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Abstract

Owing to their semiconducting, magnetic, and optical properties, dilute magnetic semiconductor
(DMS) and transparent magnetic semiconductor (TMS) materials were the most promising
candidates up to the last decade for spintronics and optoelectronic applications in spin transistors,
spin valves, and spin light emitting diodes. But the most intriguing discovery in the search for
DMSs, however, is the RT-FM in non-TM doped wide band gap semiconductors such as HfO»,
ZnO, TiOz, GaN, and SnOg, etc. It is to be emphasized that in these wide band gap materials,
neither their cations (3d and/or 4f) nor their anions are magnetic. Therefore, the ferromagnetism
in pure wide band gap materials is named d° ferromagnetism. The observed d° FM in many oxides
and nitrides shows that TM doping is not essential to induce FM ordering. It can be induced by
some inherent or intentionally produced lattice defects. Among many oxides and nitrides, ZnO and
GaN have attracted the attention of researchers due to their potential in opto-electronics. Because
of the wide band gap of 3.3 eV for ZnO and 3.4 eV for GaN at room temperature, ZnO and GaN
can have good optical transmittance (80% and above) in the visible range; good conductivity due
to intrinsic defects such as vacancies, anti-site defects, and interstitials; and intrinsic room
temperature ferromagnetism with a high Curie temperature. These wide-gap oxides can be
exploited for the fabrication of room temperature ferromagnets, which will have a great impact on
industrial applications in magneto-optical devices. The two materials, ZnO and GaN, exist in three

dimensions (3D) with their intriguing properties.

Besides these 3D materials, nowadays, 2D semiconducting materials have become the centre of
attraction among the research community. Among different 2D semiconductors, MoS: is one of

the most studied semiconducting materials for different electronic applications. Inherent or



intentionally created defects can alter the physical properties of MoS; and hence the defect-driven

ferromagnetism can also be induced.

These 3D and 2D semiconducting materials, which are intelligent replacements for ferromagnetic
metals and semiconductor junctions, show promise in future optoelectronic, spintronic, and opto-
spintronic devices. However, there are certain fundamental issues that need to be addressed
thoroughly before applying these materials to any device. The major issues are: (i) the observed
magnetic moment in pure GaN and ZnO is too low to be used for applications in spintronic based
devices; (ii) ZnO makes multicenter bonds with H, due to which carrier concentration can be
enhanced and hence carrier mediated exchange interaction is expected and needs to be explored,;
(iii) there is a need for tunable ferromagnetism (FM) in GaN and the role of the thickness of GaN
films in tuning the FM behaviour needs to be explored; and (iv) with some theoretical reports and
very few experimental studies on the FM of MoSg, it is an open field of research and needs to be
explored. The present thesis originates with the motivation to understand these fundamental
questions through detailed experimental and theoretical studies. Therefore, the main objectives of
the thesis are (i) to look into the role of multicenter bond on the FM properties of ZnO; (ii) a
comparative study of FM of thick and thin ion implanted GaN films along with tuning of FM
ordering by N ion implantation in GaN and their correlation with electronic structure; and (iii)
ferromagnetism in low energy ion irradiated mixed phase of MoS2-MoOx films and its correlation
with electronic structure. The properties are examined by X-ray diffraction (XRD), Raman
spectroscopy, Photoluminescence (PL), Rutherford Back Scattering (RBS), X-ray photo electron
spectroscopy (XPS), Atomic Force Microscopy (AFM), Secondary Electron Microscopy (SEM),

and positron annihilation spectroscopy (PAS).



The thesis begins with the investigation of room temperature ferromagnetism (RT-FM) in H-
ambience annealed ZnO films. The tailoring of defect states and enhancement in carrier
concentration have been analyzed by PL, PAS, and resistivity measurements. The enhancement in
FM ordering has been well co-related with its electronic structure and shows good agreement with

density functional theory (DFT) results.

The second study of the present thesis aims to understand the role of the thickness of GaN on FM
behaviour of GaN films and the tuning of FM in GaN films with ion implantation. The variation
in defect concentration has been observed in thick GaN films after Xe ion irradiation, but the
diamagnetic nature of all the films indicates that the threshold defect concentration essential to
trigger the FM has not been achieved. On the other hand, RT-FM behaviour has been observed for
all the thin films, and a systematic tuning of FM has been achieved with increasing N-ion fluence.
The systematic tuning of FM behaviour is due to the incorporation of N-ions at interstitial sites,

which shows a good agreement with theoretical DFT results.

The final study of this thesis investigated FM in Xe-ion irradiated mixed phase MoS2-MoOx films.
A very large magnetic moment has been induced after ion irradiation. The reduction in the oxygen
vacancy content for the sample with maximum magnetic moment rules out the possibility of
ferromagnetism due to oxygen vacancy. Enhancement in the Mo content in 5+ and 6+ oxidation
states due to the occupation of Sulphur vacancy sites by oxygen after ion irradiation, calculated
from XPS core level of Mo 3d and S 2p and valence band spectra, has been observed. So, the
enhancement in the ferromagnetism in MoS; is due to the increase of Mo in the 6+ oxidation state
and exchange interaction between the different oxidation states of Mo via the p orbital of the anion

and the formation of edged states.

Vi
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Figure 4.4: Raman spectra of P1 and P2 films. Evolution of new peaks at ~ 300 cm™ and ~
669 cm* suggests the defects states in P2 film.
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Figure 4.5: Equivalent Tauc’s plots of (a) S1 and (b) S2 films. Absorption edge at ~ 2.2 eV
in P2 film shows the creation of defects states after Xe®* ions irradiation.

Figure 4.6: Room temperature PL spectra of (a) S1, (b) S2 and (c) S3 films. P1 film shows
a characteristic peak at ~ 3.4 eV and a defect peak at ~ 2.2 eV. There is evolution
of some new peaks at ~ 2.09 eV, ~ 2.65 eV, and ~ 3.06 eV for P2 and P3 films,
and (d) the schematic of the band structure showing different transitions.

Figure 4.7: RT RBS/C spectra of (a) P1, (b) annealed P1, (c) P2 and (d) P3 films. The black
curve shows the random while the red curve shows the channeled spectra.

Figure 4.8: (a) RT PL spectra of P1 and 900°C nitrogen ambience annealed P1 films.
Intensity of yellow luminescence has been enhanced after annealing, and (b)
M-H curves of S1, S2, S3 and 900°C nitrogen ambience annealed P1 films. All
the films show the diamagnetic behaviour.

Figure 4.9: (a) XRD pattern of the S1-S5 films and (b) zoomed view of (002) peaks of GaN.
Peaks corresponding to (002) plane of GaN shift towards lower 20 value up to
S4 film while for S5 film, the peak shows a shift towards higher 26 value in
comparison to S4 film.

Figure 4.10: Full width at half maximum (FWHM) of (002) peak of GaN of the S1-S5 films
and peak shift of (002) peak of GaN of S2-S5 films with respect to S1 film.

Figure 4.11: Room temperature PL spectra of (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5 films
and (f) the schematic of the band structure showing different transitions.

Figure 4.12: Ga 3d XPS core-level spectra of (a) S1 and (b) S3 films and N 1s core level
spectra of (c) S1 and (d) S3 films.

Figure 4.13: XPS valence band (VB) spectra of S1 and S3 films. Insets (a) and (b) show
valence band maxima positions along with two linear fits of leading edge and
baseline of S1 and S3 films respectively.

Figure 4.14: Room temperature RBS/C spectra of (a) S1, (b) S2, (¢) S3, (d) S4 and (e) S5
films and (f) Room temperature M-H data of all the films.

Figure 4.15 (a): Spin polarized density of states (SPDOS) for Pure GaN, inset shows
enlarged view of total DOS for up and down spins near conduction band
minima and valance band maxima.

Figure 4.15 (b): Spin polarized density of states (SPDOS) for Ga-deficient GaN,
inset shows enlarged view of total DOS for up and down spins near
conduction band minima and valance band maxima.

Figure 4.15 (c): Spin polarized density of states (SPDOS) for Ga-deficient GaN
with implanted N-ions (N at interstitial site), inset shows enlarged view
of total DOS for Up and Down spins near conduction band minima and
valance band maxima.
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Figure 4.16: Schematic of bonding of implanted N* ions at interstitial sites with host

Ga and N atoms.

Chapter 5

Figure 5.1:
Figure 5.2:
Figure 5.3:

Figure 5.4:

Figure5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

Schematic diagram of thermal CVD.
Room temperature XRD data of S1-S3 films.
SEM images of (a) S1, (b) S2, and (c) S3 films.

Room temperature Raman spectroscopy data of (a) S1, S2, and S3 films and (b)
zoomed view has been shown in (b).

Mo 3d core level spectra (black open circle) of (a) S1, (b) S2, (c) S3 films. Core-
level spectra were fitted using Gaussian profile (red line) and different peaks
are marked by I, II, 111, IV, V, VI, and VII for S1-S3 films.

S 2p core level spectra of (a) S1, (b) S2, and (c) S3 films.

O 1s core level spectra (black open circle) of (a) S1, (b) S2, and (c) S3 films.
Core-level spectra were fitted using Gaussian profile (red line) and different
peaks are marked by O,, O, and Q.

XPS valence band spectra of (a) S1, (b) S2, and (c) S3 films. Two different
regions have been marked by green dotted lines.

Room temperature (RT) magnetization versus magnetic field data of (a) S1, S2,
and S3.

Figure 5.10: Schematic of enhanced magnetization by O coverage of S sites.
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NOMENCLATURE

Ar

B. E.

C. B.
CCD
DMS
DOS
FWHM
FM
GAXRD
GMR

LEIBF
PLD
SQUID
TCO
™
T™MS
TMR
UHV
DRS
V. B.
XPS
XRD
RBS
PAS
PL

- Argon
: Binding energy
: Conduction band
: Charge coupled device
: Diluted magnetic semiconductor
: Density of states
: Full width at half maximum
: Ferromagnetism
: Glancing angle x-ray diffraction
: Giant magneto-resistance
. Integrated circuit
: Low energy ion beam facility
: Pulsed laser deposition
: Superconducting quantum interference device
: Transparent conducting oxide
: Transition metal
: Transparent magnetic semiconductor
: Tunneling magneto-resistance
> Ultra high vacuum
: Diffuse Reflectance Spectroscopy
: Valence band
. X-ray photoelectron spectroscopy
. X-ray diffraction
: Rutherford Backscattering Spectroscopy
: Positron Annihilation Spectroscopy

: Photoluminescence
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