
spectra of 2D monolayers near the exciton resonances are usually proportional to the absorption
and therefore the shape of inverted RC can be used to probe the density of excitonic states. For the
RC peak fitting we used again the asymmetric hyperbolic secant function after subtracting slowly
changing background. The asymmetric hyperbolic secant function was used because RC peak had an
asymmetric shape with larger width at low energy side. The ratio W z/W g was about 2.5 and did
not change with temperature. Both, A and B exciton peaks were detected. The same fitting function
was used also for uPL spectra, presented in Fig. 6 (b). Values for peak position E,,,, and full width at
half maximum (FWHM) for A? -exciton peaks were calculated numerically from fitting curves and
are presented in Fig. 7.

The temperature dependence of A’-exciton peak position obtained from RC measurements can
be well described by a standard semiconductor bandgap model:*®

Enmax = E(0) — Shw [coth (7w/2kT) — 1], )

where E(0) is a peak position at T= 0K, S is dimensionless electron-phonon coupling strength and
hw is an average phonon energy. The fitting result with Eq. (1) is shown as a red line in Fig. 7(a) and
parameters found from fitting are given in Table I. Very similar behavior is seen also for B peak, see
Fig. 7(a). The separation between A and B exciton peaks is ~420 meV and this value is very close
to the spin-orbit splitting of the valence band 425 + 18 meV found for WS,.'® Actually, these fitting
parameters are comparable with parameters for WS, monolayers obtained by mechanical exfoliation
from a bulk crystal and without any strain.> However, some discrepancies also exist between the
parameters. First, £(0) values differ about 42 meV. Second, the A° exciton peak position found from
PL measurements has slightly different behavior, see Fig. 7(a). At lower temperatures the separation
between A” exciton peaks measured using reflectance contrast (absorption) and PL is increasing
and this is typical for localized excitons, where the temperature dependence of peak position often
exhibits an S-shape behavior.’*40

Figure 7(b) shows the temperature dependence of the full width at half maximum (FWHM)
of A-exciton line found from reflectance contrast and PL spectra. The linewidth broadening of the
A-exciton for RC band was fitted using the relation proposed by Rudin et al.*! given as

FWHM (T) =
=Wo + BT +v/ [exp(hwLo/kT) - 1],
where W is a width at 7' = OK including also inhomogeneous broadening, f3 is a coefficient for the
interaction of excitons with acoustic phonons and the last term represents the interaction with LO
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FIG. 7. (a) Temperature dependence of the PL peak energy (blue circles) and peak position of reflectance contrast (RC)
spectra (solid squares). Fitting result using Eq. (1) is given with red curve. Peak positions of different PL peaks at T=10K are
also indicated. (b) Temperature dependence of FWHM of A%-exciton peak obtained from RC (solid squares) and PL spectra
(circles). Red curve represents the fitting with Eq. (2).
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TABLE I. Fitting parameters as obtained from fitting of the temperature dependence of E,,, and FWHM (RC spectra) for
Al-exciton peak using Eq. (1) and Eq. (2). Fitting results from Ref. 3 are given in parentheses.

Fitting equation Parameter Value
Eq. (1) E(0) (eV) 2.021(2.063)
N 2.23(2.4)
fiw (meV) 22.7(31)
Eq. (2) ¥ (meV) 532
hwro (meV) 44.6
Wo (meV) 31.8

(longitudinal optical) phonons, fiwy,o is the LO-phonon energy and is taken to be equal to 44.6 meV
for WS,.** The interaction with acoustic phonons was neglected because it is usually very small. The
fitting result is presented in Fig. 7(b) as a red curve and fitting parameters are shown in Table 1. At
higher temperatures (T > 150K) the FWHM of PL band also shows widening due to electron-phonon
interaction, but the width of the PL band seems to be smaller than for RC band. This difference is
related to the fact, that the PL spectrum does not represent the total exciton density of states because
photoexcited carriers undergo relaxation processes before they recombine radiatively. Therefore the
PL spectrum corresponds to distribution of lowest exciton energy states while reflectance contrast
spectrum represents the distribution of all exciton states. However, at temperatures T < 150K the
width of the PL band starts to increase rapidly with decreasing of temperature. Moreover, the shape
of the PL band near the peak maximum changes and becomes wider, see Fig. 6 (b). This behavior is
again typical for localized excitons.*?

C. Theory of localized excitons

A general model for the luminescence of localized-state ensemble (LSE) was given by Li et al.*}
According to this work the shape of PL band for localized excitons is asymmetric and can be calculated
using density of states function for excitons p(E) and a distribution function f{E,T) for localized
carriers. The f{E,T) function has a shape resembling a Fermi distribution with a characteristic energy
E,. The distribution of the localized states p(E) is usually assumed to be described by a Gaussian-like
function, but other shapes are also possible. In Ref. 29, for example, the Lorentzian shape was used.
According to Ref. 43, the low-energy side of PL band is less affected by the distribution function
ME,T) and therefore the shape of this side gives a clue about the shape of p(E) function. In our case
it is reasonable to approximate function p(E) by hyperbolic secant, because this function was the
most suitable one for PL band shape fittings. Then the overall shape of localized excitons PL band is
given by:

I(E,T) =A(T)p(E)f(E,T)=
A(T)posech [Z2] (r /1) 3)

E-E,
exp[ *T ] + T /Ty

where A(7T) is a temperature dependent term, py is the amplitude, E/ is a peak position and o is
a width of the density of states function, //7, and I/, represent the rate of radiative recombina-
tion and the attempt-to-escape rate of the localized carriers, respectively. The shape calculated by
Eq. (3) can be quite well fitted using an asymmetric hyperbolic secant function. At the same time,
the shape and the temperature dependence of peak position E,,,, and FWHM of localized excitons
band significantly depend on Ey and E,. In many cases*’ the best correlation with experimentally
measured temperature dependencies is obtained by taking Ey > E,. Figure 8(a) shows calculated by
using Eq. (3) PL spectra for the case Ey - E, =20 meV, o = 6 meV and 7,/7, = 0.1 and in Fig. 8(b)
the temperature dependencies of peak position E,,,,-Eg and FWHM are given. It can be seen that
the shape of calculated PL band shows very similar behavior to what was observed experimentally,
see Figs. 6-8. At temperatures T < 150K we see a rapid increase of FWHM and a gradual red-
shift of peak position. Furthermore, the shape of the PL band nearthe peak maximum becomes wider
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FIG. 8. (a) Calculated temperature dependence of luminescence peak shape (normalized) for the case of Ey — E, = 20 meV
and 0 = 6 meV using Eq. (3), (b) the temperature dependence of peak position (red) and FWHM (blue).

and the same trend was observed experimentally, see Fig. 6(b). This means that the LSE model applies
to aged WS, monolayer and spatial fluctuations of the bandgap energy due to local strain will induce
this localization in the lowest-energy regions, where excitons will be swept by the strain-induced
potential gradient and funneled toward the center.** The LSE model was previously proposed also
for WS, monolayers grown on a silicon substrate in a hot-wall furnace, where the room temperature
PL peak has a maximum at about 1.955 eV.* One potential source of the local strain is associated
to relatively high nanocaps found by AFM scan on a surface of WS, monolayer, see Fig. 1(c). The
average distance between these nanocaps is less than the diffusion length of excitons in WS, mono-
layers (~350 nm*®) and therefore excitons can be easily captured in these regions with high strain and
reduced band gap energy. The possible strain & for these nanocaps was obtained from the curvature
of nanocaps using the pure-bending equation € = (d/2)/(R - d/2), where R and d are the radius of
curvature and the thickness of WS, monolayer, respectively.*’ Taking the average thickness of the
monolayer d = 0.8 nm, height 2 =7 nm and the diameter a = 30 nm of nanocaps, the tensile strain
value will be £ =2.1 % and, according to experimentally determined peak position shift of —11.3 meV
per % of strain,’ the overall peak position shift is 23.7 meV. This obtained value is in good correla-
tion with the A%-exciton peak position separation between as-grown and aged WS, monolayers, see
Fig. 3. At low temperatures we also detected additional exciton Ag and trion A peaks at higher ener-
gies, see Fig. 4. The position of these peaks suggests that they are also related to strained areas, where
the band gap energy is about 4 meV less than in as-grown monolayers. This energy corresponds to
the strain value of & = 0.35% and this strain could be caused by the general increase of the surface
roughness in aged monolayers. These states are very shallow and excitons are easily thermalized into
deeper states when temperature is increased. The whole aged monolayer surface is thus disturbed by
the strain having slightly different origin (increased surface roughness vs. nanocaps) and value and
therefore we could see emission from localized states only. The recombination model for excitons
and trions in aged WS, monolayer is given in Fig. 9. At low temperatures the exciton and trion
recombination is possible from both deep pp and shallow pg localized states showing double peak
structure. At higher temperatures only pp states are active. According to our calculations €p = 24
meV and g5 = 4 meV.

The origin of nanocaps in aged monolayer is not clear. It was shown in Ref. 27 that aging
usually leads to oxidation of metal states and this process is more prominent at grain boundaries.
Sulfur vacancies are similarly believed to play important role in these oxidation processes. It is also
possible, that very small nanoparticles were formed on a Si/SiO, surface during growth and they
are not completely reacted in S atmosphere. Similar nanoparticles were found in many monolayers
where they acted as seeds for CVD monolayer growth.*® During aging these nanoparticles beneath
the monolayer start to expand due to oxidation and, as a result, nanocaps are formed. But again, the
true origin of these nanocaps is a topic of future studies.
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FIG. 9. Proposed recombination model for localized excitons and trions in aged WS, monolayers. Density of deep pp and
shallow pg localized states are shown. The origin of double PL peaks is explained.

IV. CONCLUSIONS

‘We have presented photoluminescence and reflectance contrast spectra of aged WS, monolayers,
measured at temperatures T=10-300K. Room temperature PL spectra show the A-exciton at 1.951 eV,
while in as-grown monolayer the peak was at 24 meV higher energy. We propose that this red-shift
is related to the band gap narrowing due to formation of nanocaps and local tensile strain. The local
strain value related to nanocaps is about 2.1%. Additional weaker strain (~0.35%) is associated with
increased surface roughness in aged monolayers. At T=10K double exciton and trion peaks were
discovered and we suggest that they are present due to these different strains. In addition, a wide
defect related exciton band Xp was found at about 1.93 eV in all aged monolayers. We showed that
the theory of localized-state ensemble can be used to describe well the temperature dependence of
peak position and halfwidth of the A-exciton band.
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Photoluminescence Study of B-Trions in MoS,
Monolayers with High Density of Defects

Reelika Kaupmees, Hannu-Pekka Komsa, and Jiiri Krustok*

Photoluminescence spectroscopy has been used to investigate the details of
B band emission from single-layer MoS, samples grown by chemical vapor
deposition. The evolution of the peak shape upon variable excitation power is
well described by a combination of exciton and trion contributions, from
which B trion binding energy of 18 meV has been extracted. It has been
suggested that the absence of accompanying A trion emission in our
samples, as well as the enhanced intensity of the B band, can be ascribed to
a fast non-radiative recombination channel arising from the large defect
density in our samples. It has been found that band-selective recombination
channels or formation of dark/bright trions are possible microscopic

scenarios for our observations.

1. Introduction

The appearance of 2D atomic crystals with various optical and
electrical properties has opened up new routes for electronic and
optoelectronic device fabrication based on atomically thin
layers."? Among them, monolayers of transition metal
dichalcogenides (TMDs), such as MoSe,, WSe,, and MoS,,
are the most attractive having well-defined semiconductor
properties.’! MoS, is the most studied TMD atomic crystal,
where an atomic plane of Mo atoms is found between two layers
of S atoms in a trigonal prismatic structure forming a so-called
monolayer. In multilayer arrangements, monolayers are
stacked together with weak van der Waals interactions between
S atoms. While first MoS, monolayers were obtained by
mechanical exfoliation,!"! other methods are proved to be more
promising to produce large area and high quality 2D materials to
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enable their industrialization. Among
them, the chemical vapor deposition
(CVD) method is the most popular one
and has been successfully demonstrated in
synthesis of MoS, monolayers and other
2D materials.*%

The band structure of MoS, converts
from an indirect bandgap to a direct one
when decreasing its thickness from bulk to
a single layer. As a result the photo-
luminescence (PL) intensity increases re-
markably and two PL bands emerge at
about 1.8 and 1.95eV at room tempera-
ture.*" These bands are called A and B
band, respectively, and they correspond to
the direct excitonic transitions at the K
point in the Brillouin zone, where the B
band is related to the spin-orbit split lower valence band. The
value of spin-orbit splitting of the valence band in MoS,
monolayers is AEso=148meV,'® while the splitting of the
conduction band is very small and does not exceed 5 meV. The
actual peak position of A and B bands depends on type of the
substrate and on quality of monolayers. It has been shown that
monolayers grown by CVD on SiO,/Si substrates usually show
PL bands at lower energy than in exfoliated monolayers!*”"*® and
this is caused by intrinsic tensile strain in MoS, monolayer.!*>%
The strain and the presence of lattice defects affect not only PL
bands, but also the position of Raman peaks of monolayer.?°-23!
It has been shown that the A band at room temperature is often a
sum of neutral (A°) and charged (A”) exciton emissions.?*%’]
The charged exciton is called trion and, in principle, it could be
either negative (A™) or positive (A") depending on the type of
majority carriers. Theoretical calculations show that the same
double peak structure is expected also for the B band.**-3%
Experimentally the B~ trion has been recently observed by
reflectance contrast measurements in WSe, and MoSe,,*! but
attempts to detect the existence of B~ (or B") trion by PL have not
been successful.

In this work, the photoluminescence properties of CVD
grown single-layer MoS, are investigated by using variable
excitation power in order to detect a presence of the B trion.

2. Experimental Section

MoS, monolayers were grown by a CVD method on a Si
substrate with a 275 nm thick SiO, layer and using MoO; and S
precursors. For the CVD process, a two-zone furnace was used
with S zone at 200 °C and MoOj3 zone at 790 °C. N, was used as a
carrier gas with a gas flow of 100 sccm. The Si/SiO, substrate

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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was positioned face-down at about 2 cm from a MoOjs precursor.
This growth process produced uniform MoS, domains and the
size of these areas ranges from several tens to more than
hundred micrometers. Raman and PL-unpolarized measure-
ments were carried out using a Horiba LabRAM HR800 Micro-
Raman system equipped with a multichannel CCD detection
system in the backscattering configuration with a spectral
resolution better than 1cm™'. An Nd-YAG laser (wavelength
532nm) was used for excitation. The laser spot size was about
2 pm in diameter. The scanning electron microscope (SEM) HR-
SEM Zeiss Merlin was used to study the morphology of
monolayers.

3. Results and Discussion

Figure 1 shows a SEM picture of the monolayer and the Raman
spectrum from the CVD-grown MoS,. The Raman peaks
associated with MoS,, namely, the in-plane mode F
(381.7cm ') and the out-of-plane mode A} (405.0cm ') are
clearly seen in Figure 1.°*3* The separation between these peaks
is A=233cm ' and this value is higher than usually
observed separation in high quality monolayers (A ~19 cm ™%,
Vertical-dashed lines in Figure 1 mark the peak positions of high
quality exfoliated monolayer and, with respect to these lines, our
CVD-grown MoS, has peaks that are either softened (E') or
stiffened (A/), which can be attributed to the presence of substrate-
induced tensile strain and charge doping."***! The origin of
tensile strain in CVD-grown Mo$, layers has been attributed to the
mismatch of the thermal expansion coefficient between the layer
and a Si0,/Si substrate!'® or/and to the surface roughness. [** It
is known that the lattice tensile strain affects predominantly the
in-plane vibration mode E' while the A} mode is relatively
unaffected: —2.1cm™' per % strain and —0.4cm™' per %
strain, respectively.?! According to these estimations our MoS,
monolayer seems to have a tensile strain in the range of 1%.
However, the shift of ' mode can be also related to high defect
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(mostly sulfur vacancies) concentration as was shown in
ref. [21]. The blue shift of the A} peak is believed to be a result of
hole doping, because, due to the strong interaction between A}
phonon and electrons, the A} mode is very sensitive to the
doping of MoS,.*”) High concentration of sulfur vacancies and
cracked regions are very active centers for molecular adsorption
and, for example, adsorbed O, and/or H,O can introduce hole
doping and thus reduce the electron concentration.?”) As it was
shown in refs. [19,38,39], the reduced electron concentration
leads to a blue shift of the A] peak compared with the peak
position in exfoliated high quality monolayer. It was also shown
that the nitrogen doping could be an effective way to produce
hole doping in MoS, monolayers*’! by creating Ng acceptor
defects. The presence of weak side peaks at about 409 and
378cm™ ! (see Figure 1(b)) also confirms a high defect
concentration in our monolayer, because these peaks were
previously assigned to the defect-induced modes.*"**!

Room temperature PL spectra of our MoS, show a clear
presence of A and B bands at about 1.79 and 1.95eV,
respectively, see Figure 2. Additional weak band Xp at
1.69eV is also visible and it is related to defect bound
excitons.[** The relative PL intensity of the B-band was higher
than usually observed in high quality MoS, monolayers and the
overall photoluminescence intensity was also rather weak. In
addition, we noticed a faint continuous background emission
and it was subtracted during further analysis. All PL bands are
red-shifted with respect to peak positions of high quality
exfoliated monolayers and this is typical for CVD grown
strained MoS, on SiO,/Si substrates.!">** At the same time, we
did not observe any features corresponding to indirect
transition usually visible in multilayers at about 1.5 eV.**! This
fact confirms that the red-shift of PL bands is caused by strained
and defective MoS, monolayer and not by a presence of
multilayers. The effect of tensile strain on PL properties of
MoS, monolayers is studied in many papers and it was found
that the decrease in the optical band gap is approximately linear
with strain, ~45meV per % of strain for monolayer MoS,.!*"!

Later studies showed even higher values,
~100meV per % of strain.'>***”l The peak

Raman intensity (arb. units)

10 ym

EHT = 4.00kV

A (b)

position of the A-band in exfoliated MoS,
monolayers is about 1.85 eV{**) and therefore
we can expect to have ~0.6% of strain in our
monolayer. This strain is smaller than the
estimated strain value from Raman measure-
ments and therefore we expect that the shift
of Raman peaks is partly caused also by
charge doping.

The increase of an excitation intensity
leads to nearly linear increase of the A-band
intensity while the B-band shows a super-
linear increase. Moreover, we noticed a red-

A=23.3cm’”’

Detector = InLens

360

Figure 1. a) SEM picture of our MoS, monolayer, red circle indicates the location where Raman
and PL spectra were measured. b) Raman spectrum from the monolayer area of MoS,. Red lines
show a result of spectral fitting with Lorentzian curves and blue line is a cumulative fitting
result. Vertical dashed lines represent the peak positions measured from high quality exfoliated

MoS, monolayers.1*?]
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shift of the B-band with increasing laser
power, but the shape and the peak position of
the A-band did not change. All these facts
confirm that the A-band does not contain
additional trion emission and we observe
only emission of neutral excitons A°. At the
same time, the behavior of the B-band can be
explained if both trions and neutral excitons

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Normalized room temperature PL spectra of MoS, monolayer
measured at different laser power. The inset shows a magnified range of
the B-band with fitting results using pseudo-Voigt peak shape function for
exciton (B% (magneta line) and trion (B") (blue line) and A-band (dotted
curve). Experimental points are presented as circles, fitting results are
given with solid black and red lines. Peak positions of B° and BT are
marked with dashed vertical lines. Fitting result for the A-band (at 7 mW)
is also shown as dashed lines.

are present. Different properties of A and B bands in our
monolayer indicate that electrons in the conduction band play a
minor role and holes in both valence bands determine emission
properties. Therefore we probably have positive B-trions (B")
where two holes are paired with one electron. Accordingly, all
PL spectra were fitted using a pseudo-Voigt line shapes for A°,
BT, and B°. The separation between our B’ and B™ bands was
found to be 18 meV and it was kept constant in all fittings.
Based on deterioration of the fit upon changing this separation,
we estimate the uncertainty of the trion binding energy to be
less than 2 meV. By changing the laser excitation intensity over
a factor of 150, the peak positions and peak widths (FWHM) of
these PL bands did not change indicating no heating of the
sample over the range of laser powers used. An example of this
fitting for the B band region is shown in Figure 2. At lower laser
powers, the B’ band dominates at 1.956 eV but at higher laser
powers we clearly see a rapid increase of the B* band at
1.938 eV. The value of spin orbit splitting in our monolayer is
found to be AEso=166meV and it is slightly bigger than in
high quality monolayers. According to recent first-principles
calculations,” the binding energy of trions in MoS, mono-
layers somewhat depends on substrate and for SiO,/Si
substrate values 35/32 and 18/17 meV were found for A~/A"
and B7/B" trions, respectively. The latter agrees very well with
our experimental value. Very small binding energy for the B
trion explains why it is so difficult to resolve B trion emission
while A trion is often visible even at room temperature.

Phys. Status Solidi B 2019, 256, 1800384
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In general, the excitation intensity dependence of the PL
intensity is a good indicator of the nature of radiative
recombination processes. Specifically, the integral PL intensity,
I, shows a power law dependence on the laser excitation power,
P,as [~ P*. A value of k ~1 indicates an exciton-like transition
and k << 1 suggests a recombination path involving defects.*"!
For trions, where the recombination involves three particles, the
intensity should show a P“® dependence, i.., superlinear
increase on laser power."” If both trion and neutral excitons are
present, then the increase of B-band intensity must have
superlinear dependence with 1< k <1.5. The actual value of k for
each PL band depends also on other conditions like type of a
substrate, defect concentration, and crystal quality of mono-
layers. The dependence of integral intensity of PL bands on laser
power is presented in Figure 3. Both neutral excitons (A°, B°)
show nearly linear increase with laser power (note that the B’-
band seems to have almost the same behavior as the A%band at
higher laser power), but the B" band increases with k=1.42.
This value correlates with the expected value for trions (k= 1.5).
The total intensity of the B-band increases with laser power as
[~ P25,

All properties of our MoS, monolayer indicate that we have a
very high concentration of defects and quite low carrier
concentration. The reason for the fairly intense B-band
emission, as compared to those reported in the literature, is
therefore assigned to defects. In particular, we assume that there
is a non-radiative recombination channel that preferentially acts
on the holes in the A-band. This can occur if the traps are
energetically close to the valence band maximum, which is
responsible for the A-band emission. For example, as it was
shown in ref. [50], sulfur adatoms on the surface of MoS, layer
can introduce a very fast non-radiative recombination channel.

1000
°  k=0.82+0.01

o) N

100

10

PL intensity (arb. units)

T
PR |

’

N S

10000

0.1l SN
10 100 1000

Laser power (uW)
Figure 3. Integrated photoluminescence intensity of different PL bands as

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

CB = = s

A ~179eV
B* ~1.938 eV

0
B =~1.956 eV

//ﬂ Defects

4
vB +9®

AE ~ 166 meV
SO

VB-1 ©

Figure 4. The band structure near the K-point of the Brillouin zone
showing radiative and non-radiative emissions in MoS, monolayer.
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VB to VB-1. Consequently the trion can be formed even as
combination of A-exciton and hole at VB-1.

The band structure with all the observed emissions are
summarized in Figure 4. Following the above discussion, we
have also illustrated the possible defect-induced recombination
channel in the figure, although at present the exact nature of the
defects remains unknown. Also further studies are needed to
investigate the properties of B-trions in more detail.

4. Conclusions

Photoluminescence spectra of our CVD grown MoS, monolayer
exhibit two predominant bands (A and B) corresponding to the
optical transitions at the K-point in the Brillouin zone. High
concentration of defects in our sample creates a fast non-
radiative recombination channel and additionally reduces a
carrier concentration.

While the A-band exhibits only specific excitonic properties,
the B-band has a double structure. The evolution of the B-band
shape upon variable excitation power is well described by a
combination of exciton and trion contributions, from which we
extract B-trion binding energy of 18 meV.
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Tailoring of Bound Exciton Photoluminescence Emission in

WS, Monolayers

Reelika Kaupmees,*
Jiri Krustok

Temperature- and laser power-dependent photoluminescence (PL) properties
of the asymmetric defect-bound exciton band X;, in defective WS, monolayers,
grown by chemical vapor deposition, are studied. Based on PL mapping,

a monolayer region with an intensive X, band emission at about 1.9 eV is chosen
for further studies. The Xp band is thermally quenched above 180 K, and the
thermal activation energy is found to be E, =33 4+ 4 meV. At T=15K, the Xp
band intensity reveals a sublinear dependence with increasing excitation power
and the peak position shows a blueshift of about 15 meV per decade of laser
power. It is shown that the X, band is related to the deep defect states within the

band gap of WS,.

Two-dimensional (2D) semiconductor atomic crystals, also known
as transition metal dichalcogenides (TMDs), like MoS,, MoSe,,
WS,, and WSe,, have attracted considerable attention because
of their interesting physical properties and potential applications
in various electronic and optoelectronic devices."™) For example,
monolayered TMDs have the advantage of being direct band gap
semiconductors, unlike their 3D counterparts that have an indirect
band gap.!) Among these TMDs, WS, has the largest band gap in
the visible spectral range, around 2.0 eV, and exhibits stronger
photoluminescence (PL) emission than most other studied
TMDs, making WS, atomic crystals excellent candidates for future
optoelectronic devices.”*! The characteristic room temperature PL
spectrum of a WS, monolayer consists of two excitonic peaks, A
and B, resulting from the large valence band spin—orbit splitting of
425 meV ") The peak positions of A and B excitons in WS, are
around 2.0 and 2.4eV, respectively."” These values are found
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for mechanically exfoliated WS, monolayers,
but the peak positions are really sensitive to
the preparation method. In the case of WS,
monolayers grown by chemical vapor depo-
sition (CVD) onto Si/SiO, substrates, the
A and B exciton peaks are usually detected
at lower energies compared with the mech-
anically exfoliated layers or CVD-grown
layers on other substrates.""'? This red-
shift is mostly caused by the strain in the
as-grown monolayers on the Si/SiO, sub-
strate.'*%1 In addition to the charge-
neutral A exciton peak, a charged trion
A~ peak is also often found at about
43 meV lower energies.["®! At low temper-
atures (T~ 10K), a broad defect-bound
exciton band (Xp) with a peak position of about 1.9 eV has been
found to dominate the PL spectra.’”’ This spectral region
includes also a single-photon emission (a series of sharp peaks
in the defect band region) that has been detected in the low-
temperature PL spectra of WS, monolayers!’ and in other
2D compounds.!'*2! Excitons in the defect band region can
be bounded to lattice defects.?>**! In addition, Venanzi et al.**l
have shown that the defect-bound exciton band consists of excitons
that are localized by physiosorbed gas molecules on the MoSe,
monolayer surface. This phenomenon appears also in other
TMDs like WS,. Still, while A and B peaks have been studied
extensively, the properties of the defect-bound exciton band are
not fully understood. We have previously studied® the lumines-
cence of excitons and trions in CVD-grown WS, monolayers and
focus on the defect-bound exciton band properties using temper-
ature and excitation power-dependent PL measurements.

WS, monolayers mainly grew in triangular islands with
domain sizes up to several tens of micrometers; however, other
shapes were observed as well. In Figure 1a, a scanning electron
microscope (SEM) image of CVD-grown butterfly-like WS,
monolayer is presented. The diameter of this monolayer is about
40 pm. Butterfly-like-shaped WS, monolayers have been seen in
several studies.**?# These kinds of monolayers are reported to
consist of two symmetrical wings with different atomic orienta-
tions, separated by a grain boundary.””! Grain boundary usually
includes multiple different misaligned atoms, creating extended
defects to the material. The grain boundary area in the middle of
the butterfly-shaped WS, monolayer is of particular interest, and
therefore, it is a subject of this study. To confirm the high con-
centration of defects in the grain boundary, a room-temperature
PL map from the monolayer was created. In Figure 1b, the PL
peak position map of the A®(neutral A exciton) peak is presented,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) SEM picture of a butterfly-shaped WS, monolayer. b) 2D PL map showing the redshift of the A® exciton peak in the middle of the flake.

c) Low-temperature (T=15K) PL spectra from different WS, monolayer areas marked as 1 and 2 in (b).
@ t=15kK (b)
500 pW

showing the redshift of the A° peak in the middle of the flake. [ WS, 1L
It was shown that the high concentration of defects!® and a
possible tensile strain are the main reasons for this kind of peak
shift of A% excitons in different TMD monolayers.[14232°]
We chose this region with a high-intensity defect-bound exciton
PL emission (see Figure 1c) for further studies and the results are
presented below.

The room-temperature PL spectrum of this defective region
shows only one asymmetrical A%-exciton peak at Ep, =
1.940 eV (Figure 2a). The peak is shifted to lower energy by about
80meV when compared with mechanically exfoliated WS,
monolayers.' In a previous study,'*® we observed an asymmet-
rical A° exciton peak at 1.951 eV in aged CVD-grown WS, and
showed that, it was redshifted due to tensile strain. The intensity
of the A® peak from our butterfly-shaped layer was around
100 times higher than the intensity of the A° peak from the

[ 205 K

PL Intensity (arb. units)

double-layer WS,, confirming that the WS, flake studied here . 7 .

is a monolayer. 16 18 2016 18 20
The Raman spectrum from the CVD-grown WS, together with

the fitting results is presented in Figure 3a. From the fitting, the E (eV) E (eV)

. R . 1
positions of the main peaks, the in-plane mode EZE(F) it Figure 2. Normalized a) temperature and b) laser power dependencies

1 B
355.0cm arlld the Out'Of'plane_ mode Ay(I') at 418.3 cm 7 (T=15K) of the PL spectrum of a WS, monolayer (purple lines). PL-fitting
were determined. The separation between these peaks is results with asymmetric hyperbolic secant functions are shown. Blue lines

A=63.3cm . This value is somewhat higher than normally  show the fitting results for the defect-bound exciton peak Xp, red lines for
observed in WS, monolayers with better quality, where the  the trion peaks A~, and black lines for the exciton peaks A°.
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Figure 3. a) Raman spectrum from the WS, monolayer. Red lines show a result of spectral fitting with Lorentzian curves. The blue line presents the
cumulative fitting result. b) Temperature dependence of the PL peak energies. Magenta line represents a temperature dependence of the A° peak taken
from the study by Plechinger et al.l'® ) Arrhenius plot showing the activation energy of the Xp, band. d) The width of high (Wy;¢) and low (W ¢) energy
sides of the Xp band as a function of temperature. The lines are least squares fit to the data.

separation is usually in the range A = 61.5-62.4 cm ' [826-3031]

It is known that the tensile strain in WS, monolayers grown
on the Si/SiO, substrate causes the in-plane Raman mode
E%g (I) to redshift more than the Ay, (I") peak,*? which increases
the separation between these peaks. The dominating mode in
Figure 3a is 2LA(M) (350.2 cm™?) that has approximately three
times the intensity of the A;,(I") mode, which is characteristic for
the Raman spectra of WS, monolayers, measured with green
laser excitation (514 nm,P” 532 nm®*). This fact and the peak
separation value confirm once again that the studied butterfly-
like flake is indeed a monolayer. Raman spectra show no depen-
dence on the position on the flake, which indicates the same
strain value throughout the flake.

All PL spectra were fitted using an asymmetric hyperbolic secant
function:  I(E) = Iy/[exp((E — Ey)/Wyg) + exp(—(E — Ey)/
Wig)], where Wy and Wiy are related to the width of high-
and low-energy sides of the PL band, respectively, while Ey
is related to the peak position Ep,,.*> In the case of the sym-
metrical peak, Ey; is equal to E,,,.. The asymmetric hyperbolic
secant function has been used previously to fit excitonic PL
bands in WS,2°) and MoSe,** monolayers.
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Low laser excitation power (5uW) was chosen for the
temperature-dependent PL measurements (T=15-295K) to
have a more pronounced defect-bound exciton band Xp, com-
pared with the exciton A® and trion A~ peaks. The temperature
dependence of some characteristic PL spectra is presented in
Figure 2a. An asymmetrical A® peak can be seen for the whole
temperature range, although at low temperatures, it is relatively
weak compared with the X, band. The trion peak A~ appears at
65 K and disappears above 205 K (Figure 3b). The X, emission
band shows an asymmetric lineshape with a sharper high-energy
cut-off and an exponential low-energy tail. This band is thermally
quenched with increasing temperature and becomes invisible at
temperatures above 180 K, as shown in Figure 3b. Moreover,
the Xp band shows a redshift with increasing temperature
and this shift is larger for the exciton and trion peaks, see
Figure 3b. The redshift of the A’ and A~ peaks with increasing
temperature follows the same trend as the exciton peak in
strain-free mechanically exfoliated WS, monolayers'® shown
as a reference in Figure 3b. A similar temperature dependence
of the A® peak position was found also in the study by
Gu et al.?¥

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The fitting of the PL spectra measured at different temp-
eratures revealed that the width related to the low energy side
Wi of the Xp band exhibits only a very weak increase with
temperature (Figure 3d), whereas the width related to the high
energy side Wyg shows a clear temperature dependence. All
these features observed for the Xp, band are usually considered
as evidence of the disorder-related effects and are also typical
for highly doped semiconductors like CulnGaSe,* or
Cu,ZnSnSe,*® As the random fluctuations of defect concen-
tration or strain can cause band gap and electrostatic potential
fluctuations, they may smear the band edges and form exponen-
tial tails of the density of states extending into the band gap.
At low temperatures, excitons can be trapped by the localized
states at the band tails, leading to the observed asymmetric
lineshape of the PL spectra. In this case, the low-energy tail of
the PL band reflects the energy distribution of the density of
states within the band tails and has very weak temperature
dependence.?>*”) At the same time, the high-energy side usually
shows typical broadening with increasing temperature,®” see
Figure 3d. We therefore conclude that the Xy, band is related
to the deep defect states within the band gap and that the PL
emission is caused by the excitons bound to these deep defects.

From the temperature dependence of integral intensity, the
thermal activation energy E, =33 + 4 meV was determined for
the defect-bound exciton Xp (Figure 3c) using the following
equation®®!

O(T) = Do/[1+ Ay exp(—E,/kT)] 1)

where @ is the integral intensity of the PL band, A; is the process
rate parameter, and E, is thermal activation energy. A similar
activation energy for the defect-bound exciton has been found
not only in WS, but also in other TMDs like WSe,22#")
and MoS,.""" When the temperature increases, bound excitons
can be thermally activated into delocalized states and captured by
the competing nonradiative recombination channels or recom-
bine as free excitons. Therefore, it is expected that the intensity
of the bound exciton emission decreases monotonically with
increasing temperature. The carriers localized at shallow defect
states are first thermally activated to the deeper states, leading to

(a)
10000F . A° ]
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the redshift of X1, with increasing temperatures. Correspondingly,
at low temperatures, the increasing excitation intensity is expected
to cause band filling of the deeper localized energy states, giving
rise to a blueshift of the X, emission.

The laser excitation power dependence of the PL spectrum
was measured at a low temperature (T= 15 K) in the range of
P=0.6-500 pW to study the nature of radiative recombination
processes. In Figure 2b, the power series of the PL spectra
are shown and it can be seen that the defect band X, strongly
dominates over the exciton and trion peaks especially at low laser
powers. Furthermore, the X}, peak energy increases with increas-
ing laser power (a straight blue line in Figure 2b), confirming the
expected blueshift, caused by band-filling effects.

The integrated PL intensity ® versus the laser excitation power
P usually follows a power law dependence: ® ~ P*.1*?l The inte-
grated PL intensity ® as a function of excitation power P was
investigated for all emission bands at T= 15K, see Figure 4a.
Both, exciton and trion peaks (A°, A~) show nearly linear depen-
dence (k= 0.9), whereas the emission from the defect-bound
exciton band Xp shows a different dependence and saturates
at high excitation powers. It is also observed that the X}, band
blueshifts as the excitation intensity increases and the rate of this
shift is about 15 meV per decade of laser power (Figure 4b).
This kind of blueshift is usually considered as the evidence of
disorder-related effects in semiconductors.?*****1 We showed
before that the random fluctuations of defect concentration or
strain can cause band gap and potential fluctuations and form
exponential tails in the density of localized states extending into
the band gap. At low temperatures, the increasing excitation
intensity will cause band filling of the localized energy states,
giving rise to the blueshift of Xy, emission.

It was shown theoretically that the PL intensity of the
exciton-like transition should follow a power law ® ~ P* with
k ~ 1. A value k < 1 indicates a recombination involving defect
states.*?! However, the sublinear increase of the intensity of Xp
band with laser power can be explained by the limited concen-
tration of these deep defects leading to the saturation of the
intensity of the X}, band at higher laser powers. A high concen-
tration of deep defects usually leads to steeper increase of the PL
intensity reflected by higher values of k, as reported by different

(b)

1.92} Xp peak
1914
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15 meV/decade
1.88+

1.87 - -
1 10
Laser power (uW)

100

Figure 4. a) Integrated PL intensity ® of different PL bands as a function of the laser power, plotted on a log-log scale. The lines are least squares fit to the
data. b) Xp peak position dependence of the laser power. The line is least square fit to the data.
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research groups, see for example the study by Shang et al.l**]
Different k values for the defect band have been observed also
in other materials like WSe,?**% and MoS,.**! The sublinear
dependence of the Xp band intensity in TMD monolayers was
found also in WS,*°! and MosS,.[*%

The nature of these deep defects is not clear, but our experi-
ments have shown that by using laser annealing, it is possible to
reduce the intensity of the X, band. The studied WS, monolayer
was annealed with a focused laser beam with P= 1500 pW
(power density ~ 5 x 108 W/m?) for 5 min at a low temperature
(T'= 15 K). To study the effect of annealing, the PL spectra with a
laser power of 0.6 pW before and after annealing were compared.
Such a low excitation power was used, because the X, band was
found to be more pronounced when compared with A%peak at
low laser powers as shown in Figure 2b. Laser irradiation was
found to reduce the relative intensity of the defect-bound exciton
band about ten times compared with the A° exciton peak inten-
sity, indicating that this type of annealing removes some phys-
isorbed gas atoms from the WS, monolayer surface. This effect is
rather interesting, suggesting that X1, band can be sensitive also
to other forms of radiation, being useful for some applications.
Similar effects have been observed also by other groups.!*”*8]

The most probable intrinsic defect in the WS, monolayer
could be a sulfur vacancy, Vs, with a reported depth of about
0.47-0.6 eV from the conduction band edge.l*°' At the same
time, grain boundaries and adsorbed atoms or molecules on
the surface can also play an important role.

In conclusion, the defect-bound exciton band Xy, at 1.9 eV
was found to dominate the PL spectra of a WS, monolayer at
low temperatures. It showed a larger redshift than the A~
and A° peaks with increasing temperature. The width of the
low-energy side Wy of the X, band that reflects the energy
distribution of the density of the states within the band tails
showed a very weak temperature dependence, whereas the
high-energy side (W) demonstrated typical broadening. A
thermal activation energy of E, =33 +4meV was found for
the Xp band. The intensity of the X, band showed a sublinear
dependence with laser power, and a blueshift of about 15 meV
per decade of laser power was detected for the PL band position.
It is proposed that the Xp, band is related to the deep defect-
bound excitons and the most probable deep defect could be
Vs, whereas the structural defects and adsorbed atoms could
also be the cause of these deep defects.

Experimental Section

WS, monolayers were grown by CVD on a Si substrate with a 275 nm-thick
SiO, layer using WO3 and S precursors. In a two-zone furnace, the temp-
erature in the S zone was 200 °C and in the WO3; zone 850°C. A mix of
N, and H, (9%) was used as the carrier gas with a flow rate of 132 sccm.
The Si/SiO, substrate was placed face down next to the WO; precursor.

Raman measurements were carried out in backscattering config-
uration using a Horiba LabRAM HR800 Micro-Raman system with a
spectral resolution better than 1cm™', equipped with a cooled multi-
channel charge-coupled device (CCD) detection system. A Nd-YAG laser
(wavelength: 532 nm) was used for excitation. A 0.50 m focal length mono-
chromator ACTON 2500i and an Oxxius - LMX-532 laser (wavelength
of 532 nm) with different powers were used for micro-PL measurements.
For PL detection, a liquid nitrogen-cooled CCD camera was used.
A continuous-flow liquid helium cryostat Janis ST-500 was used for the
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temperature-dependent (T = 15-295 K) PL measurements. The laser spot
size was about 2 pm in diameter for both setups.

The high-resolution SEM HR-SEM Zeiss Merlin was used to study the
morphology of monolayers.
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Controlled heating experiments in an inert environment have been performed on WS, monolayers, in
order to clarify the conflicting reports on the high-temperature photoluminescent response of 2D
TMDs. We find that in contrast to some previous results on both WS, and MoS,, the photoluminescent
intensity shows a consistent reduction above room temperature. This is accompanied by an almost
linear redshift of the peak maximum, and a nearly linear increase in the peak width, which is attributed
to an enhanced interaction with optical phonons. Moreover, by fitting the photoluminescence integral
intensity with an Arrhenius type dependence, we demonstrate that the center of the WS, monolayer
flake starts to undergo irreversible degradation at a temperature of 573 K in an inert environment.
Regions close to flake edges in contrast, with a more intense room temperature PL response, remain
stable. The macroscopic PL signal is largely recovered in these regions following subsequent cooling to
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rsc.li/pccp room temperature.

Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs)
have many interesting properties for future flexible optoelectronic
and electronic applications.”” These include, but are not limited
to, field-effect transistor sensors,” field-effect transistors,” valley-
tronic based devices® and photodetectors® with the potential for
significant performance improvements over the current state of
the art. Moreover, specific properties can be tuned by changing the
structure, phase or layer-number, whilst phases with mixed stoi-
chiometry and vertical or horizontal heterostructures with other
TMDs or 2D materials can all be combined to deliver optimal
performance depending on the specific application requirements.

Of the wide variety of TMDs, monolayered WS, is particularly
promising for many optoelectronic applications as it exhibits
the largest direct band-gap’ and typically the most intense
photoluminescence (PL) response.® The room temperature PL
spectrum of WS, is dominated by the so-called A exciton peak,
arising from transitions between the lowest conduction and
highest valence bands. The peak position of the A exciton of
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mechanically exfoliated WS, monolayers is found to be at
around 2.0 eV.” However, the specific position is very sensitive
to preparation method and substrate properties. In the case of
chemical vapor deposition (CVD) grown WS, monolayers on Si/SiO,,
the built-in strain and altered charge-carrier concentration causes
the exciton PL peak to redshift.'®" In turn, this strain will
usually be relaxed when such monolayers are transferred to
another substrate.'” PL emission intensity is also affected by the
defects in monolayers. Their precise influence is complex, and
two types of defects, radiative and non-radiative, have been
proposed."® The radiative defects seem to be concentrated at
the edges and at grain boundaries."*

An interesting feature of WS, and other TMDs is the exception-
ally high exciton binding energy,'® thus making excitonic emission
observable at high temperatures. Indeed, Li et al.'® have proposed
that MoS, monolayers can be used in opto-electronics devices with
elevated working temperature. However, a variety of contrasting
phenomena have so far been observed through high temperature
PL experiments of the A exciton peak. For example, an increase
in PL intensity with temperature,’®'” an increase followed by a
subsequent decrease,'® or a monotonic decrease with increasing
temperature,'® have all been previously reported from temperature
dependent PL measurements on monolayer MoS,.

Other systems have similarly shown contradictory behavior.
PL enhancement at temperatures above 300 K has been
observed also in few-layer WSe,'* and in multi-layered WS,,*°
whilst Chen et al.'” also reported a transient high temperature
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increase of PL intensity in single-layer WS, following an initial
decrease above room temperature, although this was then
followed again by a subsequent decrease with further increase in
temperature. These results are unusual given the typical reduction
of PL intensity of semiconductors at elevated temperatures. In
contrast Gaur et al.”' have shown a decrease in PL intensity at all
stages of temperature increase from 83-473 K for WS, flakes grown
on sapphire. Similar behavior was also seen by Su et al.,>* who noted
a red-shift in peak position and decrease in intensity for both an
irregularly shaped film grown on Si/SiO, and a monolayer grown on
sapphire. Finally, the integrated PL intensity has been observed to
decrease in vertically stacked WS,/MoS, monolayer heterostructures
at temperatures above room temperature due to the thermally
activated non-radiative recombination mechanism.**

Furthermore, high temperature measurements are also necessary
for establishing operating conditions in future applications, many of
which will practically involve elevated working temperatures, as well
as quantifying changes to photophysical parameters beyond
intensity that may be incurred in such situations. Moreover,
degradation of TMDs has been seen at high temperatures. In
monolayered MoS,, small triangular holes appear in systems
subjected to a hydrogen and argon mixed atmosphere at around
773 K** and grain boundary degradation has been seen when
heated in air.>® Still, while the PL properties of WS, monolayers
at low temperatures have been studied extensively in multiple
papers such as ref. 11 and 26, there are only a few studies about
high temperature PL measurements and even less information
about degradation of flakes at elevated temperatures and in
different atmospheres. Taken with the conflicting accounts of
the temperature-dependent photoluminescent response of TMD
monolayers, this points to a need for further clarification, both to
provide greater mechanistic insights and to establish maximal
device operating conditions.

Herein, we focus on the properties of WS, monolayers using
PL measurements at elevated temperatures, and how these
temperatures consequently affect the degradation of the flakes.
We clarify the high-temperature photoluminescent response of
the monolayer, and detail the induced irreversible changes
upon return to room temperature. Our work shall serve as a
basis for further fundamental and applied studies on 2D TMDs
at high temperatures.

Experimental
CVD growth

WS, monolayers were fabricated using a multi-zone split tube
furnace with thermally separated heating zones (ThermConcept,
ROK 70/750/12-3z). The substrates were Si/SiO, wafers. First,
ammonium tungsten oxide hydrate (ATH) was dissolved in
deionized water. The solution with 1000 g 1! was transferred
onto a first substrate in several little droplets of ~1 mm in
diameter. Subsequently, the substrate was heated under ambient
atmosphere at 500 °C for 30 min to convert ATH into the tungsten
source WO3. Afterwards, cholic acid sodium salt (CAS) was spin
coated as the seeding promoter onto the substrate containing

22610 | Phys. Chem. Chem. Phys., 2020, 22, 22609-22616
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WO; as well as onto a second otherwise clean substrate. The
substrate with WO; was put into a crucible, the second substrate -
only with seeding promoter — was flipped and put upside down
onto the first one. The crucible containing the substrate and the
tungsten source was put into the center heating zone and a
second crucible filled up with 100 mg sulfur was put into the
heating zone upstream. After sealing, the tube was purged with Ar
gas. For the CVD process the Ar flow rate was set to 50 sccm. The
central heating zone was heated to 825 °C in 20 min and the
sulfur heating zone to 150 °C in 10 min after a delay of 10 min.
After holding the maximum temperatures for 30 min, the furnace
was opened for rapid cooling.

Characterization

Raman, reflectance contrast (RC) and p-PL measurements were
carried out using a Horiba LabRAM HR800 Micro-Raman
system equipped with a multichannel CCD detection system
in the backscattering configuration with a spectral resolution
better than 1 cm™'. A continuous wave Nd-YAG laser (wave-
length 532 nm) was used for excitation. Excitation powers used
in the study were 0.03-0.42 mW. Two different objectives were
used for measurements: a 10x long-working-distance lens
(NA = 0.25) with bigger laser spot size (approximately marked
as area 1 in Fig. 3(a)) and a 50x long-working-distance lens
(NA = 0.50) with smaller laser spot size (approximately marked
as area 2 in Fig. 3(a)). The used laser beam was linearly
polarized and therefore the sample orientation was kept constant
during the temperature dependent PL measurements. A Linkam
THMS600 heating/cooling stage was used for temperature depen-
dent PL measurements (7' = 298-723 K). Before measurements, the
cryostat was flushed with Ar gas for approximately 10 minutes and
after that the valves were closed. The pressure at room temperature
was around 2 atm. While the sample was heated, the cryostat
housing had a water-cooling system. Samples were heated with a
10 K min~" rate and were held at desired temperatures for a least
5 min to let the sample temperature to stabilize. Measurements
were performed in an argon atmosphere, preventing WS, flakes
from oxidizing. An atomic force microscope (AFM; Bruker
Multimode) with a Nanoscope V controller was used to determine
the thickness of the layers. PL imaging was carried out on a
microscope unit with a high-power 420 nm light emitting diode
(Thorlabs M420L3) for wide-field excitation and for detection
through a 50x objective a cooled Atik 414EX CCD camera (filters
to remove excitation emission were employed).

Results and discussion

CVD grown WS, monolayers exhibited a variety of different
shapes with the average domain size around 100 pm. An atomic
force microscope was used to determine the thickness of the
monolayers, which was found to be about 0.8 nm (Fig. 1(a and b)),
a typical value for TMD monolayers.>! This finding was supported by
initial optical characterization by Raman spectroscopy. A Raman
spectrum was measured from the area 2, in Fig. 3(a) and the
results are presented in Fig. 1(c). From the Raman fitting the

This journal is © the Owner Societies 2020
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Fig. 1 AFM height image (a) and AFM line profile (b) showing typical WS, monolayer thickness. The line profile was taken along the white line shown in
(a). Raman spectrum (c) from the WS, monolayer. Red lines show the result of spectral fitting using Lorentzian curves.

peak positions of the main peaks, the in-plane mode E;,(I') at
357.6 cm™ " and the out-of-plane mode A;,(I') at 419.6 cm™ " were
determined. The separation of these peaks is 4 = 62.0 cm™’,
which is in the same range (4 = 61.5-62.4 cm™ ") previously
found in good quality WS, monolayers.®*”>° Additionally, a
strong peak assigned to a second-order contribution (2LA(M))
was also seen at 352.7 cm ™, as is typical for measurements on
WS, monolayers under near-resonance conditions.>’

Fig. 2(b) shows a PL image of a WS, polycrystalline mono-
layer flake and Fig. 2(b) shows a PL image of the same flake
after it was heated in an Ar atmosphere up to T = 643 K,
detailing the formation of cracks along the grain boundaries.
WS, flakes started to be thermally unstable at around 7= 573 K
as was seen in the optical microscope. One reason for this
cracking could be the different thermal expansion of the
substrate and the WS, monolayer."” Although this should not
play such a big role, because the CVD growth temperature is
T =1073 K and the material can handle temperature difference
between growth and room temperatures, so the stress at
T = 573 K should not have such an effect. However, defects at
grain boundaries can affect the material loss. This phenomenon
has been seen also in MoS, monolayers heated in air.?®

As shown in Fig. 2(a) grain boundaries and their degradation
at higher temperature can have a crucial influence on the PL
emission. For further PL studies an equilateral triangular shaped
WS, flake was chosen. This type of flake is monocrystalline and

without visible grain boundaries, unlike other shapes, in
which original monocrystalline flakes have ripened into a larger
irregular structure with internal grain boundaries.** The following
PL temperature dependence study was carried out with a 10x
objective (NA = 0.25), so the laser spot would cover a maximum
area and thus the spatial variations in the flake are averaged with
the surrounding region (see area 1 in Fig. 3(a)). To study the PL
response of the area where the monolayer is still intact after the
temperature dependence study (Fig. 3(b)) a 50x objective (NA =
0.50) was used (see area 2). The initial room temperature PL image
in Fig. 3(a) shows that the PL intensity across the monolayer is non
uniform. As has been previously reported, the center of the crystal
shows lower PL intensity than the areas close to the edges,"® with
this region of lower intensity also extending symmetrically from
the center towards the vertices.

The temperature dependence of some PL spectra is presented
in Fig. 4(a). All temperature dependent PL spectra had an asym-
metrical shape and were fitted using Split Pearson VII function,*
with the fittings also shown in Fig. 4(a). The laser power used for
temperature dependent measurements (7 = 303-723 K) was
0.42 mW. Although the asymmetrical A exciton peak can be observed
in the whole temperature range, with increasing temperature the
peak intensity was seen to decrease in contrast to ref. 16 and 17,
whilst the peak position was seen to red-shift and the FWHM to
broaden. The temperature dependence of the A exciton peak posi-
tion is linear with dE,/dT = —0.358 4 0.003 meV K ' (Fig. 4(b)).
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Fig. 2 PL images of the same flake before (a) and after (b) heating the sample up to T = 643 K. Cracking can be observed at the grain boundaries.
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(a) Temperature dependent PL spectra of WS, monolayer. PL fitting using Split-Pearson-VII function are shown as black lines. (b) Temperature

dependence of exciton peak energy (red dots) and FWHM of the exciton peak (blue dots). The exciton peak energy dependence is fitted with linear and
FWHM dependence is a result of fitting with egn (1). (c) Arrhenius style plot showing the thermal activation energy of the A exciton peak. Fitting result
using eqgn (2) is given as a continuous line. Blue rectangle is showing the additional intensity decrease due to material decomposition. (d) Room
temperature PL spectra form area 2 of Fig. 3(a) on the flake before and after heating up to T = 723 K.

Next, the temperature dependence of the full-width at half-
maximum (FWHM) was fitted using the relation proposed by
Rudin et al.** given as

FWHM(T) = W, + BT + p/[exp(fiono/kT) — 1]

®

22612 | Phys. Chem. Chem. Phys., 2020, 22, 22609-22616

where W, is the width at 7= 0 K including also inhomogeneous
broadening, f is a coefficient for the interaction of excitons
with acoustic phonons and the last term represents the inter-
action with LO (longitudinal optical) phonons, hw;o is the
LO-phonon energy and is taken to be equal to 44.6 meV for WS,.>*
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The interaction with acoustic phonons was neglected because it
is usually very small.** The fitting result is presented in Fig. 4(b)
and fitting parameters are the following W, = 16.5 £ 0.8 meV
and y = 113.9 + 1.6 meV. The FWHM of the exciton peak
increases in the whole temperature range due to interaction
with LO phonons.

Subsequently, the thermal activation energy of WS, exciton
emission was found to be E, = 0.23 £ 0.01 eV (Fig. 4(c)), as was
determined using the following equation:*

o(T) = @, / (1 + ae’kE_%> @)

where @ is the integral intensity of the PL band, a is the process
rate parameter and E, is the thermal activation energy. Thermal
quenching of exciton emission is probably related to activation
of non-radiative recombination.>**® For the calculation of the
thermal activation energy temperatures up to 7 = 563 K were
involved, because when the temperature was higher than
T = 563 K we noticed an additional drop of PL intensity due
to decomposition of the WS, monolayer (marked with the blue
rectangle in Fig. 4(c)). Similar activation energies have been
found in WS, grown on Si/SiO, (E, = 0.40 eV** and E, = 0.53 eV°°)
and on sapphire (E, = 0.20 V).**

Room temperature PL was measured before and after heat-
ing (up to T'=723 K) from area 2 (see Fig. 3(a)), a region that had
not undergone apparent thermal decomposition. The results
are presented in Fig. 4(d). The PL intensity at room temperature
following the high temperature measurements remained in a
similar range as before although the intensity has reduced by
about a factor of two. This indicates that the remaining WS,
monolayer is stable against temperature variations and largely
maintains its previous properties, suggesting that the temperature
does not have some irreversible effect on the monolayer that
remains. The Raman spectrum from the same area after heating
up to T = 723 K shows a peak separation of 4 = 61.9 cm " and
the shape of the spectrum remained the same, confirming that
the quality of remaining monolayer is maintained. Additionally,
reflectance contrast measurements can be also used to further
study the quality of WS, monolayer. It is known that the absorption
spectrum is directly related to the reflectance contrast spectrum:*’

AR, . RL—Rs 4
R - Rs 71’152—1

(E) *(E) ®
where Ry, is a reflected light from the monolayer, Rg is a reflected
light from the SiO, substrate layer, 7 is the index of refraction of the
SiO, layer and « is the absorption of the sample. RC spectra
measured before and after heating (7 = 723 K) are presented in
Fig. 5. It can be seen that the shape and intensity of A and B exciton
bands remain relatively unchanged after thermal treatment.

From Fig. 3(b) it seems that the remaining WS, monolayer is
concentrated near the edges of a triangle. It is also interesting
to note that this part of the flake exhibited a greater room
temperature PL intensity compared to the central part of the
monolayer. This means that the central part of the triangle,
that has lower PL intensity, is also degrading faster at high
temperatures than the brighter part of the flake. It may be that
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Fig. 5 Room temperature RC spectra form WS, flake before and after
heatingup to T = 723 K.

the middle area of the triangle has more defects, which are
non-radiative’® and that this is the reason for material loss.
Moreover, our measurements showed that the PL band from
the middle area of the as-grown flake was also red shifted about
4 meV when compared to the edge region of the flake. This red
shift of the exciton band in CVD grown monolayers is related to
the slightly higher value of tensile strain.'®?® It is possible that
the increased strain is also playing an essential role in more
rapid thermal decomposition of the central part of the flake.
This is further corroborated by the polycrystalline flake (Fig. 2),
which has the most significant material loss starting at the
grain boundaries, although this flake was exposed to even lower
temperatures (7 = 643 K). However, the remaining monolayer
does also include some areas of material loss that also exhibit a
triangular shape. These triangular holes are probably related to
point defects. The intrinsic defects in as-grown MoS,, including
grain boundaries and point defects, as starting points for
degradation are discussed also in ref. 38. Specifically, areas
with higher defect density have larger concentrations of dangling
bonds and consequently greater reactivity. Moreover, the authors
noticed that triangular holes due to point defects have opposite
orientation to the parent crystal. This can also be observed in our
case (see Fig. 3(b)). The PL peak position after high temperature
handling had a small blue-shift of 7 meV, which may be related to
strain release,' as the material loss and geometry change of the
flake can affect the strain inside the flake. The same small blue-
shift of the A-exciton can be observed also in the RC spectrum
after high-temperature handling, see Fig. 5.

It is also noteworthy that whilst the first apparent material
loss was detected in the optical image at 7= 603 K, it is evident
from the spectroscopy data that initial degradation begins at
around T = 563 K. The intensive material loss after high
temperature treatment is visible in Fig. 3(b), in which only
some areas of the original triangle are still present.

AFM was used to further study the intact monolayer, with
the results presented in Fig. 6. The height and phase scans
(Fig. 6(a and b) respectively) show that the holes inside the
material are indeed of triangular shape. Furthermore, the inside
of the triangle (right side of the Fig. 6(a)) includes areas with
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large aggregations of material. According to the phase image,
these regions are not crystalline WS,, a finding that is further
confirmed by Fig. 3(b), as these regions are not seen to emit PL.
As such, they may be collections of amorphous material, which
consist of decomposed WS, monolayer remnants.

A second change that can be observed from the AFM results
is that the WS, monolayer edge has been shifted, whilst there is
also a very thin line marking the former edge visible in Fig. 6.
Although this shift of the edge is only by about 1 pum, it is still
noticeable in Fig. 3, where the size of the triangle is smaller
after high temperature measurements. The treatment also seems
to have had some effect on the underlying substrate (SiO,), as
evidenced from the black rectangle marked edge in Fig. 6(c).
Here, part of the underlying SiO, between the original and new
WS, appears to have been eroded. Although we note that an
imaging artifact cannot be ruled out, this apparent substrate
degradation is also present in the eroded regions within the
remaining monolayer (black rectangle marked as hole in
Fig. 6(c)). In turn, one possible reason for the shift of the edge
may be due to a higher concentration of defects on the edge, as
was discussed previously. The intrinsic defects can be located in
grain boundaries or at edges, or be present as local point defects
and are the starting point for the degradation.

As stated earlier, contradictory reports can also be found
regarding the high-temperature photoluminescent response of

22614 | Phys. Chem. Chem. Phys., 2020, 22, 22609-22616

other TMDs, such as MoS,. Many of the monolayered TMD
materials (including MoS,) have similar structures and pro-
perties to WS,, and similar general trends to those found here
could be tentatively expected in such cases. However, we note
that the individual materials are distinct, and it is difficult to
predict with certainty the behavior of these other systems
without further measurements.

Conclusion

In this report we have detailed the changes in the excitonic
emission of monolayer WS, induced by high temperature, as
well as described the degradation induced and the extent of
recovery upon a return to room temperature. Rather than seeing
a transient or consistent enhancement in PL intensity upon raising
the temperature, our measurements in a controlled environment
show a standard and continuous decrease in intensity. This is
allied to a near linear decrease in peak position and to an increase
in peak width, and is considered to result from exciton interaction
with optical phonons.

We also note degradation of parts of the monolayer following
the handling at elevated temperatures, whilst other parts largely
maintain their original properties, such as position and shape of
Raman peaks and PL intensity. The irreversible changes at high
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temperature were first established by an additional reduction in
PL intensity prior to any changes being visible in the appearance
of the monolayer. Moreover, there is an apparent relation
between the areas of lower initial room temperature PL intensity
in the center of the flake and the degree of material loss from the
monolayer. Additionally, the symmetry of the holes detected in
the remaining monolayer by AFM may point to a defect induced
mechanism, suggesting that a higher density of defects in the
flake center may be responsible for both the weaker PL intensity
and enhanced rate of degradation. However, this paints an
incomplete picture given the additional loss of material from
the very edge of the flake, which shows very high relative PL
intensity at room temperature. Hence, further investigations are
needed to deepen the understanding of temperature-induced
degradation mechanisms. Beyond this, our work can also be
extended to look at the role of other micro or macroscopic
parameters, such as stoichiometry, flake shape, or substrate, on
the high-temperature photo-response of 2D TMDs.
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