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Abstract 

For optoelectronic and spintronic applications such as in spin valves, spin transistors, and spin 

light-emitting diodes, transparent magnetic semiconductors (TMS) and diluted magnetic 

semiconductor (DMS) materials have been the most promising options in the last decade due 

to their optical, semiconducting, and magnetic properties. However, the observation of room 

temperature ferromagnetism (RTFM) in non-transition metal-doped semiconductors, such as 

HfO2, ZnO, TiO2, GaN, and SnO2, has attracted the attention of the scientific community. It 

should be noted that these materials show magnetism; however, their anions and/or cations are 

non-magnetic. The main reason behind this induced magnetism is the different types of defects 

in the lattice, such as vacancies, interstitials, dislocations, strain, etc. The presence of a 

sufficient number of defects in solids can alter their electrical, optical, and magnetic properties 

due to lattice symmetry breaking. As a result, the name d0 ferromagnetism is given to the 

ferromagnetism found in pure semiconducting materials. It is evident from the observed d0 FM 

in numerous oxides and sulfides that FM ordering can be induced by numerous naturally 

occurring or intentionally produced lattice defects without transition metal doping.   

Among transition metal oxides and sulfides, molybdenum trioxide (MoO3) and molybdenum 

disulfide (MoS2) have attracted tremendous attention due to their potential applications in 

optoelectronics.  MoO3 and bulk MoS2 are semiconductors with band gaps of 3.2 and 1.2 eV, 

respectively, and show room temperature ferromagnetism with a high curie temperature due to 

intrinsic defects such as vacancies, interstitials, anti-site defects, etc. In the case of MoO3, the 

primary cause behind the induced magnetism is oxygen vacancies and vacancy clusters. After 

post-treatment of MoO3 at hydrogen ambient formation of HxMoO3 is also another intriguing 

reason to induce ferromagnetism. In the case of MoS2, in addition to S-vacancies, the edge-

terminated structure also plays an important role due to different coordination geometry than 

bulk in inducing ferromagnetism. The creation of S-H bonds in MoS2 lattices following 
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hydrogen post-treatment also raises the saturation magnetisation value. The production of 

room-temperature ferromagnets using these materials will significantly influence the 

applications of spintronics.   

Future optoelectronic, spintronic, and opto-spintronic devices may benefit from these 

semiconducting materials, which are substitutes for ferromagnetic metals and semiconductor 

junctions. Before using these materials in any kind of device, a few basic issues must be 

resolved. The main issues are: (i) the reported value of saturation magnetization value in MoO3 

and MoS2 is too low for use in spintronics applications; (ii) due to hydrogen interaction with 

MoO3, the creation of a greater number of oxygen vacancies and vacancy clusters and HxMoO3 

formation is expected and needs to be explored; (iii) CVD growth of different morphology 

MoS2 thin films and corresponding tuning of room temperature ferromagnetism is needed to 

be examined; (iv) there is a need for tunable ferromagnetism in MoS2 by controlling the number 

of S-vacancies and edge-terminated structure after different types of post-treatment such as low 

energy ion irradiation and annealing; (v) the role of edge-terminated structure and S-vacancies 

in nano-dimensional MoS2 thin films to highly enhance the ferromagnetism is needed to be 

explored. The motivation to comprehend these basic issues via in-depth experimental and 

theoretical research is the source of the current thesis.  

Consequently, the main objectives of this thesis are (i) to study the effect of hydrogen annealing 

and corresponding oxygen vacancies on the ferromagnetic behavior in MoO3 flakes; (ii) to 

study the effect of morphology (nanoflowers, vertical nanosheets, horizontal nanosheets, and 

thin film) on the magnetic properties in MoS2; (iii) to study the effect of irradiation of low 

energy comparatively heavy (Ar and Xe) and light (hydrogen) mass ions and hydrogen 

annealing on the ferromagnetic behaviour of vertically nanostructured MoS2; (iv) to study the 

effect of low energy Ar ion irradiation on the ferromagnetic behaviour of nano-dimensional 

triangular flakes of MoS2. The samples are prepared by chemical vapor deposition technique 
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and characterized by X-ray diffraction (XRD), Raman spectroscopy, atomic force microscopy 

(AFM), photoluminescence (PL), field-emission scanning electron microscopy (FESEM), 

electron probe micro analyzer (EPMA), Rutherford backscattering spectrometry (RBS), 

transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). 

Magnetic property measurements are performed for all the samples by using an MPMS3 

magnetometer. The correlation between magnetic properties, electronic structure, and DFT-

based theoretical calculations is established here. 

After the introduction and experimental details chapters, the third chapter of the thesis is the 

investigation of RTFM in H2-annealed CVD-grown MoO3 samples at different temperatures. 

The presence of oxygen vacancies has been analysed by EPMA and PL measurements. The 

increase in the saturation magnetisation value in the H2-annealed samples is correlated broadly 

with its electronic structure and DFT-based theoretical calculations. 

The next chapter of the present thesis includes morphology-controlled RTFM in MoS2 thin 

films. MoS2 thin films are grown by the CVD technique with four different morphologies, such 

as nanoflowers, vertical nanosheets, horizontal nanosheets, and thin film. The main reason 

behind the induced magnetism is mainly edge-terminated structure along with S-vacancies, as 

the highest saturation magnetisation value is observed in the sample, which contains the highest 

number of edge-terminated structures (vertical nanosheets here). The reason behind the 

induced magnetisation is correlated with the electronic structure of these samples. 

The next chapter is divided into two parts. The synergetic effect of edge-terminated structures 

and S-vacancies in inducing ferromagnetism in vertical nanosheet-oriented MoS2 thin films is 

elaborately explained in this chapter. In the first part, the vertical nanostructured MoS2 is 

irradiated with low-energy Ar and Xe ions with different fluences (ions/cm2) to modify the 

structure and tune the magnetic properties. Vertical nanosheets with edge termination in the 
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pristine sample have been examined by field emission scanning electron microscopy (FESEM). 

Deterioration of vertical nanosheets is observed in low-energy Ar+ and Xe+ irradiated samples. 

An appreciably high magnetisation value of 1.7 emu/g was observed for edge-oriented 

nanostructured pristine MoS2 thin films, and it decreased after ion irradiation. From X-ray 

photoelectron spectroscopy (XPS) data, it is evident that, due to oxygen incorporation in the 

sulfur vacancy sites, Mo 5+ and 6+ states increase after ion irradiation. The edge-oriented spins 

of the prismatic edges of the vertical nanosheets are primarily responsible for the high magnetic 

moment in the pristine film, and the edge degradation and reduction in sulfur vacancies by the 

incorporation of oxygen upon irradiation result in a decrease in the magnetic moment.  

In the second part, the nanostructured MoS2 thin films are irradiated with low-energy hydrogen 

ions with different fluences and annealed in a hydrogen environment at different temperatures 

independently to create defects and enhance ferromagnetism. The nanostructured pristine MoS2 

thin films show the formation of a pure 2-H MoS2 phase, confirmed by X-ray diffraction (XRD) 

and Raman spectroscopy. Hydrogen annealing at a temperature of 200oC exhibits a maximum 

saturation magnetisation value of 2.7 emu/g at room temperature. The increase in 

ferromagnetism is attributed to an increment in sulfur vacancies, hydrogen adsorption with 

sulfur, and modification in edges, which is confirmed by the analysis of electron probe micro-

analyzer (EPMA), X-ray photoelectron spectroscopy (XPS), and field emission scanning 

electron microscopy (FESEM) measurements. For both cases, DFT-based theoretical 

calculations are in agreement with the experimental findings.  

In the last chapter, nano-dimensional triangular flakes-oriented CVD-grown MoS2 thin films 

(20 nm) are irradiated with low-energy Ar ion irradiation. The pristine sample behaves as a 

diamagnetic sample as it does not contain a sufficient number of edge-terminated structures 

and S-vacancies. The irradiated sample shows enhancement in saturation magnetisation value. 

One of the most crucial factors behind it is the creation and modification of the edge-terminated 
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structure, which provides dangling bonds and free spin. Another factor is the increase in the 

number of sulfur vacancies, which is confirmed by the XPS and RBS analysis.  

The thesis concludes with a summary of the work carried out and the future scope of work in 

the field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

साराांश 

स्पिन वाल्व, स्पिन ट्ाांजिस्टर और स्पिन लाइट-एजिजटांग डायोड िैसे ऑप्टोइलेक््ट्ॉजनक और स्पिनट्ॉजनक 

अनुप्रयोगोां के जलए, पारदर्शी चुांबकीय अर्धचालक (TMS) और तनु चुांबकीय अर्धचालक (DMS) पदार्ध 

जपछले दर्शक िें अपने प्रकाजर्शकी, अर्धचालक और चुांबकीय गुणोां के कारण सबसे आर्शािनक जवकल्प 

रहे हैं। हालााँजक, गैर-सांक्रिण र्ातु-डोप्ड अर्धचालकोां, िैसे HfO2, ZnO, TiO2, GaN और SnO2 िें 

सार्ारण तापिान पर फेरोिैगे्नजटज्म (RTFM) के अवलोकन ने वैज्ञाजनक सिुदाय का ध्यान आकजषधत 

जकया है। यह ध्यान जदया िाना चाजहए जक ये पदार्ध चुांबकत्व जदखाती हैं; हालााँजक, उनके ऋणायन और/या 

र्नायन गैर-चुांबकीय हैं। इस पे्रररत चुांबकत्व के पीछे िुख्य कारण लैजटस िें जवजिन्न प्रकार के दोष हैं, िैसे 

ररस्पियाां, अांतरालीय, अव्यवस्र्ा, तनाव, आजद। ठोस पदार्ों िें पयाधप्त सांख्या िें दोषोां की उपस्पस्र्जत लैजटस 

सिरूपता टूटने के कारण उनके जवद्युत, ऑजप्टकल और चुांबकीय गुणोां को बदल सकती है। 

पररणािस्वरूप, रु्शद्ध अर्धचालक पदार्ों िें पाए िाने वाले फेरोिैगे्नजटज्म को d0 फेरोिैगे्नजटज्म नाि जदया 

गया है। कई ऑक्साइड और सल्फाइड िें देखे गए d0 FM से यह िष्ट है जक FM व्यवस्था को सांक्रिण 

र्ातु डोजपांग के जबना कई स्वािाजवक रूप से होने वाले या िानबूझकर उत्पाजदत लैजटस दोषोां द्वारा पे्रररत 

जकया िा सकता है। सांक्रिण र्ातु ऑक्साइड और सल्फाइड िें, िोजलब्डेनि ट्ाइऑक्साइड (MoO3) 

और िोजलब्डेनि डाइसल्फाइड (MoS2) ने ऑप्टोइलेक््ट्ॉजनक्स िें अपने सांिाजवत अनुप्रयोगोां के कारण 

बहुत ध्यान आकजषधत जकया है। MoO3 और बल्क MoS2 क्रिर्शः  3.2 और 1.2 eV के बैंड गैप वाले 

अर्धचालक हैं, और ररस्पियोां, अांतरालीय, एां टी-साइट दोष आजद िैसे आांतररक दोषोां के कारण उच्च कू्यरी 

तापिान के सार् सार्ारण तापिान पर फेरोिैगे्नजटज्म जदखाते हैं। MoO3 के िािले िें, पे्रररत चुांबकत्व के 

पीछे प्रार्जिक कारण ऑक्सीिन ररस्पियाां और ररस्पि सिूह हैं। हाइड्ोिन पररवेर्श िें MoO3 के पोस्ट-

ट्ीटिेंट के बाद HxMoO3 का जनिाधण िी फेरोिैगे्नजटज्म को पे्रररत करने का एक और जदलचि कारण 

है। MoS2 के िािले िें, S-ररस्पि के अलावा, एि-टजिधनेटेड सांरचना िी फेरोिैगे्नजटज्म को पे्रररत करने िें 

बल्क की तुलना िें अलग सिन्वय ज्याजिजत के कारण एक िहत्वपूणध िूजिका जनिाती है। हाइड्ोिन 

पोस्ट-ट्ीटिेंट के बाद MoS2 लैजटस िें S-H बांर् का जनिाधण िी सांतृस्पप्त चुांबकत्व िूल्य को बढाता है। इन 

सािजियोां का उपयोग करके सार्ारण तापिान पर फेरोिैगे्नट का उत्पादन स्पिनट्ॉजनक्स के अनुप्रयोगोां 

को िहत्वपूणध रूप से प्रिाजवत करेगा। िजवष्य के ऑप्टोइलेक््ट्ॉजनक, स्पिनट्ॉजनक और ऑप्टो-स्पिनट्ॉजनक 

उपकरणोां को इन अर्धचालक सािजियोां से लाि हो सकता है, िो फेरोिैगे्नजटक र्ातुओां और अर्धचालक 

िांक्शनोां के जवकल्प हैं। िुख्य िुदे्द हैं: (i) MoO3 और MoS2 िें सांतृस्पप्त चुांबकत्व िूल्य का ररपोटध जकया गया 

िूल्य स्पिनट्ॉजनक्स अनुप्रयोगोां िें उपयोग के जलए बहुत कि है; (ii) MoO3 के सार् हाइड्ोिन की परिर 

जक्रया के कारण, अजर्क सांख्या िें ऑक्सीिन ररस्पियोां और ररस्पि सिूहोां और HxMoO3 गठन का जनिाधण 



x 
 

अपेजित है और इसकी िाांच की िानी चाजहए; (iii) जवजिन्न आकाररकी MoS2 पतली जफल्ोां के CVD 

जवकास और सार्ारण तापिान के फेरोिैगे्नजटज्म के सांगत सिांिन की िाांच की िानी चाजहए; (iv) जवजिन्न 

प्रकार के पोस्ट-ट्ीटिेंट िैसे कि ऊिाध आयन जवजकरण और एनीजलांग के बाद S-ररस्पि और एि-

टजिधनेटेड सांरचना की सांख्या को जनयांजित करके MoS2 िें  सिांिस्य फेरोिैगे्नजटज्म की आवश्यकता है; 

(v) नैनो-आयािी MoS2 पतली जफल्ोां िें फेरोिैगे्नजटज्म को अत्यजर्क बढाने के जलए एि-टजिधनेटेड 

सांरचना और S-ररस्पि की िूजिका की िाांच की िानी चाजहए। गहन प्रयोगात्मक और सैद्धाांजतक अनुसांर्ान 

के िाध्यि से इन बुजनयादी िुद्दोां को सिझने की पे्ररणा वतधिान र्ीजसस का स्रोत है। पररणािस्वरूप, इस 

र्ीजसस के िुख्य उदे्दश्य हैं (i) MoO3 गुच्ोां िें फेरोिैगे्नजटक व्यवहार पर हाइड्ोिन एनीजलांग और सांबांजर्त 

ऑक्सीिन ररस्पियोां के प्रिाव का अध्ययन करना; (ii) MoS2 िें चुांबकीय गुणोां पर आकृजत जवज्ञान 

(नैनोफ्लॉवर, ऊर्ध्ाधर्र नैनोर्शीट, िैजति नैनोर्शीट और पतली जफल्) के प्रिाव का अध्ययन करना; (iii) 

ऊर्ध्ाधर्र नैनो सांरचना MoS2 के फेरोिैगे्नजटक व्यवहार पर कि ऊिाध वाले तुलनात्मक रूप से िारी (Ar 

और Xe) और हले्क (हाइड्ोिन) द्रव्यिान आयनोां और हाइड्ोिन एनीजलांग के जवजकरण के प्रिाव का 

अध्ययन करना; (iv) MoS2 के नैनो-आयािी जिकोणीय गुच्ोां के फेरोिैगे्नजटक व्यवहार पर कि ऊिाध 

वाले Ar आयन जवजकरण के प्रिाव का अध्ययन करना। निूने रासायजनक वाष्प ििाव तकनीक द्वारा 

तैयार जकए िाते हैं और एक्स-रे जववतधन (XRD), रिन िेक््ट्ोस्कोपी, परिाणु बल िाइक्रोस्कोपी (AFM), 

फोटोलू्यजिनेसेंस (PL), फील्ड-एजिर्शन सै्कजनांग इलेक््ट्ॉन िाइक्रोस्कोपी (FESEM), इलेक््ट्ॉन िाांच 

िाइक्रो एनालाइिर (EPMA), रदरफोडध बैकसै्कटररांग िेक््ट्ोिेट्ी (RBS), ट्ाांसजिर्शन इलेक््ट्ॉन 

िाइक्रोस्कोपी (TEM), और एक्स-रे फोटोइलेक््ट्ॉन िेक््ट्ोस्कोपी (XPS) द्वारा उनकी जवरे्शषताओां का 

पता लगाया िाता है। MPMS3 िैगे्नटोिीटर का उपयोग करके सिी निूनोां के जलए चुांबकीय गुण िाप 

जकए िाते हैं। चुांबकीय गुणोां, इलेक््ट्ॉजनक सांरचना और DFT-आर्ाररत सैद्धाांजतक गणनाओां के बीच सांबांर् 

यहााँ स्र्ाजपत जकया गया है। 

पररचय और प्रायोजगक जववरण अध्यायोां के बाद, र्ीजसस का तीसरा अध्याय जवजिन्न तापिानोां पर H2-

एनील्ड CVD-िोन MoO3 निूनोां िें RTFM की िाांच है। EPMA और PL िापोां द्वारा ऑक्सीिन ररस्पियोां 

की उपस्पस्र्जत का जवशे्लषण जकया गया है। H2-एनील्ड निूनोां िें सांतृस्पप्त चुांबकत्व िूल्य िें वृस्पद्ध िोटे तौर 

पर इसकी इलेक््ट्ॉजनक सांरचना और DFT-आर्ाररत सैद्धाांजतक गणनाओां के सार् सहसांबांजर्त है। वतधिान 

र्ीजसस के अगले अध्याय िें MoS2 पतली जफल्ोां िें आकृजत जवज्ञान-जनयांजित RTFM र्शाजिल है। MoS2 

पतली जफल्ोां को CVD तकनीक द्वारा चार अलग-अलग आकृजत जवज्ञानोां, िैसे नैनोफ्लॉवर, ऊर्ध्ाधर्र 

नैनोर्शीट, िैजति नैनोर्शीट और पतली जफल् के सार् उगाया िाता है। पे्रररत चुांबकत्व के पीछे िुख्य कारण 

िुख्य रूप से S-ररस्पि के सार् एि-टजिधनेटेड सांरचना है, क्योांजक उच्चति सांतृस्पप्त चुांबकत्व िूल्य निूने िें 
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देखा िाता है, जिसिें एि-टजिधनेटेड सांरचनाओां (यहााँ ऊर्ध्ाधर्र नैनोर्शीट) की सबसे अजर्क सांख्या होती 

है। पे्रररत चुांबकत्व के पीछे का कारण इन निूनोां की इलेक््ट्ॉजनक सांरचना के सार् सहसांबांजर्त है। अगला 

अध्याय दो िागोां िें जविाजित है। इस अध्याय िें ऊर्ध्ाधर्र नैनोर्शीट-उनु्मख MoS2 पतली जफल्ोां िें 

फेरोिैगे्नजटज्म को पे्रररत करने िें एि-टजिधनेटेड सांरचनाओां और S-ररस्पियोां के सहजक्रयात्मक प्रिाव को 

जवस्तार से सिझाया गया है। पहले िाग िें, ऊर्ध्ाधर्र नैनो सांरचना MoS2 की सांरचना को सांर्शोजर्त करने 

और चुांबकीय गुणोां को सिायोजित करने के जलए अलग-अलग प्रवाह (आयन/सेिी2) और कि ऊिाध वाले 

Ar और Xe आयनोां के सार् जवजकरजणत जकया िाता है।रु्शद्ध निूनानिूने िें एि टजिधनेर्शन वाली ऊर्ध्ाधर्र 

नैनोर्शीट की िाांच फील्ड एजिर्शन सै्कजनांग इलेक््ट्ॉन िाइक्रोस्कोपी (FESEM) द्वारा की गई है। कि ऊिाध 

वाले Ar+ और Xe+ जवजकरजणत निूनोां िें ऊर्ध्ाधर्र नैनोर्शीट की जगरावट देखी गई है। एि-ओररएां टेड नैनो 

सांरचनारु्शद्ध निूनाMoS2 पतली जफल्ोां के जलए 1.7 emu/g का एक सराहनीय उच्च चुांबकत्व िूल्य देखा 

गया, और आयन जवजकरण के बाद यह कि हो गया। एक्स-रे फोटोइलेक््ट्ॉन िेक््ट्ोस्कोपी (एक्सपीएस) 

आांकडे से, यह िष्ट है जक, S ररस्पि साइटोां िें ऑक्सीिन के सिावेर्श के कारण, आयन जवजकरण के बाद 

Mo 5+ और 6+ अवस्र्ाएाँ  बढ िाती हैं। ऊर्ध्ाधर्र नैनोर्शीट के जप्रज्मीय जकनारोां के जकनारे-उनु्मख स्पिन 

िुख्य रूप सेरु्शद्ध निूनाजफल् िें उच्च चुांबकीय िण के जलए जिमे्मदार हैं, और जवजकरण पर ऑक्सीिन 

के सिावेर्श द्वारा सल्फर ररस्पियोां िें जकनारे की जगरावट और किी के पररणािस्वरूप चुांबकीय िण िें 

किी आती है। 

दूसरे िाग िें, नैनो सांरचना MoS2 पतली जफल्ोां को अलग-अलग प्रवाह के सार् कि ऊिाध वाले 

हाइड्ोिन आयनोां के सार् जवजकरजणत जकया िाता है और दोष पैदा करने और फेरोिैगे्नजटज्म को बढाने 

के जलए स्वतांि रूप से अलग-अलग तापिानोां पर हाइड्ोिन वातावरण िें एनील जकया िाता है। नैनो 

सांरचनारु्शद्ध निूना MoS2 पतली जफल्ें एक रु्शद्ध 2-H MoS2 चरण का गठन जदखाती हैं, जिसकी पुजष्ट 

एक्स-रे जववतधन (XRD) और रिन िेक््ट्ोस्कोपी द्वारा की गई है। 200oC के तापिान पर हाइड्ोिन 

एनीजलांग सार्ारण तापिान पर 2.7 emu/g का अजर्कति सांतृस्पप्त चुांबकत्व िूल्य प्रदजर्शधत करता है। 

फेरोिैगे्नजटज्म िें वृस्पद्ध सल्फर ररस्पियोां िें वृस्पद्ध, सल्फर के सार् हाइड्ोिन सोखने और जकनारोां िें सांर्शोर्न 

के कारण होती है, जिसकी पुजष्ट इलेक््ट्ॉन िाांच िाइक्रो-जवशे्लषक (EPMA), एक्स-रे फोटोइलेक््ट्ॉन 

िेक््ट्ोस्कोपी (XPS), और फील्ड एजिर्शन सै्कजनांग इलेक््ट्ॉन िाइक्रोस्कोपी (FESEM) िाप के जवशे्लषण 

से होती है। दोनोां िािलोां के जलए, DFT-आर्ाररत सैद्धाांजतक गणना प्रयोगात्मक जनष्कषों के अनुरूप है। 

अांजति अध्याय िें, नैनो-आयािी जिकोणीय गुचे्-उनु्मख CVD-उगाए गए MoS2 पतली जफल्ोां (20 

एनएि) को कि ऊिाध वाले Ar आयन जवजकरण के सार् जवजकरजणत जकया िाता है। इसके पीछे सबसे 
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िहत्वपूणध कारकोां िें से एक एि-टजिधनेटेड सांरचना का जनिाधण और सांर्शोर्न है, िो लटकते हुए बांर्न 

और िुि स्पिन प्रदान करता है। एक अन्य कारक S ररस्पियोां की सांख्या िें वृस्पद्ध है, जिसकी पुजष्ट XPS 

और RBS जवशे्लषण द्वारा की िाती है। र्ीजसस जकए गए कायध के साराांर्श और िेि िें काि के िजवष्य के 

दायरे के सार् सिाप्त होती है। 
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(c) with three Oxygen vacancies. 

Figure 3.12: (a) PDOS of pure MoO3; (b) PDOS of MoO3 with one O vacancy; (c) 

PDOS of MoO3 with three O vacancies. 

Chapter IV                                                                                                                      

Figure 4.1: (a) Raman spectra of nanoflower (A), vertical nanosheets (B), 

horizontal nanosheets (C), and thin film (D) of MoS2. (b) Schematic diagram of in-

plane vibration of S and Mo atoms (E2g
1 mode) and out-of-plane vibration of S 

atoms (A1g mode).  

Figure 4.2: (a) XRD patterns of A, B, C, and D samples. Only one peak 

corresponding to the (002) plane confirms 2H-MoS2 phase formation; (b) the 

enlarged view of the (002) peak. 

Figure 4.3: FESEM images of (a) nanoflowers, (b) vertical nanosheets, (c) 

horizontal nanosheets, and (d) thin film of MoS2. The alteration in the nanostructure 

is clearly visible by changing the CVD growth parameters. 

Figure 4.4: (a) FESEM images of nanoflower MoS2, the thickness of the curved 

edges is 15 nm, in inset cross-sectional FESEM images of nanoflower MoS2, the 

height of this is 1.5 𝜇m,  (b) FESEM images of vertical nanosheets of MoS2, the 

thickness of the curved nanosheets (tip) is 25 nm, in inset cross-sectional FESEM 

images of vertical nanosheets of MoS2, and (c) FESEM images of horizontal 

nanosheets of MoS2, the lateral thickness of the horizontal nanosheets is in micron 

order, in inset cross-sectional FESEM images of horizontal nanosheets of MoS2, the 

thickness (height) of the horizontal nanosheets is 50 nm, (d) and (e) cross-sectional 

FESEM images of thin film of MoS2, (f) the thickness of SiO2 layer is around 

2.5 𝜇m for 30 minutes annealing in oxygen flow.  
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Figure 4.5: (a) The area selected for mapping in sample A; (b) Mapping for S using 

the PET crystal detector; (c) Mapping for Mo in the PET crystal detector. 

Figure 4.6: The area selected for mapping in the sample (a) C, the bright spots are 

the horizontal sheets, (d) D. Overlay images for the mapping of S and Mo in the 

selected area in the sample (b) C, (e) D. Qualitative elemental analysis for selected 

points confirming the presence of only Mo and S atoms in the sample (c) C, (f) D, 

(g) A, and (h) B. The Si signal comes from the substrate, which has no magnetic 

contribution.  

Figure 4.7: Qualitative analysis for selected points in the (a) LiF; (b) PET; (c) RAP; 

and (d) PbSt crystal detector for sample B. It confirms the presence of only Mo and 

S atoms, and the Si signal comes from the substrate, which has no magnetic 

contribution. 

Figure 4.8: (a) M versus H plots for A, B, C, and D samples at room temperature. 

In inset the zoom view of M versus H plots for A and D samples; (b) The enlarged 

view of the central part of B and C samples. In inset the enlarged view of the central 

part of the A and D samples. (c) M versus H plots for A, B, C, and D samples at 2 

K, the zoom view of the M vs. H is shown in the inset for samples A and D. (d) 

Magnetisation versus temperature plots show there is no transition temperature up 

to 350 K for the sample B. 

Figure 4.9: (a) The XPS survey spectrum of sample B. No magnetic impurity is 

present. The signal coming from oxygen and carbon is due to the physisorbed 

oxygen and carbon from the environment. (b) XPS core level spectra of Fe 2p, Co 

2p, and Ni 2p for all the samples. It confirms there is no magnetic impurity present 

in the sample. 

Figure 4.10: Mo 3d core level XPS spectra of (a) A, (b) B, (c) C, and (d) D samples. 

The Mo 3d spectra are deconvoluted into 9 peaks. Mo4+, 5+, 6+, lower valence 

states, and S 2s peaks are indicated in the figures. 

Figure 4.11: S 2p core level spectra of (a) A, (b) B, (c) C, and (d) D samples. The 

lower and higher valence states of S indicate S-vacancies and polysulfide ions.  

Chapter V 

Figure 5.1: Defect analysis for 40 keV Ar+; (a) total target vacancies; (b) ion ranges 

in target (MoS2); (c) Mo vacancies in MoS2; and (d) S vacancies in MoS2. 

Figure 5.2: Defect analysis for 100 keV Xe+; (a) total target vacancies; (b) ion 

ranges in target (MoS2); (c) Mo vacancies in MoS2, and (d) S vacancies in MoS2. 

Figure 5.3: XRD patterns of (a) pristine and Ar+ irradiated samples. (b) pristine and 

Xe+ irradiated MoS2 samples. For both cases, there is a shift towards the lower 

Bragg angle in the position of the (002) peak and an increase in FWHM with 

increasing irradiation fluences. 

Figure 5.4: Raman spectra of (a) pristine and Ar+ irradiated samples. (b) pristine 

and Xe+ irradiated MoS2 samples. (c) schematic diagram of in-plane and out-of-

plane vibration of S and Mo atoms.  
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Figure 5.5: FESEM images of (a)-(f) pristine and Ar+ irradiated samples and (g)-

(i) Xe+ irradiated samples. It is clear from the figures that for both cases the vertical 

nanostructures are degraded. The thickness of the vertical MoS2 nanosheets in the 

pristine sample is ~25 nm; after irradiation, the nanosheets deteriorates, and the 

thickness increases to ~55 nm. 

Figure 5.6: (a) selected area for mapping in the pristine sample. (b) mapping for S 

in the PET crystal detector. (c) mapping for Mo in the PET crystal detector. (d), 

and (e) qualitative analysis for selected points in the PET crystal detector. It 

confirms the presence of only Mo and S atoms, and the Si signal is coming from 

the substrate, which has no magnetic contribution. 

Figure 5.7: (a) Selected area for mapping in the A2 sample; (b) mapping for S in 

the PET crystal detector; (c) mapping for Mo in the PET crystal detector; (d) 

selected point for qualitative analysis in the A2 sample; (e), (f), and (g) qualitative 

analysis for the selected point in the PET crystal detector. 

Figure 5.8: (a) Selected area for mapping in the X2 sample; (b) mapping for S in 

the PET crystal detector; (c) mapping for Mo in the PET crystal detector; (d) 

selected point for qualitative analysis in the X2 sample; (e), (f), and (g) qualitative 

analysis for the selected point in the PET crystal detector. 

Figure 5.9: (a) TEM image of MoS2 flakes in the A0 sample; (b) d-spacing for the 

(002) plane for the A0 sample; (c) SAED pattern for the A0 sample, showing the 

(002) plane; (d) The deterioration in the flakes is visible for the A2 sample. The d-

spacing for the (002) plane is shown in the inset; (e) SAED pattern for the A2 

sample, showing the (002) plane; (f) The deterioration in the flakes is visible for the 

X2 sample. The d-spacing for the (002) plane is shown in the inset. 

Figure 5.10: (a) M versus H plots for pristine and Ar+ irradiated samples at room 

temperature; (b) M versus H plots for pristine and Xe+ irradiated samples at room 

temperature. A0 to A4 and A0 to X2 samples show hysteresis loops at room 

temperature, whether A5 and X3 samples show diamagnetic behaviour. (c) M 

versus H plots for pristine and Ar+ irradiated samples at 2 K; (d) M versus H plots 

for pristine and Xe+ irradiated samples at 2 K. A0 to A4 and A0 to X2 samples show 

clear hysteresis loops at 2 K. The zoom version of the central part is shown in the 

inset. 

Figure 5.11: (a) M versus H plots for A5 and X3 samples at 300 K, both the 

samples show a diamagnetic nature; (b) M versus T plot for the pristine sample at 

1000 Oe, showing a transition temperature of ~830K. There are no significant 

changes in the transition temperature for the irradiated samples (which is not shown 

here); (c) FESEM image of O2- annealed sample; (d) M versus H plots for pristine 

and O2- annealed samples at 300 K. 

Figure 5.12: (a) XPS survey spectrum of A0 sample, all the peaks are indexed 

properly. XPS core level spectra of (b) Ni 2p, (c) Co 2p, and (d) Fe 2p for the A0 

sample. It confirms that there is no magnetic impurity present in the sample. 

Figure 5.13:  Mo 3d and S 2p core level XPS spectra of pristine and Ar+ irradiated 

samples. There is a shift towards lower binding energy in both Mo 3d and S 2p 

spectra. 
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Figure 5.14: Mo 3d core level XPS spectra of (a) pristine and (b)-(f) Ar+ irradiated 

samples. The intensities of peaks corresponding to lower and higher valence states 

increase with increasing irradiation fluences.  

Figure 5.15: O 1s core level spectra of (a)- (e) pristine and Ar+ irradiated samples. 

It is shown that the peak area corresponding to lattice oxygen (̴ 530.5 eV) is 

increasing with increasing irradiation fluences, confirming oxygen is incorporated 

in the S-vacancies. 

Figure 5.16: XPS core level Mo 3d spectra of (a) X1, (b) X2, and (c) X3 samples. 

XPS core level S 2p spectra of (d) X1, (e) X2, and (f) X3 samples. It is visible that 

the peak area corresponding to peaks 1 and 2 and Mo 5+ and 6+ are increasing with 

increasing irradiation fluences. The broadening in the S 2p spectra is shown, 

confirming the creation of S-vacancies. 

Figure 5.17: (a) Valence band spectra of pristine and Ar+ irradiated samples. A 

zoom view of the shifting of VB maxima is shown in the inset. (b) Magnetisation 

and Mo6+ state vs. sample plot indicate that with increasing Mo 6+ state 

concentration, magnetisation decreases. 

Figure 5.18: Valence band spectra and EF-EV calculation of (a)- (e) pristine and 

Ar+ irradiated samples. The value of EF-EV decreased from 1.08 eV to 0.3 eV from 

A0 to A4 samples, indicating a shifting of valence band maximum towards the 

Fermi level. 

Figure 5.19: (a) Bulk MoS2; (b) bulk MoS2 with S vacancy, and (c) bulk MoS2 

with O adsorbed at the S vacancy site. (d) MoS2 edge; (e) edge with S vacancy, and 

(f) edge with O adsorbed at the S vacancy site.  

Figure 5.20: PDOS for MoS2 edge (a) in the pristine state, (b) with S vacancy, and 

(c) with O substituted at the S vacancy site. 

Figure 5.21: XRD pattern of (a) Pristine and H2
+ irradiated samples; (b) Enlarged 

view and left shift of (002) peak for the irradiated samples; (c) Pristine and H2 

annealed MoS2 samples; (d) Enlarged view and left shift of (002) peak for the 

annealed samples. For both cases, there is a shift towards the lower Bragg angle in 

the position of the (002) peak and an increase in FWHM with increasing irradiation 

fluences, confirming lattice degradation and the creation of defects. 

Figure 5.22: Raman spectra of (a) Pristine and H2
+ irradiated samples; (b) Pristine 

and H2-annealed MoS2 samples; An enlarged view of the redshift of 𝐸2𝑔
1  and A1g 

peaks (c) for the hydrogen irradiated samples; and (d) for the hydrogen annealed 

samples. 

Figure 5.23: FESEM images of (a)-(c) Pristine and H2-annealed samples and (d)-

(f) H2
+ irradiated samples. It is clear from the Figures that for both cases there is 

morphological evolution in the samples. The FESEM image of the HC sample is 

shown in the inset of Figure 5.23.f, it is evident from the figure that at 300°C 

temperature all the vertical sheets are damaged (shown in red square). 

Figure 5.24: (a) Selected area for mapping in the HB sample; (b) Mapping for S 

using the PET crystal detector; (c) Mapping for Mo in the PET crystal detector; (d) 

and (e) Qualitative elemental analysis for selected points confirming the presence 

of only Mo and S atoms. 
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Figure 5.25: (a) selected area for mapping in the H2 sample. (b) mapping for S in 

the PET crystal detector. (c) mapping for Mo in the PET crystal detector. (d) and 

(e) qualitative analysis for selected points in the PET crystal detector. It confirms 

the presence of only Mo and S atoms. 

Figure 5.26: (a) M versus H plots for pristine and H2
+ irradiated samples at room 

temperature; (b) M versus H plots for pristine and H2 annealed samples at room 

temperature. All samples, except HC, show a hysteresis loop at room temperature. 

HC sample exhibits a diamagnetic nature. (c) M versus H plots for pristine and H2
+ 

irradiated samples at 2 K; (d) M versus H plots for pristine and H2 annealed samples 

at 2 K. H0 to H3 and H0 to HB samples show clear hysteresis loops at 2 K. 

Figure 5.27: Magnetisation versus Temperature plots for (a) H1, (b) H2, (c) H3, 

(d) HA, (e) HB, and (f) HC samples at a field of 500 Oe. H1, H2, H3, HA, and HB 

samples show bifurcation in ZFC and FC and no transition temperature up to 350 

K, confirming the ferromagnetic nature at room temperature. 

 

Figure 5.28: (a) Mo 3d, and (b) S 2p core level XPS spectra of pristine and H2
+ 

irradiated samples. (c) Mo 3d, and (d) S 2p core level XPS spectra of pristine and 

H2 annealed samples. A shift towards lower binding energy in both Mo 3d and S 2p 

spectra confirms the formation of S-vacancies. 

Figure 5.29: Mo 3d core level XPS spectra of (a) Pristine and (b)-(c) H2 annealed 

samples. The intensities of peaks corresponding to lower valence states increase 

and the area under Mo 6+ decreases with increasing annealing temperature. S 2p 

core level spectra of (d) Pristine and (e)-(f) H2 annealed samples. The lower and 

higher valence states of S is increasing with increasing annealing temperature 

indicating increasing in polysulfide ions and S-vacancies. 

Figure 5.30: Mo 3d core level XPS spectra of (a) Pristine and (b)-(c) H2
+ irradiated 

samples. The intensities of peaks corresponding to lower valence states increase 

and the area under Mo 6+ decreases with increasing annealing temperature. S 2p 

core level spectra of (d) Pristine and (e)-(f) H2
+ irradiated samples. The lower and 

higher valence states of S is increasing with increasing annealing temperature 

indicating increasing in polysulfide ions and S-vacancies. 

Figure 5.31: Mo 3d core level XPS spectra of (a) H3 and (c) HC samples. The 

intensities of peaks corresponding to lower valence states decrease and the area 

under Mo 6+ increases for H3 and HC samples. S 2p core level spectra of (b) H3 

and (d) HC samples. 

Figure 5.32: (a) XPS core level spectra of Fe 2p, Co 2p, and Ni 2p for the H0 

sample, which are taken from the survey spectrum. It confirms there is no magnetic 

impurity present in the sample. (b) Magnetisation and lower valence states of Mo 

vs. sample plot indicate that with increasing lower valence state concentration, 

magnetisation increases. 

Figure 5.33: (a) Valence band spectra of pristine and H2
+ irradiated samples. A 

zoom view of the shifting of VB maxima is shown in the inset. (b) Valence band 

spectra of pristine and H2 annealed samples. A zoom view of the shifting of VB 

maxima is shown in the inset. 
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Figure 5.34: (a) Edge-terminated MoS2 structure with vacuum along z and x-

directions, (b) with S-vacancy, (c) with H-adsorption at tilt position (along with top 

view), (d) with H-adsorption at parallel position (along with top view). 

Figure 5.35: Partial density of states (PDOS) for bulk MoS2 (a) in pristine state, 

(b) with H-adsorption, and PDOS for MoS2 edge (c) in pristine state, (b) with H-

adsorption. 

Chapter VI 

Figure 6.1: Defect analysis for 10 keV Ar+ ion (a) total target vacancies; (b) ion 

ranges in target (MoS2); (c) S vacancies in MoS2; and (d) Mo vacancies in MoS2. 

Figure 6.2: (a) Raman spectra of pristine and Ar ion irradiated samples. The new 

peak generated after irradiation around 220 cm-1 is corresponding to sulfur 

vacancies. (b) Zoom view of the Raman spectra; from this, it is shown that 𝐸2𝑔
1  and 

A1g peak both are gradually red-shifted with increasing irradiation doses. (c) 

Schematic diagram of 𝐸2𝑔
1  peak generated due to the in-plane vibration of Mo and 

S atoms, and the A1g peak for out-of-plane vibration of S-atoms. (d) Lorentzian 

fitting of the Raman spectra of the pristine sample shows only the presence of 𝐸2𝑔
1  

and A1g peaks (no defect peak observed). (e) and (f) Lorentzian fitting of the Raman 

spectra of P3 and P5 samples, two new peaks 𝐸2𝑔
1′  and 𝐴1𝑔

′  are generated 

corresponding to the S and Mo vacancies, and the intensity of these two peaks 

increases from P3 to P5 samples. 

Figure 6.3: XRD pattern of (a) pristine and Ar+ irradiated samples. There is a shift 

towards the lower Bragg angle in the position of the (002) peak and an increase in 

FWHM with increasing irradiation fluences. 

Figure 6.4: FESEM images of (a) P0, (b) P1, (c) P2, (d) P3, (e) P4, (f) P5 samples. 

It is evident from the figures that the surface of the sample roughened after 

irradiation exposing active sites. For the P5 sample, the big triangular flake 

fragmented into smaller ones. The zoom view of the surface is shown in (g) P1, (h) 

P2, (i) P3, (j) P4, (k) P5. (l) The surface of the P6 sample deteriorated by higher 

irradiation fluences. 

Figure 6.5: (a) The top view of FESEM images for the P0 sample. The lateral 

dimensions of triangular flakes are an average of 8 𝜇m. (b) The vertical view of 

the P0 sample. The lower black part corresponds to the Si substrate, and the second 

black part corresponds to the SiO2 layer, and the thickness of this layer is 350 nm. 

The color contrast (white color) shown here corresponds to the MoS2 layer, the 

thickness of this layer is an average of 20 nm. (c) The zoom view of the one side of 

the triangular flakes, the color contrast (arrow) showing the height of this. (d) The 

fitting of the Atomic Force Microscopy (AFM) image confirms the thickness of the 

MoS2 is an average of 20 nm. 

Figure 6.6: (a) Selected area for the mapping in the P0 sample; (b) mapping for S 

in the PET crystal detector; (c) mapping for Mo in the PET crystal detector. 

Qualitative analysis for the selected point in the PET crystal detector for (d) P0 and 

(e) P5 samples. It confirms the presence of only Mo and S atoms, and the Si signal 

is coming from the substrate, which has no magnetic contribution. The Au signal 

comes from the coating used to avoid the charging effect in this case. The coating 
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is used for FESEM and EPMA measurements, so it has also no contribution to 

magnetic and any other measurements.  

Figure 6.7: (a) M versus H plots for pristine and Ar ion irradiated samples at room 

temperature, the zoomed view of the central part is shown in the inset; (b) ZFC 

and FC plots for the P2 sample, it shows there is no transition observed up to 350 

K.  

Figure 6.8: RBS spectra of (a) P0, (b) P2, and (c) P5 samples. It confirms the 

presence of sulfur and molybdenum elements. The black dotted line and the red 

line indicate the experimental and simulated results. Oxygen and silicon signals 

come from the SiO2/Si substrate. 

Figure 6.9: The core level XPS spectra of pristine and Ar+ irradiated samples (a) 

Mo 3d, and (b) S 2p. The creation of S-vacancies is confirmed by the shift in the 

Mo 3d and S 2p spectra towards lower binding energies. 

Figure 6.10: Mo 3d core level XPS spectra of (a) Pristine and (b)-(f) Ar ion 

irradiated samples. The intensities of peaks corresponding to lower valence states 

increase and the area under Mo 6+ also increases with increasing irradiation 

fluences.  

Figure 6.11: (a) Survey spectrum for P0 sample, no transition metal impurity is 

present in the sample, S 2p spectra of (b) P0, (c) P3, and (d) P5 samples. The 

broadening and intensity in the lower and higher binding energy (marked by brown 

and green circle) increased with increasing irradiation fluences, confirming the 

formation of sulfur vacancies and polysulfide ions. 

Figure 6.12: (a) Valence band spectra of pristine and Ar+ irradiated samples; (b) A 

zoom view of the shifting of VB maxima towards the Fermi level; (c) The XPS 

core level spectra of Fe 2p, Co 2p, and Ni 2p for P0 to P5 samples. It confirms the 

absence of any magnetic impurities in the samples. 
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Chapter VI 

Table 6.1: Peak position of (002) plane, FWHM, and crystallite size for pristine 

and irradiated samples. 
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temperature. 
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NOMENCLATURE 

Ar :                 Argon 

AFM :             Atomic force microscopy 

B.E. :              Binding energy 

BMP :             Bound magnetic polaron 

CVD :             Chemical vapour deposition 

CCD :             Charge coupled device 

DOS :             Density of states 

DMS :            Diluted magnetic semiconductor 

DFT :             Density functional theory 

EPMA :          Electron probe microanalyzer 

ECR :             Electron cyclotron resonance 

FWHM :         Full width at half maximum 

FESEM :        Field emission scanning electron microscopy 

GIXRD :        Glancing incidence x-ray diffraction 

GMR :            Giant magneto-resistance 

GGA :             Generalized gradient approximation 

H :                  Hydrogen 

IC :                 Integrated circuit 

LEII :              Low energy ion irradiation 

PBE :              Perdew-Burke-Ernzerhof 

PAW :             Projected augmented wave 

PVD :             Physical vapour deposition 

PL :                 Photoluminescence 

RBS :              Rutherford backscattering spectrometry 

RTFM :           Room temperature ferromagnetism 

SQUID :         Super conducting quantum interference device 

SAED :           Selected area electron diffraction 

SRIM :            Stopping and range of ions in matter 

TEM :             Transmission electron microscopy 

TMS :             Transparent magnetic semiconductor 

TMR :             Tunnelling magnetoresistance 
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2D :                Two dimensional 

TMD :            Transition metal dichalcogenides 

TRIM :           Transport of ions in matter 

Sn :                  Nuclear energy loss 

Vs :                  Sulfur vacancy 

VMo :               Molybdenum vacancy 

WDS :             Wavelength dispersive spectroscopy 

Xe :                 Xenon 

XPS :              X-ray photoelectron spectroscopy 

XRD :             X-ray diffraction 

ZFC :              Zero field cooled 

FC :                 Field cooled 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




