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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
HfO,, ZnO, TiO2, GaN, and SnO», 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 d° ferromagnetism is given to the
ferromagnetism found in pure semiconducting materials. It is evident from the observed d° 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 (MoS,) have attracted tremendous attention due to their potential applications in
optoelectronics. MoOs3 and bulk MoS; 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 MoOs3, the
primary cause behind the induced magnetism is oxygen vacancies and vacancy clusters. After
post-treatment of MoO3 at hydrogen ambient formation of HxMoOs is also another intriguing
reason to induce ferromagnetism. In the case of MoS,, 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 MoS: lattices following



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 MoS; is too low for use in spintronics applications; (ii) due to hydrogen interaction with
Mo0O:s, the creation of a greater number of oxygen vacancies and vacancy clusters and H\MoO3
formation is expected and needs to be explored; (iii)) CVD growth of different morphology
MoS; thin films and corresponding tuning of room temperature ferromagnetism is needed to
be examined; (iv) there is a need for tunable ferromagnetism in MoS: 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 MoS; 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 (1) to study the effect of hydrogen annealing
and corresponding oxygen vacancies on the ferromagnetic behavior in MoOs3 flakes; (i1) to
study the effect of morphology (nanoflowers, vertical nanosheets, horizontal nanosheets, and
thin film) on the magnetic properties in MoS»; (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 MoS; (iv) to study the
effect of low energy Ar ion irradiation on the ferromagnetic behaviour of nano-dimensional

triangular flakes of MoS». The samples are prepared by chemical vapor deposition technique



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 Hz-annealed CVD-grown MoQOs3 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 Hy-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 MoS; thin
films. MoS> 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 MoS> thin films is
elaborately explained in this chapter. In the first part, the vertical nanostructured MoS: is
irradiated with low-energy Ar and Xe ions with different fluences (ions/cm?) to modify the

structure and tune the magnetic properties. Vertical nanosheets with edge termination in the

Vi



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 MoS; 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 MoS: 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 MoS»
thin films show the formation of a pure 2-H MoS: phase, confirmed by X-ray diffraction (XRD)
and Raman spectroscopy. Hydrogen annealing at a temperature of 200°C 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 MoS; 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

vii



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.

viii



ARTRA
VRN & fo, TR da@ i srefarad (TMS) SR a de@ i siefarad (DMS) Tard
U0 G=® H 30 USRS, Siefad SR oo o1 & HRUT Ja SRS [ddHed
T8 §| gTdlie, TR-GHHUN UTg-3Its 3fefardd!, S HfO,, ZnO, TiO,, GaN 3R SnO, H
YR AYHH R HRIFIESH (RTEM) $ 3faciib = AxT-es THe™ BT & 3o
forar | T8 e fean ST =Ry b 3 e deea faard) 7, greiifes, S B iR/
Y IR-YTH 1T & | 39 IR e P Y T HRUI dfeq H I TR & v €, S
feferra, SicRTelly, SfeaaT, a1a, 31fe | 319 yarf # it T o gl ot Jufufa difed
YAEUA ¢ed & PRU e fagyd, HPehd 3R el Ui B §ad obd! ol
IRUTRGEY, Y Srefarad Tardf § Uiy o= arel hRIddfesd &I d° TRiafesy 94 fean
T 8| B8 RIS 3R IhES | ¢ MY d° FM ¥ I8 ¥ § [ FM STaRIT &1 FehHUl
YT SITUT & foT 3 W =0 ¥ B aTd T STHaIdhR IdTied e arul gRT URkd
foaT S qohdT 81 THHUT o1 TRIZS 3R Tehigs T, Mices—H TIESHES (MoOs)
3R MPfesTH SEARBIES (MoS,) 7 SHPIgaaei-ad H U JHIId SuENT & HRUT
§gd &M ATHNT [HAT 81 MoOs 3R Fe MoS, HH: 3.2 3R 1.2 eV & §8 7Y ard
3refaTers &, SR Rickadl, sicrTely, T&-arge QY 311fe O SffdRe vl & HRUI 3= gl
ATIH & 1Y YR J9HH TR HRIFHeSH fEard 81 Mo0; & Ad H, IRd dadhd &
T TTufie SR ffeitor Rfdaat $ik Rfdd T9g 81 ggsior uRa= & MoO; & URe-
diefic & §1 H,Mo0; HT FH{r +ft TRITHfeH &I URd & &1 Te 3iR feeaed HRu
81 MoS, & Ha H, s-Rfad & aramar, Tel-efifacs Taqm ot tRififesH & 9fvd o o
goib P T H T JHGY ATHIT & HRU Th Ageaqul YfFrewt Ay g1 grgsom
URe-diefie & d1g MoS, dfed | s-H &Y &1 fAair +f Idfta gada I &1 serar gl 34
IR BT FUART HRop ATYRUT AT TR BRIFIC BT IdTG FRUAe-ad & Syl
I HEAYU ¥ A YHIAd BT | Hid® & SfTisciag -, Rl SR 7o Rmeie
IUHN P 39 fefarass TR ¥ aH 81 Tl g, off BRIed Urgsif 3R srefaras
SiaRT & fadhed & | T- TE, §: (i) MoOs 3R MoS, ¥ I3t dadhc eu &1 Ruie foram
oo UG ST & SUART & foTT 9§d B ©; (ii) MoO; & 1Y TS S o o] IRER
fopam & BT, S1fie e H siiqiior Ridaar sik Rfad T8zt 3R H,Mo0; T8+ &1 AT
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3OfErd g SR 3! i &I AT AT (iii) fAT STHIRDT MoS, el fhed! & CVD
I 3R YR ATUHM & BRIFAESH & YITd GHSH B SIid B ST AR, (iv) fafds
UHR & URe-IcHe ol HH Sl A fafeor ok Tiifei & arg s-Rfad sik T9-
cfiAes I Bt T=AT bl AU BB MoS, B JHO BRIANCSH B STaxTehd o;
(v) -3t Mos, Taeh fret & HRIANSH & e M & forw uol-efifies
AT 3R s-Rfaa o1 YfieT &t S &t ST A1feu | T8+ TaNTTEs iR Sgifad srae™
& HISTH 3§ 31 §-aTe] Ge &l THgH B IR godH iR &1 9id 8 | TRumRaey, 39
AR & T IEA § (i) MoO; TSB! H TRIHUICH HTGR IR BIg S YA 3R Haifda
SHiRitoH Rfdqdl & gura &1 T BT (1) MoS, T Jad g oI W 3M1epfd fagm
AR, Seafer Aeie, afas Aefie 3R uach fiheT) & THTd BT 3ieqg ST, (i)
SR =1 AT MoS, & TRIHAC®H AR TR HH Sl aTd Ja-IHS U F HRY (Ar
3R Xe) 3R B (BT SIoM) GHHM HTTAT 3R GG oM TAICHT & afhRUr & THTG BT
LI HRAT; (iv) MoS, b A-1-3TaTH ol T & tRAfed adgR R & SHoll
a1 Ar 3 fAfBR01 & GUTT BT LR HAT| A IS a1 ST dbeiled gRI
JOR fhT STd § SR TRIX faadH (XRD), T W kb IUT, TRHATY] 96 HISH RBIUT (AFM),
BN (PL), HIce-UHRM IWh11 Faac HIShRDIUT (FESEM), Jaac oiid
12! TATAIZOR (EPMA), YeWls SHibed] Waeld! (RBS), <MRA Sadgi-
HEHRBIUT (TEM), 3R THX Hlegaae WaeReIUl (XPS) g§RT 396! faRsarsif &1
Tl ST STl & | MPMS3 FUICIHIeR &1 SUANT b IHt T & foIe gaaia o1 41
U ST 8 | e 1T Ui, SAde e TR 3R DFT-TUTRT Ygifad TurTeh & st dey
Tg1 wIfd fasar T g

IR 3R Ui fdarr sieamdt & are, ARG &1 ARy Srear fafys amoHeT WR He-
THITS CVD-UH MoOs Tl & RTFM &1 Sffd 8| EPMA 3R PL HTUT gRT fTeRitor Rfdaal
&1 IufRUF BT fazawur fomar T § 1 H,-THies 0! | qfd gada Jed | gfg die dR
IR 3P| SAC b YT 3R DFT-MUTRT i TSN & 1Y Yegsfed g | aaqH
ARG P 3T 37eama T Mos, Ude ftre & siigpfa fagm-Fifia RreM = 81 Mos,
ga fbe &I CVD doiies gRT IR STHT-3ET ATPTa a7, S AR, SHeaftR
FRfte, afasr ARite 3R Ude fthed & Ty ST I § | IRd Jadhd & Ue T BRI
T w0 3 s-Rfdq & 91y t-cfiface a1 &, Fifes Swdd 9qiid e Jed 7 d
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21 IRd gah@ & WIS & HRUT S T $1 SAde D URaT & 1Y Tgas e g | ST
3R & YW § fquTiord 81 39 e 8 SH@ieR AHIRie-34™@ MoS, Uad! fthed! |
TRITASH &1 URd I3 B To-cfifRes WRammeh ok s-Rfaaal & Teforarerd uuma &1
IR & T T ] | Uga HIT H, SreafeR A9 TRaHT MoS, Bt TRaT &I AN B
3R a1 T ! THRANTT FH= & foTT SAT- ST UaTE (3T/AHR) 3R & Sl ardl
Ar 3R Xe 31 & TrY fafamfOrd farar STt € 10 A H TS S fH-RH arelt SareR
A oI S ics THRM Wb SAagi- AIZHRG U (FESEM) GRT &1 T8 & | HH Soll
I Ar 3R Xe* fafBRfOrd 71 7 Seafer Asiie ot fiRmge Tl 72 81 uor-snfvees -
TRAIYG TAMoS, Ude el & o 1.7 emu/g F1 Th W10 3= Y Hed ol
41, 3R 31 fafdHRu1 & d1¢ I8 HH 81 71| TRIX BIeIgaac H TWae Rep Ut (TeRTue)
3ihs A, Tg Wy g fop, s g Trsel # 3ifeRiiom & GHAY & HRUT, 31 fafevor & are
Mo 5+ 3TR 6+ aRITY ¢ STl g | Seafer Aefe & ey frRt & feR-3=1w A
T =Y UG T & I gadb g &0 3 fog fomdieR €, SR fafevo wR siiwfiem
& HAR GRT Tehx RfGad | fraR &t fR1ae 3R HH & URUIMRGEY g g &0 §
HH M |

TR HET B, A1 TET MoS, Tdal fhe! ®l S[Av-3eHT Udlg & 1Y &Y Soll ardl
TS SIo T o T fAfhIOId fovam STl B SR &Y UaT 3 SR SRHifesH &l 96
& foIU Tadd U ¥ S@AT-SHET dAIHEF IR IESie araaRol § THid faar srar g1 29
TG AT MoS, Uda e T Y& 2-H MoS, TRUT &1 T+ fewrdt §, et gy
TR faacdH (XRD) 3R I WGl GRT B 718 g1 200°C & dTHM TR TS oM
TR RO ATIHA W 2.7 emu/g BT Had I deadba Hed USRI o gl
HRITIfeSH H gfg Tews Ridaal § 3, T & 1Y gggior uraq 3R fhRI H Txited
& HRUT gl 8, St iy 3adeiq offg A1ge)-favaved (EPMA), THIX Bligaac -
TWFRBIUT (XPS), 3R Wics THRH W1 3adei- HIZHReb YT (FESEM) HTT & fageryor
T It 81 S Al & foIe, DFT-3MemiRd Sgifaes 0T JaiTess (w6 S Eu g

sifad srearg H, AA-smamt Bdivlig Tw-37®@ CVD-3TT T MosS, Uda fhed! (20
TTUH) B HH SHoll ard Ar 34 fafeor & ary fafe=forg fear srar 81 s9e 1 9e9
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HEAYU HR&! B U T Tol-ciHcs TR &I FHAfT 3R T4 §, S dedhd gu sed
3R Had fH UM &-dl 81 T 30 &R S Rfdadl & e # gfS 3, ot gfd xes

3R RBS fazay0 gRT 1 Wil 81 iR fPu MU orf & IR iR @ A pH & v &
TR & Y AT gt 5|
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lab, IIT Delhi); (b) the schematic diagram of the thermal vapor deposition system.

Figure 2.5: (a) Schematic diagram showing the tubular furnace for H; annealing of 33
MoO:s at different temperatures; (b) schematic diagram of H» annealing of MoS: in

a single zone furnace at different temperatures for one hour and the creation of S
vacancies.

Figure 2.6: (a) The photograph of the low energy ion-irradiation (LEII) facility at 34
IUAC; (b) schematic diagram of the LEII setup used for the low energy irradiations.

Figure 2.7: (a) The photograph of the X-ray diffraction facility at IIT Delhi; and 36
(b) the schematic diagram of the principle of XRD.
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Figure 2.8: (a) The photograph of the Raman spectroscopy facility at IIT Delhi;
and (b) the schematic diagram of the Raman spectroscopy setup.

Figure 2.9: (a) The photograph of the Scanning electron microscopy (SEM) facility
at [IT Delhi; and (b) the schematic diagram of the SEM instrument.

Figure 2.10: (a) The photograph of the Transmission electron microscopy (TEM)
facility at IIT Delhi; and (b) the schematic diagram of the TEM instrument.

Figure 2.11: The photograph of the EPMA facility at IIT Delhi.

Figure 2.12: (a) The photograph of AFM facility at IIT Delhi; and (b) the schematic
diagram of the AFM instrument.

Figure 2.13: The schematic diagram of the PL instrument.

Figure 2.14: (a) The photograph of XPS facility at IIT Delhi; and (b) the schematic
diagram of the XPS instrument.

Figure 2.15: (a) The photograph of RBS facility at [IUAC; and (b) Schematic view
of the scattered incident ions from the surface and the depth d of a material.

Figure 2.16: (a) The photograph of the MPMS3 SQUID magnetometer facility at
IIT Delhi; and (b) the schematic diagram of the SQUID magnetometer.

Figure 2.17: Defect analysis for 40 keV Ar"; (a) ion ranges in target (MoS2); (b) S
vacancies in MoS. Defect analysis for 100 keV Xe'; (c) ion ranges in target
(MoS2); and (d) S vacancies in MoS,.

Chapter 111

Figure 3.1: XRD patterns of pristine and annealed MoOs; micro-flakes. The
reference data (JCPDS (05-0508)) is also included at the bottom. The patterns
confirm the formation of the pure a- MoO3 phase, which has an orthorhombic lattice
structure with space group Pbnm, which does not change upon annealing in the Ha
environment.

Figure 3.2: Raman spectra of pristine and annealed MoO3 micro-flakes at room
temperature. All the peaks are denoted by the corresponding vibrational modes. The
starred peaks correspond to the Si substrate.

Figure 3.3: FESEM images of a) M1, b) M2, ¢) M3, and d) M4 samples.
Morphological changes are seen after annealing at different temperatures.

Figure 3.4: (a) Area selected for elemental mapping in the pristine sample using
EPMA; (b) Oxygen mapping using the RAP crystal detector; (c) Molybdenum
mapping using PET crystal detector; (d) and (e) show qualitative elemental analysis
for the selected point in the PET and RAP crystal detectors.

Figure 3.5: (a) Area selected for elemental mapping in 250 °C annealed sample
(M3); (b) Mapping for Oxygen using RAP crystal detector; (c) Mapping for
Molybdenum using PET crystal detector; (d) and (e) show qualitative elemental
analysis for selected points in PET and RAP crystal detectors.

Figure 3.6: Room temperature PL spectra of (a) M1, (b) M2, (c) M3, and (d) M4
samples. Origin of all peaks is discussed in the text. Pristine and annealed samples
contain different types of defects.
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Figure 3.7: Mo 3d core level XPS spectra of (a) M1, (b) M2, (c) M3, and (d) M4
samples. Mo®" states are dominant in all the samples. Peaks corresponding to Mo>*
states show the presence of oxygen vacancies in all samples. The inset in (d) shows
the zoomed portion of the figure, clearly showing the presence of peaks
corresponding to Mo>" and Mo*" valence states in the sample M4.

Figure 3.8: Ols core level spectra of (a) M1, (b) M2, (c) M3, and (d) M4 samples.
The peaks denoted by 1, 2, and 3 correspond to lattice oxygen (Mo bonded with
oxygen), oxygen vacancies, and absorbed oxygen at the surface respectively. The
peak 4 in M3 sample corresponds to the Mo-OH bonds and the extra peak 5 in the
M4 sample corresponds to the C-OH bonds.

Figure 3.9: (a) M-H plots for M1, M2, M3, and M4 samples at room temperature,
all the samples show ferromagnetic behaviour and the inset shows clear hysteresis
loops; (b) Area under the peak corresponding to oxygen vacancies in the O 1s core
level and magnetisation for M1, M2, M3, and M4 samples.

Figure 3.10: ZFC and FC data for (a) M1, (b) M2, (c) M3, and (d) M4 samples.
There is no transition observed up to 330 K.

Figure 3.11: Crystal structure of (a) Pure MoOs3; (b)with a single Oxygen vacancy;
(c) with three Oxygen vacancies.

Figure 3.12: (a) PDOS of pure MoO3; (b) PDOS of MoO3 with one O vacancy; (c¢)
PDOS of MoOs3 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 MoS,. (b) Schematic diagram of in-
plane vibration of S and Mo atoms (Ez' mode) and out-of-plane vibration of S
atoms (Aig mode).

Figure 4.2: (a) XRD patterns of A, B, C, and D samples. Only one peak
corresponding to the (002) plane confirms 2H-MoS> 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 MoS,. The alteration in the nanostructure
is clearly visible by changing the CVD growth parameters.

Figure 4.4: (a) FESEM images of nanoflower MoS,, 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 um, (b) FESEM images of vertical nanosheets of MoS;, the
thickness of the curved nanosheets (tip) is 25 nm, in inset cross-sectional FESEM
images of vertical nanosheets of MoS,, and (¢) FESEM images of horizontal
nanosheets of MoS,, the lateral thickness of the horizontal nanosheets is in micron
order, in inset cross-sectional FESEM images of horizontal nanosheets of MoS», the
thickness (height) of the horizontal nanosheets is 50 nm, (d) and (e) cross-sectional
FESEM images of thin film of MoS;, (f) the thickness of SiO> layer is around
2.5 um 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, (¢) 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 MoS; and (d) S vacancies in MoS..

Figure 5.2: Defect analysis for 100 keV Xe'; (a) total target vacancies; (b) ion
ranges in target (MoS>); (c) Mo vacancies in MoS», and (d) S vacancies in MoSo.

Figure 5.3: XRD patterns of (a) pristine and Ar" irradiated samples. (b) pristine and
Xe" irradiated MoS; 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 MoS, 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 MoS> 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 MoS; 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; (¢) 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); (¢) FESEM image of O,- annealed sample; (d) M versus H plots for pristine
and O;- 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 Mo®" state vs. sample plot indicate that with increasing Mo 6+ state
concentration, magnetisation decreases.

Figure 5.18: Valence band spectra and Er-Ev calculation of (a)- (e) pristine and
Ar" irradiated samples. The value of Er-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 MoS»; (b) bulk MoS> with S vacancy, and (c) bulk MoS»
with O adsorbed at the S vacancy site. (d) MoS; edge; () edge with S vacancy, and
(f) edge with O adsorbed at the S vacancy site.

Figure 5.20: PDOS for MoS: 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 H>" irradiated samples; (b) Enlarged
view and left shift of (002) peak for the irradiated samples; (c) Pristine and H>
annealed MoS; 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 H>" irradiated samples; (b) Pristine
and Hz-annealed MoS, samples; An enlarged view of the redshift of Ezlg and Ajg

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

Figure 5.23: FESEM images of (a)-(c) Pristine and H»>-annealed samples and (d)-
(f) Hy" 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 H," irradiated samples at room
temperature; (b) M versus H plots for pristine and H, annealed samples at room
temperature. All samples, except HC, show a hysteresis loop at room temperature.
HC sample exhibits a diamagnetic nature. (¢) M versus H plots for pristine and Hy"
irradiated samples at 2 K; (d) M versus H plots for pristine and H» annealed samples
at 2 K. HO to H3 and HO to HB samples show clear hysteresis loops at 2 K.

Figure 5.27: Magnetisation versus Temperature plots for (a) HI, (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 Hx"
irradiated samples. (¢) Mo 3d, and (d) S 2p core level XPS spectra of pristine and
H; 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) H> 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) H> 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) H>" 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) H," 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 HO
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 Hx" irradiated samples. A
zoom view of the shifting of VB maxima is shown in the inset. (b) Valence band
spectra of pristine and H> 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 MoS> 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 MoS; (a) in pristine state,
(b) with H-adsorption, and PDOS for MoS; 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 (MoSz); (c¢) S vacancies in MoS»; and (d) Mo vacancies in MoS.

Figure 6.2: (a) Raman spectra of pristine and Ar ion irradiated samples. The new
peak generated after irradiation around 220 c¢cm is corresponding to sulfur
vacancies. (b) Zoom view of the Raman spectra; from this, it is shown that E 219 and
Aig peak both are gradually red-shifted with increasing irradiation doses. (c)
Schematic diagram of E' 21g peak generated due to the in-plane vibration of Mo and
S atoms, and the A; 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 E 21g
and A1 peaks (no defect peak observed). (¢) and (f) Lorentzian fitting of the Raman
spectra of P3 and P5 samples, two new peaks Ezlé and A}, are generated
corresponding to the S and Mo vacancies, and the intensity of these two peaks
increases from P3 to PS5 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) PO, (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, (1) P3, (j) P4, (k) P5. (1) The surface of the P6 sample deteriorated by higher
irradiation fluences.

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

dimensions of triangular flakes are an average of 8 um. (b) The vertical view of
the PO sample. The lower black part corresponds to the Si substrate, and the second
black part corresponds to the SiO» layer, and the thickness of this layer is 350 nm.
The color contrast (white color) shown here corresponds to the MoS» 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
MoS: is an average of 20 nm.

Figure 6.6: (a) Selected area for the mapping in the PO 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) PO 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) PO, (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 Si0/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 PO sample, no transition metal impurity is
present in the sample, S 2p spectra of (b) PO, (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 PO to P5 samples. It confirms the
absence of any magnetic impurities in the samples.
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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:
TMD :
TRIM :
Sh:
Vs
VMo :
WDS :

XPS :
XRD:
ZFC:
FC:

Two dimensional

Transition metal dichalcogenides
Transport of ions in matter
Nuclear energy loss

Sulfur vacancy

Molybdenum vacancy
Wavelength dispersive spectroscopy
Xenon

X-ray photoelectron spectroscopy
X-ray diffraction

Zero field cooled

Field cooled
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