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Abstract

Two-dimensional materials are emerging as the ideal candidates for innovative elec-

tronic and optoelectronic devices, since they intrinsically push the scaling process down

to the atomic level, overcoming common technological limits. Among the plethora of

two-dimensional materials, Transition Metal Dichalcogenide (TMD) monolayers, such

as the direct-bandgap semiconducting WS2, have been intensively studied since they

exhibit a unique combination of atomic-scale thickness, optoelectronic and mechanical

properties, resulting suitable for a wide range of applications. Moreover, Chemical

Vapour Deposition (CVD) techniques allow for a fairly easy synthesis of large flakes.

However, WS2 properties are strongly influenced by the adsorption of chemical species

in the surrounding environment due to the large surface-volume ratio in the monolayers.

This process is enhanced in CVD samples due to the high defect density. Identifying

the impact of adsorbed molecules on the material properties is fundamental for the

design of effective technological applications since environmental conditions, such as

humidity or the presence of oxidizing agents, can alter the performances in an un-

predictable way. For that reason, this thesis focuses on ab initio Density Functional

Theory (DFT) simulations of molecule adsorption on WS2 monolayers, analysing the

influence of defects in this process. Initially, the electronic properties of common unin-

tentional defects, such as Cr as W substituent, O as S substituent and S vacancies, are

analysed in order to identify their main geometrical and electronic features. Then, the

adsorption of common gas molecules on the defect sites is studied to quantify the inter-

action strength and understand how the adsorbed molecules alter the characteristics

of the system. According to simulations, molecular oxygen results to have the major

influence on the material properties among the different analysed gases. Physisorption

is the most common process also in presence of defects, but O2 chemisorption can

also occur on the S vacancy site. The main effects of the latter process are the local

decrease of the band gap value and the passivation of the in-gap defect states that

mediate non-radiative recombination mechanisms. Hence, the O2 interaction has also

beneficial effects in view of the photon emission enhancement. For that reason, the

accidental gas exposure and a partial material oxidation can become an intentional

strategy to passivate the reactive sites of the S vacancies and ‘repair’ the flakes.
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Introduction

The development of innovative solutions for electronic and optoelectronic devices is

one of the most important challenges in the ICT sector which calls for the search of

new architectures and materials with superior physical properties. In particular, some

commonly employed devices, as silicon-based Field Effect Transistor (FET), show limi-

tations associated to the scaling process that could be overcome by employment of novel

low-dimensional materials. In the field of quantum information technologies, precision

metrology and imaging applications, nanomaterials could be employed as new opti-

cal sources with high photon yield, high spectral purity and controllable emission of

correlated photons. Graphene, but above all other 2D materials with semiconducting

nature, could be effectively employed for such purposes. In the framework, Transition

Metal Dichalcogenides (TMDs), such as WS2, are appealing since they are materi-

als which are stable at the monolayer atomic level, whose surfaces have no dangling

bonds. At the same time, WS2 can be synthesized in large flakes (edges larger than

tens of µm) with commonly employed growth techniques such as chemical vapor de-

position (CVD). WS2 monolayer (ML) is a semiconductor with a direct band gap in

the visible range (≈ 2 eV). Its electrical and optical properties can be tuned by defect

engineering, resulting in an optimal material for optoelectronics. However, WS2 fea-

tures are strongly influenced by gas adsorption due to the large surface-volume ratio

of the monolayers. Hence, WS2 flakes, exposed to the environment gases, are charac-

terized by evident and unpredictable variations in the electrical and optical properties,

which are still unclear. This results in limitations in WS2-based device performance.

The unambiguous identification of the gas adsorption effects on WS2 is required to

minimize or control the gas exposure and develop systems competitive with the cur-

rent technology. For that reason, in this thesis work, the variations of the electronic

properties of WS2 monolayers due to the gas adsorption are analyzed by means of ab

initio Density Functional Theory (DFT) simulations. Considering that CVD samples

are characterized by a high defect density, adsorption processes are simulated consid-

ering unintentional point defects as adsorption sites. The aim of this thesis is the

identification of the effects of common molecules on the electronic properties of WS2.

Different defects are analyzed to identify which ones are able to markedly enhance the

molecular adsorption process if compared to the interaction with the basal plane of the

pristine material. Moreover, both physisorption and chemisorption processes are in-
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vestigated to reveal which property alterations are reversible and which are permanent.

This thesis work is organized in five chapters. In chapter 1 an overview of TMD

materials is presented, focusing on WS2. Its properties, its principal synthesis tech-

niques and common unintentional defects are reviewed. The main applications for WS2

monolayers are also reported, evidencing the implications of the gas exposure. Chapter

2 resumes the theoretical aspects underlying the analysis of the electronic properties

of WS2: a general description of DFT, along with some practical aspects associated to

its implementation are discussed. Chapter 3 is devoted to preliminary computational

accuracy tests on the pristine WS2, aiming at the identification of the optimal simula-

tion conditions. Chapter 4 is devoted to the analysis of the structural and electronic

properties of common unintentional point defects (i.e., VS, OS and CrW). Formation

energies, band diagrams, Projected Density of States (PDOS), charge density isosur-

faces are discussed for each type of defect in order to identify their signature and effects

on the WS2 monolayer. Chapter 5 analyses the adsorption of common gas molecules

(O2, H2O and NH3) on the previous analyzed types of defects. Most of the discussion is

reserved to O2 since its adsorption has the major effects in the band diagram. Specifi-

cally, the interaction on the VS site is carefully analyzed since both physisorption and

chemisorption processes are possible, and the material properties are significantly mod-

ified when the transition between these adsorption states occurs. Finally, conclusions

and future perspectives are drawn in the last section.



CHAPTER 1

WS2: a 2D material in optoelectronics

1.1 Overview on 2D Transition Metal Dichalcogenides

Low-dimensional materials (0D, 1D and 2D) have received considerable research inter-

est in the last decades. Specifically, from the first experimental evidence of graphene

[1], 2D materials (i.e., crystalline solids composed by a single layer of atoms) have

become a hot research topic. The main interest arises from the peculiar quantum

phenomena occurring at low-dimension scale and the completely different properties

of monolayers with respect to their bulk counterparts. For example, 2D materials are

very interesting in nanoelectronics in view of the scaling trend characterizing the tech-

nological development. Indeed, 2D material systems are the atomic level limit of any

3D systems; hence synthesis and stability of 2D materials can be foreseen as a solu-

tion of common top-down fabrication limits and issues in the behaviour of nanoscale

devices. Graphene is the most famous 2D material and it is commonly appreciated for

its excellent electrical and thermal properties [1]. Nevertheless, it has a relevant limit:

graphene is a zero-gap system. This implies that the optical emission is not possible in

this material, resulting in a huge limit in optoelectronic applications. For that reason,

research activity has moved to the analysis of other 2D materials with a semiconducting

nature. Transition Metal Dichalcogenides (TMDs) are among the most interesting 2D

semiconductors. Their general chemical formula is MX2, where M is a transition metal

as molybdenum (Mo) or tungsten (W), while X is a chalcogen such as sulphur (S),

selenium (Se) or tellurium (Te). Examples of TMDs are MoS2, MoSe2, MoTe2, WS2

and WSe2. A monolayer (ML) of TMD is actually an atomic trilayer composed by two

layers of chalcogens connected by a layer of transition metal atoms [2]. These materials

exist also in the bulk phase: bulks are composed by a stack of monolayers reciprocally

interacting through van der Waals forces, as shown in Figure 1.1. The weakness of

interlayer interactions and the strong covalent bonds between M and X atoms within

the same layer allow TMDs to be stable both in the bulk and the monolayer phase.

The perfect surface of a TMD monolayer does not expose any dangling bonds, hence
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no surface relaxation or reconstruction mechanisms occur. This peculiarity is the main

difference between 2D materials and bi-dimensional systems realized by an atomic scale

deposition of a 3D material. This is the origin of the superior electrical and optical

properties of TMD monolayers with respect to nanometric thickness layers of common

materials employed in optoelectronics.

Figure 1.1: Structure of a TMD in bulk phase: green balls are transition metal atoms,

yellow balls are the chalcogen ones [3]. The rectangular shape highlights the primitive

cell.

.

Different polytype structures of TMD monolayers have been reported [2], as shown

in Figure 1.2. The 1H polytype is a hexagonal phase, while the 1T is a tetragonal

phase. The main structural difference is correlated to the chalcogen relative position:

chalcogen atoms of the top and bottom planes are aligned in the 1H phase, while a

60° rotation in the monolayer plane separates the X atoms in the 1T phase. In some

TMDs, such as MoS2 and WS2, the 1T phase is not thermodynamically stable, and it

is structurally distorted, as shown in Figure 1.2. The 1H phase is the most relevant

for optoelectronic applications since it is characterized by a semiconductor behaviour,

while the 1T is metallic and its distorted phase has a very small gap [4].

The most studied TMD monolayer material is 1H-MoS2. Electrical and optical

properties of this material have been extensively studied from the theoretical and the

experimental standpoint [5],[6]. Recently, research has progressively extended to other

TMD materials, looking for superior properties with respect to MoS2. For example,

WS2 has caught lots of attention. According to theoretical studies [7], WS2 should have

superior electrical properties with respect to MoS2, due to lower effective masses and

a higher mobility. Nevertheless, fabricated MoS2-based devices are still better than

WS2 counterparts for both electrical and optical properties, when they are tested at

ambient atmosphere [8]. This reveals that WS2 is more sensitive to ambient conditions

in comparison to MoS2 and further studies are required in order to clarify the influence



5

Figure 1.2: Polytype structures of a TMD monolayer: light blue balls are transition

metal atoms, yellow balls are the chalcogen ones [2].

.

of the environment on the WS2 properties. For that reason, this thesis focuses on WS2

and the influence of molecule adsorption on this 2D material.

1.2 WS2 monolayer

Tungsten disulfide (WS2) is an inorganic compound that exists naturally as a rare

mineral. It is usually observable in the bulk phase which is used as a dry lubricant.

However, WS2 is by far more appealing in the monolayer or few-layer structure, above

all in the semiconductor polytype. As other TMDs, WS2 is an indirect band-gap

material in the bulk phase: experimentally the indirect gap is about 1.3 eV [9], a

bit larger than the MoS2 counterpart (1.23 eV [10]). Figure 1.3 shows the indirect

transition between the valence band maximum at Γ and the conduction band minimum

at T. These states are mainly originated from W d orbitals and S pz orbitals [9]. The

latter are susceptible to the presence of external layers, hence the minimum of the

conduction band at T and the maximum of the valence band in Γ strongly depend

on the number of the layers. This implies that the gap value changes progressively

decreasing the thickness of the system. In the limit of monolayer, WS2 1H polytype

shows a direct gap at the K point, as reported in Figure 1.3. States at K are mainly due

to W d orbitals, that are quite insensitive to layer number [9]. So, WS2 progressively

evolves from an indirect to a direct gap material reducing the number of the layers.

The direct band gap of the monolayer is equal to 2.05 eV [9]. For comparison, MoS2

shows a similar dependence on the layer number with a direct gap equal to 1.8 eV in

the monolayer limit[11]. The size and the direct nature of ML 1H-WS2 are the key

elements for which this TMD is a suitable candidate for light emitting systems in the
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visible range.

Figure 1.3: Band diagram and DOS of WS2 in bulk (left) and 1H monolayer (right)

phase [9].

Further electronic properties of WS2 monolayer are also interesting. The effective

electron mass (normalized to the electron mass at rest) is about 0.3, while the hole

mass is about 0.41 [12]. For comparison, the corresponding effective masses of MoS2

monolayer are 0.46 and 0.56 respectively. The electron mobility is also superior with re-

spect to the MoS2 (1100 and 340 cm2 V-1 s-1 respectively [7]). The electronic properties

of WS2 can be also effectively tuned. Experimentally, the pristine material behaves as

an n-type semiconductor [13], nevertheless it can turn into a p-type one incorporating

foreign atoms [13],[14]. In conclusion, WS2 monolayer is an ideal candidate for a wide

range of applications in electronics as well as in optoelectronics, as more extensively

discussed in section 1.2.5.

1.2.1 Synthesis techniques for WS2 monolayers

The attractiveness of TMD monolayers is also associated to the availability of well-

established methods for their synthesis: exfoliation, chemical vapor deposition, metal

organic chemical vapor deposition, atomic layer deposition, molecular beam epitaxy

etc [15]. Initially, WS2 monolayers were mainly fabricated by exfoliation of the bulk

phase, similarly to graphene. Commercial WS2 bulk can be mechanically exfoliated

(ME) in few-layer or monolayer structures. This technique involves the peeling of layers

from the bulk crystal using an adhesive and then the transfer onto a substrate (e.g.,

SiO2 on Si wafer [16]). Alternatively a liquid exfoliation (LE) approach is also possible,

employing solvents to attenuate the inter-layer interactions [17]. Despite the limited
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number of defects (e.g, S vacancies) and a more uniform spatial homogeneity and

stoichiometry, exfoliation techniques are not effective for large scale production, due to

issues associated for instance to the transfer and the solvent removal [18]. Moreover,

the flake shape is very irregular, as shown in Figure 1.4a.

(a) ME sample [16]. (b) CVD sample [13].

Figure 1.4: Appearance of WS2 monolayers realized with different approaches.

In view of the discussed issues of the exfoliation processes, Chemical Vapour De-

position (CVD) has become the most popular approach for WS2 monolayer synthesis.

Different recipes have been optimized to obtain regular and quite large flakes, as shown

in Figure 1.4b. Commonly WO3 powder is used as precursor for the transition metal,

while gaseous HS2 [15] or S powder [13] is the chalcogen source. Usually sapphire [14],

graphene over SiC [15] or SiO2 over Si [9] are employed as substrates for the growth.

Depending on the growth conditions, triangular flakes can be obtained, as shown in

Figure 1.4b. Hexagonal shapes are also reported [19]. In both cases, the lateral edges

can be easily larger than tens of µm. The possibility of synthesis of large flakes is

also proved by a recent result: the growth of a 2-inch wafer of continuous monolayer

film with grain size up to millimeter scale has been reported [20]. The scalability of

the CVD approach, together with the large and regular flakes obtained, makes this

synthesis approach the most appealing for applications. Moreover, this technique is

the most suitable for incorporation of dopant atoms in the flakes. The main drawback

of CVD samples is a higher unintentional defect density that can significantly modify

the monolayer properties [21]. For that reason, recently other synthesis approaches

have been proposed: for example, monolayers have been successfully synthesised by

evaporation of WS2 powder [22] or through magnetron sputtering [23].
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1.2.2 Unintentional defects in WS2 monolayers

The presence of defects can alter the electrical and optical properties of any material.

However, defects are particularly relevant in 2D materials. Due to the strong electronic

quantum confinement and the reduced electrostatic screening, the properties of 2D ma-

terials are generally more susceptible to structural defects than their bulk counterparts

[24]. For example, defects in 2D materials usually generate electronic states that are

deeper in the bandgap and more tightly confined [25].

In this framework, defect engineering becomes an effective approach to tune WS2 mono-

layer properties. Different foreign atoms, such as V, Nb, Re, Mn and Fe have been

intentionally introduced as dopants in WS2 flakes [14], [25]. They are W substituent

atoms and can enhance the electron or hole concentration or introduce in-gap defect

states able to mediate specific optical transitions. Substitution or addition of carbon-

based functional groups at the S sites have been also proposed as doping strategies [4],

[13].

These doping approaches deal with the creation of intentional defects, nevertheless un-

intentional defects are also relevant. Indeed, due to the enhanced influence of defects in

2D materials, unintentional defects, even at low concentration, can modify the material

properties or alter the behaviour of the intentional doping. This problem is significant

in CVD samples, as discussed in paragraph 1.2.1, due to the higher number of cre-

ated defects with respect to exfoliated monolayers. For that reason, different works

classify the unintentional defects introduced during the CVD synthesis [15],[19],[26].

Commonly, sulphur vacancies (VS) are identified as the most abundant defect type.

Oxygen as substituent of sulphur (OS) is also common and it passivates chalcogen

vacancies, whereas chromium impurities (CrW) are the most probable tungsten sub-

stituents. These defects (VS, OS and CrW) are the most important unintentional defects

in CVD monolayers and they will be more extensively discussed in the following para-

graphs. Occasionally, other types of defects in as-grown samples are identified: Fe [26],

Mo [15] replacing W, W vacancies [19] and carbon group in the chalcogen site [27].

Nevertheless, they are by far less common, so they are not treated in this thesis work.

1.2.2.1 Sulphur vacancy and Oxygen substituent

Defects at the chalcogen sites are the most reported defects in TMDs [2]. These de-

fects are commonly identified as sulphur vacancies in WS2. However, only recently

much more effort has been spent to investigate the possibility that foreign atoms oc-

cupy the vacancy due to its high reactivity [28]. Necessity of distinction between VS

and S substituent atoms arises from the contrasting properties that are commonly at-

tributed to vacancies. Indeed, according to some authors [19], [24] VS can enhance

the optical emission intensity. Whereas other works [21], [29] consider vacancies detri-

mental. The ambiguity about the role of the vacancies is strictly associated to issues

in the identification of VS and S substituent atoms at the experimental level. For ex-
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ample, Transmission Electron Microscopy (TEM) can be employed to identify defect

sites, but light substituent atoms, such as oxygen, produce very weak TEM contrast

and could be mistaken for vacancies [28]. Moreover, the electron beam can induce

the formation of new S vacancies, hence the abundance of this type of defects in ’as-

grown’ samples, before characterization, becomes unclear [30]. At the same time, even

if Atomic Force Microscopy (AFM) is sensitive to the outermost surface layer, oxygen

substituent atoms are located slightly below the surface sulfur plane. Hence, it is easy

to erroneously classify an oxygen substituent atom as a missing sulphur one [30].

(a) Sulphur vacancy [30].

(b) Oxygen substituent [28].

Figure 1.5: STS spectra recorded on different point defects in WS2 monolayers.

An effective way to distinguish VS from OS relies on the analysis of the electronic

properties of the defects by Scanning Tunnelling Spectroscopy (STS). Indeed, the anal-

ysis of the Local Density of States (LDOS), evaluated by STS, allows to uniquely

distinguish these types of defects. The experimental LDOS of the VS, reported in

Figure 1.5a, is characterized by two in-gap defect states below the conduction band.

The broadening of the peaks is due to the inelastic scattering between electrons and

phonons (vibronic excitations), while the large splitting of in-gap states (252 meV) is

associated to Spin-Orbit-Coupling [30]. On the contrary, the STS spectrum in corre-
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spondence of the OS site, reported in Figure 1.5b, shows no in-gap states. A defect

peak only appears in the correspondence of the valence band maximum when oxy-

gen is incorporated. Hence the presence/absence of in-gap states can be employed to

distinguish VS and OS.

This approach allows to get more information about the abundance of S vacancy in ’as-

grown’ samples. Even if S vacancies are considered very common, it has been proved

that ’as-grown’ monolayers have very low VS concentration, while OS defects are the

most abundant [28]. Indeed, O atoms can easily occupy the S vacancies. O atoms can

be incorporated during the monolayer synthesis (above all in CVD samples due to the

O presence in WO3 precursor) or in a subsequent step due to the flake oxidation under

ambient conditions. S vacancies can be created after the synthesis by the action of

electron microscopy beams or during high-temperature annealing (T ≈ 600 °C) [30].

Notice that the annealing steps are common during flake handling in order to remove

contaminant from the surface between different steps. This justifies the presence of VS

even if they are absent immediately after the synthesis.

1.2.2.2 Chromium substituent

Chromium is a common substituent atom for tungsten. Even if Cr atoms can be

intentionally introduced in WS2 flakes [14], Cr impurities have been also reported

in ’as-grown’ samples [15],[26]. Cr can be unintentionally introduced during the CVD

synthesis due to Cr impurities present in the W precursor (i.e., WO3). Cr atoms usually

appear as isolated defects, however configurations in which pairs of Cr impurities are

sufficiently close to interact, have been also reported [15].

Figure 1.6: STS spectrum recorded on Cr substituting W in WS2 monolayers [15].

The identification of Cr atoms substituting W is easier with respect to OS. Indeed,

the smaller Cr atomic radius with respect to W one results into an evident lattice
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distortion and closer S atoms in correspondence of this defect. Moreover, the electronic

signature of CrW is also peculiar: STS spectrum reported in Figure 1.6 shows that

the LDOS in correspondence of Cr defect is characterized by three unoccupied in-gap

states below the conduction band minimum (the lowest state is 400 meV below the

conduction band minimum) [15]. Two defect states at higher energies (denoted IIa and

IIb in Figure 1.6) appear very similar, suggesting that their degeneracy is removed by

Spin-Orbit-Coupling. It is supposed that Cr in-gap defect states can act as effective

radiative recombination centers and might host defect-bound excitons [15].

1.2.3 Photoluminescence spectrum of WS2 monolayers

As discussed in paragraph 1.2, the direct band gap in the visible range of WS2 mono-

layer is resposible for much of the appeal of this material. Several works experimentally

analyse the optical emission spectrum of WS2 by exciting the material with a laser

source (Photoluminescence PL studies) [24],[31],[32]. The peculiarity of PL spectra of

TMD monolayers is the presence of emission peaks associated to different exciton pop-

ulations. The most relevant one, identified in all PL spectra, is associated to neutral

excitons. An exciton is a bound state of an electron and a hole, reciprocally interact-

ing due to the electrostatic Coulomb force. Since electrons in this state are interacting

with holes, their ground state energy is slightly smaller than the ’quasi-free’ electron

energy in conduction band. This implies that the energy released by recombination

when the electron and the hole are interacting in the exciton state is smaller than the

energy released by the recombination of a electron in conduction band and a hole in

valence band. The main consequence in the emission spectrum is the presence of a

peak associated to the exciton recombination at energies slightly below the nominal

electronic band gap. This energy is referred to as the ’optical gap’ of the material.

Excitons are only stable at cryogenic temperature in bulk materials, but they are com-

monly found at room temperature in case of low-dimensional systems. Specifically,

Coulomb interaction in 2D materials is enhanced due to the spatial confinement and

the reduced screening [31]. Hence, not only excitons, but also more complex systems

of electrons and holes interacting due to the Coulomb force can be found in WS2.

Among different exciton populations, charged excitons (i.e., states composed by three

interacting carriers), also called trions, can be identified. Due to the n-type nature

of WS2 monolayers, negative trions composed by two electrons and a hole are more

probable [33]. Bound excitons (i.e., excitons localized close to a defect site) can be

also identified in regions with higher defect densities, above all at low temperature

[32]. Finally, biexcitons (i.e., systems composed by two interacting neutral excitons)

are present in case of high carrier concentration (e.g., at high power laser irradiation)

[34]. Recombination of carriers associated to different exciton populations is responsi-

ble for specific emission peaks visible in the PL spectra. An example of PL spectrum

of WS2 monolayer, collected at cryogenic temperatures, is reported in Figure 1.7. The
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spectrum is deconvoluted in three peeks: the neutral exciton A0 at about 2.02 eV, the

negative trion A- at about 1.92 eV and the defect-bound exciton D at 1.75 eV [33]. No

biexciton peak is identified in this case.

Figure 1.7: PL spectrum of the inner part of WS2 monolayer at 77 K [33].

Nevertheless, the interpretation of the emission peaks is by far not trivial due to

the several characterization conditions that can modify the intensity and the position

of peaks. For example, temperature significantly influences the stability of the different

exciton populations [34]. Moreover, the peak positions red-shift due to the electronic

band gap decrease at increasing temperature and peaks become more broadened and

overlapped at rising temperature, so their identification is more complex. In addition,

non-uniform spatial distribution of defects and carrier concentration can cause a PL

spectrum variation within the same flakes [22],[26],[33]. Finally, the relative intensity

of peaks varies according to the excitation laser power and the laser exposure time,

with an enhancement of biexciton contribution at high laser power [34].

1.2.4 Influence of molecule adsorption on PL spectrum

Among all the issues associated to PL spectrum variations, the optical property vari-

ability due to the surrounding environment conditions is the most problematic in view

of applications. Several works experimentally notice that PL peaks are strongly influ-

enced by the nature of the adsorbed molecules [16], [35]. The origin of the intensity

variation and peak shift has not been completely identified, mainly because of the wide

variability of the experimental evidences. Optical property variation is often attributed

to the chemical doping action of adsorbed molecules [16], [35]. Molecules act as n- or

p-doping for WS2 monolayers. Effectiveness of the carrier concentration modulation

due to molecule adsorption has been verified experimentally, analysing the electrical
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properties [16]. For example, NO2 is supposed to behave as an acceptor molecule [36].

Experimentally, flakes exposed to NO2 are characterized by a blue-shift of the PL emis-

sion, as reported in Figure 1.8. The decrease of the electron population with respect to

the hole one due to the p-doping action, can enhance the presence of neutral excitons

with respect to negative trions. Hence, the blue-shift is attributed to the intensity

increase of the neutral exciton peak, located at higher energies with respect to the

trion one [35]. On the other hand, NH3 is supposed to be a donor molecule for WS2

[36], hence its adsorption is responsible for an electron concentration increase and an

enhancement of negative trion role. The boost of the trion peak, at lower energies,

could be the cause of the PL red-shift experimentally observed in case of NH3 treated

samples, as shown in Figure 1.8.

Figure 1.8: PL emission spectra collected before and after different gas exposure (NO2

on the left, NH3 on the right) [35].

However, the interpretation of the PL spectra due to molecule adsorption can be

more complex. Indeed, the analysed samples can already host contaminant molecules

(e.g., organic compounds, such as polyciclic aromatic hydrocarbons) before the gas

exposure [37], [38]. These impurities can be removed during the PL measurement due

to the energy provided by the excitation laser. Hence, new adsorption sites become

available during the laser exposure and the controlled environment molecules can be

easily adsorbed on them [39]. This implies that the evolution of PL spectra during

laser exposure has to be interpreted considering the nature of preexisting adsorbed

contaminants as well as the role of gas molecules present in the environment during

the PL measurement [37]. For example, the enhancement of PL due to O2 adsorption

during laser irradiation could be explained as an oxygen passivisation mechanism of S

vacancies previously occupied by organic contaminants [39]. In conclusion, the shift

and enhancement of the different PL peaks requires additional studies in order to

identify the role of a wider range of adsorbed molecules and decouple the effects of the

different chemical species adsorbed at the same time.
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1.2.5 Applications for WS2 monolayers

The extraordinary properties of 2D materials can be effectively tuned in view of a

wide range of applications. Specifically, the electrical and the optical properties make

WS2 an optimal material for electronic and optoelectronic applications. These appli-

cations will be more extensively discussed in the next paragraphs. Nevertheless, WS2

monolayers are also effectively employed in other fields. For example, the large Spin-

Orbit-Coupling of WS2 monolayer is appealing for spintronic devices [40]. Moreover,

the reactivity of flake edges or monolayers decorated with nanoparticles is interesting

for catalysis [41],[42].

1.2.5.1 Field Effect Transistors and FET-based gas sensors

Despite the superior electrical properties of graphene, its semi-metallic nature is in-

compatible with the requirements of transistor devices. Indeed, a material with a gap

(i.e., a semiconductor) is required in order to have an effective switch-on/switch-off

of the device. For that reason, 2D semiconductors as WS2 are appealing for the re-

alization of Field Effect Transistors (FETs) at the nanoscale. A schematic layout of

a WS2-based FET is reported in Figure 1.9a, together to a false-colored SEM image

representing a real implementation 1.9b. SiO2 over heavily doped Si substrate is often

used as gate-dielectric and back-gate contact respectively, as shown in Figure 1.9, but

a gate-dielectric and a metal contact can be also deposited above the monolayer to

realized a top-gate configuration [43].

(a) Schematic layout [8].

(b) False-colored SEM

image [13].

Figure 1.9: WS2 monolayer-based Field Effect Transistor.

The appeal of ML WS2-based FET is associated to the possibility of an easy fabrica-

tion of a system stable at the nanoscale, avoiding the issues associated to the common

top-down approaches employed in the realization of nanodevices. Hence, 2D semicon-
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ductors can become the best platform for ultimate scaled-down FET [44]. Indeed, it

is expected that monolayer-based FETs are less prone to Short Channel Effects [44].

Moreover, the leakage currents due to tunneling through the gate oxide are smaller than

in the standard material devices. For that reason WS2 FETs are appealing for low-

power consumption nanodevices, above all for memory applications [44]. The atomic

thickness of WS2 monolayers is also appealing for flexible electronics. However, it has

been observed that WS2-based FETs have poorer performance when they are not in

a controlled environment and they work in ambient atmosphere [8]. Hence, molecule

adsorption on WS2 not only alters the optical properties, as discussed in paragraph

1.2.4, but also has negative effects on the electronic performances.

Nevertheless, the influence of molecule adsorption on WS2 FET electrical charac-

teristic can be effectively employed for gas sensing. As discussed in paragraph 1.2.4,

molecules adsorbed on the monolayer can act as chemical n- or p-dopants, altering the

carrier concentration. As schematically represented in Figure 1.10, adsorbed molecules

can act as a secondary virtual gate, decreasing or increasing the electron concentration

in the FET channel, modifying the device conductivity. The use of a 2D material guar-

antees a large surface-to-volume ratio resulting in a high sensitivity, even at low target

concentrations [45]. Specifically, WS2 is more sensitive to gases with respect to other

TMDs; for that reason WS2-based sensors are effective for a large set of molecules such

as O2 [46], ethanol [46], NH3 [46], H2S [47], water [48], NO2 [49].

Figure 1.10: Representation of WS2-based FET gas sensor [46].

1.2.5.2 Optoelectronic devices

The direct band gap nature makes WS2 monolayer an effective absorbing material for

photo-detectors, solar cells as well as an optically active material in LEDs, lasers and

single photon emitters. WS2 is commonly coupled to graphene in hetero-structures in

order to realize a full optoelectronic system. WS2 is employed in the optical part of

the system, while contacts/connections are realized in graphene. For example, several
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photo-detectors composed of WS2/graphene hetero-structures have been proposed [50],

[51]. The absorption coefficient of WS2 (> 105 cm-1) in the visible range is quite large

and higher than common Si bulk, making WS2 an optimal absorbing material [52]. At

the same time, the high mobility of graphene employed in photo-detector connections

allows for high working frequencies [51]. Moreover, WS2 can be deposited also at low

temperatures on polymeric substrates, so that flexible photo-detectors can be realized

[53]. The same advantages of WS2/graphene hetero-structures are also employed in

solar cell applications. Due to the high absorption coefficient, together with the reduced

volume of the absorbing material, WS2 solar cells have an extraordinary power density

for unit of volume, larger than other ultra-thin film solar cells [52].

Despite the remarkable absorption properties of WS2 monolayers, this direct band

gap material is by far more interesting for emitting sources. Different LED structures

with WS2 monolayers have been proposed, based both on homo-junctions [54] and

hetero-junctions [55]. For example, a LED with a controllable circular polarization

emission has been realized using a p-i-n hetero-junction composed by a heavily p-

doped silicon - intrinsic WS2 - n-doped indium tin oxide (ITO), as shown in Figure

1.11a [55]. This device is characterized by a strong red luminescence, even if the active

material is only composed by a monolayer. Hence, this example shows the possibility

of ultra-thin LED that can be employed in flexible displays and wearable electronics

[55].

(a) Schematic LED structure [55].

(b) Schematic microcavity

laser structure [56].

Figure 1.11: Examples of optically active devices based on WS2 monolayer.

Stimulated emission can be also achieved in WS2. Indeed, fabrications of lasers

with WS2 monolayers have been reported. For example, WS2 can be used as the active

material in a whispering gallery microcavity laser [56]. As shown in Figure 1.11b, WS2

monolayer is sandwiched between two dielectric materials. These lateral layers not

only constitute the resonant cavity, but also protect WS2 from the air exposure and

subsequent degradation of the optical properties. Advantages of this laser cavity are

the high quality factor and optical confinement that allow for the lasing condition even
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if the active material volume is very small. Specifically, WS2 results the monolayer

with the highest quantum yield among other TMDs [56]; for that reason WS2 is the

most suitable TMD for laser application. The described laser is characterized by a

small footprint, a low power consumption and is effective for on-chip optoelectronics.

Despite the relevance of previous discussed devices, one of the most interesting op-

toelectronic application for WS2 is as Single Photon Emitter (SPE). SPE is an optical

source able to emit on-demand and separately a single photon. Each emitted photon

is identical, in a single and well defined mode. The possibility of controlled photon

emission in a well defined state is relevant in many applications, such as quantum

computing and simulation [57], quantum information [58], sensing [59], Single Photon

Emission Computed Tomography [60] and quantum communication [61]. A material

for SPE should have discrete and well isolated states within the band gap in order to

mediate optical transitions at a well defined photon energy. Hence, proper defects are

introduced in the material in order to get isolated defects states. Single photon sources

can be realized in 3D bulk materials, for example by creating nitrogen-vacancy color

centers in diamond [62]. Nevertheless, achieving deep and isolated in-gap defect states

is more complex in bulk materials; moreover issues associated to the spatial control of

the color centre position and the dimension of the bulk system result in a more complex

integration on a chip [63]. For that reason, 2D materials are appealing as single photon

sources, due to their scalability and a superior control of defect position [64]. Moreover,

the quantum confinement and the reduced electrostatic screening in two-dimensional

systems are responsible for deeper and more tightly confined in-gap defect states, im-

proving the spectral purity of the emission [25]. For example single photon emission

has been achieved at VS and CrW sites in WS2 [64]. Single photon emission in WS2

is possible not only in unintentional defects, but also in intentionally doped samples,

for example with Nb atoms replacing W ones [65]. Notice that molecule adsorption

on WS2 monolayers in the discussed optoelectronic devices can be detrimental, since it

causes a variability in the material properties, but it is particularly dramatic in SPE,

since adsorption at a defect site can alter the in-gap defect states and deteriorate the

emission purity. For that reason, capping layers composed by other 2D materials, such

as hexagonal boron nitride, can be employed to protect WS2 monolayers from molecule

exposure [63].

In summary, sections 1.2.3 and 1.2.4 show the complexity of the interpretation of

the WS2 properties, above all when the samples are exposed intentionally or uninten-

tionally to different gases. Section 1.2.5 highlights some implications associated to the

flake - gas interaction at the application level. It is evident that WS2-based devices

are not competitive with the current technology yet. A cause of the poor performances

is associated to the evident and apparently unpredictable variations in the material

properties when flakes are exposed to ambient atmosphere. Hence, the decoupling of
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the adsorption effects from the intrinsic properties is a fundamental step to improve

the device layout and the fabrication steps. However, it is difficult to uniquely distin-

guish the role of the different molecules in the environment, at the experimental level.

Moreover, it is not possible to prevent the simultaneous adsorption on areas of the

samples without defects and in defective regions. Hence, the uniquely identification of

the specific role of the defects in the adsorption is complex.

For that reason, this thesis employs ab initio simulations to separately characterize the

adsorption of different molecules and study the interaction on specific sites (i.e., point

defects). Specifically, considering the high density of defects in CVD samples, this

work aims at the identification of the unintentional point defects that strongly enhance

the gas-flake interaction with respect to the pristine material. Different molecules are

analysed to identify which are characterized by a high affinity for the defect sites.

The alterations of the material properties are investigated to understand which are

reversible, since associated to physisorption processes, and which are permanent. Fi-

nally, the variations are also analysed to understand if molecule adsorption has some

beneficial effects.



CHAPTER 2

Methods

The study of the electronic structure is a central issue in Physics since the basis for

understanding materials and phenomena ultimately is correlated to the analysis of the

electronic structure. In this framework, ab initio atomistic approaches have become a

powerful tool to elucidate experimentally observable phenomena. Among the plethora

of different methods to solve the Schrödinger equation in case of many-body systems

(i.e., electrons and ions reciprocally interacting), Density Functional Theory (DFT) is

one of the most commonly employed. For that reason, this thesis work is completely

developed in the framework of this theory. This chapter resumes the basic principles of

DFT, together with some technical elements of its implementation required to perform

a DFT computation.

2.1 The many-body problem and the adiabatic ap-

proximation

Matter is characterized by the co-presence and reciprocal interaction among a large

number of electrons and nuclei (or equivalently among outer shell electrons and ions

composed by inner shell electrons and nuclei). In the quantum mechanics description,

this system is described by the following Hamiltonian 2.1(in atomic units):

H =− 1

2

∑
i

∇i
2 −

∑
I

1

2MI

∇I
2 +

1

2

∑
i ̸=j

1

|ri − rj|

−
∑
i,I

ZI

|ri −RI |
+

1

2

∑
I ̸=J

ZIZJ

|RI −RJ |
,

(2.1)

where:

• MI is the mass of the I -th ion,
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• ZI is the atomic number of the I -th ion,

• RI is the position of I -th ion,

• ri is the position of the i -th electron.

The first term in 2.1 is the sum of the kinetic energy contributions of each electron,

while the second one is the analogous counterpart of the ionic system. The third

contribution describes the interaction between electron pairs, the fourth considers the

attraction between electron and ion pairs, while the last is associated to repulsion of

the ion couples. The complexity of equation 2.1 is its many-body character since the

electron and ion systems are coupled together and the particle coordinates depend re-

ciprocally on one another, continuously varying due to particle motion. Hence, neither

analytical nor numerical approaches are able to effectively solve the problem described

by the Hamiltonian in equation 2.1, especially in real systems where the electron and

ion number is very large. A series of approximations is required to deal with this

many-body problem. The main approximation is the adiabatic or Born-Oppenheimer

approximation [66]. This assumption relies on the large difference between the velocity

of the electronic system (∼ 105 ÷ 106 m/s) and the ion one (< 103 m/s). Hence, from

the electron standpoint, ions are essentially stationary (i.e., electrons instantaneously

respond to any ion motion). Whereas ions are not able to follow the instantaneous

movements of electrons, but they only see a time average potential (Vi) associated

to the electronic system. According to this assumption, Hamiltonian in 2.1 can be

rewritten as:

H = Hions({RI}) +He({ri} , {RI0}) +He−ion({ri} , {δRI}). (2.2)

The first term in 2.2 is the Hamiltonian associated only to the ionic system and it

explicitly depends only on the ion coordinates:

Hions({RI}) = −
∑
I

1

2MI

∇I
2 + Vi({RI}). (2.3)

The second term in 2.2 is the electronic Hamiltonian:

He({ri} , {RI0}) = −1

2

∑
i

∇i
2 +

1

2

∑
i ̸=j

1

|rj − ri|
−
∑
i,I

ZI

|ri −RI0|
. (2.4)

Notice that the electron-ion interaction in 2.4 considers only the condition in which ions

are at their equilibrium position RI0, hence the ion coordinates become a parameter in

the electronic Hamiltonian. The variations of the ion positions δRI and the associated

variations in the electron-ion interaction are encoded in the third term in 2.2, which is

commonly described as interaction between electrons and phonons.

The main advantage of the adiabatic approximation is the partition of the original

problem in sub-parts that can be studied separately and through different approaches
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(”classically”, ”quantum mechanically”, ”perturbation methods” etc...). In view of the

electronic structure study, the electronic Hamiltonian 2.4 becomes the central point of

the following discussion. Despite of the huge problem simplification due to the adiabatic

approximation, the eigenproblem associated to 2.4 is still a many-body problem in

which the electron number is very high. Different approaches have been proposed to

solve it, the DFT solution is described in the next section.

2.2 Density functional theory

Density Functional Theory (DFT) is a method developed to describe correlated many-

body systems. The original formulation is associated to the works of Hohenberg and

Kohn in 1964 [67] and Kohn and Sham in 1965 [68]. From these milestones, lots of

theoretical works have been published in order to improve the completeness and accu-

racy of this method. The peculiarity of the DFT approach is the central role of the

electron density. Indeed, if other methods identify the electronic wavefunction as the

basic unknown, in which the physical information is encoded, DFT replaces it with

the electron density. In other words, all system properties are formulated as function-

als of the ground state density. So, instead of considering a wavefunction ψ(r1...rN)

that is function of the coordinate position ri for each electron, for a total number of

3N variables (neglecting spin contribution), the DFT description is associated to the

electron density n(r) that is a scalar function of 3 spatial coordinates r. Origin of

this alternative approach can be already identified in the Thomas-Fermi theory (1927)

[69],[70], following improved by Dirac [71]. However, Hohenberg-Kohn theorems (2.2.1)

and Kohn-Sham ansatz (2.2.2) are the core of the modern DFT approach.

2.2.1 Hohenberg-Kohn theorems

The Hohenberg-Kohn (H-K) theorems hold for a generic system of N interacting elec-

trons in presence of a time-independent local external potential Vext(r). According to

the first H-K theorem, for any system of interacting particles in an external potential,

Vext(r) is determined uniquely, except for a constant, by the ground state particle den-

sity n0(r). This theorem has relevant consequences; indeed, once the ground state elec-

tron density n0(r) is known, a unique Vext(r) is determined up to an additive constant.

Hence, the system Hamiltonian is uniquely assembled given n0(r) and if associated

eigenproblem is solved, all wavefunctions and energy eigenvalues (both ground and

excited states) can be evaluated. Therefore, all system properties are completely de-

termined given only the ground state density. As shown in Figure 2.1, this approach is

different from the standard solution of the Schrödinger equation, where, given Vext(r),

through the Hamiltonian eigenproblem all wavefunctions Ψi are determined and, from

the specific ground eigenstate Ψ0, the associated electron density n0 is evaluated.

According to the H-K scheme, the ground state expectation value of any observable is
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Figure 2.1: Schematic representation of Hohenberg–Kohn theorem. Smaller arrows

denote the usual solution of the Schrödinger eq., while long arrow labeled “HK” denotes

the Hohenberg–Kohn approach [72].

.

a unique functional of n0. For example, the total energy E[n] is expressed as:

E[n] =

∫
n (r)Vext (r) dr+ FHK [n]. (2.5)

FHK is defined as universal since it is independent from the specific Vext(r), because

FHK includes only energy terms (electron kinetic energy and electron repulsion energy)

that strictly depend on the electronic system alone.

The second H-K theorem states that the minimization of the total energy functional

E[n] with respect to n allows for the identification of the ground state. The ground

state energy E0 is the minimum of E[n] and the ground state density n0 is the density

associated to the minimum of E[n]. In other words, given a generic electron density ñ,

relation 2.6 is always valid:

E0 = E[n0] ≤ E[ñ]. (2.6)

The minimization of the total energy in 2.5 with respect to n(r), imposing the constraint

of the constant number N of electrons (i.e.,
∫
n (r) dr = N), can be performed through

the Lagrange multiplier approach as:

δ

{
E[n]− µ

[∫
n (r) dr−N

]}
= 0, (2.7)

leading to the Euler equation:

µ =
δE[n]

δn
= Vext (r) +

δFHK [n]

δn
, (2.8)

where the Lagrange multiplier µ is the chemical potential.

Notice the second H-K theorem shows a way to determine the exact ground state

energy and density through the minimization of functional E[n]. However, even if n0

encodes also information about excited states, in general this theorem does not provide

any indication about excited state evaluation.
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2.2.2 The Kohn-Sham ansatz

The H-K theorems 2.2.1 can be considered as an effective reformulation of the original

many-body problem through functionals of the electron density. However, they do

not solve the complexity of the many-body system since they do no specify any way

to identify the functional required in equation 2.5. For that reason, the effectiveness

of the H-K approach is associated to the Kohn-Sham (K-S) ansatz [68]. The basic

idea of the K-S scheme is the association between the original and complex many-

body system and a non-interacting system. The Hamiltonian of this auxiliary problem

must be formulated so that the exact ground state density can be represented by

the ground state density of the associated system of non-interacting particles. Notice

this correlation is valid only for ground state properties and in general excited states

cannot be directly shifted from a system to the other. Once the association between the

original and the auxiliary problem is established, the application of the H-K approach

is by far more convenient in the non-interacting electron system. In view of this task,

it is convenient to introduce a new functional G[n (r)], by subtracting the term of the

electron density-density repulsion from the previously defined F [n (r)], as:

G[n (r)] = F [n (r)]− 1

2

∫
dr

∫
dr′

n (r)n (r′)

|r− r′|
. (2.9)

Moreover, it is possible to emphasize the role of the kinetic energy functional Ts of

the non-interacting system in 2.9, separating it from other terms grouped in Exc[n]

(exchange-correlation contribution) as:

G[n (r)] = Ts[n (r)] + Exc[n (r)]. (2.10)

At this point the total energy functional E[n(r)] in 2.5 can be rewritten as:

E[n (r)] =

∫
n (r)Vext (r) dr+ Ts[n (r)] +

1

2

∫
dr

∫
dr′

n (r)n (r′)

|r− r′|
+Exc[n (r)]. (2.11)

Similarly to 2.7 and 2.8, the minimization of E[n(r)] with respect to n(r). at constant

electron number. results into a new Euler equation:

µ = VKS (r
′) +

δTs[n]

δn
, (2.12)

where the Kohn-Sham potential VKS (r
′) is defined in 2.13 and includes the Coulomb

potential (Hartree term), the external potential and the exchange-correlation potential:

VKS (r
′) =

∫
dr′

n (r′)

|r− r′|
+Vext (r

′)+
δExc[n]

δn
= VHartree (r

′)+Vext (r
′)+Vxc (r

′) . (2.13)

.
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If the total energy functional minimization process is not performed with respect

to n(r), but considering the electron wavefunctions ψi, with the constraint on the ψi

orthonormality, one obtains the Kohn-Sham Schrödinger-like equations:

hKSψi =

[
−1

2
∇2 + VKS (r)

]
ψi = ϵiψi. (2.14)

Once the wavefunctions ψi are evaluated by 2.14, the electron density is finally com-

puted as:

n(r) =
N∑
i

|ψi(r)|2. (2.15)

Notice that equation 2.14 appears as the eigenvalue equation of a non-interacting elec-

tron system. This means that interacting electrons can be described as independent

electrons in presence of an effective potential VKS. This is the key point of K-S ap-

proach.

Equation 2.14 is a non trivial eigenvalue problem since VKS actually depends on

n(r)(2.13), but n(r) is evaluated only when all ψi are known (2.15). So, equations

2.14 and 2.15 are solved together and in an iterative way until convergence is achieved.

This is numerically feasible since the Hamiltonian is associated to an independent par-

ticle problem.

Formally, once 2.14 is solved, the problem of the interacting electrons is sorted out,

since the ground state density of the auxiliary system can be directly associated to

the original one and then all other observables can be derived from n0(r). Practically,

the many-body complexity is simply hidden inside an effective expression of VKS and

more specifically of Exc[n]. Indeed, the exact correspondence between the original

and auxiliary problem holds only if the correct expression for the exchange-correlation

term is employed. Unfortunately, excluding the simple case of the uniform electron

gas, exact forms for Exc[n] are unknown. So, even if DFT is an exact theory, the

result accuracy strongly depends on the employed exchange-correlation functional. For

that reason, a complex hierarchy of functionals has been developed in the last decades,

starting from the simplest one (Local Density Approximation LDA) to a wide variety of

Generalized Gradient Approximations (GGAs), orbital dependent functionals, hybrid

functionals etc. In general, higher level functionals result into better results but at

a higher computational cost, so a trade-off between accuracy and simulation time is

always considered in DFT simulations.

2.2.3 LDA and GGA functionals

As discussed in section 2.2.2, the association between the many-body system and the

auxiliary independent-particle one is guaranteed only if the exact form of the exchange-

correlation functional is known. Since H-K and K-S equations do not provide any ex-

pression for Exc[n], only approximated functionals can be employed. The most simple
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functional form is provided by the Local Density Approximation (LDA) or its gener-

alization in case of unpolarized spin systems (Local Spin Density Approximation or

LSDA) [73],[74]. It was originally developed for a homogeneous electron gas where

n(r) is constant everywhere and the exchange-correlation energy per particle ϵxc(n)

is simply a function (not a functional) of the density. The total exchange-correlation

functional results in the sum of contributions of N equivalent electrons:

Ehom
xc [n] = Nϵxc(n). (2.16)

This idea can be extended to a non-homogeneous electron gas system, in which the

density is not constant, but depends on position. So, the exchange-correlation energy

per particle ϵxc(n) expression, previously used for the homogeneous case, now depends

on the local density. Exc becomes a spatial average of ϵhomxc (n(r)) weighted by the local

density:

ELDA
xc =

∫
n(r)ϵhomxc (n(r)) dr. (2.17)

The basic idea justifying the LDA approach is the quite short range of the effects

of exchange and correlation. Actually, this statement is not completely true since the

Hatree term in 2.13 contains a spurious self-interaction component (i.e., the interaction

of the electron with itself) that is not local. The exchange term should compensate this

nonphysical effect, but if ELDA
xc is local by construction, this cancellation is incomplete.

Hence the accuracy of LDA depends on the characteristics of the analysed system:

LDA is effective in systems resembling homogeneous electron gases (e.g, nearly-free

electron metals), but it works poorly in case of inhomogeneous electron distribution.

For that reason, the LDA idea is generalized in more complex expressions for Exc as in

the Generalized Gradient Approximation (GGA) [75]. The non-locality is introduced

in 2.17 considering that ϵxc depends not only on the local value of n(r), but also on its

gradient:

EGGA
xc =

∫
n(r)ϵxc (n(r),∇n(r)) dr. (2.18)

Different strategies have been proposed to formulate ϵxc (n(r),∇n(r)), often modifying

the original expression ϵhomxc of the homogeneous electron gas. The simplest and most

used expression for EGGA
xc is the PBE (Pendew, Burke and Ernzerhof) form [76]. Notice,

even if GGA-PBE functionals can generally work better than LDA, they are not a

complete expression for the true Exc, hence more complex approximations are possible,

but at a higher computational cost. The main limits of LDA/GGA are associated to a

general imperfect description of the electronic properties, while the system total energy

and the structural properties are adequately predicted. The most evident failure of

LDA/GGA is associated to a band gap underestimation, mainly due to the not-justified

association between the K-S eigenvalues of the independent electron system and the

excited states of the original many-body system (the association is formally valid only

for the ground states as discussed in 2.2.2).
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2.3 Spin Density Functional Theory and Spin-Orbit

Coupling

The previous sections describe the principles of DFT considering that the ground state

density n0(r) only depends on the spatial coordinate r. However, this formulation

can be generalized introducing the role of the electron spin (Spin Density Functional

Theory). In this framework, functionals are formulated considering that densities now

depend on both space coordinate r and spin σ. Spin can be treated in different ways,

but the simplest one is the collinear approach. In this case, the axis of quantization

of the spin is assumed to be the same in all points. Hence, electrons can be simply

described considering a spin-up and a spin-down population density. However, this

approach can be generalized to the non-collinear case, where it is assumed that the spin

axis orientation can vary point by point in the system. Hence, in each position, spin

can be aligned to a generic direction, assuming a spin-up or spin-down configuration

with respect to this direction.

The introduction of the non-collinear spin description is required in order to consider

conditions in which the spin orientation can influence the electron energy, removing the

energy degeneracy of electrons with opposite spin. Among the different effects in which

spin is relevant, the Spin-Orbit Coupling (SOC) phenomenon can significantly alter the

energy levels or the band diagram. This effect can be qualitatively justified considering

that the electric field generated by the nucleus is actually felt as a magnetic field by

the electron in a reference system at rest with respect to the electron. The magnetic

field interacts with the magnetic moment associated to the electron spin, resulting into

an additional energy contribution. Nevertheless, spin and SOC effect can be rigorously

described only in the framework of the relativistic quantum mechanics. In this context,

the resulting Hamiltonian HSOC associated to SOC is [77]:

HSOC =
1

2m2c2
1

r

∂V

∂r
L̂ · Ŝ, (2.19)

where

• V is the potential of the system;

• L̂ is the angular momentum operator;

• Ŝ is the spin operator;

• c is the speed of light in vacuum.

In the simplest case in which V is the electrostatic potential of a Hydrogen-like system,

equation 2.19 assumes the form:

HSOC =
1

2m2c2
1

4πϵ0

Ze2

r3
L̂ · Ŝ. (2.20)
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The peculiarity of this Hamiltonian term is the scalar product between the angular

momentum and spin operators. The L̂ · Ŝ operator presence requires the identification

of a new set of operators that reciprocally commute with the Hamiltonian. In this

framework the operator Ĵ = L̂ + Ŝ assumes a relevant role. Hence, states are now

characterized by the quantum numbers j, mj, l and s associated to Ĵ2, Ĵz, L̂
2 and

Ŝ2 respectively. Electrons sharing the same quantum number l can have a different j,

hence they are no more degenerate in energy. So, state splitting in energy is associated

to the SOC intensity. Analysing equation 2.20, the dependence of the atomic number Z

on SOC intensity is relevant and it is also encoded in r. Heavier nuclei are responsible

for higher electron velocities, above all in the inner shells. The velocity increase turns

into larger relativistic electron masses. Direct consequence of heavier electrons is a

shrink of s and p orbitals. On the other hand, d and f orbitals tend to expand due to a

better screening of the nuclear charge by the s and p electrons [78]. Hence, SOC energy

contribution becomes proportionally more relevant for electrons of d and f orbitals in

heavy atoms due to a more effective nucleus charge screening.

SOC effect influences both inner core and valence electrons. As more extensively

discussed in paragraph 2.5.2, the role of the inner electrons can be lumped together

to the nucleus charge in the pseudopotential approach. Hence, non-collinear spin de-

scription and relativistic effects must be considered in the generation of the pseudopo-

tentials. For that reason, DFT calculations including the SOC contribution require

specific pseudopotentials identified as fully-relativistic.

2.4 The Hellmann-Feynman theorem

The Hellmann-Feynman or force theorem identifies an effective way to evaluate the

force acting on nuclei in a system composed by interacting nuclei and electrons. In

analogy to classical mechanics, the force acting on a nucleus n can be associated to the

gradient of the total energy with respect to the nucleus coordinates Rn as:

Fn = −∇RnE. (2.21)

The total energy can be calculated through the evaluation of the expectation value of

the system Hamiltonian H (2.22):

E =
⟨ψ(R)|H(R)|ψ(R)⟩

⟨ψ(R)|ψ(R)⟩
. (2.22)

Combining equations 2.21 and 2.22, it is possible to evaluate the force acting on nu-

cleus n. Nevertheless, the calculation of the gradient of the expectation value is not

trivial since both the Hamiltonian H(R) and the system wavefunction ψ(R) depend

on the nucleus coordinates. The Hellmann-Feynman theorem [79],[80] states that the

gradient of the energy expectation value is equivalent to the gradient acting only on
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the Hamiltonian, if ψ(R) is an eigenstate of H. Hence the force acting on nucleus n is

simply:

Fn = −⟨ψ|∇RnH(R)|ψ⟩
⟨ψ|ψ⟩

. (2.23)

In other words, forces can be evaluated by knowing only the explicit dependence of

each Hamiltonian term with respect to the nucleus coordinates.

This theorem is extensively employed in the next chapters 3, 4 and 5, when the

geometrical minimum energy configuration of a system is unknown. In this case forces

acting on different atoms are evaluated through Hellmann-Feynman theorem and atom

positions are progressively updated to minimize the forces.

2.5 Practical aspects of DFT implementation

In this section some numerical details about DFT implementations are discussed. Even

if this thesis work exploits an externally developed software (i.e., Quantum Espresso

[81]) and not an in-house code, technical details are essential because they determine

the accuracy of a simulation and will be extensively referred to in chapter 3.

2.5.1 Basis set

Common approach in quantum mechanics is the formulation of unknown wavefunctions

as a linear combination of elements of a basis set. Common rationale is a mathematical

complexity reduction due to specific properties of the selected basis set. According to

this basis expansion approach, the wavefunction can be expressed as:

ψi(r) =
∞∑
j=1

cjϕj(r), (2.24)

where ϕj(r) is an element of the basis set and cj is the associated unknown coefficient.

Notice equation 2.24 is strictly valid only if ϕ(r) is a complete set. Unfortunately, basis

sets are usually composed by an infinite number of elements, hence 2.24 expansion

is composed by an infinite number of terms. This summation must be truncated in

numerical implementations, thus introducing an error in the wavefunction representa-

tion. For that reason, even if any complete basis set can be used in 2.24, commonly

the selected family of functions should have a similar limiting behaviour with respect

to the real wavefunction. This choice can guarantee an accurate approximation of the

wavefunction through a limited number of basis elements.

2.5.1.1 Plane-wave basis set

A perfect crystalline structure is composed by a regular and periodic arrangement of

ions. Hence, the electron system interacts with a periodic potential associated to the
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lattice periodicity. In view of this periodic characteristic, the system wavefunction can

be expressed as Bloch states as:

ψi,k(r) = ui,k(r)e
ik·r, (2.25)

where ui,k is a function with lattice periodicity, i is the index associated to the band

and the wave vector k is the crystal momentum vector of the considered state. For

that reason, ui,k can be expressed as a Fourier series with the reciprocal lattice vectors

as wave-vectors G:

ui,k(r) =
∑
G

ci,Ge
iG·r. (2.26)

Combining equations 2.25 and 2.26, the electron wavefunction is expressed as:

ψi,k =
∑
G

ci,k+Ge
i(k+G)·r. (2.27)

Hence, the wavefunction ψi,k can be easily written as a linear combination of plane-

waves; for that reason plane-waves are commonly used as basis set in equation 2.24.

Unfortunately, the plane-wave basis set has an infinite dimension, hence, practically,

only a limited number of plane-waves can be employed. Each plane-wave is identified

by a specific G vector, however they are commonly regrouped according to their kinetic

energy Ek =
1
2
(k+G)2 (in atomic units). It is reasonable that waves with lower ener-

gies are more physically important in the expansion than waves with very high energies.

For that reason, only plane-waves with kinetic energy smaller than a threshold value

(i.e., energy cutoff) are considered in 2.27. The identification of a suitable plane-wave

energy cutoff is a critical step to achieve accurate results at a reasonable computational

cost. For that reason, tests on the energy cutoff are extensively discussed in 3.1.1 and

3.2.1.

2.5.2 Pseudopotential theory

The previous paragraph 2.5.1 discusses the importance of accuracy in the basis expan-

sion truncation and issues associated to finding a suitable energy cutoff. Specifically,

core electrons are characterized by oscillating wavefunctions close to the nucleus po-

sition. Oscillations at short scale in real space are associated to high wave-numbers,

therefore the description of core electron states generally requires high energy cutoff,

and so high computational cost. However, core electrons are not especially important

in defining the chemical bonding and other physical characteristics of the materials;

indeed these properties are dominated by the less tightly bound valence electrons.

For that reason, the pseudopotential theory is introduced to effectively consider core

electrons, but at a reasonable computational cost. Conceptually, a pseudopotential

replaces the electron density of a set of core electrons with a smoother density cho-

sen to match various important physical and mathematical properties of the true ion
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core. In other words, electrons of an atom are divided in two sets: the outer-shell elec-

trons are explicitly treated and represented by wavefunctions in Hamiltonian equation,

while the core states are not directly considered in the computation. Their role is em-

bedded in an effective potential, responsible for representing both core states and the

nucleus. The construction of pseudopotentials is a critical step because the effective

potential in the pseudopotential (PP) approach should be able to exactly reproduce

the atomic orbitals of the all-electron (AE) Hamiltonian. In practice, this condition is

difficult to achieve, so commonly valence orbitals are only correctly represented. Dif-

ferent approaches for the pseudopotential construction have been proposed, resulting

into different categories (’Norm-Conserving, ’Ultra-Soft’, ’Projector Augmented-Wave’

etc). Commonly accepted pseudopotentials for a wide range of atomic species and

computational methods are Norm-Conserving [82],[83]. In this framework, pseudopo-

tentials are developed so that the radial component of the atomic wavefunction ϕPP
l (r)

predicted by the pseudopotential has some specific characteristics with respect to the

analogous wavefunction ϕAE
l (r) associated to the all-electron Hamiltonian:

• ϕPP
l (r) must have no nodes, even if ϕAE

l (r) is characterized by nodes due to the

oscillating behaviour close to the nucleus,

• ϕPP
l (r) = ϕAE

l (r) at r > rc being rc a selected cutoff radius,

• the eigenvalues of ϕPP
l (r) must coincide with the eigenvalues of ϕAE

l (r),

•
rc∫
0

|ϕPP
l (r)|2r2 dr =

rc∫
0

|ϕAE
l (r)|2r2 dr i.e., pseudo-charge and true charge contained

in the region r < rc must be the same.

In other words, PP behaviour must correctly represent the AE one at radial distances

larger than a cutoff radius rc, while ϕ
PP
l (r) can be smoother than ϕAE

l (r) at r < rc,

even if wavefunction norm must be preserved (i.e., norm-conserving).

Generally Norm-Conserving pseudopotentials are easily transferable (i.e., pseudopo-

tential optimized for an isolated atom can be also effectively used when the atom

is in any chemical environment without further adjustment). A drawback of Norm-

Conserving pseudopotentials is a relatively higher energy cutoff with respect to other

types as Ultra-Soft one. The latter, even if less computationally demanding, usually re-

quire a higher number of empirical parameters to be specified, hence their optimization

is more complex.

2.5.3 Reciprocal-space integration and k-point sampling

According to Bloch theorem, periodic systems can be effectively studied limiting the

analysis to the first Brillouin Zone (BZ) of the reciprocal k-space. Lots of physical

quantities are evaluated integrating the contributions over the BZ. In any numerical
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implementation, integrals are actually rewritten as summations. Hence common op-

erations in a DFT computation are summations over the different k-points in the BZ.

For example the electron density and the total energy are evaluated as:

n(r) =
Nv∑
i

∑
k∈BZ

|ψi,k(r)|2, (2.28)

Etot =
Nv∑
i

∑
k∈BZ

ϵi,k, (2.29)

where the index i runs on the number of the occupied bands in the valence band, for

a total number of Nv bands.

The numerical evaluation of these summations can be computationally demanding

due to the large number of k-points in the BZ. For this reason, different strategies

are employed to speed up computation. In all cases, summations over the BZ must

be truncated and only a limited set of k-points can be considered. Lots of states

in the BZ are equivalent due to geometrical symmetry, hence the sampling of the

BZ can be limited to an irreducible volume. An efficient sampling scheme is then

applied to this irreducible wedge. The most adopted sampling scheme was developed

by Monkhorst and Pack (MP) [84]. An MP grid is characterized by a mesh of equally

spaced points along the directions identified by the three reciprocal lattice vectors.

The grid is identified by three integers (nx × ny × nz), each one specifies the number

of sampled points in a direction. According to the system dimensionality, the mesh

size in different directions can be the same or different. In all cases, a compromise

between accuracy of the results and number of points in the summations is required to

limit the computational cost. For that reason, paragraphs 3.1.2 and 3.2.1 are devoted

to accuracy tests on the k-point sampling. In general, insulating or semiconductor

materials allow for a coarser mesh, while metal systems are characterized by a denser

k-grid to properly map the Fermi surface.

2.6 Activated processes and Nudged Elastic Band

method

A common problem in chemistry and in solid state physics is the evaluation of the

transition rate of a process. Indeed, even if a reaction from the initial to the final

state is energetically favorable, it may not be spontaneous. In other words, the process

must be activated in order to occur. The initial state must acquire sufficient energy

in order to reach an intermediate activated state, after which the reaction becomes

spontaneous and the external energy contribution is no more required. The energy

increase with respect to the initial state, required to reach the activated states, is the

activation energy of the process. Hence, the activation energy Eact is a key element in
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the description of the velocity of a reaction. According to the Arrhenhius equation,

the rate constant k of a reaction is:

k = Ae
−Eact

kbT , (2.30)

where A is the pre-exponential frequency factor, kb is the Boltzmann constant and T

is the temperature in Kelvin. In other words, the reaction occurs if the temperature of

the system is sufficiently high so that, according to the statistical energy distribution,

there is an appreciable number of reactant particles at energies larger than the activa-

tion energy.

In this framework, the evaluation of the activation energy is a central element in the

description of a chemical reaction or the transition from physisorption to chemisorp-

tion state. The potential barrier associated to the activation energy can be evaluated

analysing the ’Minimum Energy Path’ (MEP) connecting the initial and the final con-

figuration. Among the possible methods developed for the identification of the MEP,

the Nudged Elastic Band (NEB) approach [85], [86] is commonly employed to map

the energy profile of a system during a transformation. The given initial and the fi-

nal configurations (initial and final images) are interpolated to generate a series of

intermediate images representing an initial approximation of the path. Notice that

intermediate images are not stable configurations, hence the minimization of all forces

in these configurations would cause to slide away along the path from the high energy

regions towards the minima. In order to effectively describe the intermediate config-

urations, a spring-like interaction between adjacent images is added. The true forces

acting on the system and the fictitious spring forces are decomposed in components

parallel and perpendicular to the tangent of the path for each image. The true forces

perpendicular to the local tangent and the spring forces parallel to the path are the

unique ones considered in the energy minimization process. According to this force

minimization scheme, the intermediate image geometries are optimized, such that the

estimated path converges to the true MEP. Indeed, the minimization of the true forces

perpendicular to the path alone does not influence the distribution of the images along

the path. On the other hand, the minimization of the spring forces parallel to the

path does not interfere with the convergence of the path to the MEP since this type of

forces only controls the spacing of the images along the path. Notice that the different

images are not independent due to the reciprocal spring interactions, hence the force

minimization in each image is performed considering the configurations of the adjacent

images. All image geometries are continuously updated until forces are minimized in

all configurations. The optimized intermediate images are then interpolated in order

to reconstruct the full minimum energy path. In that way, it is possible to reproduce

the energy variation profile during a transformation and estimate the energy barriers

along the path.



CHAPTER 3

Computational approach and accuracy tests

This thesis work has been developed in the framework of Density Functional Theory

(DFT), whose basic concepts are summarized in chapter 2. Simulations are performed

with Quantum Espresso [81],[87],[88], an integrated suite of Open-Source computer

codes for electronic structure calculations and material modeling at the nanoscale.

Among all the exchange and correlation functional types developed in DFT frame, this

thesis work employs the Pendew, Burke and Ernzerhof (PBE) [76] one since it is a well

established GGA functional that is commonly exploited to reproduce structural and

electronic properties for a wide range of materials. When molecule adsorption on de-

fects is studied, semi-empirical corrections are included in order to consider dispersion

interactions. Grimme’s DFT-D3 [89] type of Van der Waals corrections is considered

in this work. Norm-Conserving fully relativistic pseudopotentials are used in all sim-

ulations. They are generated by the code ONCVPSP (Optimized Norm-Conserving

Vanderbilt Pseudopotential) fully-relativistic version 3.3.0 by D. R. Hamann [90]. An

initial analysis is performed without including Spin-Orbit Coupling (SOC) effects (Sec-

tion 3.1) and then it is compared to results with SOC (Section 3.2) in order to better

identify the relevance of this relativistic effect on the structural and electronic prop-

erties. Analysis is restricted to the single cell and periodic boundary conditions are

imposed to reproduce the full monolayer. The hexagonal cell of WS2 is considered in

this chapter: the lattice constant a, shown in Figure 3.1a, is initially set to its exper-

imental value (aexp = 3.153 Å [91],[92]). The height c of the cell in 3.1a represents

the spacing between different layers in the bulk phase, so it should diverge in case of

a monolayer structure. However, c value is set to 15 Å since this spacing is already

sufficient to have negligible interaction between atomic layers in the framework of a

DFT computation. Hence, each monolayer results completely isolated from its periodic

replicas generated by imposing periodic conditions in the perpendicular direction.

Specifically, the cell of hexagonal 1H-WS2 (the most stable phase and the most

interesting one in optoelectronic applications), identified in bold in Figure 3.1a, is

considered to fully exploit the system symmetries. The primitive cell is composed of

33
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(a) Conventional hexagonal cell. (b) Primitive cell.

Figure 3.1: 1H-WS2 crystal cell.

one W atom and two S atoms, as shown in 3.1b. Tests on plane-wave cutoff energy

(Section 3.1.1) and reciprocal space sampling (Section 3.1.2) are considered in order

to reach a compromise between accuracy and reasonable computation cost. Moreover,

the atom positions are also optimized to identify the minimum energy configuration

(Section 3.1.3). The system geometry is relaxed until all components of all forces are

smaller than 10−4 Ry/Bohr and total energy between two consecutive steps changes less

than 10−5 Ry. This set of tests aims at the identification of the simulation parameters

effectively reproducing the WS2 primitive cell, that can be exploited in the analysis of

larger systems, where a higher computational cost limits the simulation test number.

3.1 Analysis without Spin-Orbit Coupling effect

The primitive cell of WS2 in the 1H phase cell is analysed using a Norm-Conserving

fully relativistic pseudopotential for both W and S. However, initially relativistic effects

as Spin-Orbit Coupling (SOC) are not included. This preliminary analysis is carried

out to better clarify the impact of these effects on geometry and band structure.

3.1.1 Plane-wave cutoff energy convergence

The identification of a proper cutoff energy value for the selected pseudopotentials

is a preliminary step to guarantee a compromise between accuracy and reasonable

computational time, as discussed in paragraph 2.5.1.1. A series of simulations with a

wave-function cutoff variable between 10 Ry and 90 Ry with a interval step equal to 5

Ry is performed. For each simulation the total energy per primitive cell is evaluated.
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Total energies per atom evaluated at different cutoff energies are reported in Figure

3.2.

Figure 3.2: WS2 primitive cell energies per atom at different cutoff energies.

We can immediately notice a decreasing trend in total energy for increasing cutoff

values, in agreement with the variational theorem. However, it is also evident that

large cutoff values result in negligible total energy variations. For this reason, the

difference in energy between consecutive cutoff values is considered in order to have a

more quantitative criterion for convergence identification. Absolute values of energy

difference per atom at different cutoff values are reported in Figure 3.3.

Figure 3.3: Energy difference in absolute value per atom in WS2 at different cutoff

energies.

Here 5 meV per atom is considered as a reasonable threshold below which energy
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variations at higher cutoffs are assumed negligible. This condition is satisfied at a

cutoff around 55 Ry and this value is used in the following tests on the WS2 primitive

cell.

3.1.2 K-points sampling convergence

A second important test deals with the accuracy of the k-point sampling of the first

Brillouin Zone (BZ). Indeed, as discussed in paragraph 2.5.3, several quantities can be

evaluated through summations over the BZ. Hence, a minimum set of k-points in the

summation must be identified in order to get sufficiently accurate results at a reasonable

computation time. The standard Monkhorst-Pack approach [84] is used in this thesis.

A mesh of equally spaced points along the three reciprocal space primitive vectors is

considered and it is identified by three integer numbers nx×ny ×nz. Considering that

the simulated structure is a 2D material and the resulting BZ is bi-dimensional, there

is no need of sampling along the third direction, i.e., nz = 1. A series of simulations at

increasing number of sampled k-points is performed considering grids from 3 × 3 × 1

up to 8 × 8 × 1. The cutoff energy is set to 55 Ry, as identified in paragraph 3.1.1.

Convergence is obtained when the energy difference between consecutive MP grid cases

is below 5 meV, as reported in Figure 3.4

Figure 3.4: Energy difference in absolute value per atom in WS2 at different MP grid

sizes.

Notice that small grids already result in a small energy variation, however a relevant

improvement is associated to the 5 × 5 × 1. At higher grid dimensions the variation

becomes very small and well below the assumed threshold. Next tests on the primitive

cell are performed considering a 5 × 5 × 1 grid, corresponding to 22 points in the

irreducible BZ, due to system symmetries.
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3.1.3 Equilibrium structure

Once the suitable cutoff energy for the chosen pseudopotentials (i.e. 55 Ry) and a

proper k point grid (i.e., 5× 5× 1) are identified, the cell geometry must be optimized

in order to identify the equilibrium configuration. Relative atom positions are identified

by three parameters as shown in Figure 3.5:

• lattice constant a of the hexagonal cell (i.e., the distance between two consecutive

W atoms),

• distance d between top and bottom S planes within the same primitive cell,

• the bond length between W and S atoms.

Figure 3.5: Main geometrical parameters of 1H-WS2 monolayer.

The previous tests were performed considering the experimental values of geomet-

rical parameters (i.e., aexp = 3.153 Å, dexp = 3.142 Å and W-S bond = 2.405 Å [91]),

however these may not correspond to the predicted equilibrium geometry at DFT level.

Notice that typically different functionals predict different minimum energy configu-

rations. Band diagram and above all direct and indirect gaps are strongly influenced

by small geometry variations [15]. For example, if the lattice constant is not properly

identified, it is possible that the monolayer results in an indirect gap semiconductor. In

view of the previous considerations, it is important to carefully identify the minimum

energy geometrical parameters at DFT level. This task is performed simulating the

primitive cell at variable a. Firstly an interval of 10 points from -10 % to +10 % around

aexp is considered and the total energy is evaluated at these lattice constants. Then

a second smaller interval of 10 points from -5 % to +5 % around aexp is analysed in

order to have a finer interpolation mesh. Total energies per atom at different lattice

constants are reported in Figure 3.6. An evident trend with a minimum energy point

is appreciable and the experimental lattice constant (identified by the vertical orange

line) is qualitatively close to the stationary point of the curve, proving the effectiveness

of the selected pseudopotentials and functional. However, in order to have a more

quantitative evaluation of the minimum energy lattice constant, total energies simu-

lated at different a are fitted adopting a polynomial function. Fit results are shown in

Figure 3.6 where the minimum energy a, according to the interpolation, is identified
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by a green vertical line. Fitted minimum energy a is 3.177 Å, quite close to the exper-

imental one (i.e., 3.153 Å). In the relaxed geometry associated to the identified lattice

constant, the distance d between top and bottom S planes in the monolayer is 3.150

Å and the W-S bond length is 2.418 Å. Notice that these values are quite similar to

the experimental ones (i.e., dexp = 3.142 Å and 2.405 Å [91]) proving the simulation

effectiveness.
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Figure 3.6: Fit of total energy at different a for WS2, neglecting SOC.

3.1.4 Band diagram neglecting SOC

Considering the suitable cutoff energy (i.e., 55 Ry), k-space grid (i.e., 5 × 5 × 1) and

the optimized geometry (i.e., a = 3.177 Å, d = 3.150 Å and W-S bond = 2.418 Å),

the band diagram is finally evaluated neglecting the SOC effect. This step is crucial in

order to verify the predictive capability of the ab initio simulation and understand if

selected parameters and functional are able to reproduce the main electronic signature

of WS2 monolayer.

Figure 3.7: Analysed k path with high symmetry points reported in crystal coordinates.
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The selected k path in the reciprocal space is reported in Figure 3.7 where the coordi-

nates of high symmetry points are reported in crystal coordinates.

The band diagram evaluated along this path neglecting SOC is reported in Figure 3.8.

The maximum of the valence band EVBM is set to zero as energy reference.
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Figure 3.8: 1H - WS2 monolayer band diagram neglecting SOC.

Simulated band diagram shows that WS2, as monolayer, behaves as a direct gap semi-

conductor in the K point, in agreement with other DFT works [93], but also with

experimental measurements [94]. However another relative minimum in the conduc-

tion band is present between Γ and K. Separation between two minima in conduction

band is only 140 meV in this simulation, but this value can significantly vary accord-

ing to the lattice constant. The direct band gap here evaluated neglecting SOC is

1.87 eV, in agreement with other DFT analyses in similar conditions (e.g., 1.95 eV in

[93].) There is a significant mismatch (about 10 %) with the experimental evidence

that shows a gap of about 2.05 eV [9]. However, underestimation of the electronic

band gap is a well-known feature of functionals as PBE and more complete functionals

have been developed [95]. Other relevant limit of simulated band diagram in Figure

3.8 is the exclusion of fully relativistic effects as SOC, that can significantly modify

band structure. For that reason next section 3.2 is devoted to the analysis of WS2

considering SOC effect.

3.2 Analysis with Spin-Orbit Coupling effect

As discussed in paragraph 2.3, Spin-Orbit Coupling (SOC) is a relativistic effect that

can remove the energy degeneracy of electrons with opposite spin. This effect can be

significant in Transition Metal Dichalcogenides (TMDs) as MoS2 and WS2, both in the

bulk and monolayer phase [96]. Specifically SOC is enhanced in heavy metals as W and
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Mo and their d orbitals are the main source of the Spin-Orbit interaction, as discussed

in paragraph 2.3. For that reason, the introduction of this relativistic effect in the

analysis of the primitive cell is required to verify the role of SOC in the gap value and

in the band splitting. Adopted pseudopotentials are the same of previous section 3.1

(i.e., Norm-Conserving fully relativistic), but in this case a non-collinear computation

is performed and SOC is considered. Accuracy tests and geometry optimization are

performed also in this case to identify the new minimum energy configuration before

band evaluation.

3.2.1 Plane-wave cutoff energy convergence and k-point sam-

pling tests

Accuracy tests on the plane-wave cutoff energy and reciprocal space grid dimension

are performed considering now SOC, but following the same approach of sections 3.1.1

and 3.1.2. Variations of the total energy per atom between consecutive cutoff values

and different k grid dimensions are reported in Figure 3.9a and 3.9b respectively.

(a) Cutoff energy test.

(b) K grid dimension test.

Figure 3.9: Convergence tests for WS2 primitive cell including SOC.

Considering the use of the same pseudopotentials and the same approach, qualitatively

the trend of Figures 3.9a and 3.9b is very similar to the curve profile of Figures 3.3 and
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3.4 evaluated without SOC. Assuming the same convergence threshold of 5 meV per

atom, the most suitable cutoff energy and MP grid dimension are 55 Ry and 5× 5× 1

respectively, in agreement with the results of sections 3.1.1 and 3.1.2. Hence all next

simulations on the primitive cell employ these parameters.

3.2.2 Equilibrium structure

Similarly to section 3.1.3, the minimum energy configuration of the primitive cell must

be identified. In view of the previous discussed criticality of band variations in case of

residual strain in the cell, it is important to consider also the small potential geometry

modifications introduced by SOC with respect to the structure identified in paragraph

3.1.3. The optimization of the lattice parameter a is performed employing the same

approach previously discussed. The result of the fit of total energy at different a is

reported in Figure 3.10.
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Figure 3.10: Fit of total energy at different a in WS2 monolayer, including SOC.

The identified minimum energy lattice constant a is 3.179 Å, compatible with the

experimental value (i.e., 3.153 Å).The most stable S plane separation d is 3.151 Å and

the associated W-S distance is 2.419 Å.

The optimized geometry considering SOC is compared to the structure evaluated

neglecting SOC as well as both experimental and other theoretical evaluations. Geo-

metrical parameters are reported in Table 3.1 and ordered at increasing a.

Looking at Table 3.1, it is evident that geometrical parameters depend on the choice of

the functional and more in general on selected pseudopotentials, cutoff energies etc...

Hence a direct comparison among theoretical works is not immediate, however it is

possible to identify some trends. For example LDA functionals tend to underestimate

a, while GGA ones overestimate it [15]. This thesis work results are in agreement with

this trend considering that estimated a are between the experimental and other PBE
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Work Approach a [Å] d [Å]

Ref. [15] LDA + SOC 3.123 3.118

Ref. [91] Exp. 3.153 3.142

This work PBE 3.177 3.150

This work PBE + SOC 3.179 3.151

Ref. [15] PBE + SOC 3.192 3.140

Table 3.1: Comparison of geometrical parameters of 1H-WS2 primitive cell.

work values. Comparing the evaluated parameters within this work, the introduction of

SOC is responsible for only a very small variation in the geometry. Even if the structural

parameters are almost the same considering or neglecting SOC, the relativistic effects

strongly modify the band diagram, as discussed in the following paragraph 3.2.3.

3.2.3 Band diagram considering SOC

Considering the suitable cutoff energy (i.e., 55 Ry), k-space grid (i.e., 5×5×1) and op-

timized geometry (i.e., a = 3.179 Å, d = 3.151 Å and W-S bond = 2.419 Å), the band

diagram is finally evaluated considering the SOC effect. The path in the reciprocal

space is the same as in Figure 3.8. The evaluated band diagram is reported in Figure

3.11 and compared to another theoretical band evaluation at similar conditions (PBE

+ SOC, Norm-Conserving pseudopotentials [15]). Despite the different geometrical

Figure 3.11: Comparison of the WS2 band diagram obtained in this work (on the left)

and the results reported in Reference [15] (on the right), considering SOC.
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parameters adopted in [15], there is a good agreement in band profiles, confirming the

effectiveness of previous paragraph accuracy tests and geometry optimization. Evalu-

ated direct band gap equal to 1.61 eV is also comparable to the value estimated in [15]

(1.55 eV).

Once the validity of band diagram with SOC is confirmed, a detailed comparison with

the previous evaluated diagram without SOC (3.8) is reported in Figure 3.12.
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Figure 3.12: Comparison of 1H - WS2 monolayer band diagrams neglecting (dash black

line) and considering SOC (solid red line).

The main effect of SOC is the removal of spin degeneracy, resulting in a splitting of

bands along the Γ-K and K-M directions. For example, considering the K point, the

lowest conduction band is split in two branches separated by about 32 meV. The split-

ting is more evident in the highest valence band since it is about 425 meV. These

values are compatible with other theoretical simulations (29 meV and 431 meV for

the lowest conduction band and the highest valence band respectively [97]). Another

significant modification introduced by SOC is a reduction of the direct band gap as

visible in Figure 3.12 and confirmed by other theoretical works [93]. The gap without

SOC (1.87 eV) drops down to 1.61 eV, resulting into a large underestimation of the

experimental value (2.05 eV [9]). As already discussed, this is a well known limit of

the DFT-PBE approach and reported in several theoretical works [96],[15],[97]. More

precise evaluations of the gap are possible using hybrid functionals (e.g, HSE) or adopt-

ing more complex approaches (e.g., GW), but requiring high computational costs [95].

Nevertheless, this thesis work adopts a DFT-PBE approach, since it is already able to

predict some key features of the band diagram although with these limitations. SOC

is also always considered in next simulations since the splitting due to SOC is essential

in the description of in-gap states in defective monolayers [15], as discussed in next

chapter 4.



CHAPTER 4

WS2 point defect analysis

Defects have a stronger impact on the properties of 2D materials than on those of

their bulk counterparts, as discussed in paragraph 1.2.2. For that reason a detailed

analysis of defects in WS2 monolayers is required to understand how the electronic

properties of the pristine monolayer are changed. This chapter only focuses on un-

intentional point defects. Indeed, this thesis work aims at the analysis of molecule

adsorption on defect sites, independently of the specific intentional doping used to

tailor the material properties. Here, we select only three types of unintentional point

defects (i.e., sulphur vacancy VS, oxygen as sulphur substituent OS and chromium as

tungsten substituent CrW) since they are the most common according to experimen-

tal evidences, as discussed in paragraph 1.2.2. Initially the problem of the simulation

domain size is discussed in section 4.1 in order to properly describe isolated defects.

These considerations are then applied to specific defect cases. The formation energies

of the defects are studied in paragraph 4.2 in order to identify how easily these defects

are unintentionally introduced. Then, the defect electronic signature is fully analysed

for each case, describing not only the band diagram, but also the Projected Density of

States (PDOS) and the electron density isosurfaces associated to the defect states.

4.1 Supercell approach

Defects are periodicity perturbations in a perfect crystalline structure. As discussed in

section 2.5.1.1 and applied in chapter 3, an efficient way to describe periodic systems

relies on the analysis of a single cell with periodic boundary conditions. Even if the

analysed defects are 0D, they cannot be studied considering only the repetition unit

shown in Figure 3.1b, since defects are local, isolated in a real system and not spread

in each primitive cell. For that reason, in the framework of plane-wave DFT, the

supercell approach must be employed to describe defects, while retaining the periodicity

at the same time. This method identifies a larger minimal repetition unit; instead of a

single primitive cell composed by three atoms, a piece of monolayer composed by more

44
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Figure 4.1: Construction of a n× n supercell.

hexagonal cells (i.e., a supercell) is studied, as shown in Figure 4.1. Periodic conditions

on this larger repetition unit result in a monolayer with point defects periodically

arranged. Despite this apparently nonphysical description due to the randomness of the

defect positions in the real samples, this approach is effective if each defect is sufficiently

spaced from its periodic replicas in order to behave as isolated. This requirement

implies that supercell size must be sufficiently large (i.e., composed by a sufficiently

large number of primitive cells of pristine WS2) to mimic single ”diluted” defects.

Nevertheless, a larger supercell results in a larger number of simulated atoms. For that

reason, the optimal supercell size is a compromise between sufficiently isolated defects

and a reasonable computational cost. Several features can be analysed to understand

if the supercell dimension is suitable. Isolated point defects are usually characterized

by dispersionless states. Hence, by progressively increasing the supercell dimension,

defect states progressively become ”flatter” since they are more and more isolated.

Secondly, if defects are isolated, they often introduce only specific states. Most of the

band diagram strictly associated to pristine atoms is usually unchanged. This implies

that, at increasing supercell dimension, the main features of the band diagram (e.g.,

the gap) should converge to the pristine WS2 case. Finally, if defects are completely

isolated, their formation energy should become independent from the supercell size.

Practically, the supercell is assembled considering the cell reproduced in Figure 3.1b

and replicating it n times in both directions of the plane, as shown in Figure 4.1. The

parameters of the single WS2 primitive cell are those identified in paragraph 3.2.2 (i.e.,

a = 3.179 Å and d = 3.151 Å), considering SOC. The cutoff energy is equal to 55 Ry,

if not specified otherwise. The k-point grid is reduced with respect to the previously

identified one (i.e., 5×5×1) since the increase of the superlattice constant (na instead

of a) is responsible for a inversely proportional reduction of the BZ dimension. Hence,

the k-space grid is reduced to 2 × 2 × 1 in 3 × 3 and 4 × 4 supercells, to 1 × 1 × 1 in
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5× 5 and 6× 6 supercells.

4.2 Formation energy for defects

Firstly, the formation energies EFORM of all unintentional defects are evaluated to

understand how easily they can occur. EFORM is evaluated as:

EFORM [X] = ETOT [X]− E0 + nWµW + nSµS −
∑
X

nXµX, (4.1)

where:

• ETOT [X] is the energy of the supercell with the defect,

• E0 is the total energy of the pristine supercell (i.e. without any defect),

• nW and nS are the numbers of W and S atoms removed from the layer,

• µW and µS are the chemical potentials of tungsten and sulphur, respectively, in

their stable bulk phases,

• nX is the number of substituent X atoms added to the system,

• µX is the chemical potential of species X in its stable bulk phase.

Table 4.1 resumes the analysis on the bulk stable phases employed to evaluate the

chemical potentials of the different atomic species, specifying the type of phase and

the suitable cutoff energy.

Atomic species Reference phase Cutoff energy [Ry]

W crystal tungsten, FCC 55

S α-Octasulfur, orthorhombic 40

Cr crystal chromium, FCC 80

O O2 molecule 75

Table 4.1: Recap of the analysis of stable bulk phases for the different atomic species.

The formation energies for the different defects are evaluated through equation 4.1

at increasing supercell size, but the results in Table 4.2 refer to the optimal size of the

supercells. The suitable energy cutoff values are also reported.

Sulphur vacancies are characterized by the highest formation energy and it is un-

likely that this defect occurs spontaneously. This result is in agreement with the ex-

perimental evidences discussed in section 1.2.2.1: CVD ’as-grown’ samples do not show

VS, but chalcogen vacancies are created in subsequent high temperature annealings.
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Defect VS OS CrW
Supercell size 5× 5 5× 5 6× 6

Cutoff energy [Ry] 55 75 80

EFORM [eV] 2.83 -1.35 0.35

Table 4.2: Formation energies of unintentional defects.

On the other hand, the negative formation energy of OS proves that spontaneously

O atoms are incorporated in WS2 monolayers. This result is again confirmed by the

experimental evidences discussed in section 1.2.2.1: O atoms spontaneously passivate S

vacancies during the synthesis or simply due to air oxidation. Whereas the substitution

of W with Cr requires an external energy contribution, as shown by its positive forma-

tion energy. It is sufficiently large to avoid the Cr incorporation at room temperature,

nevertheless, Cr impurities are present in the W precursor, hence the formation energy

is sufficiently small to allow CrW creation due to the temperatures achieved during

the synthesis. This confirms the possibility of Cr presence in the monolayer after the

synthesis.

The discussed approach for the formation energy evaluation assumes that the ener-

gies of atoms added/removed are referred to the chemical potential of the corresponding

atoms in their stable bulk phase. Nevertheless, in practical situations, atoms are not

directly obtained from their bulk reference phase, but they initially belong to their

precursor species. For that reason, the formation energies should be expressed consid-

ering the chemical potentials of atoms in the precursors as energy references. Hence,

the chemical potential for W(S) µW(S) is expressed as µW(S) = µ0
W(S) + ∆µW(S), where

µ0
W(S) is the potential of the reference bulk phase for W(S) reported in Table 4.1 and

∆µW(S) is the term accounting for the possible variations of the chemical potential

with respect to the reference bulk phase [98], [99]. In order to guarantee the correct

stoichiometric ratio between W and S, the thermodynamical equilibrium requires µWS2

= µW + 2µS. Defining ∆µ = ∆µS - ∆µW, equation 4.1 can be effectively rewritten as:

EFORM [X] = E ′
TOT [X]−

(
2

3
nW − 1

3
nS

)
∆µ−

∑
X

nXµX, (4.2)

where E ′
TOT [X] is defined as:

E ′
TOT [X] = ETOT [X]− E0 +

(
2

3
nW − 1

3
nS

)
(µ0

W − µ0
S) +

(
1

3
nW +

1

3
nS

)
µWS2

. (4.3)

By introducing the enthalpy of formation of the WS2 monolayer ∆HWS2
= µWS2

- µ0
W

-2µ0
S, it is possible to define a meaningful range for the chemical potential variation:

∆HWS2
< ∆µ < −∆HWS2

. (4.4)
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The formation energy in equation 4.2 can be plotted as a function of the chemical

potential variation ∆µ within the limits of equation 4.4. Results are reported in Figure

4.2. Supercell sizes and cutoff energies for the different defect types are reported in

Table 4.2.

VS formation energy is always high both in the W-rich (left side of Figure 4.2) and

S-rich (right side of Figure 4.2) limit, preventing the spontaneous formation of this type

of defect. At the same time, OS is always spontaneous, even if the formation energy

increases when there is abundance of S atoms as competitor. Finally, CrW formation

requires an external energy contribution in case of the W-rich limit, but its formation

becomes spontaneous in case of W deficiency.

Figure 4.2: Formation energies of unintentional defects in WS2 monolayer as a function

of ∆µ.

4.3 Sulphur vacancy

Sulphur vacancies VS is the most widely discussed type of unintentional defect in WS2

monolayers. Supercells with VS at progressively increasing dimension from 3× 3 up to

5× 5 are analysed. For each case, the initial geometry is equivalent to the structure of

a pristine supercell of the same dimension, except for the removal of an S atom. Then,

a relaxation process is performed on the initial geometry in order to identify the most

stable configuration when an S atom is missing. An example of the relaxed structure

in the 3× 3 supercell is shown in Figure 4.3.
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Figure 4.3: Relaxed 3× 3 supercell with VS.

The effects of the structure relaxation in absence of an S atom can be quantified by

analysing the distance between two W atoms in proximity of the vacancy. The W-W

distances for different supercell sizes are reported in Table 4.3. The missing S atom

allows W atoms to expand towards the vacancy site, reducing the W-W distance with

respect to the pristine condition. This effect is more evident in larger supercells since

the stress induced by deformation can be redistributed on a larger number of atoms.

VS supercell 3× 3 4× 4 5× 5 Pristine

W-W distance [Å] 3.056 3.042 3.036 3.179

Table 4.3: Comparison of the W-W distance in proximity of VS at different supercell

size.

Once the structural variations due to VS have been analyzed, the effects on the

electronic properties are discussed by evaluating the band diagram at different supercell

dimensions. Figure 4.4 shows the band diagrams of the 3×3, 4×4 and 5×5 supercells

with a single VS. The maximum of the valence band EVBM is set to zero as energy

reference, while the Fermi level is plotted with a dashed red line.

The apparently larger number of visible bands in Figure 4.4 with respect to the

diagram in Figure 3.11 is associated to the decrease of the BZ dimension, when the

repetition unit is enlarged to a supercell. Hence, bands that are inside the unit cell

BZ (UCBZ), are folded into the smaller supercell BZ (SCBZ), resulting into a larger

number of visible bands. This happens because points in the UCBZ, that are outside

the SCBZ, are mapped to equivalent points inside the SCBZ. For example, the K point

(1/3, 1/3, 0) in the UCBZ is folded on the Γ point (0, 0, 0) of the 3 × 3 supercell

BZ. Despite the band complexity increase due to the supercell approach, the main

electronic features of the system can be easily identified. For example, the vacancy

does not alter the direct band gap nature in K of the WS2 monolayer. Nevertheless,

the gap value depends on the supercell dimension, as shown in Table 4.4. The gap
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(a) 3× 3 supercell.
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(b) 4× 4 supercell.
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(c) 5× 5 supercell.

Figure 4.4: Band diagrams at different WS2 supercell dimension with VS (the Fermi

level is depicted with a red dashed line).

value drops with supercell increase and is almost converged to the pristine value in the

5× 5 structure, proving that the defect is appreciably isolated, as discussed in section

4.1.

VS supercell 3× 3 4× 4 5× 5 Pristine

Eg [eV] 1.72 1.65 1.64 1.61

Table 4.4: Comparison of the direct band gap value in different WS2 supercells with a

single S vacancy.

The main feature associated to VS is the formation of defect states well within the

gap. They are clearly two couples of bands, composed by two states each, as shown in

Figure 4.4a. However, their dispersion is significantly reduced when defects are more

isolated from their periodic replicas in larger supercells, as discussed in section 4.1.

The defect states degenerate in two completely ’flat’ levels in the 5× 5 supercell. The
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convergence of the gap value and the dispersionless defect states in the 5× 5 supercell

prove that this supercell dimension is suitable to describe isolated defects. For that

reason, the analysis of the electronic properties associated to VS is performed in the

5× 5 supercell.

In order to better characterize the S vacancy, the band diagram together with the

Density of States decomposed in the different atomic species contributions (i.e., the

Projected Density of States or PDOS) are plotted in Figure 4.5a. For comparison, a

5× 5 supercell without defects is also reported in Figure 4.5b in order to better point

out the vacancy contributions.
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Figure 4.5: Band diagram and PDOS of the 5 × 5 WS2 supercell (the Fermi level is

depicted with a red dashed line).

The presence of two in-gap defect states below the conduction band due to the

S vacancy is further confirmed; however now we can notice that S, but above all W

atoms are responsible for the defect states, as shown in the PDOS panel in Figure

4.5a. In addition we can observe that these states are unoccupied and an analysis

neglecting SOC reveals that the splitting of these states is associated to this relativistic

effect. Their energy separation is about 0.2 eV. These simulation results are perfectly

in agreement with the experimental LDOS reported in Figure 1.5a: two unoccupied

defect states split by 252 meV due to SOC are the main electronic signature of VS from

the experimental standpoint, as discussed in 1.2.2.1. Despite many works claim that

VS might be responsible for the unintentional n-doping in WS2 monolayers [100], the

identified defect states cannot act as donor levels since they are unoccupied when the

monolayer is analysed as isolated. Hence, the origin of the n-doping in WS2 is more

probably associated to impurities trapped between the flakes and the substrate [101]

or carrier transfer mechanisms from the substrate [102].

The contribution of S and W atoms in the band diagram is further investigated

analysing the k-resolved PDOS. The PDOS in Figure 4.5 is evaluated summing to-

gether the contributions of all states at the same energy, while the k-resolved PDOS,
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represented in Figure 4.6, considers the PDOS for each state resolving in energy as

well as in k vector. For each state the relative contribution of the atomic species is

associated to the color shades: cyan is associated to W while yellow is associated to S.
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Figure 4.6: K-resolved PDOS of the 5× 5 WS2 supercell with a single S vacancy (the

Fermi level is depicted with a red dashed line).

The uniform color along the in-gap defect states further proves that they are k

independent (i,e., dispersionless). Moreover the green towards cyan color of the defect

states confirms the predominance of W over S contribution. At the same time, the

bottom of the conduction band and the top of the valence band in K are characterized

by the predominance of W contribution, as occurs in the pristine case, further proving

that VS does not strongly alter other states in the band diagram.

Figure 4.7: Charge density isosurface associated to the 1st defect state due to VS in

WS2 monolayer (isosurface value = 0.0014 a.u.).
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Finally, the localized nature of the defect states is further evaluated by plotting

the isosurface of the charge density associated to these states. Figure 4.7 shows the

charge density associated to the lowest defect state; the plot of the highest defect state

is not reported due to its similar features. The density is clearly localized close to

the vacancy site, above all in the S plane with the missing atom, as shown by the

lateral section, proving that the 5×5 supercell is sufficiently large to have isolated and

localized defects.

4.4 Oxygen as substituent of sulphur

Oxygen is the most common substituent atom of sulphur and it can passivate VS.

Similarly to the approach of section 4.3, different supercells at progressively increasing

size are simulated. Considering that the O atom has a smaller atomic radius than the

S one, the atom position in the supercells are properly relaxed in order to minimize

the force induced by the presence of a smaller atom. An example of relaxed structure

in the 3 × 3 supercell is shown in Figure 4.8. The O atom is exactly aligned over the

S atom of the bottom plane, however it is located well below the surface of the top

sulphur plane. This evidence is also confirmed experimentally, as discussed in section

1.2.2.1. The distance decrease of O atom with respect to the W plane is reported in

Table 4.5 for the different supercells and is compared to the S atom distance from the

W plane in the pristine cell. The O atom height decreases of about one third of the

original position and this effect is slightly more evident in large supercells.

Figure 4.8: Relaxed 3× 3 supercell with a single OS.

Supercell 3× 3 4× 4 5× 5 Pristine

O - W plane distance [Å] 1.08 1.05 1.03 1.58

Table 4.5: Comparison of OS - W plane distance at different WS2 supercell size.
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Once the structural properties have been discussed, the band diagram of supercells

with an oxygen substituent at different size are evaluated. For the sake of simplicity,

only the band diagram of the 5 × 5 supercell is reported in Figure 4.9a. The main

peculiarity of the band diagram associated to OS is the complete absence of in-gap

defect states. This result is completely in agreement with experimental evidence, as

discussed in section 1.2.2.1 and shown in Figure 1.5b. The unique variation in the band

diagram among the different supercells is associated to the direct band gap value, as

reported in Table 4.6. The direct gap in the 3 × 3 supercell is already close to the

pristine case; nevertheless, the best match is in the 5 × 5 one. For this reason, whole

analysis of OS is performed in the 5 × 5 supercell. Until now all simulations have

been performed at the cutoff energy equal to 55 Ry since it is the optimal value for

the W e S pseudopotentials, as identified in paragraph 3.2.1. However, the oxygen

pseudopotential is also employed in the OS analysis. The study of the O2 molecule

shows that 75 Ry is the optimal energy cutoff for the O pseudopotential. For that

reason, the 5× 5 supercell is also simulated at 75 Ry, but the resulting band diagram

and above all the direct gap do not change significantly, as shown in Table 4.6.

Supercell 3× 3 4× 4 5× 5 5× 5 Pristine

Cutoff energy [Ry] 55 55 55 75 55

Eg [eV] 1.57 1.59 1.60 1.60 1.61

Table 4.6: Comparison of the direct band gap value at different WS2 supercell size

with OS and at different cutoff energies.
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Figure 4.9: Band diagrams and PDOS of the 5 × 5 WS2 supercell (the Fermi level is

depicted with a red dashed line).

Figure 4.9 compares the band diagram in the case of OS and the correspondent

5× 5 pristine supercell. Aside some minor modifications in the valence band, the two
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band diagrams are quite similar. Indeed, looking at the PDOS in Figure 4.9a, the

contribution associated to the O species is spread both in valence and conduction band

and does not have a major role at any energy. The similarity of OS and the pristine

band diagram is associated to the isovalence nature of O and S species. No dangling

bonds or a different number of electrons are introduced when S is replaced by O. A

more careful analysis of Figure 4.9 shows the presence of a band characterized by a

reduced dispersion, just below the valence band top in case of OS. A small bump in

the PDOS associated to O species is also present in the same energy range. In order

to better clarify the nature of this band, the k-resolved PDOS in the 5 × 5 supercell

is reported in Figure 4.10. The relative contribution of the different atomic species is

codified in the color shades: predominance of W, S and O contribution is associated to

cyan, yellow and magenta respectively, as shown in the color triangle in Figure 4.10.
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Figure 4.10: K-resolved PDOS of the 5× 5 WS2 supercell with OS (the Fermi level is

depicted with a red dashed line).

Comparing the k-PDOS of OS in Figure 4.10 and the k-PDOS of VS in Figure 4.6,

there are no modifications outside the gap region. For example, the predominance of

W contribution in the top of the valence band and in the bottom of the conduction

band in K is preserved also in presence of OS. No states are characterized by a reddish

shade associated to O contribution. The previously identified band below the valence

band maximum does not show any relevant O contribution. Hence, it is possible to

conclude that this band is not a defect state due to O within the valence band, but

it is probably a band that it is already present in the pristine case and the broken

symmetry between top and bottom S planes, due to O presence, removes the energy

degeneracy that previously characterizes these states.
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4.5 Chromium as substituent of tungsten

Chromium substituent is considered the most common unintentional defect in the W

site in WS2 monolayers. Similarly to the chalcogen defect analysis, the structural

properties of supercells with CrW are analysed. Figure 4.11 shows the relaxed structure

of the 3 × 3 supercell with CrW. Cr atom is completely aligned to other W atoms.

The main modification is associated to the distance of S atoms in the same plane, in

proximity of Cr site. Indeed, as shown in Table 4.7, the S - S in-plane distance decreases

of about 4 % due to the smaller atomic radius of Cr with respect to W. These results

are in agreement with experimental evidences, as discussed in section 1.2.2.2.

Figure 4.11: Relaxed 3× 3 supercell with CrW.

Supercell 3× 3 4× 4 5× 5 6× 6 Pristine

S - S distance [Å] 3.049 3.045 3.043 3.041 3.179

Table 4.7: Comparison of S - S in-plane distance in proximity of CrW in different WS2

supercells.

The electronic properties associated to CrW defect are then evaluated by analysing

the band diagram of supercells at progressively increasing dimension. Figure 4.12 shows

the results of supercells from 3×3 up to 6×6. Notice that the K point in the UCBZ is

folded on the Γ point in the BZ of the 3× 3 and 6× 6 supercell, as discussed in section

4.3.

The main electronic feature of CrW is the presence of in-gap states, just below the

conduction band minimum. In total there are 6 defect bands, as visible in Figure 4.12a.

However, their energy separation progressively decreases in larger supercells and there

are only 3 non degenerate states in the 6 × 6 supercell. Notice that the dispersion of

these states is already reduced in the 5 × 5 supercell, but the band gap estimation is

not accurate. Indeed, as shown in Table 4.8, the gap in the 5×5 supercell is larger than

the nominal one and, above all, system has an indirect gap. Indeed, the bottom of the

conduction band is associated to a point in the path between Γ and K. For that reason,
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(a) 3× 3 supercell.
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(b) 4× 4 supercell.
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(c) 5× 5 supercell.
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(d) 6× 6 supercell.

Figure 4.12: Band diagrams of different WS2 supercells with CrW (the Fermi level is

depicted with a red dashed line).

the 6 × 6 supercell is considered and the direct gap value is more correctly estimated

in this supercell, as shown in Table 4.8. Hence, the next analysis of CrW is performed

in the 6× 6 supercell. The same band evaluation is also performed employing a cutoff

energy higher than 55 Ry. Indeed, the analysis of the Cr bulk system reveals that

Cr pseudopotential requires a cutoff energy equal to 80 Ry. Nevertheless, the band

diagram at 80 Ry is almost unchanged with respect to the 55 Ry analysis, as shown in

Table 4.8.

Figure 4.13a shows the band diagram and the PDOS of the 6×6 supercell with the

CrW defect. For comparison, the analysis of the pristine supercell with the same size

is also reported in 4.13b.

The comparison in Figure 4.13 allows for a better identification of three defect states.

They are unoccupied and very close to the bottom of the conduction band. Indeed,

the separation between the highest defect state and the minimum of the conduction

band is only about 80 meV. The presence of these defect states is also confirmed

experimentally, as discussed in section 1.2.2.2 and shown in Figure 1.6. However,
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Supercell 3× 3 4× 4 5× 5 5× 5 6× 6 Pristine

Cutoff energy [Ry] 55 55 55 80 55 55

Eg [eV] 1.66 1.67 1.72 1.72 1.63 1.61

Gap type direct direct indirect indirect direct direct

Table 4.8: Comparison of the band gap value in different WS2 supercells with CrW and

at different cutoff energies.
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(a) Cr substituent.
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Figure 4.13: Band diagrams and PDOS of the 6× 6 WS2 supercell (the Fermi level is

depicted with a red dashed line).

the experimental estimation of the separation between defect states and the minimum

of the conduction band is larger (220 meV [15] vs 80 meV). This mismatch can be

associated to the limit of the PBE functional in the gap estimation. Nevertheless,

the internal separation between defect states is effectively estimated: the separation

between the first and the second state and the separation between the second and

the third are about 95 meV and 70 meV respectively in the simulated band diagram.

As shown in Figure 1.6, the same separations are 100 meV and 80 meV according to

STS measurements. Considering that CrW defect states are close to the conduction

band, but are unoccupied, they are not donor levels. Indeed, CrW is an isoelectronic

substitution and does not provide any additional electrons/holes.

Beside the in-gap defect states, CrW does not strongly alter the band diagram of

the pristine material. Indeed, the PDOS contribution of Cr species in Figure 4.13a is

almost negligible in the conduction and the valence band. Cr has the major role in

the defect states, however W and S contributions are also present in the in-gap states.

This proves that a hybridization between Cr and W/S orbitals occurs in this type of

defect.

The contribution of the different chemical species is further investigated by analysing

the k-resolved PDOS reported in Figure 4.14. The relative contribution of the different
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atomic species is codified in the color shades: predominance of W, S and Cr contri-

bution is associated to cyan, yellow and magenta respectively, as shown in the color

triangle in Figure 4.14.
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Figure 4.14: K-resolved PDOS of the 6 × 6 WS2 supercell with CrW (the Fermi level

is depicted with a red dashed line).

The predominance of cyan or green in the valence and conduction band shows W

and S, but no Cr contribution. On the other hand, the predominance of the reddish

color in the defect states, above all in the second and in the third, further confirms the

predominant contribution of Cr in the in-gap states.

Figure 4.15: Charge density isosurface associated to the 1st defect state due to CrW in

WS2 monolayer (isosurface value = 0.001 a.u.). Purple, yellow and light blue balls are

respectively W, S and Cr atoms.
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Finally, the spatial localization of defect states is studied. Figure 4.15 shows the charge

density isosurface associated to the first in-gap states. Other in-gap state isosurfaces

are not reported since they show similar features. The three-fold pattern centered

around the Cr atom clearly shows the spatial localization of the defect state around

the substituent atom.

In summary, the structural and electronic properties of the most common unin-

tentional point defects (i.e., VS, OS and CrW) in WS2 monolayers are investigated in

this chapter. The analysis of the formation energies in section 4.2 confirms the exper-

imental evidences that the analysed defects can be unintentionally introduced during

the synthesis: OS and CrW are generated during the CVD growth, while unpassivated

S vacancies are more commonly created in post-growth treatments due to the higher

formation energy. The in-gap defect states associated to VS are not responsible for the

unintentional n-doping of WS2 monolayers, but they might mediate non-radiative re-

combination processes. The presence of O atoms instead of S does not alter the pristine

band diagram and O incorporation can be adopted as strategy to passivate S vacan-

cies. Finally, the CrW defect is responsible for three in-gap states in proximity of the

conduction band minimum, but differently from other transition metal substituents,

Cr is not an effective dopant atom for WS2.



CHAPTER 5

Molecule adsorption on selected WS2 point

defects

This chapter aims at the analysis of gas molecule adsorption on WS2 monolayers. Ad-

sorption can occur both on the edges [103] and on the basal plane [36] of the flakes.

Specifically, this work considers the adsorption on point defects in the basal plane.

Indeed, defects might behave as highly reactive sites, above all in CVD samples where

they are more abundant. Only common unintentional defects discussed in chapter 4

(i.e., VS, OS and CrW) are included in this analysis. Common gas molecules, such as

O2, H2O and NH3, are considered in view of the spontaneous exposure of the flakes

to these chemical species during sample synthesis, handling, storage and characteri-

zation. Both physisorption and chemisorption processes are investigated. The first

is characterized by the absence of new chemical bonds between the molecule and the

surface atoms. Hence, the weak electrostatic interactions result in quite small adsorp-

tion energies (usually tens or few hundreds of meV) and the molecule geometry is

minimally destabilized due to the large separation between the molecule and the sur-

face. Whereas, the chemisorption process is characterized by the formation of chemical

bonds between the molecule and the flake, resulting in adsorption energies of few eV.

The new bonds perturb the molecule stability, distorting its original geometry.

For each type of defect, different molecule configurations are considered to identify

the minimum energy adsorption geometry. Indeed, a gas can interact with the flakes

in a geometry in which the molecule is vertical, horizontal, tilted etc with respect to

the monolayer. Moreover, molecules can be adsorbed exactly on top of the missing /

substituent atom or on other sites surrounding the defect. To consider this variability,

molecules are initially located at different distances and orientations with respect to

the monolayer and a relaxation process is performed to identify the stable configura-

tion geometries. This initial set of tests on a wide range of cases is performed in the

3× 3 supercell. Even if this supercell is not suitable for the correct analysis of the de-

fects, as discussed in chapter 4, analysed molecules are quite small and the interaction
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among the periodic replicas is small for a preliminary analysis. This choice allows for

a computational time reduction and a wider range of configurations can be initially

considered. For each optimised adsorption geometry, the adsorption energy Eads is

evaluated through equation 5.1:

Eads = EWS2 + mol − EWS2 − Emol, (5.1)

where:

• EWS2 + mol is the total energy of the supercell with the adsorbed molecule,

• EWS2 is the total energy of the supercell without the adsorbed molecule,

• Emol is the total energy of the isolated molecule.

According to the definition in equation 5.1, negative adsorption energies are associated

to energetically favorable adsorption configurations. Once the most stable configura-

tions are identified, they are extensively studied to clear out the variations in the band

diagram once the molecule is adsorbed. This detailed analysis is performed in a larger

supercell to properly describe isolated defects, as discussed in chapter 4.

5.1 Water and ammonia molecule adsorption

The influence of water vapour on WS2 monolayers is analysed by simulating the ad-

sorption of H2O on the discussed defects. Despite the presence of dangling bonds in the

VS case, the H2O molecule does not chemisorb on the vacancy, but is only physisorbed.

Physisorption is also possible on the OS and CrW site. Despite the stability of these

configurations, as confirmed by adsorption energies in the range -150 meV ÷ -300 meV,

the adsorption of these molecules does not significantly alter the band diagram. Sim-

ilar condition occurs for NH3: physisorption prevails with adsorption energies in the

range -150 meV ÷ -250 meV, according to the defect type. However, no in-gap states

or variations of the band gap value occur when NH3 is adsorbed.

For that reason, H2O and NH3 molecule adsorption on the defects of the basal

plane has a minimal influence on the electronic properties of WS2 and an extended

analysis for these adsorption conditions is not reported. Nevertheless, these molecules

can modify the material properties when they are adsorbed at the flake edges or grain

boundaries [103].

5.2 Molecular oxygen adsorption

Molecular oxygen is one of the most probable gas species to which WS2 flakes are

exposed. Here, only isolated O2 molecule adsorption is considered; nevertheless this
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process can become the starting point of a full oxidation mechanism in which large

areas of flakes are converted from WS2 to WOx and the peculiar material properties

drastically change [104]. Even if O2 adsorption is possible also in proximity of OS

(section 5.2.2) and CrW (section 5.2.3), the VS case is more extensively studied due

the co-presence of physisorption (section 5.2.1.1) and chemisorption (section 5.2.1.2)

processes. The potential energy barrier between these two adsorption conditions is also

simulated to evaluate the transition effectiveness (section 5.2.1.3).

5.2.1 O2 adsorption on sulphur vacancy

5.2.1.1 O2 physisorption on VS

O2 physisorption on VS is obtained by initially locating the molecule at a distance

larger than 4 Å from the W plane and allowing the molecule to relax into a minimum

energy configuration. Two relevant adsorption conditions in proximity of the VS site

are identified. The geometry configurations are reported in Figure 5.1 and 5.2: for the

sake of clarity, in order to better visualize the relative separation of the molecule and of

the defect, the process is represented in a small supercell even if analysis is performed

in the 5× 5 supercell.

Figure 5.1: Horizontal O2 physisorption on VS.

Figure 5.2: Vertical O2 physisorption on VS.
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In the first case, reported in Figure 5.1 and labelled as ’horizontal configuration’,

the molecule is horizontal with respect to the monolayer, over the VS site and aligned

with a W-S bond. Notice that the molecule is not perfectly parallel to the monolayer,

but is slightly tilted out of plane. In the second physisorption configuration, labelled

as ’vertical’ and shown in Figure 5.2, the molecule is perpendicular to the monolayer

and centered over the empty S site. Despite the dangling bonds associated to the

missing S atom, no new chemical bonds are created and the distance of the geometrical

centre of the molecule with respect to the W plane is quite large (4.08 Å and 4.23 Å

in the horizontal and in the vertical configuration respectively). Moreover, the O2

bond length is unchanged with respect to the isolated molecule case (i.e., 1.212 Å),

further confirming the weak interaction between the flake and O2. This interaction

strength is quantified by evaluating the adsorption energy at a cutoff energy equal to

75 Ry, as reported in Table 5.1. It is evident that the supercell size minimally alters

the interaction evaluation (variations within 10 meV), confirming the effectiveness of

the preliminary analysis in the 3× 3 supercell for the identification of the most stable

configuration among the considered ones. The small adsorption energies are compatible

with a physisorption process. The horizontal configuration is more favorable due to

the closeness of the O atoms to the flake surface, even if the difference between the

two cases is small. Notice that the adsorption energy of O2 on the surface without

defects (Eads = -110 meV [105]) is similar, hence VS does not strongly enhance the O2

interaction when only physisorption occurs.

Adsorption energy [meV]

VS supercell 3× 3 5× 5

Horizontal physisorption -140 -130

Vertical physisorption -120 -120

Table 5.1: Adsorption energy for O2 physisorption on VS in WS2 monolayer.

The electronic properties of the physisorption configurations are evaluated by analysing

the band diagram of the 5×5 supercell with the adsorbed molecule, as shown in Figure

5.3.

The conduction and the valence bands are unchanged after the O2 adsorption and the

gap value is also the same (i.e., 1.64 eV). The pairs of defect states (i.e., the electronic

signature of VS) are still present after the O2 adsorption, proving that dangling bonds

are not saturated. The sole effect of the physisorption is the introduction of a discrete

level, associated to the O2 molecular levels, just below the defect states. In both

cases, the states introduced by O2 are unoccupied and far away from the valence band

maximum (about 0.94 eV and 0.91 eV in the horizontal and in the vertical configuration

respectively). At the same time, the O2 level is quite close to the lowest VS defect state:

the separation is about 160 meV and 190 meV in the horizontal and in the vertical
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Figure 5.3: Band structure of O2 physisorbed on a vacancy site in a horizontal (a) and

vertical (b) configuration. The band structure of WS2 ML with a vacancy is reported

as reference (c). The Fermi level is depicted with a red dashed line.

configuration respectively. Notice that O2 physisorption on the pristine material is

responsible for the introduction of a similar unoccupied level in the middle of the gap

[105]. Nevertheless, not only the O2 level, but also the VS defect states may be involved

in the energy transitions between the valence and the conduction band, increasing the

complexity of the process.

5.2.1.2 O2 chemisorption on VS

The presence of dangling bonds due to the missing S atom allows also for the chemisorp-

tion of O2. Indeed, if the molecule is initially close to the monolayer surface (i.e. at

a distance smaller than 3 Å from the W plane), it is attracted towards the VS site

and relaxes in a chemisorbed configuration. The analysis in the 5 × 5 supercell at a

cutoff energy equal to 75 Ry allows for the identification of two different chemisorption

cases. A configuration in which the molecule is horizontal with respect to the flake

is detected, as shown in Figure 5.4. It is not perfectly parallel to the W plane, but

an O atom is up-shifted due to the presence of a underlying W atom. The molecule

is aligned with a W-S bond. A second chemisorption configuration is also identified,



66

as shown in Figure 5.5. In this case the molecule is vertical with respect to the flake

and perfectly centered in the VS site. The bottom O atom of the molecule establishes

chemical bonds with W.

Figure 5.4: Horizontal O2 chemisorption on VS.

Figure 5.5: Vertical O2 chemisorption on VS.

The formation of chemical bonds between W and O atoms characterizes the analysed

configurations. As reported in Table 5.2, in the horizontal case, the distance between

the O atom and the nearest W atom is 2.103 Å and 2.043 Å for the down-shifted and

the up-shifted O atom respectively. On the other hand, in the vertical configuration,

the W-O distance is 2.168 Å. Notice that the W-O length in the analysed chemisorption

configurations is slightly different from the bond length in case of O substituent (i.e.,

2.076 Å), as analysed in paragraph 4.4. Nevertheless, the W-O distances are always

compatible with the formation of chemical bonds. The interaction between the flake

and O2 perturbs the molecule geometry. Indeed, the original O-O distance in the

isolated molecule, equal to 1.212 Å, largely increases when the molecule occupies the

VS site (increase of 20 % and 15 % in the horizontal and in the vertical configuration

respectively).

The interaction strength of chemisorbed molecules is analysed in Table 5.3. The

supercell size minimally changes the adsorption energy, as already observed for the
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Configuration Horizontal Vertical

W-O distance [Å] 2.103 / 2.043 2.168

O-O distance [Å] 1.454 1.397

Table 5.2: Geometry of O2 chemisorbed on VS in WS2 monolayer.

physisorption case. The large adsorption energies confirm the chemical nature of the

interaction and its room temperature stability. Specifically, the horizontal configuration

is more stable than the vertical one. The larger stability of the first configuration

can be qualitatively justified by analysing the geometry: both O atoms are chemically

interacting with W in the horizontal case, while a single O atom is involved in chemical

W-O bonds in the vertical one. The different interaction strength is also confirmed by

the variations of the O-O bond length reported in Table 5.2: the O2 system is less

interacting with the monolayer in the vertical configuration and, indeed, the O-O bond

is less stretched and more similar to the isolated case with respect to the horizontal

chemisorption. However, despite the different adsorption energies, both configurations

are by far stable and can commonly occur.

Adsorption energy [eV]

VS supercell 3× 3 5× 5

Horizontal chemisorption -1.98 -1.96

Vertical chemisorption -1.66 -1.63

Table 5.3: Adsorption energy for O2 chemisorption on VS in WS2 monolayer.

The electronic properties of the O2 chemisorbed configurations are then analysed

by evaluating the band diagram in the 5× 5 supercell, as shown in Figure 5.6.

The common feature of the band diagrams when O2 is chemisorbed is the passivation of

the defect states that characterise the gap region in case of VS. This effect is compatible

with the passivation of the W dangling bonds previously discussed. Moreover, the same

effect is also observed in case of O substituent, as discussed in section 4.4. Nevertheless,

the co-presence of two O atoms reciprocally interacting has other impacts in the band

diagram. The horizontal configuration is characterized by the absence of any in-gap

states, but states with limited dispersion can be identified within the valence band. A

more detailed description is possible by analysing the k-resolved PDOS, considering all

the chemical species and O alone, as reported in Figure 5.7 and 5.8, respectively.

If all chemical species are considered in the plot of the k-PDOS, the O contribution

cannot be distinguished. However, if the k-PDOS of O alone is analysed, a group of

bands become evident below the maximum of the valence band. Comparing Figure 5.7

and 5.8 for the horizontal configuration, it is possible to deduce that both W and O
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Figure 5.6: Band structure of O2 chemisorbed on a vacancy site in a horizontal (a) and

vertical (b) configuration. The band structure of WS2 ML with a vacancy is reported

as reference (c). The Fermi level is depicted with a red dashed line.

species have a contribution in the identified bands. O and W orbitals are hybridized

in these states, confirming the strong interaction between the molecule and the flake.

However, these states are well within the valence band, so they do not have an evident

role in the modification of the electronic properties of the system.

The identification of the O2 role is more intuitive in the vertical configuration. In-

deed, as visible in Figure 5.6, isolated bands appear well within the band gap, at about

0.15 ÷ 0.19 eV above the valence band maximum. As in the previous chemisorption

case, these states are occupied. The higher energy of the bands associated to O atoms

in the vertical configuration with respect to the horizontal one (where O contribution

is within the valence band) is compatible with the smaller stability of the vertical case.

The minor interaction strength between the molecule and the monolayer in the vertical

configuration can be also deduced by analysing the total k-PDOS in Figure 5.7. In-gap

states are mainly due to the O species, as proven by the predominance of the magenta

shade. Hence, W and S contribution is minor, so the hybridization between the O and
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Figure 5.7: K-resolved PDOS of O2 chemisorbed on a vacancy site in a horizontal (a)

and vertical (b) configuration (the Fermi level is depicted with a red dashed line).

the other species orbitals is poorer and in-gap isolated states resemble the condition of

physisorption in section 5.2.1.1.

Beside the discussed modifications, a more careful comparison in Figure 5.6 reveals

that adsorption also modifies the conduction band. This change is further evident

when the variations of the gap are evaluated, as reported in Table 5.4. The band gap

decreases, above all in the horizontal configuration (decrease of about 0.11 eV) with

respect to the condition without O2.

Configuration O2 horizontal O2 vertical No O2

Band gap [eV] 1.53 1.64 1.64

Table 5.4: Band gap in case of O2 chemisorption on VS in WS2 monolayer

The gap decrease in the horizontal configuration is associated to the presence of an

additional band below the original minimum of the conduction band, as visible in Figure

5.6. The origin of this band is further investigated with the k-resolved PDOS. In Figure

5.8 for the horizontal configuration, it is easy to clearly distinguish the additional band

below the conduction band minimum due to the reddish shade associated to the O

species.
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In the vertical configuration there are no states that alter the minimum of the con-

duction band. Indeed, the gap is unchanged with respect to the case without O2, as

shown in Table 5.4. The same result is confirmed in the analysis of the k-PDOS for

the O species alone, reported in Figure 5.8. Beside the contribution to in-gap states,

there are no states with evident O contribution in proximity of the minimum of the

conduction band, proving that the vertical configuration minimally alters the picture

of the bottom of the conduction band.
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Figure 5.8: K-resolved PDOS of O species alone for O2 chemisorbed on a vacancy site

in a horizontal (a) and vertical (b) configuration (the Fermi level is depicted with a

red dashed line).

5.2.1.3 O2 adsorption energy barriers

Paragraphs 5.2.1.1 and 5.2.1.2 show that the O2 molecule can be both physisorbed

or chemisorbed on VS. Both physisorption and chemisorption can occur in two con-

figurations in which the molecule is horizontal or vertical with respect to the flake

surface. Considering that system properties markedly change in physisorption and in

chemisorption, it is important to evaluate the energy barriers between two configura-

tions to identify at which conditions the transition is possible. The evolution of the

O2 position and the energy variations during the transition between the initial and the

final state are evaluated through the Nudged Elastic Band (NEB) method, whose the-

ory is briefly introduced in section 2.6. The NEB path is evaluated starting from the

optimized initial (physisorption) and final (chemisorption) geometries and simulating

5 intermediate images. Once the position of the potential barrier peak is identified,

further NEB intermediate images are evaluated in this region to get a more precise

estimation of the barrier height.

Firstly, the transition between the horizontal physisorption and the horizontal

chemisorption configuration is analysed. The evolution of the molecule position is

reported in Figure 5.9. Along the NEB path, the molecule shifts down towards the W
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plane from the initial distance of about 4 Å. Since the molecule is not perfectly parallel

to the flake plane, the translation is coupled with a partial rotation of the molecule.

Figure 5.9: O2 geometry evolution between horizontal physisorption (1) and horizontal

chemisorption (7) state on the VS site.

Figure 5.10 shows the variation of the energy during the described transition. The

energy EO of the isolated molecule is set to zero as energy reference. The large en-

ergy difference between the initial and the final states prevents desorption from the

chemisorbed state. On the other hand, the energy barrier separating the physisorption

from the chemisorption condition is about 0.93 eV, as shown in Figure 5.10. Hence,

O2 can reach the chemisorption state if the flake is sufficiently heated.

Figure 5.10: Energy profile during the transition from the horizontal physisorption to

the horizontal chemisorption state on the VS site.
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The transition from the vertical physisorption to the vertical chemisorption con-

figuration is then analysed. In this case, as reported in Figure 5.11a, the molecule

simply translates towards the W plane and stretches during the NEB path without

any rotation, since O2 is always perfectly vertical and aligned with the VS site. The

energy profile reported in Figure 5.11b shows that the transition from physisorption to

chemisorption is possible in case of heating, similarly to the previous discussed case.

Indeed,, the potential barrier is 0.85 eV. Notice that the chemisorption state in the

vertical case is less energetically favorable than the horizontal one, but the potential

barrier for the vertical transition is slightly smaller. Hence, both horizontal and vertical

chemisorptions can occur after an initial physisorbed step.

(a) O2 geometry evolution. (b) Energy profile.

Figure 5.11: Transition between vertical physisorption and vertical chemisorption state

on the VS site.

5.2.2 O2 adsorption on oxygen substituent

Similarly to the adsorption on the VS case, different orientations and adsorption sites in

proximity of the OS defect are considered in order to find the most stable configuration

describing the O2 - flake interaction. Independently of the initial distance of O2 with

respect to the flake surface, a chemisorption is never possible due to the absence of

dangling bonds and the high stability of the TMD surface when completely passivated

by O substituents. Different physisorption configurations sharing comparable stability

and features are identified. However, only the most stable is carefully analysed as

example for the other configurations. The O2 molecule is parallel to the monolayer

plane and is about 3.1 Å far from the substituent O atom. The large distance and the

almost unchanged O-O bond length confirm the physisorption nature of the interaction.

The weakness of the interaction is further established by evaluating the adsorption

energy: it is about -130 meV in the 5×5 supercell and compatible with a physisorption
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Figure 5.12: Most stable O2 physisorption configuration on OS.

process. Notice that this value is only slightly larger than the adsorption energies

evaluated in the pristine flake (Eads = -110 meV [105]). Moreover, the geometry and

the interaction strength are also comparable to the horizontal physisorption on VS.

Hence, the OS defect does not enhance the interaction with the O2 molecule.

The electronic properties of O2 adsorbed on OS are then evaluated. The band

diagram in case of adsorption, in the 5× 5 supercell, is reported in Figure 5.13.
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Figure 5.13: Band structure of O2 adsorbed on an OS site (a). The band structure of

WS2 ML with an OS is reported as reference (b). The Fermi level is depicted with a

red dashed line.

The main feature associated to the physisorption of O2 on OS is the introduction of a

dispersionless state within the gap. All other relevant elements of the band diagram

are completely unchanged with respect to the case without adsorbed molecule. The

isolated state is unoccupied, but it is quite far from the maximum of the valence band

(about 1.06 eV above it). Hence, this state results in a deep and ineffective accep-

tor level. However, it is an intermediate level that might mediate carrier transitions

between conduction and valence band. Notice that the adsorption of O2 molecule on

the monolayer surface without defects is responsible for a similar modification of the
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electronic properties [105]. Hence, also in this case the OS defect minimally alters the

behaviour of the material.

5.2.3 O2 adsorption on chromium substituent

Finally, O2 adsorption on chromium substituent is considered. Different adsorption

configurations are also tested in this case. Physisorption is only possible and, in general,

all considered adsorption geometries are characterized by similar interaction strengths.

For that reason a unique configuration, the most stable, is analysed and is reported in

Figure 5.14. The O2 molecule is adsorbed over the Cr atom at about 4.8 Å from it. The

molecule is aligned with the direction connecting two in-plane S atoms. Notice that the

analysed adsorption geometry is very similar to the stable adsorption configuration of

O2 over a W atom in the pristine material [105]. Hence, from the adsorption standpoint,

Cr and W atoms have a similar behaviour.

Figure 5.14: Most stable O2 physisorption configuration on CrW.

The very large distance between O2 and the flake surface is compatible with a weak

interaction. Indeed, the adsorption energy evaluated in the 6 × 6 supercell is quite

small (Eads = -90 meV). Comparing the interaction strength for the analysed defects,

it is evident that O2 physisorption is more favoured on VS (Eads = -120 meV ÷ -130

meV) and on OS (Eads = -130 meV) than on CrW.

Finally, the electronic properties of the system with the adsorbed O2 molecule are

analysed. The band diagram evaluated in the 6×6 supercell is reported in Figure 5.15,

both with and without adsorbed O2. Similarly to the case of O2 on OS, the adsorption

does not alter the valence, the conduction band, the gap value and the position of the

in-gap states associated to the defect. The only new feature associated to O2 is the

presence of a discrete level in the gap, close to the Cr defect states. The O2 level is

about 1.01 eV above the valence band maximum and about 0.34 eV below the lowest

Cr defect states. The position of the O2 level in the CrW supercell is very similar to

the OS case. In both situations, O2 states are unoccupied and sufficiently far from

the valence band maximum to behave as a deep ineffective acceptor level. However, in



75

the CrW case the energy transitions not only involve the O2 level, but also the defect

states. Notice, differently from the VS case where defect states can be passivated by

O2, here the adsorption process does not alter the defect states.
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Figure 5.15: Band structure of O2 adsorbed on a CrW site (a). The band structure of

WS2 ML with a CrW is reported as reference (b). The Fermi level is depicted with a

red dashed line.

5.3 Summary of adsorption processes on defective

monolayers

In conclusion, the adsorption of different gases (i.e., O2, H2O and NH3) on common

unintentional point defects (i.e., VS, OS and CrW) in WS2 monolayers has been anal-

ysed in this chapter. The stability towards gas adsorption of the surface of perfect

TMDs is a peculiarity of 2D materials and the absence of defects allows only for weak

physisorption processes [36]. However, defects might modify the reactivity of the flake

surface. In some cases the adsorption process is minimally altered with respect to the

pristine monolayer despite the presence of defects such as OS and CrW. On the other

hand, for some defects, such as VS, the interaction between the flake and the molecule

is strong. However, the presence of dangling bonds in the VS site does not directly

imply that the molecule is chemisorbed. Indeed, H2O and NH3 can be only physisorbed

over the VS site.

Among the considered molecules, water and ammonia adsorption minimally alters the

band diagram of the defective monolayer, so these conditions are not extensively stud-

ied, but the analysis focuses on the O2 case. The O2 molecule can be both physisorbed

and chemisorbed on the VS site. Different physisorption configurations are identified,

but they show similar features: the adsorption does not passivate the defect states as-

sociated to the vacancy, but it only introduces a discrete unoccupied level in the middle

of the gap, 0.91 ÷ 0.94 eV above the valence band maximum, but 0.16 ÷ 0.19 eV below

the lowest defect state. In other words, the discrete O2 level is simply superimposed to
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the band diagram of the VS cell. However, the chemisorption process of O2 in the VS

site is also possible. Two stable chemisorption configurations are identified: the ’hor-

izontal’ and the ’vertical’ adsorption condition. The latter is about 0.3 eV less stable

and preserves some characteristics (minor O-O bond stretch, less evident hybridization

between O and W, S orbitals) that resemble the physisorbed O2 case. Nevertheless,

both chemisorption configurations are stable and with large adsorption energies (-1.63

÷ -1.96 eV). The main effect of the O2 chemisorption is the passivation of the VS site.

Hence, the O2 chemisorption can have beneficial effects for the WS2 properties: the

suppression of the vacancy defect states removes possible non-radiative recombination

channels, enhancing the photoluminescence of the material in a permanent way, due

to the stability of the chemical bonds between O and W. However, this mechanism of

passivation of sulphur vacancies requires the overcoming of a potential barrier between

the physisorption and the chemisorption condition. The evaluated barriers are quite

high, hence the passivation mechanism is not effective at room temperature. It requires

an external heating treatment, for example an intentional thermal annealing or a local

annealing due to the laser exposure during a PL analysis, above all if it is performed on

a thermal insulating substrate as SiO2. However, the chemisorption process has also

some side effects on the band diagram. In the horizontal configuration, the band gap

decreases of about 0.11 eV due to an additional band below the original conduction

band minimum. In the vertical configuration, isolated and occupied states appear in

the gap, 0.15 ÷ 0.19 eV above the valence band maximum.

Finally, the adsorption of O2 on the other defects analysed in this thesis work has

minor modifications on the band diagram since only physisorption is possible. In case

of OS, the only effect is the introduction of an unoccupied level at 1.06 eV above the

valence band maximum, similarly to the O2 adsorption on the pristine surface without

defects. Hence, the presence of O instead of S atom is not detrimental also from the

standpoint of the adsorption process. The O2 adsorption on the CrW site appears

slightly less stable than the other defect cases, but it resembles the adsorption on the

W atom in the pristine material. The unique effect of O2 is the introduction of an

unoccupied level 1.01 eV above the valence band maximum, but below the CrW defect

states. Differently from the VS case, these defect states are not passivated, hence the

O2 adsorption cannot be used to mitigate the impact of the CrW defect states.



Conclusions

In this thesis work the adsorption processes of common gas molecules on unintentional

point defects in WS2 monolayers are investigated. The analysis of the systems is per-

formed by means of Density Functional Theory (DFT) simulations. Firstly, the pristine

WS2 monolayer is studied in a series of preliminary tests, aiming at determining the

numerical accuracy of the simulation, but also the effects of explicitly considering the

Spin-Orbit Coupling (SOC). This step was mandatory to validate the predictive capa-

bility of the simulation.

Then, the formation energies and the electronic properties of common point defects

(VS, OS and CrW), unintentionally generated during the CVD synthesis or in the post-

growth treatments, are analyzed. The S vacancy has the highest formation energy,

while OS is thermodynamically favorable. Hence, ’as-grown’ samples are expected to

present a low amount of VS, being usually passivated by O atoms during the synthesis.

The presence of residual vacancies has some negative consequences since they generate

two couples of unoccupied in-gap defect states in the band diagram of WS2. These can

mediate non-radiative recombination mechanisms which may have detrimental effects

when the material is used in optoelectronic devices. The passivation of VS by the for-

mation of OS has beneficial consequences. Indeed, the analysis of the band diagram of

the WS2 monolayers containing OS reveals that no in-gap states are present, restoring

the original electronic picture of the pristine monolayer. Finally, the quite low forma-

tion energy of CrW is compatible with the temperatures of the synthesis process. The

electronic signature of CrW is the presence of three pairs of unoccupied defect states

close to the conduction band minimum.

The second part of this thesis focuses on the adsorption of selected gas molecules

(O2, H2O, NH3) on WS2 monolayer with the point defects discussed above. Both in

the case of the pristine surface and on the defected sites, physisorption is the most

common process, even though for some defect cases (such as VS) dangling bonds are

present. Among the analyzed molecules, molecular oxygen has the major influence in

the WS2 band diagram. During physisorption, a pair of degenerate unoccupied levels

appears in the middle of the gap. These states correspond to unperturbed O2 molecular

states which do not alter the electronic properties of WS2. In all cases for which ph-

ysisorption occurs, the pair of oxygen levels might mediate carrier transitions between

bands, but these effects are reversible due to the weak molecule interaction and may
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be eliminated via heating the sample. Among the adsorption processes studied in this

thesis work, the only one in which O2 interaction is markedly enhanced is associated

to the chemisorption process on the VS site. The main consequences of this interaction

are the passivation of the VS defect states and a local decrease of the band gap of

the pristine WS2. The first effect is beneficial since suppresses non-radiative channels,

increasing photon emission probability. Notice that the passivation of the vacancy by

O2 chemisorption is not spontaneous, but it requires to overcome a potential barrier

between physisorption and chemisorption condition.

In conclusion, this thesis proves that WS2 monolayers, when are exposed to the envi-

ronment, are mainly influenced by O2. The VS is the most reactive site, and when O2

binds to a sulphur vacancy site, O incorporation has beneficial effects since it suppresses

non radiative recombination processes. Further aspects, that need to be addressed in

future investigations, are associated to the role of unintentional dopants in the WS2

monolayer. This analysis must be performed by including in the simulation species like

hydrogen impurities which are believed to originate n-type WS2 monolayers. More-

over, the correlation between the electronic properties, here analyzed, and the optical

properties could be further investigated, by employing post-DFT approaches, to cor-

rectly estimate the gap value and predict the optical absorption. This would allow

interpreting and/or predicting the variations of WS2 emission and photoluminescence

spectra when exposed to different environments.
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F Javier Garćıa de Abajo, and Alexander Weber-Bargioni. Electrically driven

photon emission from individual atomic defects in monolayer ws2. Science

advances, 6(38):eabb5988, 2020. doi: 10.1126/sciadv.abb5988. URL https:

//www.science.org/doi/abs/10.1126/sciadv.abb5988.

[65] Shogo Sasaki, Yu Kobayashi, Zheng Liu, Kazutomo Suenaga, Yutaka Maniwa,

Yuhei Miyauchi, and Yasumitsu Miyata. Growth and optical properties of nb-

doped ws2 monolayers. Applied Physics Express, 9(7):071201, 2016. doi: 10.

7567/apex.9.071201. URL https://doi.org/10.7567/apex.9.071201.

[66] M. Born and R. Oppenheimer. Zur quantentheorie der molekeln. An-

nalen der Physik, 389(20):457–484, 1927. doi: https://doi.org/10.1002/andp.

19273892002. URL https://onlinelibrary.wiley.com/doi/abs/10.1002/

andp.19273892002.

[67] P. Hohenberg and W. Kohn. Inhomogeneous electron gas. Phys. Rev., 136:

B864–B871, Nov 1964. doi: 10.1103/PhysRev.136.B864. URL https://link.

aps.org/doi/10.1103/PhysRev.136.B864.

[68] W. Kohn and L. J. Sham. Self-consistent equations including exchange and cor-

relation effects. Phys. Rev., 140:A1133–A1138, Nov 1965. doi: 10.1103/PhysRev.

140.A1133. URL https://link.aps.org/doi/10.1103/PhysRev.140.A1133.

[69] L. H. Thomas. The calculation of atomic fields. Mathematical Proceed-

ings of the Cambridge Philosophical Society, 23(5):542–548, 1927. doi: 10.

1017/S0305004100011683. URL https://www.cambridge.org/core/article/

calculation-of-atomic-fields/ADCA3D21D0FACD7077B5FDBB7F3B3F3A.

https://www.nature.com/articles/nphoton.2014.149
https://www.nature.com/articles/nphoton.2014.149
https://doi.org/10.1021/nl102066q
https://arxiv.org/abs/2002.08819
https://www.science.org/doi/abs/10.1126/sciadv.abb5988
https://www.science.org/doi/abs/10.1126/sciadv.abb5988
https://doi.org/10.7567/apex.9.071201
https://onlinelibrary.wiley.com/doi/abs/10.1002/andp.19273892002
https://onlinelibrary.wiley.com/doi/abs/10.1002/andp.19273892002
https://link.aps.org/doi/10.1103/PhysRev.136.B864
https://link.aps.org/doi/10.1103/PhysRev.136.B864
https://link.aps.org/doi/10.1103/PhysRev.140.A1133
https://www.cambridge.org/core/article/calculation-of-atomic-fields/ADCA3D21D0FACD7077B5FDBB7F3B3F3A
https://www.cambridge.org/core/article/calculation-of-atomic-fields/ADCA3D21D0FACD7077B5FDBB7F3B3F3A


Bibliography 87

[70] E. Fermi. Un metodo statistico per la determinazione di alcune priorietá
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