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Low temperature radiative properties of the layered transition metal dichalcogenides 2H-
MoS,, 2H-WS, and 2H-WSe; are investigated. Synthetically grown crystals of all three
materials, natural 2H-MoS, single crystals and several 2H-MoS; and 2H-WS, commercial
powders are studied. Steady-state photoluminescence(PL) measurements performed on
the samples reveal two distinct radiative regions in the near infrared. The first region
consisting of several sharp lines is produced by bound excitons related to the halogen
transport agent intercalated within the van der Waals gap of the layered compounds.
The second weaker region, composed of a broad spectral band, originates from the ra-
diative recombination between an intrinsic crystal lattice defect center and the valence.
band in the conditions of a strong electron-phonon coupling. Time decay analysis of the
bound excitonic radiative transitions is performed with time-resolved and PL intensity
ratio measurements. The spectral and temperature dependence of the total radiative
emissions of all three compounds are described in the framework of a two-channel kinetic
recombination model in thermal equilibrium conditions. A configuration coordinate di-
agram is also constructed for 2H-MoS,. PL intensity measurements performed on the
2H-MoS; and 2H-WS; synthetic crystals reveal a sublinear PL dependence on excita-
tion intensity. Finally a technique developed to intercalate halogen molecules in natural

2H-MoS, single crystals is described.



Les propriétés radiatives des métaux de transitions dichalcogénides & couches 2H-MoS,,
2H-WS, et 2H-WSe, se produisant & basses températures sont examinées. Des cristaux
synthétiques des trois composés, des cristaux naturels de 2H-MoS; ainsi que plusieurs
poudres commerciales de 2H-MoS; et de 2H-WS; sont étudiés. Les mesures de photo-
luminescence (PL) auprés des échantillons révélent deux régions radiatives distinctes.
La premiére région consiste de plusieurs lignes fines et serait produite par des excitons
liés reliés aux molécules halogenes intercalées a l'intérieur du gap de van der Waals
des matériaux. La deuxiéme région, plus faible que la premiére, comprend une bande
spectrale tres large provenant des recombinaisons radiatives entre des centres de défauts
intrinséques du réseau cristallin et de la bande de valence lors d’un couplage électron-
phonon fort. Une analyse des durées de vie aux transitions radiatives des excitons liés
est effectuée grace aux mesures de temps radiatifs ainsi que des mesures de rapports
d’intensité. La dépendence spectrale et en température des émissions radiatives totales
des trois composés sont décrites 'aide d’un modele cinétique de recombinaison & deux
canaux en équilibre thermique. Un diagramme de configuration pour le 2H-MoS, est
aussi construit. Des mesures d’intensité effectuées sur les cristaux synthétiques de 2H-
MoS; et de 2H-WS; révélent une relation sous-linaire de la PL en fonction de Pintensité
d’excitation. Finalement, une technique d’intercalation d’halogénes & lintérieure des

cristaux naturels de 2H-MoS, est décrite.
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The semiconductor and optoelectronic industry is well established and has flourished for
over 50 years. The ever-increasing demand for progressively more efficient and accurate
optoelectronic devices required the conception of novel materials with useful and inter-
esting properties. New semiconductors are constantly being created by means of crystal
growth techniques and doping existing materials with various impurities. Aside from sil-
icon, germanium and the III-V compounds which are still clearly the current dominant
semiconductors, transition metal dichalcogenides have also been the subject of extensive
investigation of their optical, electrical and structural properties [1, 2, 3].

The layered transition metal dichalcogenide (TX,) semiconductors are an interesting
class of material due to their quasi-two-dimensional crystallographic structure consist-
ing of covalently bonded X-T-X sheets linked by weak van der Waals forces. The 2H
(Hexagonal) polytype Molybdenum and tungsten disulphide (2H-MoS; and 2H-WS,) as
well as tungsten diselenide (2H-WSey) are three of such layered semiconductors which
have been studied in great detail. All three materials crystallize in the hexagonal struc-
ture belonging to the space group P63/mmc— D§, and like all T X, compounds they are
indirect band gap semiconductors [4, 5, 6]. 2H-MoS, , 2H-WS,; and 2H-WSe; have been
considered for electrochemical and solid state solar cell applications because of the close
correspondence between their optical band gap and the solar spectrum [7, 8]. 2H-MoS,
and 2H-WS, compounds are also of great interest in nanotechnology since they were the
first to be synthesized as inorganic fullerene-like nanotubes [9, 10, 11}.

One of the most interesting aspects of the layered semiconductor is its capability of
intercalating impurities between the X-T-X sheets due to the weak nature of the van der
Waals binding energy. Various metal and ion intercalation processes and their effects on
layered transition metal dichalcogenides have been very well documented [12, 13, 14, 15,
16, 17, 18]. Intercalation not only alters existing solid state properties of the materials
but also creates new ones. Radiative properties of 2H-MoS,, 2H-WS, and 2H-WSe,

caused by the intercalation of halogen molecules were observed for the first time by the
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author and his collaborators [19, 20].

The objective of this thesis is to document and explain the newly discovered optical
properties of the layered transition metal dichalcogenides as well as the intercalation
process of the halogen impurities. Despite the numerous publications on optical studies,
photoluminescence of 2H-MoS; and other layered semiconductors has never been docu-
mented. The lack of infrared detectors available when the layered compounds were first
investigated could explain the optical phenomenon’s oversight. This research shall focus
on the 2H-MoS, semiconductor since it is an abundant material which can be found
in nature as molybdenite and can also be synthetically grown. The 2H-WS, and 2H-
WSe; compounds shall also be studied in order to illustrate that the radiative properties
observed in the layered compounds are general phenomenona occurring in several tran-
sition metal dichalcogenides. In addition to the synthetic and natural single crystals,
commercial MoS,; and WS, powders will also be analyzed.

The radiative emission observed in the investigated compounds is located in the near
infrared between 0.7 and 1.35 eV. T'wo distinct radiative regions were identified. The first
photoluminescence(PL) region was centered at 1.18 eV for the MoSy and WSe; and 1.32
eV in the WS, samples. Consisting of sharp excitonic lines and their phonon replicas,
the emissions of the first regions have been attributed to the recombination of bound
excitons related to the transport agent intercalated in the materials during the growth
process. The diatomic halogen molecules, chlorine for MoS, and bromine or iodine for
WS, and WSey, positioned between the layers give rise to neutral centers, providing effi-
cient radiative emissions in indirect semiconductors. The second weaker region composed
of a broad spectral band centered at 0.95, 0.97 and 0.83 eV for MoS,, WSy and WSe,
respectively, was observed for all types of samples, including the natural molybdenite,
and has been ascribed to radiative recombinations from deep donor centers caused by
intrinsic lattice defects. It was initially believed that the PL of the excitonic region
was inherent to synthetic single crystals, where the halogen impurities were intercalated
during the VITM (vapor transport method) growth process, since no excitonic PL was
observed in the naturally occurring single crystals. However, experiments on commercial
natural 2H-MoS; powders revealed similar radiative properties to those in the synthetic
single crystals, suggesting the intercalation of halogen molecules can alsc be achieved by
other methods than during the growth process.

Three types of PL measurements, steady-state PL, time-resolved and intensity de-
pendent PL are reported in this thesis. PL spectra for every samples were obtained with

steady-state PL measurements at different temperatures (2K-150K) and were used to
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investigate the spectral shape and temperature dependence of the radiative emissions.
Time-resolved measurements were also performed on synthetic 2H-WS, to characterize
the radiative recombination processes by which the electrons decay. Finally a prelim-
inary study on the PL intensity dependence was performed on some MoS; and WS,
samples. Several geometrical lattice calculations and successful photoconductivity(PC)
measurements of the synthetic molybdenum and tungsten disulphide single crystals were
also carried out to provide further insight on the origins of the radiative properties in
the materials. The results from the time-resclved and steady-state PL measurements
were described by a time-decay and kinetic recombination model respectively. The PL
intensity dependent experimental data was described by a simple power equation. A
configuration coordinate diagram (CCD) model was also constructed for the MoS; sin-
gle crystal. Finally, a technique was devised to intercalate halogen molecules in natural
MoS, single crystals.

The thesis is divided into three chapters. The first introduces briefly but ade-
quately some theoretical concepts necessary for the analysis of the optical phenomenon
at hand. This includes a short introduction on band structures, excitons, phonons, ther-
mal quenching and photoconductivity. The models and the configuration coordinate
diagram are also presented in this chapter. The second chapter presents the samples
and their preparation, the experimental techniques, the equipment used and the halogen
intercalation method performed on the natural MoS, single crystals. The third and final
chapter will present the results obtained from the three types of PL measurements, apply
the models introduced in the first chapter to the experimental data, construct the CCD
for the MoS,; compound and discuss the halogen intercalation of natural MoS,; single

crystals.



ter

Theory

This chapter will present the theoretical background needed to describe the observed
photoluminescence of the transition metal dichalcogenides. The first section includes a
brief overview of some fundamental concepts of semiconductor theory. Section 1.2 will
deal with optical transitions and selection rules and will serve as an introduction to
the following section(1.3): photoluminescence in solids. That section will present the
basic notions of excitons, phonons and their interactions as well as thermal quenching.
- Section 1.4 will present the time-decay and kinetic recombination models as well as the
configuration coordinate model used to describe the experimental data in this work.

Finally, a short section on photoconductivity measurements will close this chapter.

1.1 Semiconductor theory

The aim of this section is to present a brief overview of some important fundamental
concepts on semiconductor theory. A qualitative description on energy bands and how
they are calculated will first be presented. Then we will discuss how some of the in-
formation extracted from band structure calculations may be used to classify materials.

Finally the effects of impurities in semiconductors will be treated.

1.1.1 Energy bands

Electrons in a crystal are confined to energy bands generated by the periodicity of the
crystal lattice. These bands are separated by energy gaps which cannot be occupied by
the electrons. Therefore the electrons are confined to the energy bands and can only

move from one band to another if energy of equal or greater value than the energy



gap is given to the system. Calculation of these energy bands and gaps in a crystal is
possible through a series of approximations. Crystal symmetry, defined as the invariance
of the crystal structure to geometrical transformations, is an important concept used to
facilitate the complex band calculations. There are many types of symmetries such as
translational, rotational and reflection. Group theory is the mathematical tool used to
classify wave functions in crystals that are invariant to symmetry operations. Classifying
wave functions in this way leads to the creation of selection rules which are of great

importance in semiconductor optics and will be further studied in section 1.2.1.

1.1.2 Classification of solids

Materials can be classified by the electronic occupation of their energy bands at low
temperatures as well as their band gaps. Conduction is defined as the electron’s ability
to move inside energy bands under the influence of an electric field; this occurs only if a
partially filled band is available. The highest filled energy band is called the valence band
while the energy band just above it is called the conduction band. If the conduction band
is partly filled, the material is called a metal but if it is empty, the material is classified as
an insulator. An insulator with a small band gap between the valence and the conduction
band is called a semiconductor. Essentially, a semiconductor is an insulator for which
thermal energy is usually sufficient to promote electrons from the valence band to the
conduction band, providing a weak current in the presence of an electric field.

There are two types of semiconductor band gaps: direct and indirect. In a direct
gap the valence band maximum is aligned directly over the minima of the conduction
band in momentum space (also known as k-space, where k represents the electron wave
vector). In an indirect gap, the minima and maxima are shifted from one another (direct
and indirect band gaps will be described in greater detail in section 1.2.1). The band
structure of many transition metal dichalcogenide semiconductors including 2H-MoS,,
2H-WS, and 2H-WSe; have been calculated and experimentally measured by various

methods: they were shown to be indirect-gap semiconductors [4, 5, 6].

1.1.3 Impurities

Doping semiconductors with impurities will modify the energy band configuration of the
crystals creating new allowed energy levels within the forbidden band gap. If the impurity
replaces one of the atoms in a lattice and provides one or more additional electrons, the

impurity is called a donor. On the other hand, if the impurity provides fewer electrons
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than the substituted atom, it becomes an acceptor. An impurity replacing an atom in
the crystal lattice of the same valence is called an isoelectronic center. The impurity can
also lodge itself in an interstitial (empty space between atoms and molecules) position
and not replace an atom in the lattice. In that case, the nature of the impurity will

dictate if it is a donor or acceptor.

1.2 Optical transitions

Optical transitions are responsible for numerous applications of semiconductors such
as lasers, light emitting diodes and photodectectors. These transitions occur between
different energy levels and are achieved through various excitation and de-excitation
mechanisms within the crystal.

Promoting an electron from a low to a higher energy state, generally from the valence
band to the conduction band, is accomplished by absorption of an energy quanta equal
to the energy difference of the final and initial states of the electron. This energy can be
obtained by means of optical, thermal, electrical or any other types of excitation. The
excited state of the electron caused by this energy absorption has a certain lifetime and
will eventually decay back to its preferred low energy state; the ground state. This decay
process emits an amount of energy once again equivalent to the energy difference between
the two states of the electron. These two types of transitions produced by absorption
and emission of energy are essentially the reverse of one another. Transitions involving

absorption and emission of photons are appropriately called optical transitions.

1.2.1 Selection rules

Optical transitions obey selections rules which determine if a transition is allowed or
forbidden. These rules are created due to conservation laws, crystal symmetry and
light-matter interactions such as electric and magnetic dipole and quadrupole radiative
processes. Optical transitions in direct and indirect gap semiconductor shown in Fig-
ure 1.1 (A) and (B) must obey energy and momentum conservation laws. Since the
conduction band minimum is not centered over the valence band maximum, the optical
transition of the indirect gap semiconductor in Figure 1.1 (B) can only be respected if
the absorption of the photon is accompanied by the emission or absorption of a phonon
(a quantized lattice vibration) of frequency {}. Therefore the selection rule originating

from the energy conservation law is given as:
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Figure 1.1: (A) Direct optical transition. (B) Indirect optical transition. Ej is the energy
of the band gap and E, is the phonon energy.

Ef——-Ez-+hw:thQ (11)

where Ey and E; are respectively the final and initial energy, fuw refers to the photon
energy and Af) represents the phonon energy. The selection rule from the momentum

conservation law is shown to be:

k;=k+K (1.2)

where ks and k; describe the final and initial electron wave vectors and K is the
phonon wave vector.

As for symmetry and light-matter interaction selection rules, they are derived respec-
tively from group theory (as stated in section 1.1.1) and quantum mechanical manipula-

tions of radiative processes.

1.2.2 Spin-orbit coupling

Interactions between quantum components such as the spin and orbital angular momen-

tum can lift degeneracies of certain energy levels. If the interaction between the spin (s)
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and orbital momentum (1) of two particles is weak, the orbital momentums as well as
the spins of both particles must first be coupled to obtain the total orbital momentum
l1+1y = L and the total spin s;+s9 = 5. The spin-orbit coupling can then be introduced
as J = L+ 5. On the other hand, if the spin-orbit interaction is strong, the s and { must
be coupled to give j = [ + s for each electron. Subsequently both spin-orbit interaction
can then be coupled to form the j7 spin-orbit coupling.

The 77 coupling, observed in many semiconductors with bound excitons is often
expressed as a zero-phonon doublet (labeled A and B lines). The exciton recombination
from the A level is allowed while the B level transition is forbidden. Nevertheless, it is
still possible to observe B radiative recombination transitions due to thermalization of

the levels and to the luminescence centers’ asymmetry.

1.3 Photoluminescence in solids

Luminescence occurs when an electron decays by means of an optical transition, emitting
a photon. Radiative emission from solids is first achieved by exciting the crystal using
various methods. For example one can excite the sample by applying a current, a process
which can result in electroluminescence. Thermoluminescence is achieved when heat
is used as the excitation sources while for cathodoluminescence, high-energy electrons
bombard the crystal to excite it. Luminescence produced by photons with energy higher
than the band gap is called photoluminescence and will be the main topic of this work.

There are two types of photoluminescence: intrinsic and extrinsic. Intrinsic photo-
luminescence originates from the host lattice electrons in the crystal whereas extrinsic
photoluminescence stems from impurities or crystal defects embedded in the material.

These impurities and defects which induce photoluminescence are often called activators.

1.3.1 Excitons

When an electron is removed from the valence band due to excitation, it leaves behind a
hole. This hole can move inside the crystal and has a charge equal to that of the electron
but with opposite sign (positive). The hole disappears when the electron returns to its
initial energy level. The conduction band electron and the valence band hole interact
with each other through the Coulomb force resulting in the formation of an electron-hole
pair called an exciton. Excitons can be compared to positronium atoms (electron bound

to a positron) and although neutral, they can travel throughout the crystal much like an



atom in free space. The Coulombic interaction between the electron and the hole results
in the lowering of the total energy of the exciton relative to the forbidden energy gap.
Therefore, these quasi-particles are responsible, upon recombination, for sharp structures
within the forbidden band gap in low temperature PL spectra.

There are two types of excitens, the Frenkel and the Wannier-Mott excitons. For
Frenkel excitons, the electron and the hole are tightly bound together and they have
a radius of the order of the crystal lattice unit cell. They are found mostly in ionic
crystals where there is strong electron-hole interaction. However, they have also been
observed in wide-gap semiconductors and even in some organic materials. Wannier-Mott
excitons, the type observed in the layered transition metal dichalcogenides, are more
common in semiconductors. The Coulomb interaction is screened by the valence elec-
trons via the large dielectric constant and causes the electron-hole binding to be weaker
than in the Frenkel excitons. Wannier excitons are stable at relatively low temperatures,
when the binding energy of the excitons is greater than the thermal energy. The follow-
ing Schrodinger equation, also know as the Wannier equation, represents an excitonic
envelope function describing the relative motion of the electron-hole pair [21]:

2 2
(- 5.7~ 2o = Bt (13)

Where I—lj = al: + Fnl;’ u is the reduced mass of the electron-hole pair with m, and
my, being the effective masses of the electron and the hole respectively. ¢ is the dielectric
constant of the material and r is the relative coordinate of the electron-hole pair. Because
the Wannier equation is analogous to the hydrogen case, the energy eigenvalues are

obtained as:

4
pe 1N 1
E;:~§ﬁ§&§)=~ﬂb&ﬁ> (1.4)

Where ng = 1,2... is the principal quantum number and Ep is the exciton Rydberg
energy (binding energy) which can also be given by:
4 2 hZ
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(1.5)

where ag = f-g; is the Bohr radius. The general equation of the total exciton energy

is basically the gap energy F, minus the exciton’s binding energy:

1
&:@—%bﬂ (1.6)
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Figure 1.2: Bound exciton complexes formed by impurities or crystal defects.

The exciton can either dissociate into a free electron-hole pair or recombine radiatively
to produce a photon after a certain time. Since the Wannier exciton, also called free-
exciton, is a mobile quasi-particle able to travel through the crystal, an extra energy
term must be added to 1.6:

1 R’K?
E, :Eg—EBEE%— 2MC

where M = my, + m, is the total mass of the electron-hole pair and K, is the center

(1.7)

of mass wave number. This additional energy term causes the free exciton emission
lines to undergo thermal broadening corresponding to an increase in width of the energy

distribution.

1.3.2 Bound excitons

It is possible for the excitons to be trapped to an impurity or defect giving rise to a
second type of Wannier excitons: Bound excitons. The binding energy of the exciton
to the defect or impurity center is quite small, in general in the range of a few meVs.
Consequently, it is only at very low temperatures that bound excitons are best observed.
Excitons may be bound to neutral donors/acceptors or ionized donors/acceptors forming

complexes shown in Figure 1.2. It is possible to identify the nature of the impurity
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centers by applying a magnetic field to the sample, inducing a characteristic Zeeman
splitting for each type of impurity [22]. The energy of the bound exciton is lower than
that of the free-exciton by an amount equal to the binding energy E; of the exciton to

the impurity:

Fy = E,— Ep ~ E; (1.8)

The concentration of impurities in a material need not be very high to produce intense
bound exciton radiative recombination due to the high capture cross section value of
the impurity centers. Once the excitons are bound to the center, they can recombine
radiatively in a direct optical transition process. The momentum conservation law stated
in section 1.2.1 no longer applies to the exciton since the localized state of the electron-
hole pair in real space implies, by Fourier transformation, an extension in momentum (k
space) [21]. Concordantly, direct photoluminescence of bound excitons can be observed in
indirect gap semiconductors. Photoluminescence of bound excitons can be characterized
by its very sharp lines at energies below that of the free-exciton lines(if seen). In contrast
to the free-exciton, thermal broadening does not occur for the bound exciton because it

is localized at the impurity center and has no kinetic energy.

1.3.3 Phonons

As briefly stated in section 1.2.1, a phonon is a quantized vibration of the crystal lattice.
The basic relevant theory can be described with a simple model of a linear chain consisting
of two alternating types of atoms differing only by their mass. The elementary cell is thus
composed of one heavy atom and one light atom. The atoms in this one dimensional
system can vibrate in a infinite number of ways. However any atomic motion can be
represented by the sum of fundamental vibrations, independent from one another, called
normal vibrational modes. Longitudinal optical (LO) and longitudinal acoustical (LA)
phonons are created if the atomic displacement occurs in the direction of the linear
chain whereas transverse optical (TO) and transverse acoustical (TA) phonons come
from a perpendicular motion in reference to that same chain. Vibrational modes are
not exclusively related to the host lattice; they can also originate directly from impurity
centers and are then called local modes.

In three dimensions, the total number of degrees of freedom {number of normal modes
possible) is equal to 3g/N, where g is the number of atoms in the elementary cell and

N is the number of cells in the crystal. Thus the degree of freedom in the linear model
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extended to a three dimensional lattice is equal to six: two TO, two TA, one LO and one
LA. Phonons are mainly responsible for the heat capacity of the crystal and act as the
primary mechanism for heat dissipation. Hence, crystal vibrations play a major influence
on photoluminescence in solids as they offer an alternate nonradiative recombination

mechanism to excited electrons in the form of phonon emission.

1.3.4 Phonon interactions

For bound exciton photoluminescence, a weak to moderate electron-phonon coupling
leads to phonon replicas of the principal bound exciton emission lines. Weaker in intensity
than the principal lines, these replicas are displaced towards the lower energies of the PL
spectrum by an amount of energy equal to that of the emitted phonons. The replicas are
well-resolved from one another and from the principal bound exciton lines (also called
zero-phonon lines).

The phonon replicas originating from a strong electron-phonon coupling can be de-
scribed, at very low temperatures, by the simple Poisson function for interaction with a
single vibrational mode of energy fiw [23]:

e 58n
nl

F(hwo + nhw) = (1.9)

where n = 0, 1,2... hiy represents the energy of the initial transitions and S, called
the Huang-Rhys factor or multiphonon parameter, describes the mean value of the num-
ber n of phonons created and ultimately expresses the strength of the electron-phonon
interaction. The intensity of the zero-phonon line is proportional to e~°, therefore the
stronger the electron-phonon coupling, the weaker the zero-phonon line. For S~10 the
line becomes virtually invisible and the envelope of the phonon replicas can be essen-
tially represented by a Gaussian [24]. Strong electron-phonon coupling also broadens the
phonon replicas due to direct coupling to a greater range of vibrational modes, creating a
broad-band shape. However, at very low temperatures, the phonon replicas may still be
distinguished before they completely fade out due to thermal broadening. Broad-band
luminescence created by multiphonon recombination processes has been observed and
documented for deep impurity centers or defects in many semiconductors and is also

present in the transition metal dichacogenides layered materials studied in this work.
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1.3.5 Thermal quenching of the photoluminescence

Photoluminescence intensity eventually declines as the temperature increases due to non-
radiative (phonon emission) transitions entering in competition with photon emission.
The luminescence efficiency (n), proportional to the PL intensity, is given by the following

ratio:

Pr
S 1.10
pT’ +pnr ( )

where p, is the probability for radiative emission assumed to be independent of tem-
perature and p,, ,the nonradiative transition probability, with a temperature dependence
described by:

Bnr = pnroe—EQ/kT (111)

where pnr, is a temperature independent coefficient and E,, called the thermal acti-
vation or thermal quenching energy, represents the energy needed for excited electrons
to decay back to the ground state by nonradiative transitions.

Substituting Eq. 1.11 into Eq. 1.10 leads to the temperature dependence of the

photoluminescence intensity shown as:

[ =14 Ce B/*T) 71 (1.12)

where C; = 7,/ Tyro assuming that prn0 = 1/7, 500, This relation, known as the Mott-
Seitz formula can be used to determine the activation energy of any thermal quenching

process regardless of its origin.

1.4 Models and configuration coordinate diagram

1.4.1 Time-decay model

In order to describe the temperature dependence of the PL time decay, a kinetic model
describing the decay from any thermalized many-level system was taken from [25]. As-
suming thermal equilibrium after excitation, the bound excitons are canonically dis-
tributed amongst the n-sublevels of the isoelectronic-like impurity center 77. Therefore

the total exciton concentration of the center (IVF,) is given as:

13



N
2 =3 N7 (113)
g==1

and the relationship between the sublevels can be described with:

NP /gi = (N3 /g;) - exp(8i/KT) (114)

where g; and g; are the degeneracies of the i-th and j-th levels respectively and
Aj; is the energy between the j-th and the i-th level. From these assumptions, the

experimentally observed decay time may be expressed as:

YiLi(9i/g) - exp(Ly/ET)
i=1[7'1§i1 + Tt?zl] (9:/qi) - exp(La/KT)
where Ay is the energy between the i-th level and the lowest excited level 1 = 1 (§;; =

(1.15)

TRz =

0) and 7y, is the decay time for any thermally activated process removing population from
the levels. It is assumed [25] that this thermal quenching is due to a single thermally

activated process given by:

Ttﬁl = 7'0“1 -exp(—E,/kT) (1.16)

where E, is the activation energy of the quenching and 75" is of the order of the
vibrational lattice frequency 10'%2 — 10'3s™! and is assumed to be independent of temper-

ature.

1.4.2 Kinetic recombination model

The temperature dependence of the integrated PL intensity was also studied and mea-
sured for three of the MoS;, WS, and WSes synthetic samples. The experimental results
were then analyzed using a similar kinetic recombination model proposed for the n-type
isoelectronically nitrogen-doped GaP [26]. The equations of the original model were
slightly modified to take into account two distinct radiative channels instead of one: a
channel for bound exciton recombinations from an impurity center (73) and a second
one for deep level recombinations from a crystal defect center (73) which acts as a shunt
path to the excitonic PL intensity. Under the assumption of low-level excitation, thermal
equilibrium and including the modifications just mentioned, the equations which describe

the kinetic behavior of the minority carriers (p) in an n-type material are given as:
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TRz TNz Tep

Here p is the concentration of the holes, Np; and Npy are the total concentration of
impurity and deep centers, N¢, and N, are the concentration of electron-occupied T3-
impurity and T2-deep centers, N7, is the concentration of centers which have an exciton
bound to the site, Tr,(7n,) is the bound exciton radiative (nonradiative) recombination
time, Trep(7res) 18 the T3 deep level radiative (nonradiative) time (hole shunt-path capture
time), o, is the hole capture cross section by electron occupied centers, 4, is the thermal
velocity of minority carriers, 7., is the 7} center exciton hole thermalization time and G
is the excitation rate.

This model considers that under steady state conditions the electron-occupied impu-
rity and deep center concentrations are in thermal equilibrium with the majority carrier

concentrations:

71 = fe1 - Nr1, Nfy = feo - Nro (1.19)

where fe; and f.o are the electron occupancy probabilities of Ty and T3 centers re-
spectively. The model also assumes a low-level excitation p <« Npg, N5 > NF, and
that all deep 75 centers are electron-occupied (fez = 1,N%, = Npg) in the considered
temperature range. For these assumptions, the steady-state solution (NZ p = 0) of Egs.
1.17 and 1.18 yield the following relationship for the quantum efficiencies of the excitonic

radiative recombination ng,(7T) and the broad-band emission 7p,(T):

Ny 1
TRz G

NRy =

-1 -1
- (1 + TR““) : [1+ L2 (1 + Ti@) : <1+ Eﬂfﬂ (1.20)
TNz TRbb TNBb Tap

mzz,b=~73—-é=(1+3"3’1>4'[1—{1+ Tep -(1+f§‘£)-(1+f§m—)]-l} (1.21)

TRbb TNbb TRbb TNbb Tap

where
Tep = (Vin  Opa - Ny ) ™! (1.22)
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is defined as the capture time of holes by electron-occupied centers. The temperature
behavior of the radiative recombination intensity of the excitonic and broad-band regions
can therefore be described as a function of the lifetimes 7ry (1), Tep (), Tup(T), TNz TR,
and Ty
Tr:(T"), the bound exciton radiative recombination time defined by Eq. 1.15 without
the thermally activated process term (i.e B, — 0o, 7;;' = 0) can be rewritten as:
Y i(gs/91) - exp(Da/kT)

™ =
) = N T (/T

7ep(T), defined previously as the hole capture time, depends on vy, opy and the

(1.23)

concentration of the electron-occupied radiative centers N¢; (which are in thermal equi-
librium with the majority-carrier concentration ng). The temperature dependence of Ng,
may be extracted from the low-level excitation and non-degenerate occupation probabil-

ity f%; equation given by [27]:

N,
fi1 = Ni1/Npy = {1 +gr- —n—og -exp(—Er /KT)]™! (1.24)

where gr = 1 is the level of degeneracy, Epp is the binding energy of the electron
to the impurity center and Ng is the density of states of the conduction band, with an

electron effective mass m,, given by the well-known equation:

Ne =2- (21 - me - kT/h?)*? (1.25)

Inserting Eq. 1.25 into 1.24 and isolating Ng,, setting vy, = (3 - kT /my)Y/? (my, hole
effective mass) and attributing a certain value to o, (see section 3.5.2) will finally yield
the hole capture time 7.,(T).

Tzp, the time of the excitonic-hole thermalization can be written as [28]:

-1
Top = 2 - exp(Ey/kT) - (apx - Vg, Nv) (1.26)

where 2 is the spin degeneracy factor, Fj the hole binding energy and Ny is the
density of states in the valence band defined similarly as N¢ (Eq. 1.25) save for the
electron effective mass m, is replaced by the hole effective mass my,.

Much like oy, the last three parameters 7wy, Trr, and Tap will be assigned certain
values based on data acquired from previous and current experiments. Details regarding
the application of the kinetic recombination model to the experimental data are discussed

in secticn 3.5.2.
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Figure 1.3: Configuration coordinate diagram depicting an absorption process A—A’, a

radiative transition B’— B and a nonradiative transition via the C point.

1.4.3 Configuration coordinate diagram

The configuration coordinate (CC) model effectively describes, within the adiabatic ap-
proximation, the interactions between electronic and vibronic (lattice vibration) transi-
tions. This model, essentially a simplified version of the multiphonon optical transition
theory derived by Huang and Rhys [29], employs a single configuration coordinate (x)
representing one aspect of the geometrical configuration of the active center with its near-
est lattice atom neighbors. Although this one-dimensional assessment can only lead to
approximate results, the CC model nevertheless provides valuable information on radia-
tive and nonradiative recombination processes in the form of a configuration coordinate
diagram schematically illustrated in Figure 1.3.

The absorption and emission processes in the CC diagram follow the Frank-Condon
principle which states that the time for a transition between two electronic energy levels
is much shorter than the vibrational period of nuclei. The nuclei are therefore regarded
as stationary and the optical transitions in Figure 1.3 are depicted as vertical lines. At

low temperatures, electrons raised from the ground to the excited state via the A — A’
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absorption transition are of higher energy than the minimum configurational position of
the excited state zp. Since the lifetime of the excited state is long compared to the lattice
vibrational period, the electrons first relax to the state minimum by phonon emissions.
Thereafter, the excited electrons may recombine radiatively by the B’ — B transition
and relax to the ground state equilibrium position (z4) once more by emitting phonons.
These relaxation periods producing phonons cause the emitted photons to always be of
lower (higher) energy (wavelength) than the initially absorbed photon, an experimentally
well-known process called Stoke’s law. As the temperature increases, the configurational
position zg of the active center can increase to z¢ where both ground and excited states
intersect at point C. The connection between the two curves now allows excited electrons
to reach the ground state by nonradiative transitions, exclusively emitting phonons. It
should be noted that the absorption process shown by the A — A’ transition must
raise the electron to an energy level below that of the C point, otherwise a nonradiative
transition to the ground state could occur even at low temperatures.

In order to construct the CC diagram, one must represent the potential energy curves
of the ground and excited states, corresponding to U, and U,, by the following mathe-

matical equations

1

Uy, = §kg(x —xa)? (1.27)
1

U, = 5ke(:c —z5)? + Uy (1.28)
k(gne) = Mw(Zg,e) (129)

Where M is the mass of the active center, w, and w, are the vibrational frequency of
the ground and excited states respectively, Uy refers to the energy difference between the
two states and z describes the distance between the luminescent center and its closest
atomic neighbor within the crystal lattice. Four parameters are now required to sketch
the potential energy curves of the CC diagram: %, k., Uy and zp (z4 is taken as the
origin, thus is equal to 0). Phonons and other energy values from the experimental PL
spectra at different temperatures can be extracted to calculate the missing parameters
using a series of formulas in the frame of the semiclassical approximation given in [30].

The CC diagram is not limited to a single pair of curves. Consequently, several lu-
minescent centers may be represented on one diagram. The configuration coordinate x

is linked to the electron-phonon interaction strength. The stronger the electron-phonon
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coupling, the greater the separation between the ground and excited state in x. Lumi-
nescent center with weak electron-phonon interaction such as bound exciton complexes
may therefore be represented in the CC diagram with a zero offset curve relative to the

ground state.

1.5 Photoconductivity effects

Photoconductivity (PC) can be defined as the change in resistance due to the generation
of extra carriers in a material following absorption of light. It is a combination of optical
excitation and transport phenomena. Although generally complex, PC offers a means of
studying many physical properties of the material of interest, which in this case is the
energetic position of the impurity levels in synthetic single crystals. PC is a well-known
and extensively researched process but since it is not the main topic of research in this
work, this section will not dwell on detailed descriptions of the many PC mechanisms
but rather be limited to a brief explanation of the PC process of interest: impurity PC.

Analogous to photoluminescence, there can be two types of photoconductivity, in-
trinsic and extrinsic. Intrinsic PC refers to the study of host lattice related conductivity
effects while extrinsic PC studies the effects due to impurities. Although electrically
neutral, excitons bound to impurities produce peaks in photoconductivity spectra [31].
The change in conductivity due to bound excitons can be achieved through several pro-
cesses. A free carrier can be thermally excited from an exciton-ionized impurity complex,
leaving behind a neutral impurity. A bound exciton may hop off into the free-exciton
state and then dissociate into free carriers. Finally, an exciton can also be annihilated
near a neutral impurity simultaneously exciting an electron to the conduction band, a
process called Auger effect.

Since it is possible to detect bound excitons in materials such as transition metal
dichalcogenides, impurity photoconductivity may be thus used to complement photolu-

minescence measurements.
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Experiment

This chapter will treat the experimental part of this research. First the single crystal and
powder samples will be presented in 2.1. Section 2.2 contains a detailed description of the
two types of experimental setups used throughout this work and a short summary of the
steady-state PL, time-resolved and PL intensity dependence measurements performed
on the samples. A brief review on the PC measurements undertaken will be presented in
section 2.3. The last section of this chapter will deal with the experimental techniques
utilized for the intercalation of different halogen molecules in the natural MoS; single

crystals.

2.1 Samples

Several samples of the layered transition metal dichalcogenides 2H-MoS,, 2H-WS, and
2H-WSe; have been investigated in this work. The research focused mainly on the
synthetic single crystals grown by vapor transport method; however, naturally occurring
MoS, single crystals as well as several commercial MoSs and WS powders were also
examined. A list of all the samples is shown in Table 2.1. Each sample will now be

referred to their appointed names given in the table.

2.1.1 Single crystals

The n-type 2H-WS; and 2H-WSe; crystals were provided by Dr. Kulyuk from the In-
stitute of Applied Physics, Academy of Science in Moldova where lodine and bromine
were used as transport gas during the fabrication of these crystals [32]. The synthetic

n-type 2H-MoS, samples produced with chlorine were supplied by Dr. Francis Lévy at
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Single crystals

Name | Compound | Origin/Batch # Transport gas
Sample 1 | 2H-MoS, Montreal chlorine
Synthetic 565
Sample 2 | 2H-MoS, Lausanne chlorine
Synthetic 200787
Sample 3 | 2H-MoS, Lausanne chlorine
Synthetic 10887
Sample 4 | 2H-MoS; | Gatineau Park N/A
Natural N/A
Sample 5 | 2H-WS, Moldova bromine
Synthetic ER15
Sample 6 | 2H-WS, Moldova iodine
Synthetic ERS
Sample 7 | 2H-WSe, Moldova iodine
Synthetic ER17
Powders
Name | Compound | Manufacturer Purity
Powder 1 | 2H-MoS, Aldrich 99%, size< 2um
Natural #234842
Powder 2 | 2H-MoSs | Riedel-de Haén | 99.5%, size < 2um
Natural #13312
Powder 3 | 2H-MoS; Fluka 95%, size~ 2um
Natural #69860 (max. 40pm)
Powder 4 | 2H-WS, Aldrich 99%, size< 2um
Synthetic #24363 — 9

Table 2.1: List of samples
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the applied physics laboratory, Heole Polytechnique Fédérale in Lausanne, Switzerland
and by Dr. Leonelli from the department of physics at the University of Montréal.

Natural n-type 2H-MoS, single crystals were taken from a molybdenite mine in
Gatineau Park, Québec, Canada. Fortin et. al. [33] demonstrated that the energetic
positions of the intrinsic spectral structures were the same in both synthetic and natural
MoS;. The roughness of the natural MoS, single crystals surfaces is the only physical
difference distinguishing the natural samples from the synthetic ones.

Due to the weak interacting van der Waals forces existing between the layers of the
single crystals, the samples were easily cleaved to obtain smooth and clean surfaces.
Therefore no chemical etching or mechanical polishing was required. The thickness of
each crystals were of the order of a few tens of micrometers with diameters varying from
1 to 3 mm. The MoS; and WS, crystals had respectively bright blueish and greenish

reflective metal looks to them.

2.1.2 Powders

Three different kinds of commercial MoSs powders were purchased. The first MoS; pow-
der was manufactured by Aldrich, the second by Riedel-deHaén and finally the third
by Fluka. All three powders were produced from natural molybdenite and underwent
chemical heat treatments involving chlorine for cleaning and purifying purposes. A WS,
powder was also purchased from Aldrich however this material was synthetic in nature.
Since there exists two stacking polytypes for these materials (Hexagonal (2H) and Rhom-
bohedral (3R)) all four powders underwent powder x-ray diffraction using the facilities
at the University of Ottawa to confirm that they had the same hexagonal structure as
the single crystals.

Thin circular pellets were fabricated from the powders in order to take PL. A simple
but effective apparatus consisting of a piston and a hollow cylinder was used to compress
the powders into the pellets with the aide of a mechanical press. Pressures in the range
of ~ 5 x 10% Pascals were applied to compress the materials into reasonably structurally
stable pellets. Typical thickness of the samples using ~ 0.300 gram of powder ranged
between 0.5 mm and 1.5 mm. Samples with a thickness lower than 0.5 mm were extremely
fragile and could not be used for PC or PL. The MoS; and WS, pellets were quite fragile
and had to be handled with care. While the MoS; powders compressed easily into
pellets, the WS, pellets were harder to make since the powder stuck to the walls of the

compression apparatus.
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Measurements Setup 1(Ottawa) | Setup 2({NRC) Setup 3(Konstanz)
Steady—sﬁate PL Fig. 3.2 sample 5 | Fig. 3.3 sample 1 | Fig. 3.1
(PL spectra or Fig. 3.5 Fig. 34 Fig. 3.2 sample 1,7
Integral PL Fig. 3.8 sample 5 | Fig. 3.7 Fig. 3.3 sample 5
Intensity) Fig. 3.11 Fig. 3.6
Fig. 3.14 sample 5 Fig. 3.8 sample 1,7
Fig. 3.19 Fig. 3.14 sample 1,7
Fig. 3.21
Intensity dependence PL | Fig. 3.16 Fig. 3.17
Fig. 3.18
Fig. 3.20
Time-resolved PL Fig.3.9

Table 2.2: Resulfs obtained from each experimental setups

2.2 PL measurements

Several types of PL measurements such as steady-state PL, intensity dependent PL and
time-resolved PL measurements were performed with various experimental setups from
the University of Ottawa, the University of Konstanz in Germany and from the National
Research Council (NRC) in Ottawa. The following subsections will present detailed
layouts of some of these experimental setups as well as well as describe the three types
of measurements performed on the samples. In order to reduce confusion, Table 2.2 was

constructed to inform which setups were used for every result presented in chapter 3.

2.2.1 Experimental setup 1

The experimental setup located at the University of Ottawa is shown in Figure 2.1
and presents three separate geometries (I), (II) and (III). While (I) and (II) offer two
different sample excitation geometries utilized for steady-state and intensity dependence
PL measurements(see inset), the third geometry (III) is employed for PL time-resolved
measurements.

In all cases several samples were fixed to a copper holder with teflon tape (shown in
Figure 2.2) and then placed in a Janis research model 8CNDT liquid helium cryostat
with optical access through four windows, each consisting of two vacuum spaced fused

quartz plates. The cryostat permitted PL measurements at temperatures as low as 2K.
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| Detector

Cryostat

Brgon Laser

Figure 2.1: PL experimental layout at the University of Ottawa. Three different PL
geometries (LI and IIT) are shown. The inset illustrates the input(laser) and output(PL)
for (I) and (II).
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Figure 2.2: PL copper holder with teflon strips

The cooling system of the Janis cryostat is comprised of a computer-controlled valve
for the pumping port, a manual needle valve to control the flow on liquid helium inside
the sample chamber and a heater placed beneath the sample to regulate the amount of
liquid helium (or gas) within the sample chamber. Specific temperatures are reached
and maintained by varying the settings on all three components just mentioned. Two
calibrated silicon diode sensors provide the temperature readings. One sensor is placed
just above the sample in a copper cylinder while the second is placed at the bottom of the
sample chamber. Superfluid helium temperatures (I =~ 1.8 — 2K) could be attained by
evaporative cooling: pumping the "hot” helium gas from the sample chamber therefore
lowering the temperature even further. At 2K, the samples are completely submerged in
superfluid liquid helium while at higher temperatures the samples are surrounded by a
cold helium gas.

The light output from the sample was picked up by a lens at a distance equal to its
focal length (10 cm). The quantity of light which could be collected by the lens was
limited by the optical window of the cryostat. A second lens with a focal length of 20
cm then focused the light into a 1 meter McPherson Instrument model 2061 spectrome-
ter. The optical arrangement was assembled to match as best as possible the numerical
aperture of the spectrometer thus optimizing the PL signal. The spectrometer used a
holographic diffraction grating of 300 grooves/mm. The grating allowed a sweeping range
of 6.7 eV (185 nm} to 0.5 eV (2480 nm). The spectral resolution of the signal could be

altered by adjusting the spectrometer’s input and cutput slits. At 2 mm, the maximal
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aperture size of the slits, the resolution was approximately 10 meV. A high pass optical
filter (Hoya IR-80) was placed in front of the spectrometer’s entrance to block out stray
light from various reflections on the experimental arrangement. This filter eliminated any
wavelength above (below) 1.59 eV (780 nm) and transmited at over 90% below (above)
1.51 eV (820 nm). The PL signal entering the spectrometer was finally collected by a
detector, sent to the lock-in amplifier or digitizing scope and then transferred to the
computer. Two different detectors were used for the WS, and MoS, samples. An S—1
photomultiplier tube (PMT) operating with a high-voltage source was used to detect
the WS, PL signal while a nitrogen-cooled germanium detector was used for the MoS,
samples since its PL signal was beyond the sensitivity of the PMT.

For the (II) geometry a long wavepass filter (cold mirror) was placed between the
two lenses. The cold mirror reflected the excitation light at normal incidence on the
sample but transmitted the infrared luminescence emanating from the sample to the
spectrometer. It also acted as a shield by filtering out parasitic light produced by the

laser light reflections on the optical windows of the cryostat.

2.2.2 Experimental setup 2

Figure 2.3 represents the experimental arrangement used at the NRC. The samples were
mounted on a copper holder in a similar fashion as for experimental setup 1. The
helium gas bath cryostat permitted measurements at temperatures from 4.2K and up.
The cooling system’s automated temperature control with feedback signal achieved very
stable temperatures up to 180K and did not require constant attention compared to the
manual temperature control of experimental setup 1.

A set of mirrors was first used to redirect the excitation light into a lens, focusing
the beam on the sample at normal incidence. A short wave pass filter was placed before
the lens to eliminate any wavelengths lower (higher) than 1.65 €V (750 nm ) produced
from the excitation source. The output luminescence from the sample was redirected by
another set of mirrors to a detector. Similarly to experimental setup 1, a long wave pass
filter of 1.91 eV (650 nm) (cold mirror) was used to reflect the laser light to the sample
while transmitting the emitted radiation from the sample to the detector. Two more
long wave pass filters were placed at the opening and inside the detector to remove any
stray light with wavelengths higher (lower) than 1.73 eV (715 nm).

A Fourier transform infrared (FTIR) system coupled to a InGaAs model MB-160

solid-state detector with a maximum resolution of 1 meV was used collect the PL of the
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MoS, samples. An FTIR detector is essentially a Michelson interferometer measuring the
intensity of light as a function of time. The computer then applies the Fourier transform
to obtain the intensity as a function of wavelength. The PL spectra becomes progressively
more detailed with increasing time. Being able o observe the full spectral region quasi-
instantaneously permits fast modifications of the setup and computer settings, offering

a serious advantage especially if the luminescence spectral region is unknown.

2.2.3 Steady-state measurements

Steady-state measurements were performed in both (I) and (II) geometries of experimen-
tal setup 1 using a standard lock-in detection technique. The excitation source consisting
of an argon laser in multiline mode (from 488 to 514 nm) was chopped and redirected by
a set of mirrors through a lens, hitting the sample at normal incidence. The luminescence
‘was then collected as described in section 2.2.2. PL steady-state measurements were also
acquired at the University of Konstanz using a lock-in detection technique with a similar
experimental layout as the one in Ottawa. The excitation light was provided by a diode-
pumped cw solid-state laser (532 nm) as opposed to a continuous multiline argon laser.
The Konstanz layout will now be referred to as experimental setup 3. The spectra taken
from both arrangements were corrected for the wavelength-dependent response of the
optical systems. Finally, PL spectra were obtained from the experimental setup 2 where
a frequency-doubled cw diode pumped YAG laser (532 nm) provided the excitation.
Although PL spectra of the synthetic MoS, single crystals were taken at all three
locations, the ones taken from experimental setup 2 were superior in resolution and
therefore were chosen to illustrate the temperature evolution of the compound in Figures
3.4 and 3.7. Nevertheless, the MoS; PL spectra taken with experimental setup 3 were
still used for the integral PL intensity measurements presented in Figures 3.8 and 3.14
since they offered more data points in the regions of interest as opposed to the PL spectra
from the NRC. The synthetic MoS; 2K PL spectrum from Konstanz was also displayed
in Figures 3.1 and 3.2 as the NRC cryostat could not take any PL measurements below
4.2K. The experimental setup 3 was also used to take the PL spectra of the synthetic
WSeq single crystals as well as all three characteristic PL spectra in Figure 3.1.
Experimental setup 1 was used to collect PL spectra of the MoS, and WS, commercial
powders, chlorine-treated and untreated natural MoS, single crystals and most of the PL
spectra on the synthetic W5, single crystals samples. Refer to Table 2.2 for the complete

list of figures taken by all three experimental layouts.
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2.2.4 PL time-resolved measurements

Time-resolved measurements of the WS, single crystal presented in section 3.3 were re-
alized with experimental setup 1 using the (III) geometry and enabled us to study the
kinetics of the radiative recombination processes. The luminescence decay was inves-
tigated under pulsed excitation provided by a frequency doubled Q-switched Nd:YAG
laser (532 nm) with a pulse width of ~ 107% at 10 Hz frequency. The sample was ex-
cited at near-normal incidence by the laser without being first focused by a lens. The
time decay signal of the PL was detected with the S—1 PMT coupled to a Tektronix
2GS digitizing scope. With this oscilloscope we could register the time evolution of the

radiative recombination processes and transferred the data directly to the computer.

2.2.5 PL intensity measurements

Steady-state measurements were performed as a function of excitation intensity with
experimental setups 1 and 2. Neutral density filters were placed in front of the excitation
source to modify the laser intensity (see Figures 2.1 and 2.3). In both arrangements, a
lens focused the laser beam on the samples to a spot size of approximately 800 microns.
The maximum power setting of the laser for setups 1 and 2 were approximately 20
mW and 80 mW respectively. Measurements with experimental setup 1 were carried
out uniquely in superfluid helium (2K) while intensity measurements with experimental

setup 2 were performed at various temperatures between 4.2K and 70K.

2.3 PC measurements

Photoconductive measurements were carried out on the MoSs sample 1 and WS, sample
5 using two different electrode configurations (A and B) shown in Figure 2.4. The

electrodes were formed by evaporating gold and/or indium on the samples.
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Front view Bide view Front view Side view
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indium Layers

Gold Laysr =

Sandwich configuration Side-Side configuration

Figure 2.4: Electrode configurations for the PC measurements.

Figure 2.5 illustrates the PC experimental setup used. The light from an intense
quartz-iodine lamp was passed through a chopper and focused into the spectrometer
using a concave mirror with focal length of 1 m. The wavelength exiting the monochro-
mator was collected and focused on the sample with the same lens configuration as the
experimental setup 1. The PC signal was then measured from the voltage drop across
a load resistor in series with the sample using a lock-in amplifier and finally sent to the

computer were it was plotted as a function wavelength.

Quartzline
Lamp

Mlre

CF

Resistance
Box =10 cm 220 cm

Figure 2.5: PC experimental setup at the University of Ottawa.
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2.4 Intercalation of single crystals and powders

Intercalation of halogen molecules in natural MoS, single crystals was first attempted
shortly after photoluminescence was observed in the synthetic MoS; samples. Iodine,
bromine and chiorine were used during the intercalation experiments. Pieces of sam-
ple 4 were sealed in quartz or thick-walled pyrex tubes with various amounts of iodine,
bromine or chlorine. Three different techniques were devised to seal iodine, bromine and .
chlorine into the tubes. While iodine’s and bromine’s respective solid and liquid phase
at room temperature made the sealing of the tubes relatively simple (the step-by-step
procedure is given in Table 2.4), the gaseous state of chlorine required a more complex
sealing method. A special setup necessary to seal the chlorine gas, illustrated in Figure
2.6, was therefore constructed under a fume hood. The procedure is described in detail
in Table 2.4.

1 | Cleave pieces of sample 4 and thoroughly clean the quartz tube with ethanol

and distilled water.

Insert the samples in the tube.

Create a constriction near the end of the tube.

For iodine: Insert a few grams of iodine crystals in the tube.

For bromine: Place the end of the tube in liquid nitrogen. Add a few drops
of bromine in the tube. (Must be done under a fume hut). The bromine
should freeze, the following steps should always be done with the
tube partly submerge in liquid nitrogen to prevent the bromine

from evaporating.

5 | Establish a vacuum inside the tube of approximately 10~* Torr, then seal the

quartz tube at the constriction.

Table 2.3: Bromine and iodine tube sealing technique.
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Yalve #4
Valve #3
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Tube with
Gonstiction

To vacuum

Sampie

Liquid Nitrogen

Figure 2.6: Setup used to seal chlorine gas into a tube for the intercalation experiment.

From Figure 2.6, Valves (1), (3) and (4) are closed.

Follow the first same three steps as the bromine and iodine process

3 | Open (1) and establish a vacuum of ~ 107 Torr. Insert a neutral gas

(usually nitrogen) into the system through (3). Close (3) and reopen (1)

Repeat step 3 three to four times to thoroughly flush the system.

Close (2) then open (4), then again gently open (2) until vacuum gauge

indicate atmospheric pressure. Close (2) and (4)

6 | Submerge the tip of the tube into liquid nitrogen. The pressure should diminish
as the chlorine gas transforms into a liquid and accumulates at the bottom
of the tube.

When the pressure has stop decreasing, seal the tube.

Open (3) and purge the system with nitrogen gas.

Table 2.4: Chlorine tube sealing technique.
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Figure 2.7: Quartz tube with natural MoS, single crystals and iodine

After the tubes were sealed, they were heated at temperatures ranging from 200
to 800 degrees Celsius in a Lindberg furnace with a temperature control console and
left inside the furnace for time periods as short as 24 hours and as long as 1 month.
Quartz was used for higher temperatures given its higher melting point and capacity to
withstand higher pressures than pyrex. For iodine and bromine, a temperature gradient
was applied just before removing the tube from the furnace. This separated the halogens
from the samples as the halogen gas solidified or liquified at the lower-temperature end
of the tube. Figure 2.7 shows a tube with the MoS, natural crystals on one side, and
the solidified Iodine on the other.
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Results and discussion

The experimental results as well as their analysis will be presented in this final chapter.
While the main focus of this work remains on the MoS, material, several measurements
have also been performed on the WS, and WSe, layered compounds to complement the
research. The results displayed in this chapter were obtained with various experimental
arrangements as discussed in section 2.2.

The first section will introduce the characteristic PL spectra observed in the single
crystals. Section 3.2 will describe the temperature dependence of the PL while section
3.3 will deal with the time-resolved measurements. A detailed explanation on the origin
of the PL will then be presented in section 3.4. The time-decay and kinetic recombi-
nation models introduced in chapter 1 will be applied to the experimental data and a
configuration coordinate diagram will be constructed for the MoS; compound in section
3.5. Section 3.6 will present the PL intensity dependence of the materials. Finally the
last section will present PL measurements on the MoS; and WSy comimercial powders
and describe the technique devised to intercalate halogen molecules into natural MoS,

single crystals.

34



3.1 Characteristic PL spectra of the synthetic and

natural single crystals

Figure 3.1 illustrates the characteristic PL spectra of MoS; sample 1 , WS, sample 5
and WSe, sample 7. Two distinct regions are observed: a high energy excitonic section
consisting of several sharp lines and a broad spectral band. The excitonic parts of
the synthetic MoS, single crystal centered at E., = 1.174 eV and WS, centered at
E., = 1.325 eV are located approximately 0.1 eV below their respective indirect band
gaps (E") of 1.29 eV [34] and 1.45 eV [35]. Their broad spectral band, with half-widths
Ay ~ 0.1 —0.12 eV, are centered at Ep, = 0.95 eV and 0.97 eV. As for the WSe, sample
7, its excitonic region (B, = 1.176 V) lies roughly 0.08 eV beneath £ = 1.26 eV (36
and its broad-brand emission region is centered at 0.83 eV.

The spectral structures of the excitonic regions of samples 1, 5 and 7, depicted in
greater details in Figure 3.2, are usually composed of zero-phonon lines (ZPL) followed
by phonon replicas (PR). At 2K, a single ZPL labelled 'A’ is present for all three samples.
A thorough interpretation of the ZPLs and PR of each samples, based on the temperature
evolution of their PL spectra is presented in Tables 3.1 and 3.2 (phonons of an additional
WS, synthetic sample, sample 6 is also described). Most of the phonon energies from
the MoS;, WS, and WSe, single crystals differ from those reported for TO and LO
lattice phonons as well as from other phonon active modes measured by IR and Raman
spectroscopy [37, 38, 39, 40]. These phonons can be interpreted as local modes induced
by the impurity centers which provide exciton related luminescence.

The broad-band regions of sample 1 and 5 are also enhanced in Figure 3.3 and reveal
some structures at low temperature. The peaks identified in the figure for each sample
appear at constant intervals and have been attributed to phonon replicas of a single
dominant energy phonon mode (FPy). Both modes are given in Tables 3.1 and 3.2. The
two spectra were taken using two different experimental setups (see Table 2.2) with
different resolutions which explains the choppy’ structure of sample 5. Since the PL
measurements were not performed under vacuum, some atmospheric absorption lines are
also observed on the lower end of the broad-band emissions of both samples. Due to
insufficient data, the broad-band of sample 7 could not be properly analyzed.

The two radiative regions were also observed in the other synthetic single crystals
grown by vapor transport with a halogen gas agent (samples 2,3 and 6). The peaks in the

excitonic regions of MoS; sample 2 and 3, which were grown with chlorine, corresponded
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Figure 3.1: The characteristic spectra of sample 1, 5 and 7 at temperatures 2K, 6K and
20K respectively are presented. Two distinct radiative emission regions are observed for

each samples: the excitonic and broad-band sections.
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Figure 3.2: At 2K, excitonic regions for samples 1, 5 and 7 are comprised of a single
zero-phonon line (ZPL) 'A’ and several phonon replicas. Refer to Tables 3.1 and 3.2 for

analysis.
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Figure 3.3: The 4.2K and 6K broad-band spectra of samples 1 and 5 respectively are
illustrated. The dominant single phonon energy mode (Py,) for both broad-bands were
calculated by subtracting two consecutive peaks. The two PL spectra were taken with

different PL setups and therefore at different resolutions.
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exactly to the ones in sample 1 while the peaks from WS, sample 6, grown by iodine as
opposed to bromine, were much broader than the ones from sample 5 and slightly shifted
in position. The broad-band region was alsc observed in all three synthetic samples.
The PL spectrum of the natural MoSs single crystals did not reveal any excitonic region.
Throughout the whole temperature range only the IR broad-band emission with the same
spectral shape as that of the synthetic crystals was detected. The radiative properties
in both synthetic and natural single crystals are temperature-dependent; the excitonic
and broad-band PL spectral structures evolve as the temperature increases and become
subject to a thermal quenching at high enough temperatures. A more detailed analysis

on the temperature dependence of the PL will be presented in the following section.
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MoS; sample 1 WSey sample 7

Zero-phonon lines (eV)

A(1)=1.1753 A(7)=1.1764

B(1)=1.1772 B(7)=1.1780

C(1)=1.1874 C(7)=1.1834
Phonon replicas (P) (*) from ref. [37])

Notaticn  Shift(meV) Analysis Notation  Shift(meV) Analysis
Py 14.2 local Py 13.6 local
Pa 23.8 local P, 16.5 local
Ps 27.6 local Ps 234 local
Py 32.0 local P4 30.2 P1+P,
P; 40.6 Ay (M )™ Ps 37.8 2P,
Pg 46.2 Pi+P4 Ps 39.9 Py+Py
Py 50.7 Ay (T )™ Py 46.8 2P,
Pg 55.2 2P; Pg 53.6 P1+Po+Py
Py 59.6 Ps+Py Py 60.2 2P1+2P,
P 64.0 2P Pio 68.0 Ps+Ps
Pi 72.6 Py+A,(Miy)

P12 79.0 2P3+P,
Broad-band Phonon replica (meV)
Pp =191 N/A

Table 3.1: Peak assignments for MoS; and WSe,; samples
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WS, sample 5 WS, sample 6

Zero-phonon lines {eV)

A(5)=1.324 A(6)=1.326
B(5)=1.327 B(6)=1.329
C(5)=1.337 C(6)=1.339

Phonon replicas (P) (¢ from ref. [37])
Notation — Shift(meV)  Analysis Notation  Shift(meV) Analysis

P 19.5 focal P 11.4 local
Py 30.7 local P, 18.7 local
Ps 41.6 local Ps 30.3 local
Py 50.2 P1+P; Py 41.7 P,+P;
Ps 55.6 local P; 55.6 Pi+Ej, ®
Pg 61.1 P1+Ps Pg 60.6 2P
P; 72.3 Py+P3
Broad-band Phonon replica (meV)
Py =210 N/A

Table 3.2: Peak assignments for WS, samples
3.2 PL temperature dependencies

3.2.1 Temperature evolution of the PL spectra

The temperature evolution of the excitonic PL from MoS; sample 1 is presented in Figure
3.4. The zero-phonon line and phonon replica sections have been separated to facilitate
the analysis. There are at least three ZPLs contributing to the excitonic emission inten-
sity. The first line, A (E4 = 1.1753 €V) can only be clearly seen at the lowest temperature
of 2K (see Figure 3.2). Already at 7" = 4.2K the A line is not completely resolved and can
only be perceived as a shoulder of the second zero-phonon line B (Ep = 1.1772 eV). At
higher temperatures, the last ZPL C (E¢ = 1.1873 V) appears and becomes dominant
at T' > BOK. Increasing the temperature leads to the redistribution of the PL intensity
starting from line A to line B, then from B to C. The phonon energy modes inscribed in
Table 3.1 were carefully deduced from the temperature behavior of the phonon replica

peaks. An energy mode was found when a phonon triplet (the A, B and C ZPLs replicas)
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Figure 3.4: Temperature dependence of the excitonic region of the MoS; sample 1 taken
at the NRC. The zero-phonon lines and phonon replicas are divided into two sections.

The ZPLs and many of the PRs are labelled in Table 3.1
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could be observed. While the main local phonon energy modes were easy to point out,
the several secondary modes arising from interactions between local modes and even lat-
tice active modes were much harder to distinguish due to the phonon peaks overlapping
with each other. It was therefore not possible to label all of the peaks illustrated in the
PL spectra.

Taking & closer look at the ZPL section in Figure 3.4, one may observe several sub-
structures between the B and C lines as well as within their extremities. A comparative
study between MoS, sample 1, 2 and 3 (not shown) revealed that these sharp lines exist
in all three synthetic crystals and are designated as weaker ZPLs.

Figures 3.5 and 3.6 illustrate the excitonic temperature evolution of the WS, synthetic
crystals (samples 5 and 6) and WSe, crytals (sample 7) respectively . As previously
mentioned, sample 5 was grown using bromine as the transport agent while sample 6
used iodine. Their excitonic radiative transitions occur in the same near-infrared region
and have similar spectral structure and temperature behavior. However because of the
relatively large width of the spectral components, the A and B ZPLs as well as their
phonon replicas are not resolved in sample 6. The excitonic peak assignments for both
samples are given in Table 3.2.

Apart from differences in peak positions and line intensities, all synthetic single crys-
tals studied have essentially the same excitonic PL spectral structure and temperature
evolution. All samples have three major zero-phonon lines (A,B and C) as well as phonon
replicas created by the local vibronic modes of the radiative centers. The PL intensity
redistribution is also played out in the same manner for all samples as well: A to B and
then B to C. Finally, a similar abrupt thermal quenching of the PL intensity at higher
temperatures also occurs in all three samples.

Turning now to the second radiative region, Figure 3.7 depicts the temperature evo-
lution of the broad-band emission of sample 1. From the 2K to 70K temperature range,
the spectral structure of the broad-band remains relatively constant with the exception
of the gradually vanishing phonon replica peaks as the temperature increases. A similar
temperature behavior was also observed for the broad-band region of sample 4 as well as
for the WS, sample 5 and is expected to occur for all broad-band regions of the synthetic
and natural single crystals. Beyond T= 90K, a thermal quenching process, similar to

one observed for the excitonic region, also occurs.
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Figure 3.5: Temperature evolution of the excitonic regions of W3, sample 5 and 6. Please

refer to Table 3.2 for analysis.
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Figure 3.7: The temperature evolution of the broad-band PL spectrum of MoS; sample
1. and its integral PL intensity. The activation energy of the thermal quenching process

is calculated with Eq. 1.12.
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3.2.2 Thermal quenching process

At higher temperatures, the radiative emissions from the excitonic and broad-band re-
gions are subjected to a thermal quenching process which has been implicitly observed
in the temperature evolution PL spectra of section 3.2.1. Plotting the ZPL integral PL
intensity I.(7") and broad-band integral PL intensity I;;(T") as a function of temperature
in Figure 3.8 provides a more accurate picture of the thermally activated processes occur-
ring in both regions. While the excitonic quenching takes place in the same temperature
range for all three samples, the broad-band quenching occurs at a much higher temper-
ature. This difference suggests two distinct thermal processes. A slight augmentation of
the Iyy(T") (encircled in Figure 3.8) is observed just before the thermal quenching occurs
and will be discussed in greater details in section 3.5. Notwithstanding the increase in
excitonic integral PL intensity at low temperatures in samples 1, 5 and 7 (which will also
be dealt with in section 3.5), the temperature behavior of I..(7") and Iy(T) in Figure
3.8 can be adequately described by the Mott-Seitz formula, Eq. 1.12. Table 3.3 provides
the activation energy values Eq; and Eyy, of the thermal quenching mechanisms as well

as the constants Coy gob = TRy, meb/ TNz, Ne Used to fit Eq. 1.12 to the experimental points.

Parameters | MoS; sample 1 WS, sample 5 WSey sample 7
Fgs 0.116 0.125 0.084
Eu 0.17 - —
Coz ~ 1E9 ~ 1F10 ~ 1E8
Coso ~ 1E8 - -

Table 3.3: Parameters of Eq. 1.12 for different samples.
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Figure 3.8: The temperature dependence of the total ZPL integral PL intensity (1.,(T))
of samples 1, 5, and 7 is presented. The broad-band integral PL intensity ([(7T)) is

also shown for sample 1. The activation energies of the thermal quenching processes is

calculated for each sample by fitting Eq. 1.12 to the experimental data. The circled ares

displays a small increase in the 15 (7") which will be explained in greater detail in section

3.5.
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Figure 3.9: Temperature dependence of the ZPL PL time-decay for WS, sample 5. The
theoretical fit of the experimental data points is given by Eq. 1.15 from section 1.4.1.

3.3 Time-resolved measurements

The temperature evolution of the excitonic ZPLs PL decay time for the WS, sample
5 was also studied. The temporal decay was observed to be exponential throughout
the temperature range of 2K-70K. As seen in Figure 3.9, the time decay increases quite
rapidly at low temperatures before reaching its maximal value of ~ 20us at T=7K. The
radiative life-time then gradually decreases to about 6us before a fast quenching process
occurs, possibly caused by the same thermal quenching observed in the steady state PL
spectrum (see Figure 3.8). The experimental temperature dependence of the time decay
was described by Eq. 1.15 taken from the multi-level system model in section 1.4.1 and
will be discussed in section 3.5. The radiative life-times for the excitonic PL were not
measured for the WSe, crystals nor for the synthetic MoSs samples, which in that case
could not be experimentally determined because of the slow response (~ 30msec ) of the

cooled Ge detector.
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3.4 Origins of the PL emissions and their thermal

quenching

3.4.1 Excitonic PL

The spectral distribution and temperature dependence of the sharp spectral lines in the
synthetic MoS;, WSy and WSe, single crystals are very similar in behavior to the ex-
citonic multiplets caused by the electron-hole j-j coupling well-known for silicon, some
[1I-V materials and II-VI semiconductors with isoelectronic impurities [22, 41, 42]. How-
ever in contrast to isoelectronically doped GaP or Si, where in the absence of external
perturbations [43, 44, 45, 46] the j-j coupling are manifested as a so-called A— B spectral
doublet, the excitonic spectra of the layered transition metal dichalcogenide MoS,, WS,
and WSe; involve three major zero-phonon lines (A,B and C). The luminescent properties
of these crystals can thus be attributed to the radiative recombination of excitons bound
to neutral centers, which exhibit in 2H-TX, layered compounds the same properties as
the isoelectronic traps in GaP and Si, resulting in efficient luminescence in indirect band
gap semiconductors.

The impurity centers in the transition metal dichalcogenides which will now be identi-
fied as T} were assumed to originate from the diatomic halogen molecules (Cl; for MoSs,
I, or Bry for WS, and WSe;) unambiguously positioned within the van der Waals gap.
Because of their large electronic affinity, the neutral halogen molecules arranged between
the X — T — X sheets can exhibit properties of electron-attractive centers [47], creating
a short-range potential similar to that of the isoelectronic traps in GaP. Although sev-
eral papers observed traces of halogen in the crystals grown by vapor transport method
[48, 49, 50], none indicated where the halogens were positioned inside the lattice. There-
fore an in depth analysis of the common lattice structure shared by the MoS;, WS, and
WSe, crystals illustrated in Figure 3.10 (A) was first performed to study the feasibility of
the halogen molecules intercalating within the layers of the crystals. Geometrical calcula-
tions using the well-known lattice parameters [1, 51, 52] shown in Table 3.4 have revealed
a very good match between the halogen molecules and the interstitial space of two adja-
cent triangular pyramids (quasi-tetrahedral), formed by sulfur or selenium atoms, found
in the host crystalline lattice’s van der Waals gap. Figure 3.10 (B) illustrates a sphere
of radius 1.y that can be fitted in the triangular pyramid for the MoS;, WS, and WSe;
single crystals. It can be seen from Table 3.4 that the r.y; values are very close to the

halogen atomic radii of chlorine, bromine and iodine and that the distances between the
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Tand X rg = 1.02 7o = 1.16 A

covalent radiil o = 1.45 rw = 1.46
halogen rop = 0.99 rpr = 1.14 rr=1.33
covalent radiit
lattice parameters® MoS, WS, WSe,
a 3.160 3.153 3.286
c 12.294 12.323 12.965
o' 3.47 3.53 3.67
calculated values
Teal 1.020 1.034 1.124
t-t 2.145 2.128 2.220

! from ref. [52]
2 from ref. [1, 51]

Table 3.4: Lattice Parameters and atomic radii

centers of the pyramids with a common lateral side (¢t — ¢) are also well-matched for the
diameters of the halogen molecules. Consequently, as depicted in Figure 3.10 (C), it is
possible that an effective intercalation of the gaseous transport agent into the layered
crystal during growth process can occur.

It should be noted that in some cases, where the halogen atomic radii are larger than
Tq, the intercalation induces small distortions in the host lattice and therefore modifies
the radiative properties. Figure 3.5 illustrates spectral lines almost 10 times larger in
sample 6 than those of sample 5. Such a difference is a direct consequence of the greater
distortion upon the WS, host lattice induced by the larger intercalated iodine molecules
in sample 6 as opposed to the smaller bromine molecules in sample 5. WSey sample 7
was also grown with iodine, however since the interlayer distance of the WSe, lattice is
greater than W3,, the distortion produced was not as great and therefore no broadening
of the spectral lines occurred.

Finally, the absence of the excitonic luminescence in the natural MoSs samples and in
WSe, synthetic single crystals grown without halogen transport agent [19] confirmed the

assumption that the radiative excitonic PL was indeed due to the halogens molecules.
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Figure 3.10: (A) displays a front and diagonal view of the TXy (T=Mo,W;X=8 Se)
transition metal dichalcogenide hexagonal crystal lattice structure where ¢/2 is the T-T
distance in the unit cell. (B) illustrates the largest imaginary sphere with radius rey
which can be incorporated in a triangular pyramid in the van der Waals gap where a is
the X-X distance in the plane perpendicular to ¢, o is the least interlayer X-X distance
and t-t is the calculated distance between the centers of two adjacent triangular pyramids.
(C) presents the same two views of the lattice structure from A) with the intercalated

halogen molecules.
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Figure 3.11: PC and PL spectra for samples 1 and 5.

Photoconductivity measurements on the synthetic and natural MoS, (sample 1 and
sample 4) and the WS, crystal (sample 5) also confirmed the assumption that the halogen
molecules were positioned between the layers of the crystals. Although both electrode
configurations (see section 2.3) permitted the observation of the well-known intrinsic free
exciton transitions [1, 53] in all three crystals, the sandwich configuration was the only
one which revealed sharp structures in the infrared region and that, only in the MoS, and
WS, synthetic samples. The good agreement between the PC peaks from both synthetic
samples and the ones observed in the PL spectra shown in Figure 3.11 confirms the PC
and PL structures originate from the same halogen impurity complexes. The observation
of the bound excitons exclusively in the sandwich electrode configuration for the synthetic
samples indicates an extrinsic origin of the near infrared structures located within the

layers of the material.
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3.4.2 Broad-band PL

The spectral shape and temperature behavior of the broad-band observed in the MoS,,
WS, and WSe, single crystal samples suggest that this emission occurs as a result of
radiative transitions between a deep donor center (now referred as T5) associated with
an intrinsic defect of the crystal lattice and the valence band in the conditions of a
strong electron-phonon coupling [45, 54, 55]. As mentioned in section 3.1, the several
peaks observed in that spectral region at low temperature for the MoS; and WS, samples
can be attributed to the phonon replicas of a single zero-phonon radiative transition. The
broad-band electronic zero-phonon line energetic position 1.039 eV and 1.050 eV for MoS,
and WS, respectively can be obtained by adding the energy of the local vibronic mode
to the first peak observed in Figure 3.3 for each sample. As discussed in section 1.3.4,
as the electron-phonon coupling increases the zero-phonon radiative emission decreases.
Therefore due to the strong coupling, the ZPL of the broad-bands cannot be observed in
the PL spectra.

3.4.3 Thermal quenching processes

It is necessary to identify the origins of the fast thermal PL quenching processes seen in
Figure 3.8, to which the radiative emissions are subjected. As mentioned in section 3.2.2,
the different activation energies of the thermal processes for the excitonic and broad-band
regions suggest two separate quenching mechanisms. Taking the difference between the
indirect gap energy and the energetic position of the excitonic region (E;”d — E,) for
samples 1, 5 and 7, we obtain values very similar to the excitonic activation energies
found in Table 3.3. This equality suggests that the abrupt excitonic quenching is caused
by the thermal depopulation of the electron-attractive impurity centers T; rather than by
a nonradiative multiphonon recombination process, which is the case for the deep center
T, [55]. The thermal depopulation of the centers observed in steady-state PL spectra
stems essentially from the same single thermally activated process described by Eq. 1.15

for the time-decay model.

3.5 Models and diagrams

This section will apply the models introduced in chapter 1 to the experimental data. The
first part will consist in applying the multi-level system model from section 1.4.1 to the

temperature evolution of the excitonic PL time decay for the WSy sample 5. Next, the
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integral PL intensity measurements of samples 1, 5 and 7 as a function of temperature
will be described by the kinetic recombination model from section 1.4.2. Finally, a
configuration coordinate diagram, presented in section 1.4.3, will be constructed for the

MoS, synthetic single crystals using the data acquired from steady state measurements.

3.5.1 Time-decay model

Before applying the time-decay model, a qualitative analysis of the decay time tempera-
ture evolution from section 3.3 will first be given in terms of the PL spectra temperature
evolution. As seen in section 3.2.1, the ZPLs PL intensity is redistributed to higher en-
ergetic lines as the temperature increases (A to B then B to C). This behavior indicates
that the transition probabilities of the upper excitonic states are higher than the lower
ones (i.e. their respective radiative life-times are shorter). As a result, the PL intensity
contribution of the higher energy lines increases with their thermal population. Return-
ing to time-resolved measurements, one should expect to see in Figure 3.9 a continuously
decreasing time-decay value with rising temperature. However this is not the case as
the time-decay value actually increases between 2K and 7K. This escalating decay time
occurs while the PL spectra exhibit only the lower energy A-line suggesting the existence
of an additional excitonic state (A’) with a much longer radiative life-time between the
A and B lines. Due to its long radiative life-time, A’, while already populated at very
low temperatui"es, does not contribute to the steady-state spectrum. Therefore, A’ can
only be detected in the time-resolved temperature evolution measurements.

Taking into account the new long life-time A’ excitonic state, a four level time-decay
model may now be constructed (see figure 3.12) and applied to the experimental data.
The best fit of Eq. 1.15, obtained with: 74 = 10us, 74 > lms, 78 = 2.5us, 70 = 0.5us,
Apg=03meV,E, =0.1eV, g4 =gc =1 and gy =gp = 2, is illustrated in Figure 3.9.
The energy values of Ayp = 3.0 meV, Aye = 13 meV were taken from the steady-state
spectra. It should be noted that the shape of the calculated time-decay temperature
dependence was not seriously affected by the A’ level life-time for values greater than
1ms. The energy E, of the thermally activated process was taken to be approximately
the same as for the steady-state PL thermal quenching. As for the preexponential factor
75}, it was appointed equal to the frequency of the most prominent local vibronic mode
P2(5): 75t~ 1 x 101371

As previously stated, time-resolved measurements were not performed on MoS; sam-

ple 1 and WSey sample 7. Although there is no way to know of the possible existence of
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Figure 3.12: Four level model describing the temperature evolution of the decay time of

WS, sample 5.
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nonradiative levels (long life-time) such as A’ in sample 5 without taking experimental
time-resolved measurements, some useful information on the decay times of the radiative
levels may yet be extracted from the steady-state PL spectra taken at different temper-
atures. As stated in [56], without direct measurements, the ratio of the life-times of the

A.B and C lines may be derived using integral PL intensity ratios given by:

Ii/1; = Ni7;/Njmi (3.1)

where [, ; is the line intensity of the i-th or j-th states, ij is the exciton concentration
and 7;; is the lifetime. Inserting Eq. 1.14 into 3.1 and assuming thermal equilibrium,

the integral PL intensity ratios of line A,B and C can be represented by:

IB/IAZQBA'(TA/TB)-el'p(ABA/kT) (32)

Ic/Ig = gop - (t8/7¢) - exp(Acn/kT) (3.3)

where gga = gp/ga and gop = gco/gp. From steady-state PL spectra, the integral
PL intensities of the lines as well as the energy values Ags and Agp were measured.
Fitting Egs. 3.2 and 3.3 to the experimental integral PL intensity ratios as a function of
temperature yielded gpa - (74/78) = 250 and gop - (78/7¢) = 8 for sample 1. Although
the life-times may not be measured directly since gga and gop are unknown, it is clear
from the ratios that 74 > 73 > 7¢. The same procedure was applied to sample 7 and
generated values of gga - (74/75) = 15 and gop - (7/7¢) = 6. Egs. 3.2 and 3.3 were also
fitted in the same manner to the experimental integral PL intensity ratios of sample 5.
The values found were in very good agreement with the assigned time decay and level

degeneracy values previously mentioned, confirming the validity of the technique.

3.5.2 Kinetic recombination model

The temperature evolution of the excitonic and broad-band integral intensity measure-
ments from section 3.2.2 will now be described by the kinetic recombination model pre-
viously formulated in section 1.4.2. According to the model, the radiative emission is
played out through two distinct channels. The first channel, created by the electron-
attractive halogen molecule centers 73, permits bound exciton radiative recombination
via a certain number of levels (in this case A,B and C). The second channel, originating

from the lattice defect-induced deep centers T5, also allows radiative recombination and
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acts as a shunt path, competing with the 73 channel.

Parameter Calculation

The radiative recombination intensity of both channels as a function of temperature,
given by Egs. 1.20 and 1.21, is dependent on the life-times 7r, (T"), Tep(T), Tap (1), TNz TREGs
and Tps-

The life-times (and their parameters) needed to construct the theoretical curves of
the kinetic recombination model will now be obtained for MoS, sample 1, WS, sample
5 and WSey sample 7. It should be noted that not all experimental measurements
were performed on each crystal therefore, due to the strong similarities between the
samples, some of the unknown parameter values were determined based on experimentally
measured values of other samples.

Tr:(T'), the radiative lifetime temperature dependence may be expressed with Eq.
1.23 instead of Eq. 1.15 since the thermally activated mechanisms are already taken
into account in the kinetic recombination model. Seeing as all three samples have three
radiative levels (A,B and C), Eq. 1.23 may be rewritten in the more explicit form of a

3-level system

alT) = Ta- (1 +gpa-exp(—Apa/kT) + goa - exp(—Aca/kT)) (3.4)
R 14 gga - (ta/7) - exp(—=Apa/kT) + goa - (ta/7c) - exp(—=Aca/kT)

74+ (14 gpa - exp(—Apa/kT))(1 + gop - exp(—Acp/ET))
(L+gpa- (ta/78) - exp(—Apa/kT))(1 + gcr - (18/70) - exp(—LAcp/ET))

(3.5)

This equation is valid for all three samples. The contribution of the radiative re-
combination intensity is assumed to come solely from the radiative excitonic levels (A,B
and C). Therefore all nonradiative levels, such as the A’ level of sample 5, have been
neglected. Most of the parameters of Eq. 3.5 for samples 1, 5 and 7 were calculated in
section 3.5.1. While 74,75 and 7o as well as the degeneracy values ggs and gop were
directly calculated for sample 5, life-times ratios gga - (74/78) and gop - (78/7c) were
used as an alternative for samples 1 and 7. Identical gg4 and gcp values from sample 5

were given to sample 1 and 7. The 74 values for sample 1 and 7 were evaluated under
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the assumption that the radiative life-time of the B-line transition for both crystals was
of the same order of magnitude as in sample 5.

Tep(T) and 7.,(T'), given by Eqs. 1.22 and 1.26 respectively, were calculated using
BEgs. 1.24 and 1.25. The values of Ng, Ny and vy, were evaluated assuming m, =
my = my (mg being the free electron mass) for all three samples [57, 58, 59]. o, was
estimated using similar values for isoelectronic centers in GaP [26, 28, 60, 61]. Np
was adjusted taking into consideration that the concentration of halogen molecules was
relatively low. Hall measurements were performed on sample 5 [62], revealing that the
majority carrier concentration ng, essentially constant for 7' < 150K, is approximately
10 ~ 10''e¢m™3. ny for sample 1 and 7 were not measured but they were given similar
values considering the ng of sample 5 and other carrier concentration measurements [1, 2,
3]. The evaluation of the electron(hole) binding energy Er;(Ey,) was based on the analysis
of the PL exponential thermal decay as follows. Assuming that the excitonic PL thermal
quenching is caused by the thermal depopulation of the electron-attractive impurity
centers Ty, the activation energy of the quenching process E,, should be approximately
equal to the electron binding energy of the center Ep;. The small energy difference
between the two values should be equal to the hole binding energy FE}, considering that
Er + B = E_f]"d — B, = Ei . In fact, inserting the following values: Epr & E,
ng, Nc and gr = 1 into Eq. 1.24 will yield a temperature evolution of the occupation
probability similar to the integral PL thermal quenching occurring in all three samples.
For T' < 50K the occupation probability is equal to one, then as the temperature rises
between 50K and 100K, the Fermi-level passes through the T3 level and ff; decreases
by many orders of magnitude. The similar temperature evolution of the integral PL and
the occupation probability confirms what was previously assumed: the thermalization
of the electron-attractive centers leads to the dissociation of the bound excitons and
to the quenching of the excitonic PL. This similar temperature behavior also helped in

determining the values of Epr; and Ej, for all three samples.
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Figure 3.13: Zone diagram describing the kinetics of the excitonic (73) and broad-band

(T3) radiative channels.

Trep a0d T, Were determined with the Trpy,/7ney ratio given in Table 3.3 and with the

following relation, derived from £ = hf in the case of a strong electron-phonon coupling:

e & R/ Py, (3.6)

where Py, is the energy of the main phonon mode and A is Planck’s constant. gy, and
TN were evaluated for samples 1 and 5 however similar values had to be estimated for
sample 7 since Pb(g ) could not be determined experimentally. Finally 7y, was adjusted
in to obtain the best fit with the experimental data. The kinetics of the the two-channel
model is represented by the zone diagram in Figure 3.13. All the parameter values are

displayed in Table 3.5.
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MoS, sample 1

WS, sample §

WSey sample 7

Trs (Eq. 3.3)
TAB,C section 3.5.1 section 3.5.1 section 3.5.1
ga,c 1 1 1
. y 2 9
Tep (Eq. 1.22)
Vth
mp? — — -
Opo 1% 10776 1% 107% 1 x 10717
1
Npy 1x 101 1 x 10% 1 x 10%°
gr 1 1 1
ng 1 x 1010 1 x 101 1 x 1043
Ern .090 .099 .058
N¢
m,! - — -
7zp (Eq. 1.26)
Ey 026 .026 026
Opz 1x 10716 1x 1077 1x 10717
my! — - -
Ny

myt -~ - -
TNg 1% 1075 1% 104 1x 1078
TR ~1x10-8 ~1x10°8 ~1x10%
TNbS ~3x107H ~3x 1071 ~3x 1071

! From ref. [57, 58, 59], m. = my, = my (my is the free electron mass)

Table 3.5: Equation 1.20 and 1.21 Parameters
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Discussion of the Model

Figure 3.14 presents the theoretical curves from Eqs. 1.20 and 1.21 as well as the the ex-
perimental data points of the excitonic and broad-band total integral PL intensity (Z.,(T")
and Iy, (7T")) for samples 1, 5 and 7. The figure also illustrates the integral PL intensity of
each individual excitonic lines A B and C. The kinetic recombination model is in good
agreement with the experimental measurements(All three fits have low chi square val-
ues) and, in contrast to the Mott-Seitz formula (Eq. 1.12) from section 3.2.2, accurately
describes the temperature behavior of the integral PL intensity for low temperatures.

The abrupt increase of I..(T") at 2 <T< 7K for sample 1 is caused by the long radiative
decay life-time of the A-line compared to the B-line (measured as a ratio in section
3.5.1). This condition is very similar to the allowed and dipole-forbidden transitions of
the excitonic doublet caused by the electron-hole j-j coupling described previously in
section 3.4. At the lowest temperature the PL spectrum is dominated by the A-line and
thus 7g, is determined by the long life-time 74. As the temperature rises, the thermal
population of the short life-time B state leading to the appearance of the B-line and the
reduction of the A-line in the PL spectra (the A-line disappears extremely rapidly and
could not be measured accurately above 4.2K) dramatically increases simultaneously the
radiative recombination efficiency and the I.,(T") observed in the 2K to 20K range (as
seen in Figure 3.14, the influence of the C state in this temperature range in negligible).
Further temperature increases lead to the population of the upper C state (with the
shortest radiative life-time) leading to a relatively constant total radiative recombination
efficiency between 20K and 55K before the thermal quenching process occurs.

Samples 5 and 7 also have similar temperature behaviors as sample 1. An increase of
the I.,(7") at low temperature is once again observed in both samples however, due to the
smaller life-time ratio between the A and B states as opposed to sample 1, the increase
is smaller in sample 7 and smaller still in sample 5 (once again the C state contribution
to the PL intensity in that temperature range is negligible for both samples). Increasing
once again the temperature will thermally populate the short life-time C state which
will contribute to the I..(7") much like in sample 1. The intensity redistribution from
the A-line to the B-line as the temperature increases can be cbserved quite clearly in
Figure 3.14 for sample 5 and 7 as opposed to sample 1. An increase of the integral PL
intensity of both A and B levels for 7" > 10K is observed uniquely in sample 7. This
increase can be attributed to the simultaneous thermal population of the A and B states

due to the very small energy separation between them. Sample 5, having a higher energy
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Figure 3.14: Fit of Egs. 1.20 and 1.21 to the total integral PL intensities for samples 1, 5
and 7. The integral PL intensity for each individual lines (A,B and C) are also depicted.
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difference between lines A and B, did not show such an increase. The A-B integral
PL intensity redistribution can also be observed in sample 1 at very low temperatures;
however because of the enormous difference between the two radiative recombination
rates, the redistribution effect is quite small.

The experimental broad-band I, (7} temperature evolution is also well described by
the recombination model. The intensity of the broad-band emission does not depend on
the excitonic recombination efficiency; the quenching of the band takes place only when
the sharp lines have totally vanished. This indicates that the recombination rate via
the broad-band channel is much higher than that via the excitonic one. Therefore, as
stated previously, the radiative recombination caused by the deep level can be treated as
a shunt channel for the excitonic PL intensity. A slight increase of the Iy, (T), previously
mentioned in section 3.2.2 and now illustrated more accurately in Figure 3.14, is observed
between the excitonic and broad-band thermal quenching temperatures. This increase
is due to the extra carriers from the thermalized 7} centers now recombining radiatively
through the deep centers T5.

Although the recombination model describes very well the temperature evolution of
the excitonic and broad-band integral PL intensities of the samples at low temperatures,
it does not take into account donor acceptor pair contributions at higher temperatures
and ultimately fails beyond T' ~ 100K. Other small inconsistencies arising between the
model and the experimental results originate mostly from taking experimentally mea-

sured parameter values from a particular sample and assigning them to other samples.

3.5.3 Configuration Coordinate Diagram

Figure 3.15 illustrates a configuration coordinate diagram for the MoS; sample 1. Al-
though the kinetic recombination model shown in Figure 3.13 accurately illustrates the
kinetics of the radiative and nonradiative processes of the 77 and T channels, the CCD
introduced in section 1.4.3 was constructed in order to more effectively describe the inter-
actions between the electronic and vibronic transitions of the deep center T5. The energy
values Epy, Egn, Do, E;”d in addition to the MoS; Eypo [40] and Py, phonen energies,
assumed to correspond to the vibrational quanta of the carrier in the free (ground) and
trapped (excited) states, were used to calculate the potential energy curves of the deep
center 75 and of the indirect band gap, described by Eqgs. 1.27 and 1.28 respectively, in
the frame of the semiclassical approximation [30].

The potential energy curve for the halogen molecule trap 77 was also calculated. As
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Figure 3.15: Configuration coordinate diagram of MoS; sample 1.
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mentioned in section 3.4.3, the thermal quenching of the excitonic luminescence is not
caused by a nonradiative multiphonon recombination process but rather by the thermal-
ization of the the impurity center T1. The curve therefore disappears beyond + |/ F,;/2
and does not cross any other potential energy curves. Furthermore, considering the weak-
ness of the electron-phonon coupling inherent in isoelectronic centers as opposed to deep
centers (typical value of the Huang-Rhys factor § = 0.2 — 0.3 [29, 63]), the 7} potential

energy curve was positioned with a zero offset relative to the indirect band gap.

3.6 PL versus intensity and excitation geometry

Measurements of the bound exciton PL as a function of excitation intensity and excitation
geometry were performed on some MoS; and WS, synthetic crystals. Data acquisition of
the dependence of the PL as a function of Intensity for MoSs sample 1 and 3, illustrated
in Figure 3.16, was performed at constant temperature 7" = 2K. The maximum power
of the laser was 80 mW. No changes were observed in the PL spectra confirming that
no temperature increase occurred during the measurements. The experimental data was

fitted by the following simple power law:

{ox L7 (3.7)

where I is the total ZPL integral PL intensity (at T = 2K the PL was comprised
of the A line only), L is the excitation laser intensity and « is a dimensionless expo-
nent representing the ratio between the number of excitonic radiative recombination and
the number of electron-hole pairs created. Both samples demonstrated a sublinear de-
pendence of v = 0.608 for sample 1 and v = 0.730 for sample 3. This type of power
dependence is a common behavior for bound exciton recombination [64]. Due to the
small number of impurities in the samples, an increase in excitation intensity eventually
leads to the saturation of the radiative centers, and a limit of the number of radiative
recombination possible is reached. Therefore it can be concluded that sample 3, having
a higher ~ than sample 1, has a greater concentration of halogen molecules intercalated
between its layers. A sublinear power dependence was also observed in WS, sample 5 as

shown in Figure 3.16 inset.
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Figure 3.16: Integral PL intensity dependence on excitation intensity for sample 1 and 3
and 5 at 2K.
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Figure 3.17: Integral PL intensity dependence on excitation intensity for sample 1 at

various temperature.

The excitonic PL versus excitation intensity of sample 1 was also measured at various
temperatures. The maximum power of the exciting laser was 20 mW. The data was
once again fitted with Eq. 3.7 where a temperature dependence of the slope () was
revealed (see Figure 3.17). As observed in Figure 3.18, v initially decreases very rapidly
before levelling off at approximately T' = 30K and then start to decrease once more
at 7' > 50K. This evolution can be easily explained with a closer investigation of the
temperature dependent integral PL intensity of each individual ZPLs depicted in Figure
3.18 inset. A decreasing v at low temperatures, where the B line is dominant, (line A
was neglected due to its minor contribution to the integral intensity in this temperature
range in comparison to B) suggests an initial partial saturation of the radiative centers.
The ever increasing population of the B level as the temperature rises is ineffective in
compensating for the increasing number of electron-hole pairs available for the centers
therefore v continues to decline. At T ~ 50K the C level begins to fill therefore increasing
the number of radiative recombination and consequently slightly increasing «. Finally,

the thermalization of the impurity centers occurs at higher temperatures and -y decreases

once again.
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Figure 3.18: Temperature dependence of the slope (y) for sample 1. The inset presents
the integral PL intensity of the B and C lines as a function of temperature. The line

connecting the experimental data points is a visual aide only.

The excitonic PL intensity of the samples was also investigated for the two excitation
geometries seen in Figure 2.1 inset. While no spectral differences were observed in the PL
spectra taken in the two geometries, the PL signal parallel to the layers was greater than
the signal measured perpendicular to the layers (up to 5 times greater). This increase,
observed for all MoS; and WS, synthetic samples, occurs perhaps because the PL signal

is not attenuated going along the layers.
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Figure 3.19: PL spectra comparison between powders and synthetic single crystals.

3.7 Photoluminescence of powders and Intercalation

processes

3.7.1 Powders

In addition to synthetic and natural single crystals, spectral measurements were also per-
formed on very fine grained commercial WS, and MoS, powders. The PL measurements
on the purchased synthetic WS, powder (powder 4) exhibited radiative emission in the
same range as the synthetic single crystals sample 5 and 6. A comparison of the PL
spectra at various temperatures of the powder (fabrication process unknown) and single
crystals revealed a good agreement between the PL from the synthetic crystal grown with
iodine and the powder, suggesting the two samples were grown with the same transport
agent (see Figure 3.19).

The natural commercial MoS; powders (powder 1, 2 and 3) also displayed the same
bound exciton recombination luminescence as the synthetic single crystals (samples 1, 2

and 3) and therefore going against the initial assurption that only the synthetic single

71



240
220
200
180
160

240.0
' 217.5
185.0
i72.5
150.0
127.5
105.0
8§2.50
’ 60.00
120 ~

pL signal intensity (arb. units)

(km) 50

Figure 3.20: 2D mapping of the PL intensity from a 50 x 50pm area on powder 3.

crystals grown with halogen transport agent could exhibit such radiative properties. The
PL emissions of powder 3 and sample 1 are compared in Figure 3.19. It was established
that the commercial powders underwent heat treatments in a chlorine atmosphere in
order to purify the molybdenite, a common practice in the recovery ore processing [65].
A chemical analysis was performed at SGS Lakefield research and confirmed the presence
of chlorine in all three powders in the following amounts: 36 ppm for powder 1, 41 ppm
for powder 2 and 56 ppm for powder 3. This indicated that the intercalation of halogen
molecules between the layers of MoS, does not only occur during the crystal growth
process but may also be induced in natural molybdenite.

As mentioned in section 2.1.2, the powders were compressed into small pellets in or-
der to perform PL measurements. The intensity of the PL was extremely sensitive to the
position and angle of excitation on the MoS; and WS, powder samples. Typical intensi-
ties were approximately five times lower than the synthetic samples however, depending
on the angle or position. Figure 3.20 illustrates a mapping of the B-line PL intensity of
the MoS, powder 3 in an area of 50 x 50 microns at a fixed temperature of 4.2K. The

experiment was performed at the NRC using a special optical cryostat mounted on a
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motorized platform. The frequency-doubled cw diode pumped YAG laser beam(532 nm)
used for the excitation source was focused on the sample with a microscope objective.
The spot size diameter of the beam was approximately a few microns. The luminescence
was then collected by a CCD (charge coupled device) detector. The cbserved PL inten-
sity anisotropy from Figure 3.20 is believed to originate from the local grain orientation.
As seen in section 3.6, higher PL intensities were measured depending on the orientation
of the single crystal. For this reason it is possible that a similar effect could cccur on a

more local scale in the powders.

3.7.2 Intercalation of natural single crystals

Based on the heat treatment techniques in [65] and numerous crystal growth methods
using halogen transport agents [48, 49, 50, 66] , several experiments described in section
2.4 were initiated in an attempt to intercalate halogen molecules within the layers of
natural MoS, single crystals. Applying the same conditions as the heat treatment per-
formed on the commercial powders (300 Celsius in a chlorine atmosphere), natural MoS,
single crystals were heated for four days. Subsequent PL measurements on the treated
sample revealed a very faint infrared signal, suggesting a possible chlorine intercalation
had occurred. Figure 3.21 illustrates the PL spectra of the synthetic and natural MoS;
single crystals for two different temperatures. Although the PL intensity of the treated
natural single crystals was approximately 20 times lower than that of the synthetic crys-
tals, it displayed the same ZPLs and a similar PL temperature evolution indicating that
the intercalation of halogen molecules had occurred within the natural single crystal.

Trials to intercalate bromine and iodine into natural MoS, single crystals were also
conducted but did not yield any results. These failures could possibly be related to the
size of the halogen molecules compared to the inter-layer spacing of the host lattice. As
seen in section 3.4 the only halogen molecule small enough to enter the van der Waals
space is chlorine, both iodine and bromine are simply too large. However, all three
molecules can still be intercalated during the growth process as the layers form one over
the other.
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Figure 3.21: PL spectra of the synthetic MoS; single crystal sample 1 and the chlorine
treated natural MoS, single crystal sample 4 at two temperatures. The 2K PL spectrum

of an untreated natural MoS; crystal is also shown.
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The lower PL intensity of the treated natural MoS; single crystal as opposed to the
synthetic material(~ 20 times lower) and to the natural powder (~ 15 times lower) is
most likely associated to a very low concentration of halogen molecules intercalated in
the natural single crystal sample. Although the time during which the natural powders
are exposed to the Cly heat treatment is unknown, it is expected to be no longer than a
few days. Such a dramatic difference in PL intensity between the natural powders and
single crystals is speculated to be caused by the small grain size of the powders. The
grains would possibly have a greater effective area where the halogen impurities can enter
between the layers and thus might be more easily intercalated than the larger natural
single crystals. Consequently, a longer intercalation time would be needed for a natural
single crystal sample to obtain the same halogen concentration as in an equivalent powder
sample. It is clear that more research on the concentration of halogens in synthetic
crystals, natural powders and treated single crystals as well as the intercalation time is

needed to fully understand and quantify the halogen intercalation process.
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The present research was undertaken to study the newly discovered radiative properties
exhibited in the transition metal dichalcogenide MoSs, WS, and WSe; layered com-
pounds. The PL characteristic spectra from the synthetic single crystals of all three
materials obtained from steady-state PL measurements revealed two distinct radiative
regions: the excitonic and broad-band regions. While the broad-band region was ob-
served in all synthetic and natural single crystals, the excitonic region was initally seen
exclusively in the synthetic single crystals grown by vapor transport method with halo-
gens as the transport agent.

Through a series of PL measurements taken between 2K and 150K, the temperature
dependence of the spectral structure and radiative intensity of both regions was studied.
The excitonic region of the three compounds displayed three major zero-phonon lines
(A,B and C) from which the PL intensity redistribution was played out. The spectral
structure of the broad-band region in the sythetic MoS, single crystal remained relatively
the same with the exception of the phonon peaks gradually fading with increasing tem-
perature. A thermal quenching process was also observed for both regions. The energy
difference between the activation energies of the excitonic and broad-band quenching
suggested two distinct quenching mechanisms.

Time-resolved measurements on one of the W3, synthetic crystals was also presented.
The temperature evolution of the decay time was explained with a multi-level time-decay
model. Since time-resolved measurements were not or could not be performed on the
MoS, and WSe; synthetic samples, information on the decay times for these compounds
was extracted via integral PL intensity ratios of the excitonic states.

After the steady-state PL measurements were presented, the origin of both radia-
tive regions was then studied thoroughly. The excitonic region was attributed to the
radiative recombination of excitons bound to neutral centers, similar to those present in
isoelectronically doped GaP and Si semiconductors. An in depth analysis of the lattice

structure using geometrical calculations, PC measurements of the synthetic MoS; and
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WS, single crystals and finally the abscence of excitonic PL in the natural MoS, single
crystals and in WSey grown without halogen transport agent, all confirmed that the
impurity centers were formed by the diatomic halogen molecules intercalated within the
van der Waals gaps of the layered materials. In the case of the broad-band region, the
spectral emissions were associated to radiative transitions between deep donor centers,
arising from intrinsic lattice defects, and the valence band in the conditions of a strong
electron-phonon coupling. The two distinct thermal quenching mechanisms of both ra-
diative regions were also identified. While the bound exciton states in the MoS;, WS,
and WSe, compounds do resemble the ones in GaP and Si, it is still uncertain if they
actually come from an electron-hole j-j coupling. Zeeman effect measurements would
confirm the origin of the excitonic multiplets.

Next, a kinetic recombination model was suggested to describe the temperature evo-
lution of the integral PL intensity of both radiative regions simultaneously. The model
proposed was composed of two separate radiative channels: a bound exciton radiative re-
combination channel and a shunt path. The excitonic region PL quenching occurred due
to the thermal depopulation of the impurity centers while the broad-band PL quenching
was caused by a nonradiative multiphonon recombination channel becoming available
at higher temperatures. Using the information gathered from the steady-state PL and
time-resolved measurements, the model was fitted to the MoS;, WS, and WSe; synthetic
crystals experimental data. The model described the integral PL intensity temperature
behavior however, since it did not consider donor acceptor pair contributions, the model
ultimately failed at temperatures above 7' =~ 100K. The small discrepancies between the
experimental data and the theoretical curves originated mostly from taking experimen-
tally measured parameter values of particular samples and assigning them to different
samples.

A preliminary study on the PL intensity dependence on the synthetic MoS; and
WS, single crystals was performed and showed the sublinear behavior of the bound
exciton recombination as well as its dependence on temperature. It was also observed
that different concentrations of halogen moclecules in the synthetic MoS; may have been
achieved during the growth process (possibly related to the initial quantity of transport
agent).

Steady-state PL measurements performed on the commercial MoS, natural powders
revealed the same excitonic region as the synthetic single crystals suggesting that the
intercalation of halogen molecules could be achieved in some other way than during the

crystal growth process. The intercalation of the chlorine halogen molecules within the
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natural MoSs single crystals confirmed the assumption.

While the basic underlying properties of this newly discovered optical phenomenon
has been documented, much work remains to be done. Several other transition metal
dichalgonides layered semiconductors such as MoSe; and MoTe; grown with halogen
molecules are also expected to exhibit similar radiative properties and should be inves-
tigated. A more quantitative study of halogen concentration effects on the PL of single
crystals and powders could also be potentially studied. The intercalation of layered com-
pounds with alkalis and other substances has been well documented over the years [12, 16}
yet no IR radiative emissions have been observed and could therefore also be researched.
The ever growing field of nanotechnology could also offer new and interesting venues of
research, such as studying possible radiative properties of synthesized MoS; and WS,
nanotubes grown with halogens [68, 69] as was recently done for carbon nanotubes[67].
In conclusion, we hope that the work presented in this thesis will rekindle the interest

and encourage more research on the transition metal dichalcogenides.
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