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Abstract

Sputtering is a simple, well-controlled, reliable and one-step process for the
fabrication of stable and good quality thin films. It provides a good physical control

over the composition and hence properties of the fabricated thin tilms.

The thin films of zinc nitride (ZnaNz) and zinc magnesium nitride thin films
have been fabricated using a pure Zn target and differently composed ZnMg targels
prepared in weight ratio. A highly vacuumed deposition chamber is used with 50%
N:& 50% Ar pas introduced in the chamber. 1.5kW dc power is used and p-Si
substrate is heated prior to deposition to 300°C for obtaining good quality thin films.
The deposition time used is 1 hour, The crystallinity, latticc parameters and
calculation of the grain size of thin films have been investigated by X-Ray Diflraction
(XRD). The electrical behaviour of the fabricated thin films has been checked by 1-V
profiling of thin films. Optical properties were measured by UV-VIS reflcctance.
Raman spectroscopic and Spectroscopic Ellipsometry. The average calculated values
of Eu calculated by reflectance and ellipsometry for thin films ZnMgl, ZnMgl.
ZnMg2, ZnMg3 and ZnMg4 are 3.15, 2.9, 2.95, 3.35 and 3.25eV respectively. 1t is

clear that the crystallinity of the thin films is decreasing with increase in Mg content,
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1 Introduction

1.1 Nanotechnology:

Nanotechnology is one of the major scientific and engineering fields now a
days as it unites knowledge from the fields of Physics, Chemistry, Biology.
Engineering etc. It is an emerging technology with a wonderful ability to lead us to
major breakthroughs that can be applied to facilitate the human life. The applications
of nanomaterials in electronic and mechanical devices, in optical and magnetic
elements, tissue development, and other biotechnologies are economically the mosi

important and attractive features of nanotechnology.

Nanomaterials are classified according to their dimensions as stated in tabie

1.1.

No. | Classification Dimension Examples i
1 | Zerodimension | 3-Dim.< 100 nm QDs, nanoparticles etc. j|
2 One dimension | 2-Dim.< 100 nm Nano fibers, nanowires, nano !

rods, etc.
3 Two dimension | 1 _Dim.< 100 nm Thin films, nano-thin coalings,— ‘
cte.
N
4 Three dimension | All Dim.>100nm Bulk Material.

Table 1.1: Classification of nanomaterials.

1.2 Materials:

Nitride semiconductors have been acknowledged as one of the most suitable
material for optical as well as high-speed electronic devices (components) due to their
properties like wide band gap value, greater electron saturation velocity and larpe
breakdown voltage[l]. Up to now, transparent conductors and other such electrical

components have been bound to oxide-based semiconducting materials. To look into






1.2.2

Several methods of fabrication have been used in literature for the
development of zinc nitride films which include direct chemical synthesis{8], molten
salt electrochemical method[l], reactive pulsed laser deposition[9], atomic layer
deposition[10] but the most commonly used method is magnetron sputtering|2, 4, 3.
11-15]. Considerable challenges in fabrication of such thin films are still present.
including the control and reproducibility of structural composition and electrical
propertics, stability of deposited thin films in ambient condition and especially the
problem of unsought oxidation of the films{13]. In trials to comprehend the propertics
and basic parameters related to zinc nitride, significant disagreements have been
reported on the values of some basic physical parameters, such as the encrgy band
gap’s type and value and the conductivity type. The energy band gap as per reporting
ranges from 1.0leV to 3.2eV and it can eitber be direct or indirect band pap
depending upon the technique used for depositing and characterizing ZnsN»([8, 12, 16,
17]. Both n-type and p-type zinc nitride, either in as-prepared and annealed forms

were reported [4, 18, 19],

Applications: Zn3:N> has a potentiality as a new semiconducting matenal in
electronic, optoelectronics, photovoltaics and sensor applications, along with some
extra and important advantages such as eco-friendly processing, unlimited availability

and lower fabrication cost[11].

Magnesium (Mg):

The name magnesium comes from the Greek word magnesia; a district in cast
Thessaly. It is related to magnetite and manganese, whose names also originated from
the same area, It was discovered as a separate element by Joseph Black in 1735. s a
ductile shiny grey white metal with a hexagonal closed packed crystalline structurc.
Mg is the eight most exuberant elements in Earth’s crust ie. 2% of it. 1 15 very
reactive hence always found naturally in compound form only. it is blackened slightly
when exposed to air but an oxygen-free environment is not required for its storage
because magnesium is protected by a thin layer that is fairly damp-proof and difficult

[0 remove,



Some of its properties are as follows:

Physical properties:

Fig. 1.2: Crystal structure of magnesium.

Phase

Solid

Melting Point

923K (650°C)

Boiling Point 1363K {1091'C)
Density 1.738g/cm’
Mechanical properties:

Tensile strength 220MPa

Yield strength t30MPa
Bulk/Elastic modulus 45GPa

Mohs Hardness 1-2.5

Shear modulus 17GPa

Chemical properties:

In air, it easily ignites and burns with a bright white flame.

| Atomic Number

2

ftonic radius

0.065nm




Isotopes 5

Applications;

Magnesium compounds are used mostly as refractive lining in furnaces for the
production of metals, glass and cement.

As it is very light, with a density i.e. two-third of that of aluminium’s, it is used in
reducing weights e.g. in acroplanes, missiles, cameras, laptops, luggage carriers ete.

It improves the mechanical, preparation and welding characteristics of aluminium
used for alloying.

Mg compounds are commonly used in fields like industry and agriculture.

It also has vast applications in photography, printing industry, flares and pyrotechnics.
[t has a low toxicity.

Another important use of Mg is that it is used an anti-corrosion agent for iron and

steel in pipelines and ship bottoms.

In the present work, zinc nitride thin fitms are to be doped with magnesium for the
purpose of engineering its band gap. Doping of zinc nitride thin films is to be donc for
the first time and band gap tailoring will help us greatly to achieve our goal of using

zinc nitride thin films in electrical and opto-electrical devices accordingly.

1.3 Thin Film:

Every material’s upper layer (i.e. its surface) is open to various natural
phenomena. The surface of a solid body is prone to wear due to corrosion and has to
interact with electromagnetic radiations as well as light. Also from technological point
of view, the size reduction of mechanical, electrical, optical and optoelectronic
components continuously adds to the surface to volume ratio of the material used.
Hence, some of the surface related properties of the material become significantly
imponant, So by keeping this in mind, films or coatings are commonly used 10 obtain
the desired results in the manufactured component. For example, a mechanical
component can be made with a high hardness (to prevent wear and tear) and a high
fracture hardness (to avoid propagation of a crack) can be made by using a compositc:

a coating surface to provide high fracture toughness and a solid hard bulk corc to



avoid wear and tear of the component. Another examples of thin films are anti-

reflection coatings (used in photovoltaics), electromagnetic blocking coatings etc.

1.3.1 Thick and thin films:

The exact difference between ‘thick’ and ‘thin’ films cannot be generally defined
as it is not pin pointed in literature. Basically, a film can be congeived as a thin [ilm il
its overall properties differ from those of the bulk material. This can happen either
due to the increasing surface to volume ratio or by dependence of themicroscopic

structure on the deposition parameters used.

1.3.2 Brief History:

In the following a short history of thin fitm technology is given on the bahalf of
integrity:

1650: Observation and understanding of interference patterns (e. g. oil on water)

by R.Boyle, R.Hooke, I.Newton.

1850: Elaboration of first deposition techniques (M.Faraday, W. Grove, T. A.
Edison) and methods of thin film’s thickness calculations (Arago, Fizeau, Wernicke.

Wiener).

1940: Industrial fabrication of thin film coatings for optical, electronic and

mechanical purposes {(mostly military).

1965: Thin film technology becomes an intrinsic part of the manufacturing

processes (on large scales) in semiconductor and optical industry.
1990: Thin films of Superconductors having high value of T..

1995: Thin film processing permits the engineering of microstructures having

atomic and mesoscopic dimensions.

2000: Fabrication of nano-crystalline materials with desired crystal structurc and
composition for applications as protective coatings. Deposition of two as well as threc

dimensional objects with sizes in the nm range having a desired order perfection.

2004: Advancement of intricate reactive coating methods for industrial

applications (coatings on glass as well as thermal management etc.).



2006: Exploration of organic materials’ coatings gives rise to the invention of

organic electronic components (OLED, printable circuits)[20].

1.3.3 Properties of thin films differ from the bulk materials:

The properties of a thin film that may differ from the bulk material are given below.

» Not fully dense
Stresses are present
Different defect structure from bulk

Semi - two dimensional (i.e. extremely thin films)

¥ ¥V Vv ¥

Strongly affected by surface and interface properties

1.3.4 Film Deposition and Film Formation:
The process used for the deposition or synthesis of a film can be divided into three

basic steps.
1. Emission of particles from source (using heat, high voltage etc).
2. Transferring particles to substrate (base material for thin film).
3. Condensation or deposition of particles on substrate.

The deposition process used and/or the choice of the deposition paramncters
used conclude that either above steps will be independent or having a less or morc
influence on one another. The former is preferable as it allows the indepcndent control
of the basic steps hence providing a greater flexibility in the thin film deposition

process.

General characteristics of thin film deposition includes deposition rate, film

uniformity, material and substrate selection, quality of the deposited films, cost etc.

1.4 Applications:

There are wide number of applications and uses of thin films in almost cvery

field of life. Some of which are as follows.
Engineering/processing:

It is used in fabricating protective coatings to minimize wearing out. corrosion

and abrasion of the mechanical parts of machine (low friction coatings). Also 1o






It is successfully applied in making passive and active thin film elements

(resistors and diodes) in circuitry, integrated circuits as well as anti-static coatings.

Magnetic applications:

Thin film technology is also applied in making audio, video and computer data

storage devices also in read/write heads.

1.5

Characteristics to be studied:

Morphology

The characteristics to be studied related to the morphology contains
microstructure, surface topology, crystalline structure, defect density,
crystalline orientation etc.
Chemical

The chemical characteristics include the composition, impuritics.
reactivity, etching rate, stability, corrosion and erosion resistance etc.
Electrical

The electrical parameters that can be observed and studied contains
resistivity, conductivity, dielectric constant, permittivity, radiation hardrncss
etc.

Thermal

It includes coefficient of expansion, thermal conductivity, tempcrature
dependence of all the related properties, volatility etc.
Mechanical

It contains information about fracture hardness, density, adhesion.
anisotropy, elasticity, stresses and strains involved in the thin films.
Optical

It includes the observation and calculation of the refractive index,
extinction coefficient, transmission, absorption and dispersion and reflectance
spectra as well.
Magnetic
It includes the estimation of coercivily, permeability and saturation [Tux

density.






1.6.1

1.6.2

1.6.3

1.6.4

Ton implantation:

It is the process of planting or embedding energetic ions into the
substrate by using electric fields to accelerate them. These ions are bombarded
in the form of a beam. This technique is most commonly used for doping

purposes.

Liquid Phase Epitaxy (LPE):

The word epitaxy means growth of monocrystalline structures and by
epitaxial growth, we mean growth of structures which are different from
deposited ones i.e. not polycrystalline or amorphous. Liquid phase epitaxy
produces a thin monocrystalline film of compound semiconductors from their
melt (similar to Czochralski technique)[21]. These films arc deposited on a
suitably selected single crystal substrate. It has some disadvantages as
compared to Molecular Beam Epitaxy (MBE) like poor unilormity. bad

surface morphology etc.

Chemical Vapour Deposition (CVD):

In CVD, components of the source; composed of material to be
deposited, are vaporized. These vapours go through a chemical reaction with
introduced gases near or on the substrate surface. After this, they are sclidificd
at the substrate leading to a thin film[22]. Low temperature deposition
normally produces amorphous films. For obtaining high-quality poly- or

single-crystalline films high temperature processing is required.

Pulsed Laser Deposition (PLD):

This deposition technique makes use of laser to ablate/erode or remove
the material to be deposited. Thin films are fabricated by the ablation of one or
more target materials by focussing a pulsed-laser beam on them[23] Differcnt
types of laser can be used for this purpose depending on the desired outcome
and feasibility. Mostly Nd:Y AG laser is used for this purpose which is a solid
state laser. Nd:YAG stands for Neodyium doped Yttrium Aluminium Garnet.
YAG has gained more importance than other similar materials due to its
suitable optical, thermal as well as mechanical properties to bear the severe

operating conditions[24].









discovered in 1852, and it later developed as a thin film fabrication technique

by Langmuir in 1920. Sputtering processes is basically divided into four types:

¢« DC
¢« RF
» Magnetron

s Reactive
Steps involved in sputter deposition are as follows:

1. Ions are produced and oriented towards a target.
2. The ions erodes target’s atoms.

3. The gjected atoms are transferred to the substrate,
4

Atoms solidify and form a thin film on the substrate.

Reasons for using sputtering:

The reasons behind using sputtering are many but a few are discussed
here; it has offers many benefits such as low growth temperature, good
adherenceof thin films on substrate, large deposition rate and ability to form
compound thin films using metallic targets. It also provides a chance to obtain
c-axis oriented thin films. It allows the deposition of the target matcrial
without any chemical or compositional change. It can be used to produce
economically feasible large area thin films with desired composition and
properties[27). Another advantage is the availability of different growth
ambient[28]. It also offers to obtain thin films with high packing density[29].
Most of all in sputtering, by controlling different parameters such as vacuum
pressure, substrate temperature, deposition time, gas flow rate and applied
de/rf power; we can manipulate the properties of the thin film grown, This is
the main advantage of using a PVD as in CVD a person has no control over

the composition and properties such as thickness of the thin films.

The key difference between magnetron sputtering as a plasma process
and thermally excited thin film fabrication methods (evaporation, CVD) is the

much higher energy input that can be obtained by magnetron sputtering{30].
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As the targets used by me were metallic, hence DC sputtering is given
in detail. In this process, the metallic/dielectric target is grounded and behaves
like a cathode i.e. it is attached to cathode of the applied DC source. Chamber
is vacuumed to ensure no particulates and purity of thin films. Argon pas is
introduced in it. It provides high purity due to its inertness. The substrate on
which films are to be deposited are placed on a platform connected to the
anode of the DC supply. Electrons are accelerated between the cathode and
anode which on colliding with the Ar gas, ionizes it and creates plasma. The
positively charged ions are then directed towards the target where they sputter

a large number of target atoms which are then deposited on the substrate,

Applications of Sputtering: Here are some common applications of the

sputter deposition technique[33].

» Thin film deposition: Tt is usually done for future use in microclcetronics.
as a decorative coating on objects and also as a protective coating tor

safety of machine parts from wear and tear.

e Etching of targets: It includes the patteming of microelectronic devices as

well as depth profiling microanalysis,

»  Surface treatment: It can also be used for hardening of machine parts or

any other thing and also for corrosion treatment.
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2. Experimental Setup

2.1 Preparation of target:

Manual grinding of zinc and magnesium (both 99.999% pure) granules was
carried out by using a mortar pestle in required weight ratios. The grinding equipmen
was cleaned with ethanol using an optical tissue to avoid any contamination. Afier
cleaning the equipment, zinc was placed in it and was ground carefully by adding
ethanol drop by drop in regular intervals to obtain fine powder. Grinding of zinc
powder (in required weight ratios) was done for six hours at room temperature
separately for each target. After getting powdered zinc, it was stored in a thoroughly
clean bottle (cleaned using acetone). Same procedure was utilized for the grinding of
Mg powder. After grinding, Zn and Mg were weighed in a physical balance at 11U
lab. After weighing the materials in required weight ratios, the powders were caleined
at 250°C for 2 hours and pellets were made by using KOMAGELE hydraulic press. Onge
pellet of 2” diameter of pure zinc (ZnMg0} was made. Four composite pellets (27
diameter each) of ZnMg (95:05) (ZnMgl), ZnMg (85:15) (ZnMg2), 7ZnMg (75:25)
(ZnMg3) and ZnMg (65:33) (ZnMg4) of Zn and Mg were also prepared in bracketed
weight ratios. For this purpose, Zn and Mg finely ground powders were mixcd evenly
in mortar pestle in different selected weight ratios. The pressurc applied for
compressing powders into these pellets was 3 Ton. In ZnMg0. the mass of Zn used
was 28.92g. In ZnMgl, mass of Zn was 27.47g and mass of Mg was |.45g. /nMg2.
ZnMg3 and ZnMg4 were also made similarly in bracketed weight ratios such that
whole mass remained 28.93 g required for a 2" diameter pellet. In ZnMg2, (he mass
of Zn was 24.58 gram and that of Mg was 2.89 gram. [n ZnMg3, the mass of /n was
21.69 g and mass of Mg was 7.23 g and in ZnMg4, the masses of Zn and Mg used
were 18.8 g and 10.12 g respectively. As for making pellets with such a large
diameter, compaction of very fine powders was a difficult task. we had to use a binder
i.e. Poly Vinyl Acetate (PVA) in liquid form. Next stcp was the sintering of the
compacted pellets to attain hardness as well as removal of the binder. A fumace was
utilized for the purpose of sintering of these pellets. The tempcrature inside the
furnace was raised from room temperaturc to 350°C and maintained at that

temperature for 2 hours.



discovered in 1852, and it later developed as a thin film fabrication technique

by Langmuir in 1920. Sputtering processes is basically divided into four types:

e DC
e RF
»  Magnetron

» Reactive
Steps involved in sputter deposition are as follows:

1. lons are produced and oriented towards a target,
2. The ions erodes target’s atoms.

3. The gjected atoms are transferred to the substrate.
4

Atoms solidify and form a thin film on the substrate.

Reasons for using sputtering:

The reasons behind using sputtering are many but a few are discussed
here; it has offers many benefits such as low growth temperature. good
adherenceof thin films on substrate, large deposition rate and ability to [orm
compound thin films using metallic targets. It also provides a chance to obtain
c-axis oriented thin films. It allows the deposition of the target material
without any chemical or compositional change. 1t can be used to produce
economically feasible large area thin films with desired composition and
properties[27]. Another advantage is the availability of different growth
ambient[28]. It also offers to obtain thin films with high packing density[29}.
Most of all in sputtering, by controlling different parameters such as vacuum
pressure, substrate temperature, deposition time, gas flow rate and applied
dc/rf power; we can manipulate the properties of the thin film grown, This is
the main advantage of using a PVD as in CVD a person has no control over

the composition and properties such as thickness of the thin films.

The key difference between magnetron sputtering as a plasma process
and thermally excited thin film fabrication methods {evaporation, CVD) is the

much higher energy input that can be obtained by magnctron sputtering[307.






As the targets used by me were metallic, hence DC sputtering is given
in detail. In this process, the metallic/diclectric target is grounded and behaves
like a cathode i.e. it is attached to cathode of the applied DC source. Chamber
is vacuumed to ensure no particulates and purity of thin films. Argon gas is
introduced in it. It provides high purity due to its inertness. The substrate on
which films are to be deposited are placed on a platform connected 1o the
anode of the DC supply. Electrons are accelerated between the cathode and
anode which on colliding with the Ar gas, ionizes it and creates plasma. The
positively charged ions are then directed towards the target where they sputter

a large number of target atoms which are then deposited on the substrate.

Applications of Sputtering: Here are some common applications of the

sputter deposition technique[33].

¢  Thin film deposition: It is usually done for future use in microclectronics.
as a decorative coating on objects and also as a protective coating for

safety of machine parts from wear and tear.

s Etching of targets: It includes the patterning of microelectronic devices as

well as depth profiling microanalysis.

» Surface treatment: It can also be used for hardening of machine parts or

any other thing and alsa for corrosion treatment.



2. Experimental Setup

2.1 Preparation of target:

Manual grinding of zine and magnesium (both 99.999% pure) granules was
carried out by using a mortar pestle in required weight ratios. The grinding equipment
was cleaned with ethanol using an optical tissue to avoid any contamination. After
cleaning the equipment, zinc was placed in it and was ground carefully by adding
ethanol drop by drop in regular intervals to obtain fine powder. Grinding ol zine
powder {in required weight ratios) was done for six hours at room temperature
separately for each target. After getting powdered zinc, it was stored in a thoroughly
clean bottle {cleaned using acetone). Same procedure was utilized for the grinding of
Mg powder. Afier grinding, Zn and Mg werc weighed in a physical balance at 1L
lab. After weighing the materials in required weight ratios, the powders were caleined
at 250°C for 2 hours and pellets were made by using KOMAGE hydraulic press. Oue
pellet of 2” diamcter of pure zinc (ZnMg0) was made. Four composite pellets (27
diameter each) of ZnMg (95:05) (ZnMgl), ZnMg (85:15) (ZnMg2), 7ZnMg (75:25)
(ZnMg3) and ZnMg (65:35) (ZnMg4) of Zn and Mg were also prepared in bracketed
weight ratios. For this purpose, Zn and Mg finely ground powders were mixed evenly
in mortar pestle in different selected weight ratios, The pressure applied for
compressing powders into these pellets was 3 Ton. In ZnMg0, the mass of 7n uscd
was 28.92g. In ZnMg!l, mass of Zn was 27.47g and mass of Mg was 1.45g. ZnMg2,
ZnMg3 and ZnMgd4 were also made similarly in bracketed weight ratios such that
whole mass remained 28.93 g required for a 2” diameter pellet. In ZnMp2, the mass
of Zn was 24,58 gram and that of Mg was 2.89 gram. In ZnMg3. the mass of Zn was
21.69 g and mass of Mg was 7.23 g and in ZnMg4, the masscs of Zn and Mg uscd
were 18.8 g and 10.12 g respectively. As for making peilets with such a large
diameter, compaction of very fine powders was a difficult task. we had to usc a binder
i.e. Poly Vinyl Acetate (PVA) in liquid form. Next step was the sintering of the
compacted pellets to attain hardness as well as removal of the binder. A lurnace was
utilized for the purpose of sintering of these pellets. The temperature inside the
furnace was raised from room temperature to 350°C and maintained a1 that

temperature for 2 hours.



2.2 Substrate Selection:

Next step after target preparation was to select a suitable substrate, There are
many different materials which are used as substrate material for growing thin film
such as glass, sapphire, polymers, silicon etc. Polymeric substrates like polyethylene-
terephthalate (PET), polycarbonate (PC), as polyphthalamide (PPA) are drawing
attention of researchers probably due to their light weight, less cost and
flexibility[34]. The substrate selected by us were such that it can withstand high
growth temperature which is required for giving a thin film with a uniform thickness.
In this work, p-type silicon (p-Si) substrate was used because it is relatively cheaper
than other single crystalline substrate materials (like sapphire, AIN etc.). Large sized
single crystal of Si are easily available at economical price and it can be cut to any
desired size. Most of all, it is highly recommendable to integrate semiconducitor thin
films with Si substrates[30]. Another purpose of using p-Si substrate is to avoid larpe

lattice mismatch between the thin films and its substrate.

Substrates were neatly cut using a diamond cutter with 1cm? area of each. They
were then sonicated in distilled water for 15 minutes then dried and cleaned using an

optical tissue.

2.3 Vacuum Pumps:

Vacuum in the deposition chamber is attained in order to ensure the purity of
the fabricated thin films. For this purpose, rotary vacuum pump (Ley Bold Heraeus
type no. d16A) was used for attaining a rough or low vacuum (~10>mbar) in the
chamber; this is called roughing Turbo-molecular pumps arc momentum transfcr

pumps which use high speed fans to push and eject the gas atoms/molecules.
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3. Characterization Techniques

There are some characterizations to be carried out in order to determine the
structural, optical and electrical properties of the deposited thin films. These

characterizations techniques along with a brief detail of each are discussed below:
3.1 X-Ray Diffraction (XRD):

X-ray diffraction (XRD) is a non-destructive technique which gives
information about the crystallographic structure, phase identification, atomic spacing
and chemical composition of the material. It provides information about the inter-
planer distance and also the lattice parameters. X-ray diffraction pattern is diffcrent
for different materials and it is a characteristic of a material. In a mixture of materials,
a specific material’s presence can be identified by its unique XRD pattern. It behaves
same for a material as finger prints do for humans[26].

X-tay diffractometer consists of three main parts. These are X-ray tubc,
Sample holder and diffracted X-rays detector. A filament is heated inside a cathode
ray tube; as a result of which electrons are ejected from it. These electrons are sped up
towards the target used for x-rays generation by means of the applied voltage. When
these moving electrons impinge the target, those having enough energy will knockout
the electrons from the inner shells, resulting in the formation of X-rays. These X-rays
are collimated and directed towards the samplc by using necessary optics. These x-

rays are scattered by the
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Fig.3.1: Schematic diagram of XRD.
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1]

The mathematical relationship between inter-planar distance (d) and the miller

indices (hkl) of the crystal structure is given by

For cubic,
1 h®+k2+12
F = gz (3.2)

Here a, b and c are the lattice constants. The grain size is calculated by Full
Width at Half Maximum (FWHM) of different X-ray graph peaks, by the use of

Debye Scherer formula:

Here k is a constant, its value is 0.9, A = 0.1540 nm is the wavclength and P is
the full width at half maximum, it should b¢ measured in degrees and then converted
into radians for further calculations. © is the angle of diffraction of the strongest

peak{35].

The instrument used in the present study was x-ray diffractrometer, D8-
Discover HR XRD (Bruker axes, Germany), using CuKa (A=0.154 nm) in 20 rangc
which equals 10°-90°.

3.2 Atomic Force Microscopy (AFM):

As we know that the properties and functioning of thin films is not only
affected by its microstructure and chemical or physical composition bul also by Lhe
interfacial and surface morphology of the films. A rough surfaced substrate tends to
have a higher interfacial trapping centers density and also the thin film growth on it
will be non-uniform. Hence, polished p-type Silicon <100> wafer has been used in the
present research as substrate. ZnsNz and Mg-doped Zn3Naare semiconductors and can
be used in making various semiconductor devices like sensors, detectors etc. Thus,
understanding the basic morphology of the thin films is of fundamental importance.
AFM is used to examine the surface morphology of the synthesized thin films (TFs)
Basic AFM modes estimate the topography of a sample. The only requirement for a
sample to be scanned by AFM is that it must be deposited on a flat surface and is hard
enough to withstand physical handling during imaging. AFM can provide surface

images with sub-optical resolution[22].
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engineering sciences.It is one of the most outstanding and powerful instruments for
the characterization of optical properties, especially, of thin-film- and multi-layered
materials. In the visible, NIR, and UV, this technique is peculiarly wel! suited to

semiconductors and semiconductor based structures[37].

As we know that, light is an electromagnetic radiation consisting of
perpendicularly oscillating electric (E) and magnetic (H) fields which are
perpendicular to the direction of propagation of light as well. For the sake of
simplicity, it is represented mathematically only based on electric field E. the electric
field can be further divided into two components, the supposed polarizations, given as
E, and Es { Ep gives the amplitude change component and Es is the component
showing change in the phase of the reflected light),these are plane waves

mathematically written as
Es = Es exp (i00) .ooovvvecrene e, (3.4)
With amptitude E< @ being the angutar frequency and time t and
Ep=Epexp(i(mt—A) ................. (3.5}
Where A is the phase difference between both polarizations.
3.4.1 Principle of Ellipsometry:
The working principle of ellipsometry is quite simple. A light source is used
which radiates un-polarized light. This light is linearly polarized using a polarizer
placed at suitable angle. The linearly polarized light will hit the sample at a definite

angle p. The light will penetrate into the thin film layer and on reaching the thin film

and substrate interface, it will get reflected partially.
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Fig. 4.10: Raman spectra of ZnMg3 (75:25).

Zn-0 related Raman vibrational mode appears to have a red shift observed at
517.33cm’". Fig. 4.10 shows that all the peaks in this thin film are experiencing a red
shift which is mainly due to tensile stresses present in the fabricated thin films. These

stresses and resulting strains can be removed by annealing.

4.2.5 Zinc Magnesium Nitride thin film (ZnMg4 (65:35)):
The Raman spectra of this thin film also shows an overall red shift, The Zn-N
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Fig. 4.11: Raman spectra for ZnMg4 (65:35).
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related vibrational modes are appearing at 249.29cm™!, 546.10cm™, 620.37¢cm™ and

811.09cm™'. Zn-O related Raman mode at 482.66cm 'showed a blue shift whereas

vibration modes of Si were showing a red shift being observed at 283.08cm’’ and
517.33em'[11, 43].
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Fig. 4.12: Comparison of {(Zni.xMgx)sN2 with x =0, 0.05, 0.15, 0.25 & 0.35.

The comparison graph shows an overall decrease in the Raman vibration modes
due to an increase in Mg content in the thin films, which clearly explains that the Mg

is incorporated in the lattice of zinc nitride structure.

4.3 Electrical Characterization:

The electrical characterizations were carried out using the system mentioned in
section3.6, The sheet resistance (Rs) was measured by using a four-point probe setup.
Room temperature Hall effect measurements (contact-lcss) were carried out for
calculating the carrier concentration {n), mobility (p) etc. For measurcments, the
magnetic field used was of 0.5 Tesla. Hall measurements were repeated 4-5 times for
each sample to ensure the reliability of the results. It was observed that the zinc nitride
thin films were showing n-type behavior {2, 9, 14, 44]. This n-type behavior is

observed to be gradually changing to p-type on increasing the Mg content in thin
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3.5.1 UV-VIS Reflectance Spectroscopy:

The same procedure is repeated for wavelengths in a particular range usually
UV-Visible range i.e. 200-800nm.UV-Visible spectroscopy is used in Quantitattve
evaluation of the solutions of transition metal ions and conjupated organic
compounds, impurities identification, calculating the band gap (E,) and analysing thc

formation of nanoparticles{38].

3.6 Electrical Characterization (IV measurements);

As we know it is the age of miniaturization of electronic components ic.
methods are being acquired for increased efficiency but decreased size of the
semiconductor devices. Hence, electrical characterizations are used to evaluate the
change in the electrical parameters such as resistivity (p}, conductivity (o), carrier
concentration (n), electrical mobility (p) etc. For miniaturization purpese. maximnum
mobility of charges with minimum carrier concentration (hencc area) is preferred for

an efficient and smallest possible sized electronic device.

Two-point probing, four-point probing, Hall coefficient calculation. |-V
profiling and C-V profiling are some of the most used characterizations to check the

electrical properties of the sample under observation.

3.6.1 Sheet Resistance:

The resistance of two-dimensional systems is termed as sheet resistance as in
this case for a nominally uniform thickness thin film the depth is minimum. As for

resistance the relation is

L 3.7

R= p;

Where ‘p” is the resistivity of the conductor, ‘L’ is its length and "A’ is area of

cross-section.

If W is taken as the width of the sample and t is its thickness (i.e. area will be,

A = W), then the resistance of this sample can be written as follows,

R=(8)(£) =R oo (3.8)

where R = p / t is the sheet resistance of the sample[39].
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To make measurements, a current is circulated in all edges (e.g. [,) and the
corresponding values of voltage (e.g. V,) are measured respectively. From these

values, resistance (Ra) can be calculated using Ohm’s law.

In his paper, van der Pauw demostrated that the sheet resistance of the samples
can be calculated from the two resistances-one measured along a vertical edge ‘R’
and another being measured along the horizontal one ‘Ryp’{40]. The actual value of the
sheet resistance is related to the above resistances by the van der Pauw formula. The

mathematical calculations involved in the above method are as follows:

—iRa —-nRb
¢ Rs 4+ ¢ s =1

-
ers(ef® + R0y =1

-n 1
Ineks = ln——(em T ey

Or after further simplification, it can also be written as,

_ T
5 7 in(eR8+ eRb)

Also, carrier concentration (Ns) and mobility () is calculated using this method.
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4. Results and Analysis

We prepared our thin film samples using dc sputtering apparatus in thin {ilm
fabrication lab, NILOP using different two inches (5.08cm) diameter targets prepared
at Material Division, PINSTECH, as discussed earlier in section 2,1, 2.4 and 2.3,
These thin films were characterized to observe their structural, optical and electrical
praperties. Structural analysis was done by X—Ray DifTractometer, D8-Discover HR
XRD {(Bruker axes, Germany).using Cuko in the range (10°90°) (A=0.154nm)..
Raman spectra were recorded using pRamboss {(Model MST-4000A., South Korca)
Raman spectrometer at NILOP, Islamabad. The optical properties were analyzed by
using UV-VISIBLE Spectrophotometer for reflectance and spectrometer (Sentec SIi-
800) Ellipsometry. The electrical propertics were observed using four-probe method
as already discussed in previous chapter using Van-Der Pauw method. The resuils
obtained after XRD, Raman spectroscopy, spectroscopic reflectance, ellipsometry and

electrical characterizations are stated and discussed in the present chapter.

4.1 Structural Analysis (XRD):

The XRD measurements of all the thin films samples were carried out using X-
ray Diffractometer in the range 10°-90° (, = 0.154nm). The discussion and analysis of
XRD patterns is given separately for each sample. The softwarc used for this purposc

in X pert HighScore.

4.1.1 Zinc Nitride Pure Zn;N2:

To evaluate the structure, lattice constants and other such parameters of all the
prepared thin films, XRD analysis was performed. Fig. 3.1 shows the wide angle a-
ray diffraction pattern of pure zine nitride thin films named as ZnMg0 with (% Mg
content in the target. Diffraction peaks of zinc nitride appeared at 20 = 34.12° 36.84°
and 53.78° corresponding to reflections from (321), (400) and (440) plancs
respectively (JCPDS Card No. 35-0762)[14]. As it is evident from literature that on
removing the deposited zinc nitride thin films [rom vacuum chambers, they get
oxidized to some extent[5, 12, 14].Hence, at 20 = 36.44° and 62.26°, small rellection
peaks corresponding to (101) and (103) planes of zinc oxide were observed(JCPDS
Card No. 01-1150 & 36-1451) [29].
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Fig. 4.1; X-ray diffraction pattern of ZniNaz.

The XRD pattern of pure zinc nitride thin film deposited on p-type Silicon
substrate shows an overall shifting of peaks towards lower 26 values than the standard
ones. The main and very intense peak at about 28 = 56.14° is due to the silicon
substrate. The calculation of lattice constants using the Bragg’s law and lattice

constant formula in terms of miller indices is as follows:

2dsin® =nd ... {4.1)

Using above relation in the formula of lattice constant *a’, we get,

- _4 2 2112 <
a= ine\/(h + 2402y (43)

2s

The table below shows the grain size (using eq. 3.3) and micro-strain

calculations for the most prominent peaks of the first sample.

34



20 ) FWHM ‘p’ Grain | Micro-
(deg.) | (deg.) size strains
in deg. | in rad. D'(nm) | ‘e(x107) |
(x107)
56,14 28.07 1.24 0.0216 7.27 10.1
34.12 17.06 0.58 0.0101 14.35 823

Table 4.1: Structural parameters of Zn3Na.

The positive values of micro-strains are calculated by the formula used lor thin

films in literature[29, 41] i.e.

) B
Micro-strains =————................ 4.4
Icro-strains 2tand (4.4)
Calculated Theoretical Difference
value of lattice | value of lattice
(nm)
constant ‘a’ constant ‘a’
(nm) (nm) |
0.9733 0.97769 439x 107

Table 4.2: Comparison of obtained and theoretical values of “a’,

Grain size is calculated by using Debye-Schrrer’s formula (eq. 3.3). The value
of lattice constant ‘a’ was calculated by using eq. 4.3. As we know the thin films
fabricated are un-annealed vet so it is clear from the positive values of the nicro-
strains calculated in table 4.1 as well as the value of the laftice constant ‘a” can casily
be seen increasing with an increase in the Mg content in samplcs discussed ahcad and
the stresses in action are tensile stresses hence resulling in an increase in the volume
of the unit cell. Here, the value of *a’ is decreased as compared to the theorctical valuc
which shows a decrease in unit cell’s volume. These can be reduced or rclaxed by

annealing the samples at suitable temperatures.

4.1.2 (Zn1Mgy)sN:2 (x = 0.05))
The value of x that is the concentration of the magnesium (Mg) is changed in

the targets by some fixed ratios. In our second sample, x = 5% = 0.05. The XRD
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graph of the second sample shows reflections at 20 = 33.94°, 36.16° and 79.86%f
Zn;Nastructure for planes (321), (400) and (651) respectively. The reflection al 26 =
56.84° corresponds to reflection from (311) plane of Silicon. At 26 = 57.34°
reflection is present due to Magnesium (Mg) plane (110). This means that there is
some Mg left in metallic form which did not react with Zn or Na. At 28 = 30.44° the
reflection occurs due to ZnO plane (100). The starting raised part and peaks of the
graph are system generated. The structural parameters calculated as in the case ol first

sample are stated in table 4.3.

20 ) FWHM ‘B’ Grain | Micro- |
(deg.) | (deg.) size strains
in deg. | in rad. ‘D'(am) | ‘e’ (x10%)
(x10%)

30.44 15.22 0.25 4.36 32.95 4.01

|

_
79.86 | 39.93 0.4 6.98 26.08 | 2.06

56.84 28.42 0.16 2.79 55.48 1.29

Table 4.3: Structural parameters of ZnMgl (95:05).

Intensity {a.u)

20ideg.}

Fig. 4.2: X-ray diffraction pattern of ZnMg1 (95:05).
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The mean value of lattice constant ‘a’ was calculated to be 0.9747am. [t
cannot be compared to any theoretical value from the literature as no onc has yct
fabricated zinc nitride thin films with any other doping in it. It is clear that the value
of ‘a’ is increasing as we increase the Mg content in Zn3Nz> thin films,a = 0.9747nm.
Also, the micro-strains are positive which indicates the presence of tensilc stresscs

which will relax on annealing the thin films[42].

4.1.3 (Zni-Mg)sN: (x = 0.15):

The XRD pattern of ZnMg2 with x = 15% or 0.15 clearly shows the
reflections at 20 = 35.44°, 44.2° 52.86°, 71.04° and 79.86° for the planes (400), {332).
(440), (721) and (651) respectively. The graph clearly shows the peaks for Mg at
57.34° and 60.9°for planes (110) and (103) respectively. At 20 = 56.86", Si pcak
appeared. A small peak indicating the presence of ZnO was obscrved at 30.44°

corresponding to x-rays’ reflection from (100) plane.
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Fig, 4,3: X-ray diffraction pattern of ZnMg2 (85:15).

The starting raised part and peaks of the graph are system gencrated. The

structural parameters calculated as in the case of first sample are stated in table 4.4,
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20 0 FWHM ‘@’ Grain Micro-

(deg.) (deg.) size strains
In deg. | in rad. ‘D(nm) | e(x10%)

(x10%)
3044 | 1522 | 023 4.01 3582 | 3.68

56.86 28.43 0.12 2.09 75.41 0.965

71.04 35.52 024 4.19 40.64 1.47

79.86 36.93 0.35 6.11 29.58 [.82

Table 4.4; Structural parameters of ZnMg2 (85:15).

The positive strains shows that the tensile stresses are again in action and also
the value of ‘a’ is continuously increasing. In present sample, a = 0.9801nm, Lhat
means volume of unit cell is increasing also due to more and more incorporation of
the Mg in the crystal lattice. There is a decrease in overall crystallinity of the thin {ilm

which can be improved by thermal processing like annealing etc.

4.1.4 (Zn.xMg:);N:2 (x = 0,25):

The XRD pattern of sample with x = 25% or 0.25 ratio of Mg in the Larget
with 0.75 Zn shows that due to some unknown reason tormation of Zn3Na was not as
much as in other samples hence, a few lower intensity peaks for Zn3Na>were observed.
Whereas, it is evident from the graph that pure Mg is deposited as it is on the substrate
and a small peak indicating the presence of Mgi3Nawas also observed at 50.82Y
corresponding to plane (440). At 26 = 34.3° 34.52° and 43.24°, peaks of Zn3Nzfor
planes {(321), (400) and (332) are visible but with relatively lower intensity. Another
peak for Zn3Nzat 26 = 70.42° is also appearing for (721). The values ol 28 along with

the planes and materials related to the peaks is given in the figure no. 4.4.
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Due to some unknown ambient condition Mg was not able to react properly to
form zinc magnesium nitride, instead magnesium nitride and pure magnesium wcre
deposited. The graph also shows that the crystallinity of the films is deteriorating
which can be enhanced upon further thermal processing of the thin films. This could
be understand with the fact that the deposited film contains the different grains with

different chemical composition.

20 0 FWHM ‘B’ Grain |, Micro-
(deg.) {deg.) size strains
In deg. | in rad. D(am) | ‘e’(x10?)

(x10%)

34.18 17.15 0.04 0.698 207.82 0.565

34.52 17.26 0.1 1.74 83.41 1.40

4324 | 21.62 | 0.08 1395 | 106.87 | 08799 |
|
5536 | 27.68 | 0.13 2.27 68.94 .08 |

Table 4.6: Structural parameters of ZnMg3 (75:25).

Positive micro-strains and increased value of a (average) = 0.9943nm {and d-
spacing) indicates tensile stresses and increased volume of the unit cell implics the
incorporation of Mg as well as magnesium nitride. This incrcase could be attributed to
the incorporation of Mg nanocrystals at the interstitial sites or due to the bonding
between Mg and nitrogen atoms as evident through Mpg3iN: peak. The peuaks arc

mostly shifted towards the lower values of 28 due to tensile strains,

4.1.5 (Zn«Mg,);Nz (x = 0.35):
This thin film’s target had 35% Mg and 65% Zn in it. The XRD partern shows
different reflections related to different materials which is given in the form ol a table

along with their planes (hkl).
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Fig. 4.5: X-ray diffraction pattern of ZnMg4 (65:35).

20 (deg.) | Material (hkl)
33.58 (321)
34.84 (400)
4334 ZmN; (332)
70.32 (721)
36.44 (on
56.92 Mg (110)
69.52 (112)
55.46 Si (311)
36.38 ZnO (101)

Table 4.7. ZnMg4 (65:35) 26 values along with corresponding planes (hkt).

The graph implies maximum oxidation of ZnMg4 in ambient condition and

improved crystallinity as well. The average value of a = 0.9967nm for this thin [itm
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sample again tensile stresses are playing their role in increased dwy and unit cell

volume as well.

20 8 FWHM ‘p’ Grain | Micro- |
(deg.) | (deg.) size strains |
m deg. m I‘ad. ‘Dg(nm) ‘C’(XIO.J)
(x10%)

36.38 18.19 0.26 4.54 32.14 3.45

70.32 35.16 0.22 3.84 44,15 .36

54.48 27.24 0.25 436 | 3575 2,12

Table 4.8: Structural parameters of ZnMg4 (65:35).

The comparison graph of XRD for all the samples is shown below for a quick
overview, It is clear how the peaks are shifting and rising with the increase in Mg
content, However, ZnMg3 curve is quite similar to ZnMg0 curve. It is evident from
the XRD data that the sample with 25% Mg has almost the similar pattern as pure
ZnyN> with increased lattice constant. So x = 0.25 is probably the optimized value of

doping percentage.

700 }

800

Intensity {a.u.)

20 25 3 3 4 4 50 55 B¢ BE 70 75 A
20 (deg)

Fig. 4.6: XRD patterns’ comparison of (ZnixMgx)3sN2 with x =0, 0.05, 0.15, 0.25 &
0.35.
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4.2 Raman Spectroscopy:

The Raman spectroscopy of the fabricated thin films was done to check the
characteristic vibrational and rotational modes of zinc nitride and the effect of Mg
content on the vibrational modes of the synthesized thin films. All the samples have

shown an overall red shift in the characteristic peak of Si (100) i.e. 302cm™ and

520em'[11, 15, 43].

4.2.1 Zinc Nitride thin films (Zn;N):

A Raman spectra for pure zinc nitride thin films fabricated by using a purc Zn
target in Naatmosphere was recorded using the system mentioned in section 3.3, Fig.
4.7 shows the Raman spectra of zinc nitride thin films. The pattern exhibits two
characteristic Raman peaks for Zn-N related vibrations at about 267.19ctn”'[15] and
811.09cm™'[11]. Also Zn-N related vibrational mode is observed at 627cm™" with a
blue shift[11].The characteristic Raman-active vibration modes are observcd to have a
small shift (blue or red) due to the un-annealed nature of the thin films or it can be
said due to the presence of the tensile stresses as discussed in XRD analysis. This shift
might be reduced upon annealing. The main intense peak at 515.41em 'represents the
first-order Si Raman mode{l1, 43]. It can also be observed that this pcak is shifted
towards lower wave number hence showing a red shift. At 300.9cm™', another Si

Raman peak is observed with a red shift[43].
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Fig. 4.7: Raman spectra of Zinc nitride thin films ZnsN..

At 422.57cm’', there is a Raman peak of Zn-O related vibrational mode proving

the presence of oxides as well as nitrides in the thin film also a wide peak just below
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1000cm™! exhibits 2™ order Si Raman mode[43]. It shows a biue shift in the Raman
peak i.e. shift towards higher Raman number. As here blue shift is prominent which
means there is a decrease in the bond length. Hence these results are comparable to
those of XRD which gives a reduced value of lattice constant ‘a’ depicting an overal!

decrease in the unit cell’s volume.

4.2.2 Zinc Magnesium Nitride thin film (ZnMgl (95:05)):

The Raman spectrum of zinc nitride thin film with 5% Mg content in the target
used for sputtering is shown in the fig. 4.8. Fig. 4.8 shows the Zn-N related vibrations
at 620.37cm’! (originally at 620cm™") and 809.25cm™! (originally at 825¢m™) showing
an overall red shift[11]. The Raman peaks at 267.19cm ' (originally at 257cm™') with a

blue shift shows the characteristic Raman-active vibrations mode[15].
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Fig. 4.8: Raman spectra for ZnMg1 (95:05).

Another Raman peak at 436.18¢cm™'(originally at 437cm’') shows the presence
of Zn-O related vibration[43] with a red shift. 2™ order Si wide Raman peak is

appearing below 1000cm™ with a red shift.

4.2.3 Zinc Magnesium Nitride thin film (ZnMg2 (85:15)):
Zn-N related vibrations in thin films ZnMg2 were observed with Raman peaks

at 257.25cm™(characteristic Raman-active vibration mode). 882.69cm ! (Zn-N related
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vibrations in Zinc nitride and oxy-nitride films[11]), 557.58cm '(characteristic

Raman-active vibration modes) and 614.49cm’'(Zn-N related vibrations). The first two

are showing a blue shift (towards higher Raman number) and the last two are showing

a red shift (towards lower Raman number)[11, 15]. Zn-O related vibrational mode is

observed at 486.52cm™! with a blue shift.

4500 -
4400
4300 A

4200 -

4100

4000

Intensity {(a.u.)

3800

3700 ~

3600

3500

3900

ZnMg2

200

T
300

1
400

| I S e E—

T T T
500 600 700 800 500 1000

Raman Shift (cm )

Fig. 4.9: Raman spectra for thin film ZnMg2 (85:15).

Raman peaks for Si are appearing at 336.4cm™ and 515.41cm™ with a blue

and red shift respectively[43].

4.2.4 Zinc Magnesium Nitride thin film (ZnMg3 (75:25)):

An overall red shift was observed in the vibration modes of Si (294.96cm”

1517.33cm™) and those of Zn-N related and characteristic vibration modes werc

observed at 229.34cm’", 557.58cm™! and 831.36cm™.
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Fig. 4.10: Raman spectra of ZnMg3 (75:25).

Zn-0 related Raman vibrational mode appears to have a red shift observed at
517.33cm’'. Fig. 4.10 shows that all the peaks in this thin film are experiencing a red
shift which is mainly due to tensile stresses present in the fabricated thin films. These

stresses and resulting strains can be removed by annealing,

4,2.5 Zinc Magnesium Nitride thin film (ZnMg4 (65:35)):
The Raman spectra of this thin film also shows an overall red shift. The Zn-N
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4400 -
4300
—_— 4200 —
=
< |
%‘ 4100 -]
= -
2
E 4000
3900
3800 -
3700 ——— — — T 1
200 ago 400 500 &00 700 aoo aco 1000

Raman Shift {cm™)

Fig. 4.11: Raman spectra for ZnMg4 (65:35).
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EE 3

related vibrational modes are appearing at 249.29cm"’, 546.10cm™, 620.37cm™' and
811.09¢cm™. Zn-O related Raman mode at 482.66cm 'showed a blue shift whereas

vibration modes of Si were showing a red shift being observed at 283.08cm™' and

517.33cm'[11, 43].
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Fig. 4.12: Comparison of (Zn;xMgx)sN2 with x =0, 0.05, 0.15, 0.25 & 0.33.

The comparison graph shows an overall decrease in the Raman vibration modcs
due to an increase in Mg content in the thin films, which clearly explains that the Mg

is incorporated in the lattice of zinc nitride structure.

4,3 FElectrical Characterization:

The electrical characterizations were carried out using the systcm mentioned in
section3.6. The sheet resistance (Rs) was measured by using a four-point probe setup.
Room temperature Hall effect measuremcents (contact-less) were carricd out for
calculating the carrier concentration {n), mobility {p) etc. For measurements. the
magnetic field used was of 0.5 Tesla. Hall measurements were repeated 4-3 timcs for
each sample to ensure the reliability of the results. It was observed that the zinc nitridc
thin films were showing n-type behavior [2, 9, 14, 44]. This n-typc behavior is

observed to be gradually changing to p-type on incrcasing the Mg content in thin
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Fig. 4.14 and 4.13 show the graphical representation of the volume cartier
concentration (n) and mobility (p) for the samples whereas Fig. 4.15 shows the

calculated values of sheet resistance (R,) plotted for each of the samples.
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Fig. 4.14: Graph of carrier concentration (n) of (Zn1.xMg«)3N2 with x =0, 0.05, 0.1 5.
0.25 & 0.35.

Above graphs clearly show that mobility value was overall decreasing at first.
became minimum for ZnMg3 (75:25) but drastically increased for ZnMg4 (65:35).
The
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Fig. 4.15: Graph of sheet resistance (Rs) of (Zn1.xMgx)3N2 with x = 0, 0.05,0.15,0.25
& 0.35.
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decrease in mobility may be due to the presence of impurity scattering mechanism
and decrease in crystallinity [14]. But the mobility is decreasing and almost remains
same for samples with x = 0.25 & 0.35. In the starting samples, the decreasing
mobility and carrier concentration indicates a decrease in the crystallinity of the thin
films. For ZnMg4 (x = 0.35), the increasing carrier concentration with decreascd
mobility indicates the dominance of impurity scattering in this sample. [t is clear from
a previous work that ZnMg4 (65:35) sample gives a better result due to this specilic
ratio[24]. Also, the value of sheet resistance is minimum for ZnMg0 (ZniN-) and
around maximum for ZnMgl and ZnMg4 as clearly shown by fig. 4.15. Morc
appropriate results will be revealed upon annealing of thin films. The oxidation of
zinc atoms may be the reason of provision of one extra electron hence increasing the

volume carrier density. The conductivity of the samples lies in the range of semi-

conductors.
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Fig. 4.16: Comparison graph of mobility and carrier density of (ZnxMgy)aN2 with x
=0,0.05,0.15,0.25 & 0.35.

Fig 4.16 shows that the mobility ‘p’ of the samples is decreasing with

increasing charge carrier density which indicates that the impurity scattering
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mechanism 15
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Fig. 4.17: IV curves of (Zn;..Mgx)sN2 with x =0, 0.05, 0.15, 0.25 & 0.35,

becoming more and more dominant and if it was a reciprocated situation (i.c. p

increasing but n decreasing), the grain boundary scattering would be dominating| 14}

The IV-curves (Fig. 4.17) of the samples shows the semi-conducting behaviour of
the samples. As the carrier density was found to be maximum for ZnMgi (x - 0.05).

its IV curve is higher than all others.

4.4 Optical Characterizations:

Two optical characterizations techniques were used to investigate thc optical
properties of all the samples. One of the techniques used is UV-VIS refleclance and
other is Spectroscopic Ellipsometry (SE). Both of these techniques are discussed in
the previous section along with their basic mechanisms. The optical propertics of so
fabricated thin films given by above two techniques are found to be in accordance

with each other.

4.4.1 UV-VIS Reflectance Spectroscopy:

There are basically three types of this spectroscopy; transmission. reflectance and
absorption. The value and type of the band gap of ZniN: thin films was cstimated by

using the UV-VIS reflectance data. Transmittance modc was not used as our substrate
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i.e. p-8i is not transparent hence not supporting the transmittance of incident light.
There are some contradictions in the type and value of the optical band gap of zinc
nitride thin films in comparison to the previously reported data. Mostly band gpap is
reported to be direct one. There is a wide difference between the obtained values from

two groups of researchers; 1.01-1.47eV and 3.2eV[9].

The reflectance spectra of pure zinc nitride thin film is given in fig. 4.18. The
analysis of the data to obtain the value of E; was done by using the Kubelka-Munk
function as used earlier[1]. This function gives the ratio of absorption coefficient and

scattering coefficient as follows,

g2
FR) === (12:) ..................... (4.4)

Where a = absorption coefficient, § = scattering coefficient, R = refleetance.
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Fig. 4.18: Reflectance curve for (Zn1.«Mg«)sN2 (x = 0).

As S is assumed to be constant which is usuvally justifiable around band edge.

Hence, F(R) is proportional simply to a.

As for calculations of Egvalue of semiconductors, Tauc and Menth method is

used in analysis[45].
(hva)™ = AChv — Eg).............. {4.5)
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where h, v, ¢, E;, m and A are Plank’s constant, frequency of the incident light,

absorption coefficient and constants respectively.

For direct band gap m = 2 is used and for indirect band gap semiconductor, its
value is % Here, we assumed that ZnaN; has a direct band gap as reported by many

groups, the square of (hv F{R)} is proportional to {(hv - Eg).
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Fig. 4.19: Graph between hv and (hv F(R))? for ZnMg0 (Zn-xMpx)3N2 (x = 0).

Fig. 4.19 shows the graph plotted between (hv a)’ (as F (R) = a) and hv. Thus,
the extrapolation of the curve towards hv = 0 gives the band gap value of ZnN:
which is 2.41eV. This increased value is attributed to tensile stresses present in the
thin films as already confirmed by the XRD and Raman analysis and presence of ZnQ)
is responsible for this E;. Moreover, only extrapolated line with a positive slope is

considered.
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Fig. 4.20: Graph between the wavelength and reflectance of Zni.«Mgx)aNz with x =,
0.05,0.15,0.25 & 0.35.

Fig. 4.20 shows the reflectance curves of all the thin film labeled showing which

graph belongs to which sample. The figure clearly shows that the curves of ZnMg0

and ZnMg3 are similar to each other. It is evident from XRD as well that ZnMg3

contains less incorporation of Mg may be due to some unintentional ambient

conditions’ change during fabrication of the thin film. That is the main reason that

ZnMg3 has a reflectance curve similar to that of ZnMg0. The band gap of zinc nitride

is reported to be mostly in the NIR or IR region of the spectrum [1, 4, 16]. An overall

increase in the reflectance of thin films results from the addition of magnesium (i.¢. a

metal) in the zing nitride.

34



40

{mhwy?

30 1

20 4

T

" ZnMg1(x = 0.05)

T v T / T T T
3.0 /5 4.0 .-' 4; 54 LA

Fig. 4.21: Graph between hv and (hva)?® for ZnMgl (x = 0.05).

270 4

216J

16.2 o

{ahv)?

108

5.4

ZnMg2 (x =0 15)

Qc

T |ﬁl T H ¥
10 1.5 20 248 ,KG 35 4.0/ 45 ’ 50 50
[

Fig. 4.22: Graph between hv and (hva)* for ZnMg2 {(x = 0.15),

55



3000

ZnMg3 {x = 0.25)
2500
2000
B> 15004
=
=
1000 -
500
(v
0 i T T L) T T T T
10 18 28 2 3.0 a/E 40 45 51 59
hv
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Fig. 4.24: Graph between hv and (hva)? for ZnMg4 (x = 0.35).

Fig. 4.21, 4.22, 4.23 and 4.24 shows the graph between ‘hv’ and ‘(hva)?’ for the
samples ZnMgl, ZnMg2, ZnMg3 and ZnMg4 respectively. Also, the presence of
more than one values of E; may be attributed to the quantum confinement effect of the
thin films. The values of bandgap E, calculated by the Tauc plot method are given in
the table given below:
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Samples Egvalues (V)
Zn3Nz 2.41

ZnMgl 3.51,4.26,4.57
ZnMg2 3.02,4.19, 4.72
ZnMg3 2.66 & 3.55
ZnMg4d 394 & 4.26

Table 4.10: Eg values for different thin film samples.

4.4.2 Spectroscopic Ellipsometry:

The main purpose of performing ellipsometry on samples was 1o find out the
approximate thickness of the thin films close to the original value. Many other optical
constants can be measured by analyzing and fitting of the ellipsometry data i.e. initial
values of the phase and amplitude (¢ and A) and change in them on getting rcflected
by the thin film sample. In other words, the change in polarization between the
incident and the reflected light. The values that can be calculated by using SE include
film thickness, refractive index ‘n’, extinction coefficient ‘k’, complex diclectric

bl

constant ‘e’ etc. It can also give information about the surface roughncss,

composition, crystallinity, anisotropy, uniformity etc of the thin film samples[46].

Ellipsometry data and its fitting were carried out by using Sentec SE 800 a
Advanced Electronics Lab (AEL), ITUL. The model adopted for data fitting was
formula Bloomer layer. Mathematical analysis of the ellipsometry data was carried

out by using the relation;

k =T‘:‘;‘ .................. (4.6)
= ﬁ;i ................. 4.7)
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Fig. 4.27: Bandgap calculation of ZnMg0 (x = 0) by SE (using Tauc plot).
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Fig. 4.28: Bandgap calculation of ZnMg1 (x = 0.05) by SE (using Tauc plot).
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Fig. 4.29: Bandgap calculation of ZnMg2 (x = 0.15) by SE (using Tauc plot).
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Fig. 4.30: Bandgap calculation of ZnMg3 (x = 0.25) by SE (using Tauc plot).
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Fig. 4.31: Bandgap calculation of ZnMg4 (x = 0.350 by SE (using Tauc plot).

The values calculated by extrapolating the slope part of the graph between

‘(ahv)® and *hv’ are given in the table 4,11 against the samples’ names.

Bandgap values ‘F’

Samples

(eV)
ZnMg0 322
ZnMg1 2.66
InMg2 3.06
ZnMg3 3.42 N
ZnMg4 3.06

Table 4.11: E; values for different samples calculated by SE.

Table 4.11 shows that values of E, obtained from SE analysis are not very

different from those attained by reflectance analysis.

The values of refractive indices ‘n’, extinction coefficients 'k’ and thin film

thickness ‘t’ are stated in the table 4.12 against each sample. In Physics, extinction
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coefficient ‘k’ is the complex part of complex refractive index which also relates to

the absorption of light in the thin film.

Refractive index | Extinction coefficient
Samples Thickness
i x ig?

& (nm)
ZnMg0 2.06 [.1x107 64.7
ZnMgl 4.57 4x10° | 0976 |
ZnMg2 1.06 0 105.22
ZnMg3 1.95 1x 10 49.18 (
ZnMgd 1.19 I x 107 61.86 J

Table 4.12: n & k values for different samples calculated by SE.

Table 4.12 shows the values of *n” and ‘k’ calculated for all the thin fiim samples.
The value of n is overall decreasing with increasing the Mg content same as the

values of k which became 0 at 15% Mg content.

Samples E, F,
(UV-VIS Ref.) (Ellipsometry)

(V) (eV)

(Zn1xMg.)sN2 (x = 0) 241 3.22

(Zni-MgsN2 (x = 3.51,4.26,4.57 2.66

0.5)

(Zni-Mgx)sN2 (x = 3.02,4.19,4.72 3.02

0.15)

(ZniMgN2  (x = 2.66,3.55 3.42

0.25) :

(Zni Mg sN2 (x = :' 3.94,4.26 3.06

0.35) i

Table 4.13: Comparison of.bandgap values calculated by UV-VIS reflectance and SE.
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4.5

Conclusions:

The lattice constant ‘a’ is increasing with increasing Mg content which proves the
incorporation of Mg in the ZnsN: lattice. The micro-strains are positive valued

which implies a tensile stresses.

Raman vibration modes exhibits an overall red shift which shows an increasing
bond length.

Mobility ‘p’ is decreasing with increasing number density ‘n’ which indicates
that the impurity scattering mechanism is becoming more and more dominant &

crystallinity is decreasing.
Reflectance is increasing as Mg is increasing as it’s a metal.

SE shows that ‘n’ & ‘k’ decreases with increase in Mg content.
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