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ABSTRACT

Metal nitride materials show enhanced performance in terms of physical and chemical
properties as compared to their metal counterparts. In last decade, the thin films based on
chromium nitride (CrN), titanium nitride (TiN), tungsten nitride (WN) and aluminium nitride
(AIN) material have been studied extensively due to their wide range of potential applications
such as protective coating, gas sensing, charge storage, diffusion barrier and memory storage.
Moreover, the main reason for rising importance of metal nitride thin films is tailoring the
properties by optimizing the thickness and composition. However, some binary metal nitrides
are suggested as protective coating for cutting tools but those are not sufficient to fulfil the
future demands. Therefore, ternary metal nitride nanocomposite thin films fabricated by
addition of other metal into binary nitride matrix have attracted a great attention as refractory
materials due to their wide spectrum of mechanical and electronic properties. In last couple of
years, several advanced memory storage concepts have been evolved, but due to possessing
tuneable electrical properties the resistive switching of metal nitride thin films is promising
approach in terms of data storage. Recently, hierarchical nanostructures such as nanoball and
nanowire of metal nitride thin films have been utilized for gas sensing applications due to

providing high surface area.

The main objective of the thesis is to synthesize the various metal nitride thin films such
as aluminium nitride (AIN), tungsten nitride (WN) and chromium tungsten nitride (CrWN)
using DC magnetron sputtering technique. Thereafter, the resistive switching properties of AIN
and WN thin films were investigated for non-volatile memory application in detail.
Subsequently, the room temperature hydrogen gas sensing properties of palladium (Pd) capped
WN thin film fabricated on porous silicon (PSi) substrate were also examined. The structural,
corrosion and mechanical properties of CrWN nanocomposite thin films were investigated for

industrial application such as protective coating for cutting tools.
This thesis is organized into six chapters. The summary of each chapter is discussed below:

Chapter 1 begins with historical overview and very incisive literature survey on the
synthesis and properties of selected metal nitride thin films such as aluminium nitride (AIN),
tungsten nitride (WN), chromium nitride and chromium tungsten nitride (CrWN). The chapter
also provides essential information to understand the non-volatile memory storage, hydrogen

gas sensor and protective coatings on cutting tools.



Chapter 2 present the details of the experimental techniques which have been
employed for the synthesis and characterization of several metal nitride thin films. All thin film
samples were fabricated using reactive DC magnetron sputtering technique. Various
characterization techniques, such as X-rays diffraction (XRD), Raman Spectroscopy, X-Ray
Photoelectronic Spectra (XPS), Atomic Force Microscopy (AFM) and Field Emission Scanning
Electron Microscopy (FE-SEM) have been discussed in detail. Electrical properties of the
aluminium nitride and tungsten nitride thin films were studied using Keithley 4200
semiconductor characterization system (SCS). Hydrogen gas sensing properties of nanoporous
W:>N thin films were characterized using a custom made sensing setup. The Nanoindentation
was used to study the mechanical properties such as hardness (H), elastic modulus (E),
plasticity index (H/E) and resistance to plastic deformation (H%/E?) of CrWN nanocomposite
thin films. In addition, a three electrode potentiostat was used to measure the corrosion rate of

CrWN nanocomposite thin films.

Chapter 3 is divided into two sections. Section 3.1 describes highly stable and bipolar
resistive switching (RS) behaviour of aluminium nitride (AIN) thin film sandwiched between
Cu (top) and Pt (bottom) electrodes. Resistive switching properties in Cu/AIN/Pt structure are
induced by the formation/disruption of Cu conducting filaments in AIN thin film. Excellent
non-volatile resistive switching characteristics have been observed at the voltage of + 2.6 V and
- 1.7 V. Trap controlled space charge limited current (SCLC) and ohmic behaviour are the
dominant conduction mechanisms at high resistance state (HRS) and low resistance state (LRS)
respectively. The resistance ratio between HRS and LRS is found to be of the order of ~ 10%.
Moreover, the Cu/AIN/Pt structure also exhibited endurance upto > 10* cycles and a non-
volatile retention time for > 10* sec. Section 3.2 illustrates the influence of top electrode (TE)
material on resistive switching properties of DC magnetron sputtered tungsten nitride (WN)
thin film in TE (Ti, Al and Cu)/WN/Pt stack configuration. The Ti/WN/Pt and AI/WN/Pt
structure exhibit two resistance states i.e. LRS and HRS, which were caused by formation and
rupture of nitrogen vacancy related ionic filaments. Formation of additional Cu filaments in
Cu/WNY/Pt configuration is responsible for three resistance states (or say multilevel) switching.
This study suggests that the electrode engineering of tungsten nitride thin film have potential

for non-volatile and multilevel resistive memory application.

Chapter 4 depicts the room temperature hydrogen (H2) gas sensing performance of the
palladium modified tungsten nitride (Pd/W2N) nanoballs (NBs) grown on the porous silicon

substrate using reactive DC magnetron sputtering. Porous silicon substrate has attracted



enormous amount of consideration for gas sensing application due to its high reactive surface
morphology. Reversible change in resistance was observed during hydrogenation and
dehydrogenation process at room temperature. The H> gas sensing performances together with
sensing mechanism of the Pd/W>N NBs structure under low sensing range (5-500 ppm) were
discussed in detail. Moreover, the prime requirements for sensing performance including

stability, reproducibility and selectivity measurement are also studied at room temperature.

Chapter 5 describes the growth of chromium tungsten nitride (CrixWHxN)
nanocomposite thin films on silicon (100) substrate using reactive magnetron co-sputtering. X-
ray diffraction pattern of Cr1.xWxN thin films reveal the presence of (111) and (200) orientation
for different tungsten concentrations (0 < x < 0.61). In CrixWxN thin films, the atomic
concentration (x) of tungsten (W) was controlled by varying the DC power on the W target. It
is observed that, the addition of small amount of W atoms led to significant changes in the
structural, electrochemical and mechanical properties of the CrixWxN films. The crystallite
size of CrixWxN (0 < x < 0.61) thin films varies from 31.1 nm to 15.2 nm due to variation in
nucleation rate and self-shadowing effect during deposition process. Electrochemical properties
of these thin films were studied by Tafel polarization curves. The results show that, the addition
of a certain amount of W atoms enhanced the corrosion rate which may be due to higher ratio
between real surface area and projected area. Hardness of the CrixWxN thin films tends to
increase with the decrease in grain size in accordance with the Hall-Petch relation. For
Cro.48Wo4sN thin film, the highest hardness of 43.18 GPa and elastic modulus of 341.02 GPa

were achieved at the grain size of 15.2 nm.

Chapter 6 describes major conclusions drawn after thorough discussion and in-depth
analysis that presented in individual chapters. A brief report on the scope for future work is also

included.
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1.1 Metal nitride materials
1.1.1 Metal nitrides

Metal nitride (MxNy) is a class of chemical compound in which nitrogen is mixed with
equal or lower electronegative metal. Metal nitride materials contain the nitride ion (N) [1].
Interstitial alloys of nitrogen and early transition metal forms compound with metal-like
character due to its similarity in the closed-packed crystal structures [2-3]. Indeed, metal nitrides
are known for their ceramic-like behaviour when it comes to resistance against corrosion, high
melting point and hardness, but metal or semiconductor like characters when it comes to electric
and magnetic properties. Metal nitride materials can serve the following properties: Metallic to
insulating, low to high thermal conductivity, absorption/emission bands from UV (ultraviolet) to
visible range, positive to negative thermal expansion, soft to extreme hardness and paramagnetic

to ferromagnetic behaviour [4-6].

Metal nitride materials such as titanium nitride (TiN) and chromium nitride (CrN) are
used as corrosion resistant and hard material [7-10]. Transition metal nitrides such as tungsten
nitride (WN), vanadium nitride (VN) and molybdenum nitride (MoN) are used as catalyst due to
exhibiting high surface area and tuneable electronic properties. Metal nitrides are utilized in
superconducting solenoids, high-Q inductors, thin film miniature, Josephson junctions and
bolometer. However, some metal nitrides are not chemically stable and thus can form ammonia
and oxide/hydroxide of the metal after reacting with the water. The nitrides of vanadium, silicon,
boron, titanium, tungsten, tantalum and aluminium are very refractory, hard in nature and shows
resistance toward chemical attack [6]. Thus, metal nitrides are promising material for versatile

applications due to its optical, electronic, thermal, mechanical and magnetic properties [8, 11].
1.1.2 Overview of metal nitride thin films

Nowadays, metal nitride thin films play inevitable role in development of optical,
decorative and corrosion resistance coatings, solar energy conversion devices and informatics
quantum engineering [7]. The reason for the rise in importance of metal nitride thin films is
ability to tune the properties according to application by optimizing their parameters.
Undoubtedly, modification of most of the physical parameters of thin film such as structural,
morphological, mechanical and optical properties play a vital role in an over widening sphere of

scientific and technical applications.

In metal nitride thin films, the relative contents of metal and nitrogen are also accountable

for the properties such as electrical property and surface morphology. Therefore, tuning the
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electrical properties of thin films with nitrogen content is beneficial for the enhanced
performance of electronic devices. However the surface morphology of thin film depends upon
the film thickness and morphology of the substrate. The films with different surface morphology
can provide a range of surface to volume ratio. Thus, it can be used for different applications
such as gas sensing and catalyst. Metal nitride thin films possess high hardness, chemical
inertness, good electrical properties and excellent wear resistance due to their bond structure i.
e., mixture of covalent, metallic and ionic components. Therefore, metal nitride thin films are
extensively used to improve the life span and performance of the tools. Among several metal
nitride thin films, chromium nitride (CrN) thin film is extensively used in industry to coat cutting
tools. Face-centred cubic (FCC) structured CrN thin film is the base material for advanced
coatings such as chromium aluminium nitride (CrAIN) and chromium tungsten nitride (CrWN)
[12-15]. Addition of another metal in CrN can enhance hardness, toughness, wear resistance and
low friction. The most commonly used techniques to deposit the metal nitride thin films are
chemical vapour deposition (CVD) and physical vapour deposition (PVD).

1.1.3 Aluminium nitride

Aluminium nitride (AIN) material has widespread applications as it reflects excellent
properties such as high thermal conductivity, wide band gap (6.2 eV), better chemical stability,
good electrical isolation and a high acoustic velocity [16-19]. AIN exhibits excellent field-
emission property in vacuum microelectronic devices because of its small electron affinity value
(0.6 eV). Thin films of AIN are utilized for surface passivation of insulators and semiconductors,
optical devices in the ultraviolet spectral region and surface acoustic wave (SAW) devices [20].
AIN in its wurtzite phase is an extremely wide band gap (6.2 eV) semiconductor material which
has potential applications in deep UV optoelectronics [17, 20]. AIN can withstand a very high
temperature in inert atmosphere. In air, surface oxide layer of 5 - 10 nm on AIN thin film has
been detected due to surface oxidation at temperature above 700 °C. Moreover, AIN is stable in
H> and CO> atmospheres up to 980 °C. AIN with transition metal doping can find its application
in multiferroic sprinonics due to its high curie temperature. The properties of AIN is listed in
Table. 1.1. The AIN thin film can be an important nanostructure for extending our knowledge
on the potential applications. In general, AIN thin films can be deposited by various deposition
techniques such as atomic layer deposition, cathodic arc evaporation, electron beam deposition
and magnetron sputtering [18, 19]. Among these deposition techniques, the magnetron sputtering

have the advantage of uniform deposition, low temperature process, large area deposition etc. In
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sputtering, the metastable cubic AIN can transformed into hexagonal AIN easily with the

progress of nitrogen gas flow.

Table 1.1 Properties of aluminium nitride material.

Chemical Formula AIN
Density 3.3g/cm?®
Colour Black

Structure Cubic/Hexagonal
Melting point >2200 °C
Boiling point 2517 °C

Hardness 12.5 GPa

Elastic modulus 310 Gpa
Compressive strength 1000 MPa
Thermal conductivity 140-177 Wmk?

Refractive index 2.11

Dielectric constant 8.8 @ 1MHz

Band gap 6.2 eV

Resistivity >10%% ohm-cm

In cubic AIN, the nitrogen distribution is cubic and closely packed. Hexagonal AIN phase
IS achieved via crystalline transition of metastable cubic AIN. The crystal structure of wurtzite
AIN is shown in Fig. 1.1

@ y (b) > P

Figure 1.1 The crystal structure of wurtzite AIN, (a) top view, (b) side view.
Red spheres are aluminium and yellow spheres are nitrogen.

1.1.4 Tungsten nitride (WN)

Tungsten nitride (WN) thin films have emerged as very promising applicant in various
fields such as engineering, microelectronics and aeronautics. It exhibits good electrical property
along with better mechanical and chemical stability due to highly directional nature of the metal
non-metal p-d hybrid bonding [21-24]. Its potential applications are electrode in semiconductor
devices and diffusion barrier, which can reduce the intermixing of active material with metalized
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contact in microelectronics [25-27]. Compared to other metal nitrides, electrical resistivity of
WN single crystal is lowest and does not reacts with copper, indicating its suitability as a barrier
material. WN exhibits a higher work function and is widely used as the metal gate of p-channel
bulk MOS field effect transistors (MOSFETS). Recent study shows that the tungsten nitride with
W:>N phase is a good electro-catalyst for oxygen reduction reaction [28]. WN thin film has also
been investigated as a gate metal for 111-V based field-effect transistors and hard wear resistant
protective coatings for cutting tools [29, 30]. There have been various studies that reports basic
material properties of WN films such as, crystalline structure, resistivity, residual stress effects
of nitrogen composition and. thermal stability [26]. The properties of WN thin films are
summarized in Table 1.2.

Table 1.2 Properties of tungsten nitride material.

Chemical Formula WN
Density 17.8g/cm?
Colour Gray
Structure Cubic
Melting point ~800 °C
Boiling point 2517:=C
Hardness 29-39 GPa
Elastic modulus 300-390 Gpa
Molecular mass 197.8467
Resistivity >1322-2438u ohm-cm

WN thin films with various phase and structure have been reported in literature. The WN
thin films can have three different phases; cubic W:N, hexagonal and tetragonal WN,
rhombohedral WN2 according to different nitrogen content. Among all the phases, W2N phase is
the most equilibrium phase with cubic structure which has favourable thermodynamic conditions.
The cubic W2N crystal structure is shown in Fig. 1.2 [28]. This phase exhibits high hardness at

room temperature with low content of nitrogen.

In literature, several deposition techniques have been deployed to deposit WN thin films
[23, 27, 30]. Each deposition technique with its related parameters, yield films of different
properties, since optical and electrical properties strictly depend on their stoichiometry,
microstructure and nature of impurities present. Magnetron sputtered deposited WN thin films
requires optimization of parameters such as nitrogen partial pressure, deposition pressure and

substrate temperature for better performance. In contrast, the work on oxidation Kinetics,
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electrical and optical properties of WN thin film upon their stability towards extreme

environmental conditions, is still comparatively limited.

Figure 1.2 Crystal structure of the tungsten nitride.

1.1.5 Chromium tungsten nitride (CrWN)

CrWN is a ternary compound system which is composed of CrN phase and solid-solution
of tungsten (W) [31-33]. Ternary compound system provides the opportunity to modify
parameters such as lattice constant, hardness, thermal expansion and corrosion stability for
optimization of total performance [31]. CrWN is synthesized by alloying W in CrN matrix. Crs.
xWxN thin films with small W content (x) provides high hardness of tungsten nitride (WN) along
with the high toughness of chromium nitride (CrN) as reported by Hones et. al. [34-36]. In
literature, focus is primarily on the relation between phenomenological properties e.g., surface
morphology and mechanical properties of the CrixWxN thin film [37-39]. Only few reports deal
with further important parameters such as binding energy, bonding character and lattice constant.
The XPS study suggests that the properties of CrixXWxN thin film are greatly influenced by

variation in charge distribution between Chromium, tungsten and nitrogen ions [35].

Cr1xWxN thin films exhibit the hardness ranging from 22 to 30 GPa [40]. The addition
of W into CrN matrix increase the hardness, which is credited to the Hall-Petch effect as a result
of crystal or grain size refinement. Moreover, formation of highly covalent bonded W-N
secondary phase in CrN thin film is also responsible for high hardness [34]. Sputtered deposited
CrixXWxN thin films are extremely capable for industrial applications such as machine parts,

sliding parts, cutting tools and hydraulic tools [37-40].
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1.2 Resistive switching behaviour

1.2.1 Overview of resistive switching

A current-voltage (I-V) hysteresis exhibits resistive switching behaviour when the
resistance state switches between mainly binary states [41, 42]. Generally, the first resistance
state is high resistance state (HRS) and the second is low resistance state (LRS). These resistance
states corresponding to HRS and LRS are achieved by varying the applied voltage. The change
in resistance state from HRS to LRS is called SET condition/process and the applied voltage is
considered as SET voltage (Vser) while the switching from LRS to HRS is called RESET
condition/process and the applied voltage is called RESET voltage (Vreset). The resistance state
will change only if the applied voltage is high enough that of switching voltage (Vser or VreseT).
Further increase in applied voltage does not affect the resistance state. Therefore, this non-
volatile resistive switching behaviour can be utilized for non-volatile memory storage device

application [41].

A resistive switching memory cell is usually fabricated as a capacitor-like MIM structure
which consist of resistive or an insulating material ‘I’ sandwiched between two metals ‘M’ [42-
44]. The memory cell can be electrically switched between two or more different resistance
states, after the initial electroforming process which is essential to activate the switching
phenomenon. Formation/disruption of a conducting path across top and bottom electrode is
accountable for resistive switching behaviour. The schematic of MIM structure is shown in Fig.
1.3.

Top electrode

Insulator or semiconductor
[

L Conducting filament
= Bottom electrode

Figure 1.3 Schematic of MIM structure of resistive switching memory cell.

There are two type of resistive switching, first is unipolar resistive switching (URS) and
other one is the bipolar resistive switching (BRS). In URS resistive switching, the state change
is independent to the polarity of applied voltage [45]. If SET condition takes place under

particular voltage polarity, the RESET condition can occur under both voltage polarities. Thus,
8
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for the URS, the amplitude of applied voltage is more important rather than the polarity of applied
voltage. In BRS operation, the amplitude and as well as polarity of applied voltage play a very
significant role. Therefore, the SET and RESET switching in BRS takes place at opposite voltage
to each other [44-46]. If the SET switching occurs under one specific voltage polarity, the
following RESET switching will takes place under the voltage with opposite polarity unlike the
URS. Schematic of I-V characteristics of the URS and the BRS are illustrated in Fig. 1.4.
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Figure 1.4 1-V characteristics of (a) unipolar switching and (b) bipolar switching.

Compliance current (Ic) is also an important parameter in resistive switching operation.
During SET switching, the current abruptly increases and the switching cell may undergo a
permanent dielectric breakdown without applying compliance current. Therefore, Ic protects the
switching cell from electrical damage during the SET switching. In RESET switching, the Ic
used for SET process can be deactivated as the RESET current (lreset) is normally greater than
the Ic [47].

1.2.2 Literature survey

Although, the resistive switching property was discovered and identified in metal oxides
in the early 1960s. Hickmott and Hiatt at General Electric and Gibbons and Beadle at Stanford
University were the first to report the hysteretic resistive switching phenomenon [48, 49].
However, the resistive switching memories are passionately studied after 1990s for application
in next generation solid state memories. Resistive switches were also being considered for more
than Moore scaling. Therefore, the physical mechanism behind restive switching attracted great
attention from scientific community. The initial study on resistive switching and its discussions
was presented in a review by Dearnaley, Stonehom and Morgan [50]. The research in 21% century
on resistive switching was triggered by Akihito Sawa et. al. [51]. In the early 2000s, resistive
switching was thought as a possible candidate for conventional complementary metal oxide
semiconductor (CMOS) technology with nanoscale crossbar circuits and novel computing
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architecture applications. After that, some researchers demonstrated resistive switching
behaviour in various oxides. The reported switching devices had operating voltage below 3V,
programming current around 2 mA with 10° cycles of endurance [51]. Ever since, resistive
switching has become one of the hottest research topics in both academia and industry for non-
volatile resistive random access memory (ReRAM) application. Resistive switching behaviour
of various materials are extensively studied for their non-volatile memory application due to its
scalability, fast switching speed, 3D integrability, low power consumption, long retention time
and CMOS compatibility. Resistive switching characteristic of large variety of metal oxides as
well as other dielectrics such as some metal-nitrides, sulphides, fluorides, carbides and
phosphides are thoroughly investigated [52-55].

1.2.3 Resistive switching performance of metal nitride thin films

Metal nitride thin films are known to exhibit many excellent features such as good
electrical properties and high thermal conductivity for resistive random access memory
application. Hong. et. al. have reported resistive switching behaviour in aluminium nitride (AIN)
thin film [55]. Furthermore, some researchers have recently reported the resistive switching
behaviour of metal nitride thin films such as CuN, WN and ZrN, all of which demonstrate low
voltage operation and full compatibility with CMOS technology along with prevention of surface
contamination during device processing [54, 56]. These studies exhibit a low voltage/current
operation and full compatibility CMOS technology as compared to oxide thin films. Resistive
switching behaviour and exact physical mechanism in metal nitrides have not been fully
investigated yet. Therefore, still it is an attention-grabbing subject to search for adequate methods
to improve resistive switching performance of metal nitride thin films as well as to inspect their

working mechanism.
1.3 Hydrogen gas sensing

1.3.1 Overview of hydrogen gas sensing

Recently, research of futuristic clean fuel has been going on with tremendous speed. The
futuristic fuel should be abundant in nature and efficient with zero hazardous emission. Hydrogen
(H2) can perfectly fulfil the criteria required for such fuel. For example, NASA has been using
H> gas to launch the space shuttles and liquid Ha for launch the rockets since past three decades.
H> gives the advantage of being eco-friendly fuel as the by-products are O, and water on
combustion. Monitoring of H> content in molten metal is required to restrict the porosity which

created due to dissolved gas. Moreover, Hz has a Lower Explosive Limit (LEL) of 4% in air,
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which means the accumulation of 4% H> in air could be dangerous and even a small spark can
burn the mixture. Thus, it become necessary to sense the presence of Hz in environment to avoid
from any explosion. Apart from the capability to detect the H, leakage, the gas sensor must
identify low level ambient sources of H> which can be beneficial for H, production. Safety during
storage has become prior concern in all aspects of sensing Hz leaks [57]. As Hz gas is an odourless
and colourless gas, therefore its detection is almost impossible without using any sensor. Hence,
the dependence on sensors is an imperative alternative that allows H; concentration to be

precisely measured.
1.3.2 Basic characteristics of gas sensors

The performance of a sensor is mainly characterized by following five parameters as: (i)
Sensor Response (ii) Sensitivity (iii) Selectivity (iv) Response and recovery time (v) Long term

stability and reproducibility which are defined below:
(i) Sensor Response (S.R.)

During gas sensing, the surface reaction would take place by adsorption and desorption
of analyte gas molecules on top surface of the sensor and therefore the changes in electrical
properties (resistance or conductance) are observed [58]. The sensor response of the sensor can

be estimated by the following equation.

Sensor Response (%) = % %X 100
a

where, Ra and Rgare the resistance in air and analyte gas respectively.
(ii) Sensitivity (S)

Sensitivity is defined as the rate of change of sensor response per unit change in gas
concentration [58]. If ‘C’ is the target gas concentration, then mathematically it can be expressed

as.

Sensitivity (%) = ;—*Cg x 10
a

(iii) Response and recovery time

The response time of gas sensor is defined as the required time to achieve the sensor

signal up to atleast 90 % of the maximum constant signal at the time of adsorption of target gas
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molecules. Though, the recovery time is the time required during desorption process to retrieve
the sensor signal up to 10 % of the maximum stable signal.

(iv) Selectivity

Usually, the chemiresistive sensors are sensitive to many other interfering gases at same
operating conditions. For gas sensors, the term ‘selectivity’ to analyte gas molecules is defined

as the ratio of sensitivity for other interfering gas to sensitivity towards the target gas [59].

Sensitivity of the sensor for interfering gas

Selectivity = oy -
4 Sensitivity towards the desired gas

(v) Long term reproducibility and stability

It refers to the ability of the device to retain its performance when performed constantly

for a long time in harsh environment [60, 61].
1.3.3 Metal nitride thin films for hydrogen gas sensing application

Nowadays, the thin film based chemiresistive gas sensors have attracted a notable
attention of the researchers for sensing application owing to its low cost, high sensitivity towards
various gases, fast response along with excellent reliability and compatibility. Basically,
chemiresistive sensor is a transducer which can detect the gas molecules and responds into a
measurable change in resistance. In chemiresistive sensor, the resistance of thin film changes
sharply upon exposure to the target gas molecules on the surface of sensing element. It can be
observed that the change in the resistance (or conductance) significantly depends on the type of
thin film (either ‘n’ or ‘p’ type) and the nature of target gas (reducing or oxidizing). In order to
design the chemiresistive sensors, various metal nitride thin films have been widely investigated.
Metal nitride thin films have been developed as a potential candidate for realistic gas sensing
applications due to their ease of use, a wide range of physical and chemical properties, simple
fabrication process and robustness. Thin films of aluminium nitride (AIN), gallium nitride (GaN)
and Indium nitride (InN) have been studied by the researchers for detection of hazardous gas
species at low concentration level [62-64]. It has been reported that the performance of the gas
sensor is noticeable enhanced when active sensing nanostructure are decorated with OD catalytic
noble metals (Pt, Pd and Au). These configurations can considerably change the surface as well

as the electronic properties due to enhancement of the depletion layer at interface.
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1.4 Ternary metal nitride based thin films

1.4.1 Overview of ternary metal nitrides

Ternary metal nitrides are of M11.xM2xN system, where M1 and M2 are different metals.
These systems are achieved by alloying an appropriate metal into binary metal nitride matrix.
The alloying of different metal in binary nitrides can lead to improved functionality as a
consequence of fine tuning of the microstructure and properties of the final material. Generally,
the ternary metal nitrides show a unique combination of refractory character, electron
conductivity, chemical inertness, good wear resistance and high hardness. Thin films of ternary
metal nitrides give the freedom to adjust the properties such as microstructure, corrosion stability
and thermal expansion coefficient to enhance the all over performance. The composition of third
element in ternary metal nitrides can be used to tailor the properties of system according to

particular application.

TiN and CrN are widely used binary matrix to synthesize the ternary metal nitride by
alloying another metal [65-67]. The technological advance in recent decades allowed the use of
coatings at the nanometre scale for the improvement of functionality and endurance. Ternary
metal nitride in the form of thin films are used as protection coatings, due the high hardness or
for decorative purpose as they exhibit gold-like colour. Various thin film deposition techniques

allow to coat ternary metal nitride thin film on every possible surface available.
1.4.2 General properties of ternary metal nitrides

Ternary metal nitrides have an incredible combination of features. These compounds are
used as refractory materials due to high melting point (Tm) and chemical inertness and they can
be stable in hostile environment. The excellent refractory performance is achieved due to partial

occupation of bonding and anti-bonding states.

The electrical properties of ternary metal nitride can be also elucidated in terms of the
valence electronic configuration of the composing metal. The mechanical properties of ternary
metal nitrides are identical to that of ceramic materials, which feature high bulk modulus, high
hardness and low plasticity [68, 69]. Presence of covalent bond between metals and nitrogen is
responsible of above mentioned properties. Due to high directionality of covalent bonds give rise
to a large bulk modulus which is an intrinsic property. Whereas the hardness of the material is

the extrinsic mechanical property which depends on the microstructure.
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1.4.3 Application of ternary metal nitride thin films

Ternary metal nitrides have been a part of main interest as they can afford a broad range
of microstructure and are capable to retune the electronic and mechanical properties. Thus,
ternary metal nitrides are utilized in industry, metallization, electronics and protective coating
for cutting tools. Moreover, ternary metal nitride thin films provide multiphase structures which
frequently results in distorted structures with high hardness. Recently, chromium nitride (CrN)
based ternary systems has gained a significant attention as a hard protective coating for corrosion

and wear protection.

Ternary metal nitride thin films are fabricated using by addition of a metals such as
Aluminium (Al), Tungsten (W) and Zirconium (Zr) into binary metal nitride (e.g. TiN, MoN,
CrN, SiN, etc.) [69-73]. A number of research article have been reported on ternary-nitride thin
films fabricated using reactive co-sputtering of two metals [32, 34, 71, 72]. The incorporation of
other metal in SizN4 and CrN results in a new nanocomposite film with potential application in
field emission devices, anti-oxidation coatings, UV light emitters, glass molding and optical films
[65, 69, 70].
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2.1 Introduction to thin film

The thin films provide a large window of applications in several field such as electronics,
optics, microwave, space science, information technology, communication, nanotechnology,
sensors, defence and other commercial needs [1-5]. Therefore, a hike in thin film growth
technology is observed. Thin films are formed due to abundantly homogenous growth of solid
material in two (X, y) dimensions while restricted in remaining normal (z) direction. The film
thickness (t) illustrates by the thickness of solid material along the (z) direction that can fluctuates
between few micrometres to fractions of nanometres. To date, the manipulation of the thin films
using various deposition techniques with desired thickness are utilized in micro miniaturized

devices with controllable properties.

In this chapter, the synthesis of thin films and their characterization techniques which
were used throughout the research work are discussed. First of all, the mechanisms of thin film
growth are explained with details. Subsequently, the techniques which were involved for the thin

films characterization for various applications are also described.
2.2 Synthesis of thin film

Synthesis process of thin film involves with nucleation of the species onto substrate and
followed by coalescence and then thickness growth. These steps can be modified by the various
deposition parameters [6]. Initially, synthesis process depends upon the interaction energy of thin
film material and surface energy of the substrate. In nucleation, the islands of the atom or ions
deliver a fraction or whole of its kinetic energy to the substrate and get adsorbed at the surface
of the substrate. Vander-Waals or covalent bonds are responsible for sticking of the atoms or
adatoms onto the substrate. Thin film growth takes place with the time after nucleation process.
On the basis of surface energy term, there are three growth modes.

» Layer by layer or Frank-van-der-Marwe mode: - In this mode the interaction
between adsorbate-adsorbate is less than the adsorbate-surface which results
layers of material growth on top of one another as shown in Fig. 2.1 (a). This
growth requires a less lattice matching between the material and substrate.

» Island or Volmer-Weber mode: - This model involves the growth of “isolated
island” on to the substrate surface due to a stronger interaction between adsorbate-

adsorbate compared to adsorbate-surface as shown in Fig. 2.1 (b).
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» Layer plus island or Stranski-Krastanov mode: - This mode involves the layer
(two dimensional) and island (three dimensional) growth simultaneously. It
occurs when the interaction between adsorbate-surface is stronger than adsorbate-
adsorbate. This mode consists of two steps in which, first the formation of two-
dimensional layers and second is formation of three-dimensional islands upon

layer as shown in Fig. 2.1 (c).

() (b) (©)

Figure 2.1. Schematic of the models for growth of thin films (a) Frank-ven-der-Marwe
Mode, (b) Volmer-Weber Mode and (c) Stranski-Krastanov mode.

The above three growth modes can be explained in terms of surface energy using
Young’s equation,

Ve =7 +¥aC084 .

where y, is the surface energy of substrate, 7 is the interface energy of film-substrate,
7. IS the surface energy of thin film material and ¢ is the wetting angle of a liquid nucleus on a

substrate.

Layer to layer growth (¢ = 0) satisfies the y, > 7~ + y, condition, whereas island growth (

¢> 0) requiresy, <y +7,. The Layer-plus-island growth takes place due to the increase in

interface energy with film thickness; usually the top layer on the substrate is strained to fit the
substrate [2, 7]. The schematic diagram of surface energy of substrate and thin film is shown in
Fig. 2.2.
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Figure 2.2. Schematic diagram of surface energy of substrate (), thin film material ()
and interface energy of film-substrate ().

Thin film synthesis is a process in which a thin layer of material is applied onto the desired
substrate that also called thin film deposition. The properties and performance of thin films are
controlled by the purity of the material, deposition temperature, deposition rate, nature of
substrate and deposition technique. There are two main techniques for thin film deposition,
physical vapour deposition (PVD) and chemical vapour deposition (CVD). In PVD, initially the
target material vaporized by physical means and then the vapour is transferred towards substrate
surface after that vapour condensed onto the substrate and form a thin layer or thin film of the
material. Since, in CVD techniques the material vaporized by chemical means. Each deposition
technique having some additional advantages along with few disadvantages. The selection of
deposition techniques depends upon the application and specific characterization of the thin film.
In order to avoid contamination and free motion of particles, the deposition process performed
in a vacuum chamber. A good vacuum inside deposition chamber ensured that the particle follow
a straight path thus thin film deposition was found to be directional instead of conformal. PVVD
techniques provide a stoichiometric deposition but large area deposition is still a challenge.
Among several PVD techniques the sputtering reflects many advantages along with any material
can be deposited using suitable deposition modes. The advantages of sputtering technique are

given as following:
(i) High uniformity during deposition.
(if) Good adhesion of film onto substrate.
(ii) Easy deposition of materials with high melting points and high reactivity.
(iv) Better film thickness control.
(v) High deposition rate.
(vi) High flexibility of large-scale as well as complex geometry shape production.

(vii) Better reproducibility of deposited films.
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In this present work, the metal nitride thin films were deposited using reactive magnetron
sputtering which is a physical vapour deposition (PVD) technique. The following section

describes the details about the sputtering process for thin film deposition.
2.2.1 Magnetron sputtering

Magnetron sputtering is a PVD technique which is widely used for fabricating a variety
of thin films and coating from metal to insulator including semiconductor by erosion of the
material from target surface [8-13]. Initially, the sputtering gas (here we used Argon gas) react
with the cosmic electron in vacuum chamber and become argon ion, the reaction can be written

as following,
A, +te =Af+2e.
The sputtering is caused by the bombarding of Ar ions onto target material and
transferring the momentum to the target atoms. Therefore, some atoms come out from the surface

and produced glow discharged plasma. Fig. 2.3 shows the presence of different particles during

sputtering process.

Cooling system *
Magnetron system of the magnetron =———————>p /

Cathode

Target

Magnetic field induction

Deposited thin film

Substrate \

Anode

Figure 2.3 Schematic diagram of different particles involved in the magnetron sputtering
process.

Due to ion bombarding on the target material, the secondary electrons also produced
which helps in maintaining the continuous plasma. The arrangement of magnets in the magnetron
are kept in such a way that one pole is placed on-axis to the target while second pole is designated
around the outer edge of target in the form of a ring. This type of arrangement of magnets during
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sputtering process constructs magnetic field parallel to the target surface, thus it restrict the
motion of secondary electrons only in the territory of target. Moreover, the trapping of electron
in an annular region near to target surface enhances the possibility to ionizing inert gas atoms.
The enhanced ionizing capability causes a cascade of atom-electron collision which ensuing in
dense plasma in front of the target. This accelerated process boosts ion bombardment on the
target surface that resulting in higher sputtering rates and consequently, elevated deposition rates

at the substrate.

Magnetron sputtering techniques ranges from radio frequency (RF) to direct current (DC)
glow discharge sputtering. Another type of sputtering in which thin film deposition process
performed in presence of a reactive gas called reactive magnetron sputtering. Fig. 2.4 shows the
schematic of DC/RF magnetron sputtering system in which more than one sputtering target can

be sputtered on-axis or off-axis by placing sputtering guns inside the sputtering chamber.

Power supply
»

Water in
\

Water out ———»

Gun 2 |
Penning gauge

Gunl Gun 3

Gas inlet

I's
!n Turbo molecular pump

.

Target shutter ——

Substrate =

Pirani gauge%/
Vacuum chamber — i

a |
| / To mechanical pump
/ o & X
Substrate shutter A Gate valve

Heater with rotator

Figure 2.4 Schematic of the sputtering system.

2.2.2 DC magnetron sputtering

In DC sputtering technique a direct current bias was applied between cathode (target) and
anode (substrate). Only metal and semiconductor targets can be sputtered using this technique.

RF sputtering is used for depositing insulating thin films.
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2.2.3 Reactive magnetron sputtering

Moreover, the reacting sputtering is used to deposit the thin films by chemical reactions
between the target material and reactive gasses such as oxygen and nitrogen. The chemical
reactions take place at the surface of substrate and where the reactive gas atoms inserted into
target material matrix. For example, nitride based thin films synthesized by reactive sputtering
in the presence of nitrogen and argon gas with different gas ratio. In our present work AIN, WN
and CrixW«N, thin films were deposited using reactive DC magnetron sputtering of respective

targets.

Fig. 2.5 (a) shows the image of sputtering system assembled in our laboratory (Functional
Nanomaterial Research Lab, Department of Physics, IIT Roorkee). Fig. 2.5 (b) shows the
sputtering gun in which sputtering target was placed. The magnetron and developed plasma

during sputtering process are depicted in Fig. 2.5 (c) and Fig. 2.5 (d) respectively.

Figure 2.5 (a) Photograph of magnetron sputtering system assembled in our research
laboratory, (b) Sputtering gun, (c) magnetron arrangement and (d) Plasma formation during
sputtering process.
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The vacuum pumps and pressure measuring gauges attached to the sputtering chamber
are bought from Pfeiffer vacuum. The targets which were used for sputtering have the dimensions
of 2 inch in diameter and 3-5 mm in thickness. Aplab high voltage DC power supply (50-1000
V, 0 -1 A) was used for DC magnetron sputtering. For the deposition of thin films, the substrate
such as silicon and porous silicon were fixed on a substrate holder, using silver paste and clips.
A heater (Range: Room temperature — 1123 K) is also attached under the substrate holder. After
substrates mounting, the chamber was evacuated with the help of a turbo molecular pump
attached with a rotary pump up to relatively high vacuum of the order of < 2 x 10 Torr. After
achieving required vacuum, an inert gas such as Argon (99.99% purity) was inserted into the
deposition chamber through gas valve. The gate valve was kept nearly closed state (throttling) to
maintain the incoming gas flux and pumping-out rate simultaneously. The inert gas pressure and
flow rate inside vacuum chamber can remain stable by proper throttling. Then the negative
potential was applied to the target and the sputtering process starts. During this process, the
sputtered atoms get deposited on the substrate leading to thin film format.

2.3 Basic characterization techniques

2.3.1 X-ray diffraction

X-Ray diffraction (XRD) is considered as the widely used non-destructive technique for
the identification of crystal structure, phase, orientation, lattice parameters and stress in a solid
crystalline material [14-18]. X-Rays are electromagnetic radiations with wavelength ranging
from 0.01 nm to 10 nm. As a monochromatic X-ray beam falls onto a crystalline material, the
interference (constructive or destructive) from parallel planes of atoms with inter-planar spacing
(d) takes place as Bragg’s law is satisfied 2d sin 8 = n % A. Here n is integer which denotes the
order of the reflection, 8 is the diffraction angle between the incident ray and scattering plane

also called as Bragg angle and A is the X-ray beam wavelength [19].

In a crystalline structure, the periodic arrangement of the atoms could be considered as
scattering centres for X-Rays. The X-Rays could be easily diffracted by these atomic planes of
crystal as their wavelength is comparable to the inter-planar spacing between the adjacent atomic
planes which is of the order of few A. Diffraction takes place between the waves as they
encounter an obstacle whose dimension is comparable to their wavelength. If we consider a
crystal structure with periodic arrangement of atoms as shown in Fig. 2.6, then there are two
geometrical factors which are to be considered: firstly, the incident beam, the normal to the
diffracting plane and the diffracted beam, all lie in a same plane. Secondly, the angle between

the incident and the diffracted beam is always 260, which is the diffraction angle usually measured
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experimentally. For an incident X-ray falling on a periodic structure making an angle 6 with the
plane, constructive interference for atomic planes of the crystal structure parallel to the sample

plane takes place when the following condition is satisfied the Bragg equation.

Incident X-rays Diffracted X-rays

2d sin®

’ =iy Constructive interference when
\ < W nk=2d sin@
_ Bragg'slaw

‘1

D /*
w D \ © J O
d sin®

Figure 2.6 Schematic diagram for diffraction of X-Rays from a crystalline
material.

=4
\

The crystallographic information is realized by calculating inter planner spacing values
and indexing of reflections. The characteristic diffraction pattern can be obtained for pure or
doped material also. The Bragg’s angle 20 and intensities (I) are used to characterize the X-ray
diffraction pattern. The angular position of lines depends on the inter planner spacing d of the
lattice planes. For nanocrystalline materials, the crystallite size is a vital parameter that calculated

from the width of the Bragg angle and is known as the Scherrer’s formula [19].

091
- [ cos @

where, T is the crystallite size, B is the full width at half maximum (FWHM) of the Bragg angle
on 26 scale. However, subtract the instrumental line width from the measured line width to get

an accurate result of broadening due to small particle size.

Fig. 2.7 (a) and (b) shows the schematic and photograph of Bruker D8 Advance X-ray
Diffractometer, used in the present study to characterize the solid crystalline samples.
Diffractometer, consists of an X-ray tube, an X-ray detector and a sample holder. The radiation
of A = 1.54 A (Cu K,) produced from the X-ray tube using copper target are collimated and

focused onto the sample.
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Figure 2.7 (a) Schematic diagram of beam path and (b) Photograph of Bruker D8
Advance X-ray Diffractometer.

The intensity of the reflected X-rays is measured with the rotation of the sample and
detector. As the incident X-rays hit some appropriate set of parallel planes at Bragg’s angle ‘0°,
satisfying Bragg equation, and then intensity peaks corresponding to constructive interference
comes into picture. Suitable detector is employed to records diffracted X-rays that are further
converted into appropriate signal and sent to printer or monitor as an output signal. The geometry
of diffractometer allows sample to rotate in the path of the focussed X-ray beam at 6 angle and
the X-ray detector collects the signals and rotates at 26 angle relative to the direction of incident
X-ray beam. The hardware assembly used to control the angles and provide mechanism of
rotation to the sample and detector which is called goniometer. Nal scintillation counter is used
as detector in Bruker D8 Advance Diffractometer. It can detect the diffracted radiations for the
wavelength which ranging from 0.5-3 A. Monochromators are arranged in the path of X-rays to
suppress the undesired part of X-rays. First aperture diaphragm is placed between specimen and
tube to restrict the irradiated specimen area. A second aperture diaphragm is used to suppress
scattered radiation coming from first aperture. The resolution of the signal is controlled by

detector diaphragm.
2.3.2 Field emission scanning electron microscopy

Field emission electron microscopy (FE-SEM) is an adaptable and non-destructive
technique for studying the morphology, microstructure and chemical composition of various

materials by scanning it with a focused beam of electrons [20]. FE-SEM technique uses field
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emission gun to produce clear images of the specimens, with spatial resolution <2 nm. In present
case the surface morphology of the deposited thin films was studied by field emission scanning
electron microscope (FEI Quanta 200F model) with resolution of 2 nm and 80000X
magnification. Fig. 2.8 (a) and (b) shows the schematic diagram of the optical column of FE-

SEM and image of the FE-SEM setup respectively.

(@)

Electron Gun

Condenser Lens

Emitter
Aperture

Electromagnetic Detector

Lenses

Deflection Coils

(& ] 4——'l-—— Sample

Figure 2.8 (a) Schematic diagram of FE-SEM and (b) Photograph of FE-SEM (FEI Quanta
200F).

The first part of FE-SEM is electron gun which produces electron beam, with an energy
ranging from a few hundred eV to 50 keV by field emission. The Field emission gun (FEG) is
mostly a wire of tungsten (W) shaped into a sharp tip of 100 nm radius. Using such a small radii
tip, the electric filed can be concentrated to an intense level, therefore that work function of
material can be lowered and electrons can leave the cathode. The electron beam emitted from the
gun is focused with help of two condenser lenses into a very fine focal spot size beam. The two
condenser lenses demagnify the electron beam until it hits the specimen surface. The first
condenser lens helps to narrow the beam and also limit its current while second one makes the
electron beam coherent and narrow. Finally, the objective lens focuses the beam onto thin film

sample and then electron beam scans the specimen in the raster form.

The secondary or backscattered electrons emitted with certain velocity from the
specimen’s surface are attracted by the Corona, and then strike the scintillator (flourcent mirror)
that produces photons. The intensity and location of illumination of the mirror varied and
depending on the properties of the secondary electrons. This is due to the fact that greater is the
number of secondary electrons that reach the detector, the higher is intensity in the image. The

scintillator produces the final signal which is amplified and converted to a video signal. The
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video signal is sent to a cathode ray tube to produce the image. The FE-SEM system also contains
the energy dispersive x-ray analysis (EDAX) set up used for elemental composition analysis. The
peaks observed in EDAX spectrum, represent different energy levels for which the most X-rays
were received. Every peak is related to an atom therefore it corresponds to a particular element.

The intensity of peak in a spectrum determines the concentration of element in the specimen.
2.3.3 Atomic force microscopy

Atomic force microscopy (AFM) is one type of scanning probe microscope which
provides 3D profile of the surface at nanoscale by sensing the forces of interaction between the
atoms belonging to the sample surface and the ones on the tip of the probe [21]. Fig. 2.9 (a)
shows the schematic of AFM. In the present study, atomic force microscope from NT-MDT:
NTEGRA was used and the photograph is shown in Fig. 2.9 (b).
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Figure 2.9 (a) Schematic diagram of AFM and (b) Photograph of AFM (NT-MDT:
NTEGRA)

One of the advantages of the AFM compared to conventional micrascopes such as the

Piezo

optical or scanning electron microscope is the capability to magnify in the x, y and z axis. A
specially designed table to isolate mechanical and acoustical vibrations is required to perform
high resolution (atomic scale) work. To image the surface features, the sample is scanned by an
atomically sharp tip (< 10 nm), generally made of Si or SisN4. This tip is fixed to the lower side
of a reflective cantilever. Light from a diode laser is focused on the cantilever and reflected to a
segmented photodiode. If the sample is scanned below the tip, the cantilever moves up and down
which changes the ratio of light falling on the four elements of the photodiode. The difference in
the intensity falling on the four elements is changed into a proportional voltage by the
photodiode. This voltage acts as a feedback signal enabling the tip to manage either a constant
force or a constant height over the sample. Then, the image of surface is reconstructed by

observing the accurate motion of the probe as it is scanned over the surface.
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2.3.4 Raman spectroscopy

In order to study vibrational, rotational and other low-frequency modes of a system
Raman spectroscopy technique is used which is a non-destructive technique. Raman
Spectroscopy technigue is based on the Raman Effect, which is the inelastic scattering of photons
by molecules. In 1924, Dr. C. V. Raman had discovered the fact that when a radiation of light
incident on a chemical molecule, a fraction of the incident light is scattered by the molecule and
its wavelength differs from that of the incident light. Photons interact with molecules and induce
transitions between energy states. Most photons are scattered elastically and this process is called
Rayleigh scattering. The emitted photons and absorbing photon have the same wavelength in
Rayleigh scattering. In Raman scattering, the energies of the scattered photons and incident

photon are found to be different. Fig. 2.10 (a) shows the schematic for a Raman scattering set-

up.
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Figure 2.10 (a) Schematic of a Raman spectroscopy set-up and (b) Energy level diagram of
Rayleigh scattering, Stokes Raman scattering and anti-Stoke Raman scattering.
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The Raman spectra can be obtained by irradiating a sample with a powerful laser source
or near infra-red monochromatic radiation. A spectrometer placed at some angle with the sample
can collect the scattered radiation in a range of angles. The emitted radiation spectrum is of three
types: Stokes, anti-Stokes and Rayleigh scattering as shown in Fig. 2.10 (b). In Raman scattering,
the incident light interacts with the molecule and polarizes the electron cloud around the nuclei
thereby exciting the electrons to a short-lived virtual state. At room temperature, most of the
molecules are in their lowest energy states. When the scattering occurs by electron cloud
distortion, the photons are scattered with very small change in their frequency. Such kind of
scattering process occurs due to elastic scattering and is most dominant in most of the
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compounds. This scattering is known as Rayleigh scattering. However, when the scattering
creates a nuclear motion, either the energy is transferred from the incident photon to the molecule
(Stokes) or the molecule gives some energy to the scattered photon (anti-Stokes). This scattering
process is inelastic and the energy of the scattered photon will differ by the energy of the incident
photon by one vibrational unit. This is known as Raman scattering. The X-axis on a Raman
spectrum is shift in wave number Av, which is the difference in wave number of incident (source)

and scattered (out coming) radiation [22].

In the present study, Raman spectroscopy (Horiba Jobin Yvon Lab Ram HR 800 UV)
was used for acquiring the Raman spectra of the samples at room temperature. The excitation

source was an Argon ion laser with an excitation wavelength of 514 nm.
2.3.5 X-ray photoelectron spectroscopy

X-ray  photoelectron spectroscopy (XPS) is a surface sensitive -technique which
can inspect the valence-state of atom/ion species at the solid surface. The XPS
spectrum is obtained by irradiating monochromatic X-rays on the sample of known
energy, under ultra-high vacuum and examines the energies of the emitted electrons from

the occupied energy levels of the atoms/ions in the solid [23].
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Figure 2.11 (a) Schematic of X-Ray photoelectron spectroscopy and (b) Energy core
level diagram

Fig. 2.11 (a) shows a block diagram of XPS. To eject the photoelectron, the energy (hv, where h
is the Planck constant and v is the photon frequency) should be larger than the binding energy
(B.E.) of a certain state of the atom/ion as shown in Fig. 2.11 (b). The ejected electrons will have

a kinetic energy, Ex

B.E.=hv-Ek—o
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where ¢ the work function, which is defined as the potential difference between the
Fermi level of the solid and the vacuum level. In the present work, thin film samples were
analysed using XPS (Perkin Elmer model 1257) spectrometer with Mg K, X-ray source
(hv=1253.6 eV) and the clectron analyser set at a constant pass energy of 20 eV. The peak
position of C 1s spectrum with a B.E. is equal to 284.6 eV, which is always present due to carbon
contamination in small quantity on the sample surface which generally used for calibration

purpose. The energy resolution of the spectrometer is 0.05 eV.
2.4 Measurement of electrical, electrochemical and mechanical properties

2.4.1 Current-Voltage (1-V) characteristics

In this study, the resistive switching properties were studied using Keithley 4200
Semiconductor Characterization System (SCS). The SCS is used for electrical characterization
of semiconducting materials and devices as it can measure basic current-voltage (I-V) and
capacitance-voltage (C-V). Ultra-fast pulsed I-V and transient I-V measurements can also be
done using Keithley 4200 SCS [24]. For data collection, Microsoft windows based graphical user
interface (GUI) is used that minimizes the set-up time during measurements.
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Figure 2.12 (a) The 4200 SCS showing interfaces in front panel and (b) The 4200 SCS
showing interfaces in rear panel.

As shown in Fig. 2.12 (a) and (b), Keithley 4200 SCS is installed with a large number of
slots and interface ports that can connect to the computers with GPIB interface for further
characterize the device. There are several USB ports in the front and at the back to connect flash
drives or keyboards or any peripheral.
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Fig. 2.13 shows the connections diagram for testing of a device with SMU (Source
Measure Unit). One terminal of the device under test is connected to the Force of the SMU.
Second terminal can be connected to the ground of the same SMU, or Force terminal of ground

unit or Force terminal of another SMU.
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Figure 2.13: Connecting device under test (DUT) to SMU/Pre Amp.

All electrical measurement using 4200 SCS are performed using Keithley Interactive Test
Environment (KITE) software. KITE is an interface with some built in sample projects which is
very user friendly. This set up includes electrical characterization for the devices such as resistor,
transistors, capacitors or MIM structures, FET, diode etc. The test results can be seen both
graphically and numerically as the KITE software contains built-in long list of formulae for
characterization and computation. 4200 SCS provides the liberty to control external instruments

such as semiconductor probe stations, temperature controllers etc.
2.4.2 Gas sensing measurements

The custom-made sensing setup attached with a PID controlled electric heater of 500 cm?®
volume was used to carry out the sensing measurements and shown in Fig. 2.14. In setup, a
vacuum chamber of stainless steel is equipped with one circular bottom heater with 800 °C
maximum temperature. The samples are mounted on the heater surface using silver paste. Filling
and draining of the gas insider sensing chamber were performed using two separate valves. In
order to create the vacuum inside chamber a valve was opened to rotary pump. The top part of
the measurement chamber has a dual gauge, which monitor the gas pressure and vacuum inside

chamber. The volume of the measuring chamber is approximately 500 cm?®. Under the sample
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holder a Kanthal Constantan thermocouple is used for the temperature measurement. Before
introducing the sensing gas the chamber was evacuated to 6x10 Torr pressure.

—  Pressure gauge Personal
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Figure 2.14 The schematic of hydrogen gas sensing set up.

Consequently, pure hydrogen (99.99 %) gas mixed with synthetic air (99.99 %)
introduced at low rate of 50 cm®min into sensing chamber utilising mass flow controller at
different humidity condition. Mass flow controllers were used to observe and control the flow of
gases inside the sensing setup. An electrical feed-through, the top of the sample holder has been
used for the electrical resistance measurement. In order to perform the in-situ gas sensing
measurements, two probe resistivity technique was used along with Kiethley 2400 source meter
and Kiethley 2181 A nanovoltmeter.

2.4.3 Electrochemical potentiostat

Electrochemical techniques widely used for the kinetics study of the electrochemical
process in a specific environment [25-27]. The electrochemical measurements were performed
in a 3.5 wt. % NaCl aqueous solution in double distilled water at room temperature by a Gamry
instrument; model PCI 4, interface 1000 potentiostat as shown in Fig. 2.15 (a). A corrosion cell
with 0.79 cm? exposed area is used in which the electrolyte is exposed to thin film. There are
three electrodes in which thin film operated as a working electrode, while a standard calomel
electrode and a platinum rod acted as reference and counter electrodes, respectively as shown in
Fig. 2.15 (b).
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Figure 2.15 (a) Gamry instrument; model PCI 4, interface 1000 potentiostat and (b) Three
electrode system for electrochemical measurements.

The types of electrodes used in CV are explained below:

(i) -~ Reference electrode: The potential across the reference electrode remains
constant such that it can be used as the reference standard for measuring the
potentials of other two electrodes present in the electrochemical cell. The most
frequently used reference electrodes for aqueous solutions are the calomel electrode
and the silver/silver chloride electrode (Ag/AgCl).

(i) Working electrode: During the experiment the electrochemical phenomena
(reduction or oxidation) takes place at working electrode. In our experiments,
the exposed part (in a circular shape) of deposited nanocomposite thin film samples
was used as working electrodes.

(iii) Counter electrode: It acts as a source or sinks for electrons thus the current can be
passed from external circuit through electrochemical cell. The potential of counter
electrode is opposite in sign to that of the working electrode and neither its true
potential nor current is ever measured or known. Commonly, it consists of a thin
Pt/Au wire and sometimes graphite can be used.

The nanocomposite thin films were dipped in the solution for 2 hours until a constant open
circuit potential (OCP) was reached. Potentiodynamic polarization test was then carried out with
ascan rate of 1 mV/s. Diagrams for Tafel polarization curves were obtained at the voltage ranging
from - 0.25 to + 0.25 V with respect to the OCP.
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2.4.4 Nanoindentation
Nanoindentation is a powerful tool for measuring the mechanical properties of thin films
[28]. Nanoindentation test includes indenting of a sample by a small load using a high precision

instrument, which measures the load and displacement simultaneously.
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Figure 2.16 (a) Nanoindentation (Micromaterials, UK) (b) Schematic diagram of Nanotest
system.

The load-depth curve along with the contact area of indenter versus the contact depth
function determines hardness and elastic modulus. Nano Test system from Micro materials,
Wrexham, U. K has been used in the present work as shown in Fig. 2.16 (a). Nanoindentation is
a pendulum-based depth sensing system where sample is mounted vertically and the load is
applied electromagnetically as shown in Fig. 2.16 (b). To rotate the pendulum on its frictionless
pivot current is passed through the coil and the diamond probe penetrates the film surface. Test
probe displacement (h) into the sample with the applied load (P) is measured during the loading
and unloading with a parallel plate capacitor [29]. Fig. 2.17 shows a load versus displacement
curve in which the load is increased at a constant rate to a desired value (loading), held for a
particular time period, and then decreased to zero (unloading). In this curve, hmax is the maximum
loading depth, Pmax is the maximum load, his the final unloading depth, S is the slope of the
tangent line of unloading curve at the maximum loading (hmax, Pmax) point and h¢ is the intercept
value of tangent line down to P = 0 and also known as the contact depth. The (hmax, Pmax) point
is called the system contact stiffness. The film hardness (H) and reduced elastic modulus (Er) can
then be determined from this load-displacement curve. All data were analyzed with the Oliver
and Phar method [30].
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Figure 2.17 Load versus displacement curve.

In order to account for edge effects, the deflection of the surface at contact perimeter is
estimated using geometric constant € as 0.75. Area of contact at full load is measured by the

depth of the impression and the known angle and radius of the indenter. The relation between

load P and penetration depth h is,
P =k(h —he)™.

where, k and m are power law fitting parameters related to geometric constants, elastic modulus
and poison’s ratio of the sample and indenter. The hardness (H) is a measure of a material’s
resistance to surface penetration by an indenter with a force applied to it and illustrated by the
ratio of the maximum load Pmax to the projected contact area A,

_ €Pmax

H= =

where, e is constant depending upon the geometry of the indenter used. The reduced elastic
modulus E; is defined by the given equation,

1 1-v;? 1-vg?
= (1-v; )+ (1-vs7) _
Er Ej Es

where, Ei, vi and Es, vs are the elastic modulus and poisson ratio of the indenter and sample
material respectively. For a diamond indenter probe, E; is 1140 GPa and vi is 0.07 [31]. The
reduced elastic modulus takes into account the fact that elastic displacement occurs in both the
thin film specimen and indenter. Reduced elastic modulus attributed by thin film only. The

hardness of the thin film coating can be affected by the substrate also. Therefore, to avoid the
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substrate influence the penetration depth should be limited to 1/10 of the total film thickness [32-
36]. Thus, the film deformed by the indenter tip up to an elastic limit, as a result the indentation

data measured the thin film properties with accuracy.

42



Chapter 2 Synthesis and Characterization Techniques

2.5 References
[1] West A. R., “Solid state chemistry”, John willey & Sons, Singapore (2003).
[2] Chopra K. L., “Thin film phenomena”, New York: McGraw-Hill (1969).

[3] Sharma G. N., Dutta S., Pandey A., Singh S. K., Chatterjee R., “Influence of nickel doping
on structural, morphological and mechanical properties of BiFeOs thin films”, Mater. Chem.
Phys., 216, 47-50 (2018).

[4] Tyagi S., Baskey H. B., Agarwala R. C., Agarwala V., Shami T. C., “Synthesis and
characterization of microwave absorbing SrFe12010/ZnFe,O4 nanocomposite”, Trans. Ind.
Inst. Met., 64(6), 607-614 (2011).

[5] Tyagi S., Baskey H. B., Agarwala R. C., Agarwala V., Shami T. C., “Development of
hard/soft ferrite nanocomposite for enhanced microwave absorption”, Ceram. Int., 37(7),
2631-41 (2011).

[6] Kaiser N., “Review of the fundamentals of thin-film growth”, Appl. Opt., 41, 3053 (2002).
[7] Ohring M., “Materials science of thin films”, Academic Press, New York (2006).

[8] Sahadevan A., Kalitsov A., Bhatia C. S., Velev J., Yang H., “Electric-field-induced
magnetization changes in Co/Al>203 granular multilayers”, Phys. Rev. B, 87, 014425 (2013).

[9] Lee W.C., Wang H. L., Wong M. S., “Phase transformation and structures of pure and carbon
containing titania thin films annealed in air and in hydrogen”, Thin Solid Films, 528, 2-9
(2013).

[10] Peng C. J., Krupanidhi S. B., “Structures and electrical properties of barium strontium
titanate thin films grown by multi-ion-beam reactive sputtering technique”, J. Mater. Res.,
10, 708 (1995).

[11] Anders A., Brown J., “A plasma lens for magnetron sputtering”, IEEE T. Plasma Sci., 39,
2528 (2011).

[12] Shen S. J., Yang T. S., Wong M. S., “Co-sputtered boron-doped titanium dioxide films as
photocatalysts”, Surf.-Coat. Technol., 303, 184-190 (2016).

[13] Wibowo E., Kwok C. Y., “Fabrication and characterization of sputtered NiTi shape memory
thin films”, J. Micromech. Microeng. 16, 101 (2006).

[14] Yang Y. P, Wong M. S., “Structural and mechanical properties of annealed thin films of
pure and carbon doped titania”, Surf. Coat. Technol., 259, 129-35 (2014).

[15] Singh S. K., “Structural and electrical properties of Sm-substituted BiFeOs thin films
prepared by chemical solution deposition”, Thin Solid Films, 527, 126-132 (2013).

43



Chapter 2 Synthesis and Characterization Techniques

[16] Sharma G. N., Dutta S., Pandey A., Singh S. K., Chatterjee R., “Microstructure and
improved electrical properties of Ti-substituted BiFeOzs thin films”, Mater. Res. Bull., 95,
223-228 (2017).

[17] Jood P., Mehta R. J., Zhang Y., Peleckis G., Wang X., Siegel R. W., Tasciuc T. B., Dou S.
X., Ramanath G., “Al-doped zinc oxide nanocomposites with enhanced thermoelectric
properties”, Nano Letters, 11(10), 4337-4342 (2011).

[18] Agrawal S., Raghuveer M. S., Kroger R., Ramanath G., “Electrical current-induced
structural changes and chemical functionalization of carbon nanotubes”, J. Appl. Phys.
100(9), 094314 (2006).

[19] Cullity B. D., “Elements of X-ray diffraction”, 2" Ed., Addison-Wesley Publishing
Company (1978).

[20] Tarrant R., “The scanning electron microscope”, Experiment 31, (2009-2011).
[21] https://en.wikipedia.org/wiki/Atomic_force _microscopy.

[22] Smith E., Dent G., “Modern raman spectroscopy—A Practical Approach”, (2005).
[23] https:/len.wikipedia.org/wiki/X-ray photoelectron_spectroscopy.

[24] https://lwww.imperial.ac.uk/media/imperial-college/research-centes-and-groups/centre-
for-bio-inspired-technology/7290999.PDF.

[25] Rajesh S., Sethy N. K., Bhargava K., llavazhagan G., Singh S. K., Karunakaran C.,
“Electrochemical sensor for simultaneous measurement of nitrite and superoxide anion
radical using superoxide dismutase-mimetic manganese(lll) tetrakis(1-methyl-4-
pyridyl)porphyrin on polypyrrole matrix”, Sens. Lett., 9(5), 1682-1688 (2011).

[26] Castro L. T., Sepulveda M. A. A., Katiyar R. S., Manivannan A., “Electrochemical
investigations on the effect of Mg-substitution in Li-MnOs cathode”, J. Electrochem. Soc.,
164(7), A1464 - A73 (2017).

[27] Sundarajan, T., Rajeswari, S., Subbaiyan M., Mudali U. K., Nair K. G. M,
“Electrochemical studies on nitrogen ion implanted TisAlsV alloy”, Anti-Corros Method
M., 45, 162 (1998).

[28] Shaw G. A., Stone D. S., Johnson A. D., Ellis A. B., Crone W. C., “Shape memory effect in
nanoindentation of nickel—titanium thin films”, Appl. Phys. Lett., 83, 257 (2003).

[29] Nano test manual version P3, Micro Materials, Wrexham UK, September (2010).

[30] Oliver W. C., Pharr G. M., “An improved technique for determining hardness and elastic
modulus using load and displacement sensing indentation experiments”, J. Mater. Res., 7,
1564 (1992).

44


https://en.wikipedia.org/wiki/Atomic_force_microscopy
https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
https://www.imperial.ac.uk/media/imperial-college/research-centes-and-groups/centre-for-bio-inspired-technology/7290999.PDF
https://www.imperial.ac.uk/media/imperial-college/research-centes-and-groups/centre-for-bio-inspired-technology/7290999.PDF

Chapter 2 Synthesis and Characterization Techniques

[31] Dhara S., Das C. R., Hsu H. C., Raj B., Bhaduri A. K., Chen L. C., Chen K. H., Albert S.
K., Ray A., “Recrystallization of epitaxial GaN under indentation”, Appl. Phys. Lett., 92,
143114 (2008).

[32] Oliver G. M., Pharr W. C., “Measurement of hardness and elastic modulus by instrumented
indentation: Advances in understanding and refinements to methodology”, J. Mater. Res.,
19, 3 (2004).

[33] Seshadri I., Esquenazi G. L., Tasciuc T. B., Keblinski P., Ramanath G., “Softening in silver-
nanowire-filled polydimethylsiloxane nanocomposites”, Appl. Phys. Lett., 105(1), 013110
(2014).

[34] Bhardwaj V, Kumar A., Chowdhury R., Jayaganthan R., “Nanoindentation and nanoscratch
behavior of ZnO: Pr thin films deposited by DC sputtering”, J. Mater. Res., 33(17), 2533-
2544 (2018).

[35] Kumar N., Jayaganthan R., Brokmeier H. G., “Effect of deformation temperature on
precipitation, microstructural evolution, mechanical and corrosion behavior of 6082 Al
alloy”, Trans. Nonfer. Met. Soc. China, 27(3), 475-492 (2017).

[36] Battu A. K., Ramana C. V., “Mechanical Properties of Nanocrystalline and Amorphous
Gallium Oxide Thin Films”, Adv. Eng. Mater., 1(0), 1701033 (2018).

45



Chapter 3

Growth and Characterization of
AIN and WN Thin Films




CHAPTER 3

GROWTH AND CHARECTERIZATION OF AIN AND WN THIN FILMS
3.1 Bipolar resistive switching behavior in Cu/AIN/Pt structure for

ReRAM application
3.1.1 Introduction
3.1.2 Experimental details
3.1.3 Results and discussion
3.1.4  Conclusions

3.2 Effect of top electrode material on resistive switching properties of WN

based thin films for non-volatile memory application
3.2.1 Introduction
3.2.2 Experimental details
3.2.3 Results and discussion

3.2.4 Conclusions

3.3 References



Chapter 3 Growth and Characterization of AIN and WN Thin Films

3.1 Bipolar resistive switching behaviour in Cu/AIN/Pt structure for

ReRAM application

3.1.1 Introduction

The conventional non-volatile memory storage technologies such as ferroelectric
random access memory (FeERAM) and flash memory, are based on Si charge storage. In current
digital era to achieve greater data storage, present memory technologies are required to be
further scaled down. This requirement is facing a significant challenge due to technical and
physical limitations, which also support by the well-known quote of Richard Feynman, “There
is not plenty of room at the bottom anymore”. A resistive random access memory (ReRAM)
with a Metal-Insulator-Metal (MIM) structure could be pledged as next generation non-volatile
memory. The MIM structure based ReRAMs reflect the advantages of excellent endurance, fast
speed, low power consumption, compatibility with Complimentary Metal-Oxide-
Semiconductor (CMOS) technology and back-end of line (BEOL) compatibility including
down scalability [1, 2]. In MIM structure, the resistive switching (RS) behavior results from the
periodic change in resistance between high resistance state (HRS) and low resistance state
(LRS) on applying a voltage sequence across metal electrodes.

RS behavior has been reported in numerous materials including solid electrolytes,
perovskites, metal nitrides and carbon-iron composite [3-5]. Recently, nitride thin films such as
AIN, NiN and SisNs have been strong candidates for resistive switching application, having
emphasized on their low voltage/current operation including full compatibility with CMOS
technology [6-7]. Nitride thin films bestow additional properties such as high hardness,
excellent thermal conductance and high dielectric constant as compared to other conventional
material [8]. Among many nitrides, AIN possesses wide band gap (6.2 eV), very high thermal
conductivity (180 Wm?K™), good electrical insulating properties (p=10° - 10** Q-m) and high
dielectric constant (12.4), could result in excellent switching performance of AIN thin film. In
general, AIN thin films can be deposited by various deposition techniques such as atomic layer
deposition, cathodic arc evaporation and magnetron sputtering. Due to having precise thickness
control, lower deposition temperature and large area uniformity, the magnetron sputtering have
been established as a remarkable deposition technique for thin film fabrication. The sputtering
technique provides good step coverage, hence the interfaces of the layers in MIM structure are
of good quality. Therefore, the study of AIN thin film fabricated using sputtering technique
would be of great interest for ReRAM application [6].
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In this work, we report the reproducible bipolar RS behavior of sputtered deposited AIN
thin film sandwiched between Cu & Pt electrodes and discussed the possible physical
mechanism of the observed bipolar RS behavior. The high HRS/LRS ratio, endurance and
retention are also investigated in order to propose AIN thin film for reliable non-volatile
ReRAM application.

3.1.2 Experimental details

In this study, the AIN thin film was deposited on Pt/Ti/SiO/Si substrate using DC
reactive magnetron sputtering (Excel Instruments, India) at the temperature of 400 °C. At lower
temperature, the film was found to be amorphous while higher temperature results as
polycrystalline AIN thin film. For electrical measurement, the Cu top electrodes (TE) with
diameter of 300 um were also deposited by sputtering at room temperature with a shadow
mask. Prior to deposition, the sputtering chamber was evacuated using a turbo molecular pump
attached with a rotary pump to achieve a high vacuum of the order of 107 Torr. This order of
high vacuum inside the sputtering chamber assured the thin film growth with minimum
contamination. For the deposition of AIN thin film and Cu TE, 99.99 % pure Al and Cu targets
were sputtered in (Ar+N2) and Ar atmosphere respectively at the deposition pressure of 5 m
Torr. The gas ratio (Ar:N2) during AIN thin film deposition was kept 1:1. Here, nitrogen gas
flow plays a crucial role during AIN thin film deposition. It was found that the crystallinity and
orientation of the film are strongly depend upon nitrogen flow amount. The target power was
set to 80 Watt for both AIN thin film and Cu TE deposition.

The orientation and crystallinity of the sputtered AIN thin film were studied using X-ray
diffractometer (XRD) (Bruker AXS, D8 advanced model) with CuKq (1.54 f\) radiation in 6-20
range. Thickness of AIN film was measured using field emission scanning electron microscopy
(FE-SEM) FEI Quanta 200F and it found to be ~70 nm. The RS behaviour of Cu/AIN/Pt
structure was examined by performing a direct current-voltage (I-VV) measurement in a double

sweep using Keithley 4200 semiconductor characterization system (SCS).
3.1.3 Results and discussion

Fig. 3.1 shows the XRD pattern, that exhibits the presence of a dominant wurtzite c-axis

(002) reflection along with (101) and (102) of AIN. Additional XRD peak is related to Pt with

(111) orientation. The insets (1) and (Il) of Fig. 3.1 show the schematic for electrical

measurement and cross sectional FE-SEM image of the AIN/Pt/Ti/SiO2/Si, respectively. Inset

(11) of Fig. 3.1 indicates that the upper most layer (AIN) is dense, uniform and having a good
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quality interface along with columnar structure. Cheng et al. recommended that columnar
structure with grain boundaries are favourable to develop a conducting path which is essential
for RS behaviour [9].
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Figure 3.1. X-ray diffraction pattern of AIN film. The insets (I) and (II) show the
schematic and cross section of the Cu/AIN/Pt structure.

In order to investigate the RS properties in Cu/AIN/Pt structure, a current-voltage (1-V)
measurement was performed. The Cu/AIN/Pt cell exhibits excellent bipolar RS behaviour
accordingto 0 V—> + 4 V— 0 V— - 4 V— 0 V DC sweeping sequence. A typical switching
cycle is also indicated by arrows in Fig. 3.2. For the I-V characteristics, the voltage is applied
to the Cu TE while Pt bottom electrode (BE) was connected to ground. Before applying the
positive voltage, the fresh Cu/AIN/Pt cell was found in OFF state or high resistance state
(HRS). As a positive voltage (Step A) was applied to the Cu TE, the Cu/AIN/Pt memory cell
shows a linear increase in current on log-linear scale. At + 5.8 V (forming voltage), an
electroforming process takes place, as a result the current is abruptly increased and the memory
cell switches from HRS to LRS as depicted in the inset of Fig. 3.2. Subsequent to
electroforming process, due to formation of conducting paths the observed SET voltage Vser is
found to be + 2.4 V (Step B). At + 2.4 V, the memory cell switches to LRS from HRS. A
compliance current (Ic) of 10 mA was fixed to prevent the device from breakdown during SET
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process while no Ic was given for RESET process. Higher than 10 mA I. causes significant
leakage current and the memory cell may alters to LRS permanently. As the negative voltage
sweep (0V— - 4 V) applied to memory cell, a gradual decrease in the current was observed at -
1.7 V (RESET voltage Vreser). It implies that the memory cell switches back to HRS (OFF
state) from LRS (ON state) at -1.7 V.
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Figure 3.2. Bipolar current-voltage curves of Cu/AIN/Pt memory cell on semi log
scale and the inset shows irreversible forming process.

To explore the conduction and bipolar resistive switching mechanism in Cu/AIN/Pt
memory cell, we re-plot the 1-V curve in double logarithm scale. Fig. 3.3 (a) and (b) show, the
logarithmic plot and linear fitting, for both HRS and LRS in positive voltage region
respectively. The log (1) - log (V) plot for HRS exhibits considerable deviation from linearity
(non ohmic) at high voltage region (V < Vser), while it is ohmic at low voltage (V << VseT).
On the basis of the slope, charge transport behaviour in HRS can be divided into four parts as
shown in Fig. 3.3 (a), first ohmic region (I « V) in low voltage regime (~ 0.15) with slope
0.99, which follows the equation: J= gnopV/L, where g is charge and no is the density of free
electron which are thermally generated. In the middle of HRS curve, in high voltage regime
(0.15 - 0.78) the measured slope is 1.92 (I oc \VV?), this current transport mechanism is governed

according to Mott-Gurney law (J = 9/8euV?/L® where ¢ is the permittivity of free space).
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Subsequent to this, the current is steeply increased with the voltage (1 < V3) in voltage regime
(0.78 - 1.9) with the slope 3.4. After the steeply increased current region, the conduction

transport mechanism again follows the Mott-Gurney law (I o«c V?) in the voltage regime (1.9 -
2.6).
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Figure 3.3 (a)-(b) The I-V curves on double logarithmic scale and the fitting corresponding
slopes for HRS and LRS respectively.

This pattern of current conduction can be elucidating by classical space charge limited
conduction (SCLC) which also covers above mentioned four current conduction regions [6,
10]. Apart from the SCLC, the conduction mechanism in HRS can also be illustrated by a weak
filamentary model which possess two main regions. In first region, the weak filamentary
channels (lsilament) and in second region the current in bulk (Ii) are responsible for current
conduction. lilament dominates only when the measurement is carried out at temperature below
250 K while our measurement was performed at room temperature. Thus the current is flowing
by only I;, hence SCLC governs the current conduction in HRS. Fig. 3.3 (b) shows the slope of
log(l) - log(V) curve for LRS is 0.98 which is near to 1 i.e. (I < V). This (I o« V) dependency

indicates that the current conduction mechanism in LRS is dominated by Ohmic law.

The relation between compliance current Ic and maximum current in RESET process
(IreseT) of SET-RESET cycle for 5 iteration in Cu/AIN/Pt memory cell are plotted in Fig. 3.4.

From the data given in Fig. 3.4, it can be seen that Ireser increases as I¢ increases i.e. Ireset IS
proportional to ..
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Figure 3.4 Ireser as a function of compliance current Ic for 5 SET-RESET test cycle of
Cu/AIN/Pt memory cell.

Therefore, the IreseT can restrict for a desired magnitude by varying the Ic and it is
promising to lower down the power consumption by just lowering the lc. Optimization of I is
frequently used to improve the endurance and depress the power consumption, which is

necessary for better performance in future advances.

To examine the mechanisms of the RS behaviour, a localized conductive filamentary
(CFs) model has been widely accepted. As the positive voltage is applied on Cu TE which is an
electrochemical active metal, oxidation in Cu take place and as a result Cu ions are generated.
These Cu ions approaches towards Pt BE via grain boundary or crystal defects presented in

AIN thin film. The oxidation event can be depicted by chemical reaction as written below,
Cu «—— Cu""+ ne” (n=1,2).

As the sufficient Cu ions reach at Pt BE and here Cu ions become Cu atoms which form
a filament type conducting path that interconnects the TE and BE as shown in Fig. 3.5.
Therefore, the memory cell changes its resistance state from HRS to LRS [11]. However, as the
voltage polarity on Cu TE reverses, an electrochemical dissolution near the Cu filament occurs.
Thus, the conducting filament is ruptured from its weakest part and the memory cell switches
back to HRS. It was noticed that a high voltage needed for a fresh Cu/AIN/Pt device due to
defect free AIN layer. After completing electroforming and RESET process, many ruptured Cu
filaments are presented in the AIN film. Therefore, most of the time SET voltage found lower

then forming voltage which is also shown in the inset of Fig. 3.2.
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Figure 3.5. Schematic diagram for switching mechanism of Cu/AIN/Pt memory cell. The
SET process indicates the formation of Cu conductive filament whereas the RESET
process indicates the rapture of conductive filament.

Initially the conducting filament is small but it becomes larger with increasing current
and lc. Fig. 3.4 also shows that the Ireser follow I¢, thus the larger conducting filament favours
to the large Ireser Which rupture the filament. Apart from formation of conductive metallic
filament, the electron migration in nitride related vacancies in AIN layer may also responsible
for resistive switching behaviour [12].

To examine the reliability of Cu/AIN/Pt structure for resistive memory application, the
endurance and retention properties are further investigated using a + 4V, 100 ns pulse for SET
condition (LRS) and - 4V, 100 ns pulse for the RESET condition (HRS) at 85 C. The LRS and

HRS states were measured at read voltage of 0.1 V repetitively as shown in Fig. 3.6 (a) and (b).
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Figure 3.6. The SET process indicates the formation of Cu conductive filament whereas
the RESET process indicates the rapture of conductive filament. (b) and (c) Endurance
performance and retention of the Cu/AIN/Pt memory cell respectively.
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The resistance in HRS and LRS in Cu/AIN/Pt configuration exhibits little bit
degradation after 10000 cycles, it indicates that memory window stable upto 10* cycles as
shown in Fig. 3.6 (a). This stability strongly suggest that the resistive switching in our
Cu/AIN/Pt configuration is reliable, reproducible and no need of additional electrical power to
sustain the resistance in a determined state. The resistance ratio between HRS and LRS was
found close to 10*. From the retention property which is plotted in Fig. 3.6 (b), it was observed
that there is no significant deviation in resistances for 10* s of experiment. Thus, it is

recommended that the data stored in Cu/AIN/Pt memory cell saved extended to 10%s.
3.1.4 Conclusions

In summary, the sputtered AIN thin film was used to construct Cu/AIN/Pt memory cells
to study the bipolar resistive switching properties. Formation/disruption of conducting filament
is confirmed as the main cause for exhibiting the resistive switching properties. Trap controlled
space charged limited current (SCLC) and ohmic behaviour are dominated conduction
mechanisms at HRS and LRS respectively. The resistance ratio of HRS/LRS (~ 10%), excellent
write/erase endurance (10%) and non-volatile long retention (10*s) are also measured. This
study proposed that the Cu/AIN/Pt configuration could be a considerable candidate for next

generation non-volatile ReRAM application.
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3.2 Effect of top electrode material on resistive switching properties of

WN based thin films for non-volatile memory application

3.2.1 Introduction

In recent time, the conventional Si charge storage based semiconductor memory device
technology needed to be shrunk down to accomplish huge data storage for reliable performance
[13-15]. This requirement is facing many obstacles due to the physical and technical restriction
during fabrication of memory devices. Currently, bipolar resistive switching (BRS) behaviour
in Metal-Insulator-Metal (MIM) structure attracts a great deal of attention to serve as a next
generation non-volatile Resistive Random Access Memory (ReRAM) [1, 16-17]. The
resistance states in insulating layer of MIM structure are -achieved due to the
formation/disruption of conducting filament and/or ion migration on application of a voltage
between both top and bottom metal electrodes [18-20]. The MIM structure based ReRAMSs
possesses the advantage of high speed performance, low power consumption, easier scaling
down and full complimentary metal-oxide-semiconductor (CMOS) compatibility [1, 21-22].
These ReRAM s can be divided into two groups i.e. cation based (metal cation) and anion based
(oxygen or nitrogen anions) [16]. Cation based ReRAMs wusually consist of an
electrochemically active top electrode (such as Cu, Ag, etc.) [23, 24], while the bottom
electrode is made of electrochemically inert metal (e.g. Pt, Au etc.) [25, 26]. The selection of
both top and bottom electrode material also plays a significant role on resistive switching
performance due to their chemical reactivity and work function [27-29]. Excluded to the binary
(two levels) resistance switching, the multilevel resistive switching could provide improved
data storage density and low cost per bit, hence effective memory circuits can be obtained by

adjusting the creation and annihilation of conductive filaments [3-4].

There are several thin films of perovskites, solid.electrolytes, binary transition metal
oxides and ferromagnetic materials in which resistive switching (RS) behaviour has been
reported [26-27]. However, large RESET current, slow RESET time and enormous variation in
resistance between different states are still challenges for the researchers [12]. Recently, thin
films of aluminium nitride (AIN), nickel nitride (NiN), silicon nitride (SisN4) and tungsten
nitride (WN) material are greatly used as active switching layer due to possessing a wide
spectrum of advantages such as fast speed, long retention, low voltage operation, high hardness

and excellent thermal conductance [10, 30-31].
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In order to improve the complementary-metal-oxide-semiconductor (CMOQOS)
compatible integration under backend-of-line (BEOL) process, transition metal nitrides such as
TiN, WN and TaN, have been investigated as resistive switching layer and electrode materials
[32-34]. WN has attracted a great interest as it reflects excellent characteristics like good
chemical inertness, high thermal stability and superior diffusion barrier properties along with
high CMOS BEOL compatibility [35-37]. To date, the related studies on resistive switching of
WN thin film are very rare [31]. Here we fabricate TE (Ti, Al and Cu)/WN/Pt structure and
proposed a more convenient and strong way to improve the resistive switching performance of

WN thin film by electrode engineering.
3.2.2 Experimental details

The tungsten nitride (WN) thin films were fabricated on Pt/Ti/SiO2/Si substrate using
DC reactive magnetron sputtering at 200 °C. For WN thin film deposition, argon (Ar) and
nitrogen (N2) gases were used as sputtering gas and reactive gas respectively with 1:1 ratio.
Prior to sputtered deposition, the Pt/Ti/SiO2/Si substrates were thoroughly cleaned using boiled
acetone. To attain the essential MIM structure for electrical measurement, top electrodes (TE)
of (Ti, Al and Cu) with a diameter of 100 um were deposited on WN thin film by shadow mask
sputtering of respective targets at room temperature. The DC sputtering power for deposition of
the WN thin film was set to 60 watt, while 40 watt power was kept for deposition of all three
TE. The sputtering chamber was evacuated to 2 x 10 Torr base pressure and the deposition
pressure was maintained to 10 m Torr for all sputtering depositions.

The crystallographic orientation and phase formation of the WN thin films were
inspected using Bruker advanced diffractometer (D8) CuK, (1.54 A) with 0-20 geometry. Cross
sectional FE-SEM (FEI Quanta 200F) was used to measure the thickness of WN thin film and
to ensure about the interfaces of MIM structure. To investigate the resistive switching
properties, the electrical characterizations of (Ti, Al and Cu)/WN/Pt memory cells were carried
out using the Keithley 4200 SCS (semiconductor characterization system). During the
measurements in voltage sweeping and pulse programming/erasing modes, the DC voltage
polarity was set to positive for TE and the bottom electrode (BE) was connected to ground. In
order to protect the structure from permanent breakdown, a compliance current of 10 mA was

also applied during the I-V measurements.
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3.2.3 Results and discussion

The XRD pattern of deposited WN thin film on Pt/Ti/SiO2/Si substrate is depicted in
Fig. 3.7. The single (111) orientation of W>N phase is observed, which is closed packed face

centred cubic (FCC) with the minimum surface energy [32].
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Figure 3.7. XRD pattern of WN thin film on Pt coated Si substrate. The inset shows the
cross-sectional FE-SEM image of WN/Pt/Ti/SiO>/Si stack configuration.

Inset of Fig. 3.7 displays the cross sectional FE-SEM image of typical
WN/PUTIi/SiO/Si stack configuration, which reveals that the thickness of WN thin film is

approximately 65 nm.

Initially, the nature of all three pristine (Ti, Al and Cu)/WN/Pt memory cells was found
insulating. To switch the memory cell into low resistance states (LRS) from high resistance
state (HRS) an electroforming process is mostly required. This forming process was carried out
by applying a positive voltage on the top electrode of memory cells and it was found to be
almost similar for all TE (Ti, Al and Cu)/WN/Pt memory cells. Fig. 3.8 shows the
characteristic reproducible current-voltage (I-V) curves in a semi-log scale for all the three (Ti,
Al and Cu)/WN/Pt configurations. A DC voltage sequence 0 V—>+25V -0V —»-25V —
0 V was swept on the TE with 10 mA compliance current while the BE was always connected

to ground for all memory cells.
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Figure 3.8. Typical |-V characteristics of (Ti, Al and Cu)/WN/Pt/Ti/SiO2/Si memory cells
in a semi-log scale. The inset shows the schematics diagram of (Ti, Al and
Cu)/WN/PU/Ti/SiO2/Si memory cells.
As the positive bias swept from 0 to a critical value of about 1.1 V (the circle marked in
Fig. 3.8), the current is abruptly increased and as a result the memory cells were switched to
LRS from HRS. The transition of memory cell from HRS to LRS is called “SET” process. The
LRS was continued in applied voltage regime from + 2.5 V to 0 V. When the voltage was
sweeping from 0 V to - 2.5 V, a “RESET” process takes place and the current was dramatically
decreased as indicated in circle. Then, the HRS was maintained for voltage sweep from -2.5 V

to 0 V. These results confirm the presence of bipolar resistive switching.

(Ti and AI)/WN/Pt memory cells show more or less similar resistive switching
behaviour. The SET voltages (Vset) for Ti and Al TE were observed at 1.14 V and 1.28 V,
respectively. RESET voltages (Vreser) Were observed at - 1.6 V and - 2.1 V. The current
levels of LRS and HRS were 102 and 10* A respectively for both Ti and Al TE, thus the
resistance ratio between HRS and LRS is found to be 102. Moreover, despite of two resistance
states for Ti and Al TE, three distinguishable resistance states are achieved with the Cu TE, as
depicted in Fig. 3.8. These three (multilevel) resistance states are noted as low resistive state
(LRS), middle resistive state (MRS) and high resistive state (HRS) with current levels of

approximately 102, 102 and 10* A, respectively. The resistance ratio value between MRS:

59



Chapter 3

Growth and Characterization of AIN and WN Thin Films

LRS and HRS: MRS is measured to be 10, therefore the resistance levels can be identified

individually.

In order to examine the reliability of the WN thin films with different TE for resistive

switching memory application, the endurance and retention properties were investigated at 85°

C. A+ 2.5V 100 ns pulse and - 2.5 V 100 ns pulse with a read voltage of 0.1 VV were used for
SET condition (LRS) and RESET condition (HRS) respectively for Ti and Al TE as shown in
Fig. 3.9 (a). Further, the additional pulses of +1.3 V 100 ns and -1.3 V 100 ns were given to
read the MRS of the memory cell with Cu TE as shown in Fig. 3.9 (b). The resistance in HRS,

MRS and LRS little bit degrade after 10° cycles, which implies that the memory window is
stable up to 10° cycles as shown in Fig. 3.9 (a)-(b).
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Figure 3.9 (a)-(b) Endurance characteristics of (Ti and AI)/WN/Pt and Cu/WN/Pt
memory cells respectively at read voltage of 0.1 V. (c)-(d) Retention characteristics of (Ti
and Al)/WN/Pt and Cu/WN/Pt memory cells respectively at read voltage of 0.1 V.
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In addition, Fig. 3.9 (c)-(d) show the retention characteristic for each resistive level for
Ti, Al, and Cu TE respectively. From the measured data of Fig. 3.9 (c)-(d), it is clear that non-
volatile retention is maintained up to 10° sec for LRS and HRS with Ti and Al TE and LRS,
MRS and HRS for the Cu/WN/Pt memory cell, with some small degradation in the end. Thus,

it demonstrates the potential of Cu/WN/Pt configuration for multilevel non-volatile ReRAM
application.

In order to explore the switching-and conduction mechanism in (Ti, Al and Cu)/WN/Pt
memory cells, the I-V curves have been re-plotted on double-logarithmic scale and reveal the

analogy with power law relation (lec\V). The linear fitting results of the positive voltage region

are shown in Fig. 3.10.
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Figure 3.10. The I-V plots and their respective slopes for the LRS, MRS and HRS on
double log scale.

In LRS region, the slope for all three (Ti, Al and Cu)/WN/Pt memory cells are
measured as 1.09, 0.95 and 0.97 respectively, which are close to 1. Thus, the current
conduction mechanism in memory cells during LRS is dominated according to Ohmic law
(1ccVY) by virtue of the formation of conducting filaments. However, the HRS consists of at

least three voltage regions, which endorse that the current conduction mechanism is much more
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complex in OFF state. First is Ohmic region at low voltage (V=0 V to 0.1 V), as the measured
slops are 1.03, 0.95 and 1.09 for Ti, Al and Cu TE respectively, which are close to 1. Thus, the
current conduction at low voltage follows the equation J=gnopV/L, where q is charge and no is
the thermally generated free electrons. Thereafter, at voltage regime 0.1 V to 0.6 V, the current
follows the square dependence (l<V2) with voltage, that corresponds to Mott-Gurney law
(J=9/8suV?/L3, where ¢ is the permittivity of free space). In last, the current in HRS is steeply
increase with the voltage for all memory cells at higher voltage range (0.6 V to Vser). This kind
of charge transport behaviour is accompanied with the trap-controlled space charge limited
conduction (SCLC) mechanism in which the current conduction also follows Ohm law (lecV?),

Mott-Gurney law and steep increase region [38].

The RS behaviour can be elucidated by a conductive filamentary model. In accordance
with most of the previous reports, the conduction filament in nitride based thin films is formed
by means of electron hopping process in nitride-related electron traps (vacancies) [12, 30].
Thus, the generation and recombination of nitrogen vacancies are accountable for the
formation/disruption of the conductive filament (ionic filament). As the positive voltage is
applied on TE, the nitrogen vacancies are created in active switching layer due to the removal
of nitrogen from lattice, which can be write with the following relation,

WN <«— W™ 4 N (n=1,2).

Subsequently, as spacious positive voltage was employed on TE, the negatively charged
N™ jons drifted towards TE, since W™ ions moves towards BE. These drifted N™ ions leave
behind nitride-related traps in the active switching layer and get accumulate near the TE
interface. As most of these traps are filled inwardly due to electron trapping which is also
known as trap-to-trap hopping phenomena, a conduction path is fomed and SET condition
occurs. For RESET condition, as negative voltage was applied onto TE, nitrogen ions wander
back to the switching layer and recombine with their nitride related traps which disrupt the
conducting filament. Therefore, the switching mechanism in binary states for Al and Ti top
electrodes can be explained due to formation and disruption of ionic filaments as shown in Fig.
3.11 (a)-(b).

Apart from this, some reports aslo recommonded that if the TE material is an
electrochemically active material such as Cu and Ag then, on applying a positive voltage, a

redox reaction takes palce and the metal ions are generated like following equation,
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M «—> M"* + ne” (M = Cuor Ag).

Thereafter, these M™ metal ions migrate towards BE via grain boundries or crystal
defects which always present in crystal lattice of thin film and turns into metal atoms by
accepting electron at BE surface. As adequate metal atoms are accumulated over the BE
surface, they form a metallic filament which interconnects the TE and BE, thus the memory
cell switches to LRS from HRS. As the voltage polarity reverses, the metal filament disrupt
from its weakest part due to elecrochemical dissolution and the memory cell comes back into
HRS from the LRS [6].
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Figure 3.11. (a)-(b) Schematic of both the formation and the rupture process of ionic
conducting filament within (Ti and Al)/WN/Pt memory cells. (c)-(f) formation and the
rupture process of ionic and metallic conducting filament in Cu/WN/Pt memory cells.

In multilevel (three levels) resistive switching with Cu TE, two SET processes (MRS
and LRS) appears, as can be seen in Fig. 3.8. The resitance of these three levels correspond to
HRS, MRS and LRS were measured at 0.1 V read voltage and considered as Rurs (2.85 KQ),
Rset1(138 Q) and Rset2 (25 Q).
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In order to understand this multilevel switching mechanism in memory cells with Cu
TE, temperature vs resistance experiments were performed after the SET 1 (Vser1=1.1V) and
SET 2 (VseT2 = 1.4 V), as shown in Fig. 3.12.
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Figure 3.12. Rser1and Rser2 as a function of temperature.

The curves of resistance as a function of the temperateure in 250 K - 450 K range,
demonstrating that Rser 1 is decreasing and Rser 2 is increasing with the incresing tempreture.
The decrease in Rser1 implies the formation of ionic filament after SET 1 process. The linear
dependency of Rser2 on increasing tempreture is due to the formation of Cu metallic filament
after the SET 2 process [23]. On comparison with ionic filament switching, the SET/RESET
voltage for metellic filament are found to be at higher voltage due to the fact that the oxidation
of Cu starts at higher voltage compared to the start of electron hopping process in nitride-
related traps. In RESET process, the local joule heating disrupts this metallic filament from its
weakest part, which has non polar nature. The mechenism process related to multilevel
switching behavior in Cu/\WN/Pt memory cell is depicted in Fig. 3.11 (c), (d), (e) and (f).

3.2.4 Conclusions

In summary, we have fabricated TE (Ti, Al and Cu)/WN/Pt stack configurations using
sputtering technique for non-volatile resistive random access memory (ReRAM) application.
The binary resistance state switching is achieved with Ti and Al TE as a result of
formation/disruption of the ionic filament. Apart from the ionic filament, the introduction of
additional metallic filament with Cu TE is confirmed as the main cause of multiresistance states

in Cu/WN/Pt structure. The dominant conduction mechanism for all the memory cell is SCLC
64



Chapter 3 Growth and Characterization of AIN and WN Thin Films

for HRS and MRS, while ohmic conduction governs the LRS. All three memory sturctures
exhibit low operation voltage, good write/erase endurance and long non-volatile retention
properties. It is recommonded that the electode engineering is a good approach to construct

multilevel resistive random access memory devices for future memory application.
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4.1 Introduction

Nowadays, hydrogen (H2) gas has become a clean, renewable and potential
environmental friendly zero emission carrier that can replace carbon based fossil fuels, which
reduces global warming and air pollution [1, 2]. Hydrogen gas has extensive applications in food
products, space transportation, fuel cells and industrial chemicals. Moreover, the water (H20) is
the combustion by-product of the hydrogen and it decomposes again into hydrogen and oxygen.
It is well reported that H> has very low ignition energy (0.02 mJ) and forms an explosive mixture
with air (under ambient condition) when its concentration exceeds beyond 4% by volume [3]. It
cannot be detected by human senses due to its colorless, tasteless and odorless nature [4]. Hence,
the monitoring of H. leakage is an essential issue in futuristic fuel cells and industries for safety

purpose.

The research and development on the hydrogen concentration measurement are going
on since early eighties.Over past decades, a large number of materials and structures have been
investigated to be employed as hydrogen sensing application. In order to reduce the electric
power consumption, the fabrication of highly selective and sensitive hydrogen gas sensor
operated at room temperature is today’s necessities. Although, many researchers have reported
H2 gas sensors which are able to operate even at room temperature (RT). Among several kinds
of gas sensors, chemiresistive gas sensors based on change in electrical resistance of material
with exciting diffusion and adsorption of analyte gas molecules on surface of material are in huge
demand [5-7]. Chemiresistive gas sensors have advantages of low cost, high sensitivity, good
selectivity, eco-friendly and long-term operations etc [8-10]. From the viewpoint of response
time and sensitivity, the porous nanostructures are very promising candidates. Therefore, the
special microstructure can provide a large surface-to-volume ratio which can notably make

possible diffusion and mass transportation of gas molecules in sensing element [11-13].

In this work, we have deposited the Pd/W>N nanoballs (NBs) on metal assisted chemical
etched porous silicon (PSi) substrate using DC reactive magnetron sputtering method. The PSi
substrates basically act as a template to build up numerous nanostructures like nanoballs and
nanocauliflowers etc. We have studied the variation in response under different humid ambient
for Hz gas at RT. This study suggests that the porous silicon template paves a new approach to
fabricate palladium decorated W>N NBs structure as a potential candidate for highly sensitive H»
gas sensing at room RT. The investigations on reproducibility and gas selectivity along with

sensing mechanism were also studied in detail.
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4.2 Experimental details

4.2.1 Materials and chemicals

The functioning sensing material (W2N) was extracted from the reactive sputtering (Excel
Instruments, India) of tungsten (W) target (99.999 % pure) in Argon (A2) and Nitrogen (N2)
atmosphere. Further, the palladium (Pd) target (99.999 % pure) was sputtered in only argon
ambient. The sputtering targets were purchased from Kurt J. Lesker Company UK. The p-type
silicon wafer purchased from Excel instruments, India which was used for making porous silicon
substrate. Argon (Ar), nitrogen (N2) and hydrogen (H2) gas cylinders were bought from Sigma
gases, India.

4.2.2 Sensor fabrication

In order to construct the porous silicon (PSi) substrate, the p-type silicon (100) wafer was
cut into pieces of 1x1 cm? area using diamond cutter. To remove the grease from the substrates,
an ultrasonically cleaning in a mixture of isopropyl alcohol and boiled acetone was done then
followed by the washing with de-ionized (DI) water. A piranha solution that consists of H2O>
(97 %) and H2SO4 (35 %) in 1:3 ratio was prepared to remove the organic stuff and grow an
oxide layer by dipping the substrates in solution for at least 20 minutes. Thereafter, to expel oxide
layer, the oxidized substrates were kept in 1 % aqueous hydrogen fluoride (HF) solution for 5
minutes at room temperature. Furthermore, the substrates were immersed for 30 sec in the
solution which consist of 0.005 M AgNOsand 4.8 M HF, it leaving the homogeneously dispersed
Ag nanoparticles on the substrate surface. The surplus Ag* ions were taking out by rinsing the
substrate in DI water. Thereafter, etchant solutions (0.15 M H202 + 4.8 M HF) were prepared and
preserve Ag nanoparticles decorated substrates into it for one hour at atmospheric and lightless
environment. Dilute HNOs3 solution was used to remove the remnant Ag nanoparticles and then
rinsed several times in DI water. The prepared Si substrates upto this step may have some native
oxide layer, therefore to remove it the substrates were socked in aqueous 4 % HF. In final step,
DI water cleaning is repeated and then uniformly porous silicon substrates were successfully
manufactured with one side (Si top surface) deep black while other side having deep gray colour.

All of the employed steps are illustrated as a schematic in Fig. 4.1.
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Figure 4.1 Schematic representation of fabrication steps for preparation of porous
silicon (PSi) by the metal-assisted chemical etching process.

Subsequently, the tungsten nitride (W2N) thin film was deposited directly on porous silicon
(PSi) and bare silicon substrates using DC reactive magnetron sputtering technique at 100 °C. At
higher deposition temperature, the deposited thin film exhibits low resistance which is not
favourable for gas sensing application. During fabrication of W2N thin films, the DC power on
tungsten target was set to 50 watt. The deposition pressure and time for sputtering process were
maintained to 10 mTorr and 20 minutes respectively. Argon (Ar) and Nitrogen (N2) gases were
used as sputtering and reactive gas respectively with 4:1 ratio. High nitrogen gas flow leads to
insulating film while at very low nitrogen flow the resistance of the film found to be very low.
During sputtering process, the thin film formation takes place onto a substrate after nucleation
and growth of the material species at the nucleation sites. It can be seen that the morphology of
sputtered thin film predominantly depends upon the morphology of substrate used. In case of PSi
substrates, material species comes out from the target and stuff the edges of pores along with
non-etched (silicon pillar) area. Thereafter, the material deposited on silicon pillar restricts the
further stuffing of pores due to self-shadowing effect [14]. Thus, the film growth on silicon pillar
of PSi substrate was found in the form of nanoballs. However, for bigger pore diameter (of the

order of few um) the self-shadowing effect becomes less dominant and filling of the pores
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becomes more, resulting to form a continuous film instead of W>N nanoballs structure. The pore
depth also plays a crucial role on the morphologies of deposited thin films. Moreover, a larger
pore depth can promote a thin film with large porosity and affect the thin film morphology. Thus,
on increasing the pore depth, a coarse grain structure of W2N would be developed instead of

nanoballs like structure [14].

To ensure about the high quality film deposition, the native oxides and other
contaminated species present on the surface of W target were removed by performing a pre
sputtering run for 10 minutes. After that, an ultra-thin (~ 5 nm) film of palladium was also
deposited on the W-N structure surfaces using DC magnetron sputtering at RT. For Pd layer,
deposition time, deposition pressure and deposition power were kept at 5 sec, 10 m Torr and 50

watt respectively.
4.2.3 Characterizations

The phase formation and orientation of the as deposited W2N thin films on PSi substrate
were studied using X-ray diffractometer at a scan rate of 1°min. Crystal structural, surface
morphology, cross section and elemental information of the Pd/W-N/PSi structure were
characterized by Raman spectroscopy (Horiba Jobin Yvon Lab Ram HR 800 UV), field emission
scanning electron microscopy (Carl Zeiss, Ultra plus) and X-ray photoelectron spectroscopy
(Perkin EImer model 1257). In order to perform the in-situ gas sensing measurements, two probe
resistivity technique was used along with Kiethley 2400 source meter and Kiethley 2181 A

nanovoltmeter.

A custom designed sensing setup of 500 cm?® volume was assembled with a PID
controlled electric heater to carry out the sensing measurements as shown in Fig. 2.14. Before
the sensing test, a vacuum of the order of 6x10* Torr was achieved inside the sensing chamber
with a rotary pump. Consequently, pure hydrogen (99.99 %) gas was mixed with synthetic air at

flow rate of 50 cm3/min.
4.3. Results and discussion
4.3.1 Structural properties

The XRD pattern of active sensing material (W2N) deposited onto porous silicon
substrate is shown in Fig. 4.2 (a). Presence of peaks at 20 = 37.02 and 20 = 73.34 along with Si
substrate peak (20 = 53.02) confirm the polycrystalline nature of W>N with (111) and 311

orientations respectively. This crystalline nature can demonstrates as face centred cubic (FCC)
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B-1 NaCl type structure (Reference no: -00-025-1257) [15, 16]. For W>N thin film, the dominant
(111) orientation is closed packed FCC which having minimum surface energy. Although, the
surface energy can be modulated by altering deposition parameters such as substrate temperature,
target power and gas ratio. Fig. 4.2 (b) shows the Raman spectra of the W>N thin film deposited
on PSi substrate which exhibits the existence of predominant bands at 208, 698 and 800 cm™[17].
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Figure 4.2 (a) XRD pattern at room temperature and (b) Raman spectra of W>N thin film

Due to lacking of related study in literature, the detailed nature of the bonds cannot
determine. The information about presence of elements such as tungsten (W), nitrogen (N) and
palladium (Pd) in Pd/W>N structure is deduced from the XPS measurement. A complete XPS
estimation was done in the binding energy window 0-1000 eV as shown in Fig. 4.3 (a). The
spectral lines related to tungsten (W), nitrogen (N), palladium (Pd), carbon (C) and oxygen (O)
are detected at different binding energy values which having a good agreement with the
previously reported literature. Oxygen related peaks O 1s and O KLL are affirmed at the binding
energy value 530.015 and 972.028 eV respectively which may be due to exposure of the film in
atmosphere prior to XPS experiment. The presence of carbon is assigned as C1s electronic state.
The characteristic peaks of W 4f, N 1s and Pd 3d are shown in Fig. 4.3 (b), (c) and (d) which
demonstrated the high resolution core level spectra of Pd coated tungsten nitride thin film. Fig.
4.3 (b) displays that the spin orbital positions of the 4f electron for W were found at 30.90 eV,
32.97 eV and 35.98 eV which exhibits that W is present in W2N form in the as-synthesized film.
Moreover, the W-N bond in W>N thin film is confirmed by the occurrence of two peaks at 30.95
and 32.97 eV [18].
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Figure 4.3 (a) X-ray photoelectron spectroscopy (XPS) full scan spectra of the Pd/W:N thin
film, (b) W 4f XPS, (c) N 1s XPS and (d) Pd 3d XPS.

At higher binding energy value the W-O bond related to W 4f are also approved. W*E (0
> § > 4) state of the tungsten in W2N is certified by the position of W 4f7,2 which lies between
little bit lower than the W** (31.2 + 0.2) eV but higher than W** (29.8 + 0.2) eV. The separation
between two spins of W 4f7, and 4fs electrons is found to be the binding energy difference of
2.1 eV. The position of the N1s electron at binding energy scale is at 396.59 eV, which
correspond to the nitride ion (N'8) related with the W-N bond. Presence of a hump in N1s peak
at 397.95 eV may be caused that nitrogen atoms or molecules exist at the interstitial site of the
W>N. The XPS spectrum of Pd depicts that peaks at 335.34 eV and 340.79 eV are corresponding
to electronic transitions of Pd 3ds2 and Pd 3da, respectively [19]. The 5.45 eV gap between Pd
3ds2 and Pd 3dsy indicates the value of separated spin-orbit doublet, which is in accordance with
the literature.
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4.3.2 Surface morphology

Fig. 4.4 (a) illustrates the FE-SEM image of as synthesized porous silicon (PSi) substrate
and it can be seen that the pores of about 200 nm diameter are almost uniformly distributed all
over the surface. For better visualization of pore depth, the cross sectional FE-SEM image of
bare PSi substrate is shown in the inset of Fig. 4.4 (a). The average pore depth of metal assisted

chemically etched porous silicon substrate was found to be ~ 850 nm.
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Figure 4.4 (a) FE-SEM surface morphology and inset shows cross-section view of bare
porous silicon (PSi) substrate and (b) FE-SEM surface morphology of Pd-decorated
W:>N sensing layer; inset shows cross-sectional FE-SEM image.

The FE-SEM surface imaging of Pd/W-N/PSi NBs structure is shown in Fig. 4.4 (b). The
uniformly distributed grain growth of the W>N active sensing material is indicating the porous
structure. It can be seen that the nanoballs of W2N were formed on PSi substrate. The cross-
sectional view of Pd/W.N/PSi displays the thickness of W2N layer above the pores was estimated
to be about ~ 940 nm {inset of Fig. 4.4 (b)}. It depicts that the silicon pores were not fully stuffed
by W2N nanoballs. During sputtered deposition, the species coming from the sputtering target
follow the pattern of PSi and get deposited on the pore edges and silicon pillars. The stuffing of
pores is reduced with time due to self-shadowing effect which caused by the deposited part on
silicon pillars. Thus, as a result, the thin film growth takes place on silicon pillar and spherical

or nanoballs like structure comes into the picture.
4.3.3 Sensing performance
The sensing performance of chemiresistive gas sensors can be estimated with the

observed values of sensor response and response/recovery time which have been discussed in
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chapter 1. It is widely accepted that the variation in electrical resistance after exposure to target
gas will mainly depends upon the nature of the target gas molecules and nature of majority charge
carriers present in the sensing element (thin film) [20]. Basically, the reducing gases behave like
donors, that resulting to decrease the electrical resistance of the n-type sensing materials. Herein,
the resistance starts to decrease after introduction of H. (reducing) gas molecules inside the

sensing chamber, indicating the n-type nature of the proposed Pd/W:N sensing device.

It is well recognized that the triggering in sensor response is due to interaction of analyte
gas on the surface of active sensing material [21]. Fig. 4.5 (a) depicts the change in response
with error bar for Pd/W>N/PSi nanoballs (NBs) and the Pd/W>N/Si thin film structures to

different H> concentration regime (5-500 ppm) in the synthetic air at RT.
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Figure 4.5 (a) Variation of response for Pd/W>N/PSi and Pd/W2N/Si structures towards
hydrogen gas concentration (5-500 ppm) at RT, (b) current-voltage (I-V) characteristics
curve of Pd/W>N nanoballs structure at RT, (c) gas response vs. time curve for 100 ppm
hydrogen gas at RT, (d) response and recovery time curve vs. Hz gas concentration
(5-500 ppm) at RT for Pd/W>N nanoball structure.
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It can be seen that the response value towards H> was found to be 35.20 = 0.98 at 100
ppm level for Pd/W,N/PSi NBs sensor. Moreover, both sensors are able to detect the trace
quantity of H> gas down to 5 ppm. These results exhibit the obvious increase in the response with
raising the concentration of analyte gas molecules. At RT, about 2 fold sensing response was
observed for Pd/W2N/PSi NBs structure compared to Pd/W>N/Si thin film structure within the
wide detection range (5- 500 ppm). Thus, such type of nanostructures may offer a rapid transfer
of movable charge carriers and active sites at the time of adsorption and desorption process of
target gas molecules. Therefore, the excellent response characteristic can be acknowledged to
highly porous structure and large active surface area of Pd/W>N NBs structure [8, 22]. In order
to further explore the resistive characteristics, the 1-V test of the Pd/W>N/PSi NBs structure was
accomplished in the absence and presence of 100 ppm Hzgas in dry air at RT as shown in Fig.
4.5 (b). Here, we observed that the proposed sensing structure reflects the rectifying diode
properties such that the electrical conductivity improved after introducing the target gas
molecules on top of the sensor surface. It may be due to enhancing the number of free charge
carriers (i.e. electrons) upon exposure to hydrogen gas [23]. Fig. 4.5 (c) shows the sensor
response versus time characteristics towards 100 ppm Hz in dry synthetic air at RT. It can be seen
that the response and recovery time were found to be 24 sec and 38 sec respectively. Here, the
high active surface area of Pd/W>N NBs provides a huge number of catalytically active reaction
sites on the sensor surface, exhibiting the significant enhancement in detection rate of hydrogen
gas [24]. For Pd/W>N NBs sensor, the response and recovery time behavior at various H:
concentrations (5-500 ppm) were also examined in dry synthetic air at RT {Fig. 4.5 (d)}. These
results indicate that the response time reduces and recovery time enhances with increasing the
exposed concentration of H> gas on the sensor surface. It can be documented to the diffusion
limited kinetics at comparatively low analyte gas concentration [25, 26]. In addition, it may occur
due to sluggish desorption rate on the sensor surface at high concentration level of analyte gas
molecules. As huge number of target gas molecules can take an additional time to desorb from

the top of sensing layer, resulting to improve the recovery time.

Fig. 4.6 (a) shows the sensing selectivity data for Pd/W>N/PSi and W>N/PSi sensors
towards 100 ppm Hz, H2S and NHz3 gases in dry synthetic air at RT. It can be seen that the after
Pd deposition the sensor is highly selective for H> and relatively small change in the response
was observed for H>S and NH3 gases. This may be due to high catalytic activity of Pd towards

H> compared to other interfere gases. These results display that the Pd/W>N/PSi sensor exhibits
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the improved response (S.R ~ 35.2 %) to Hz gas with respect to weak sensor response (S.R <7
%) for other gases at RT. It can be seen that the proposed sensor is highly selective to H» gas at
RT. Itis well known that the effect of relative humidity (RH) on the device performance has been
proposed to act as the critical factor for real field applications. Therefore, the variation of sensor
response was examined towards 100 ppm Ha in dry air for different humidity conditions (dry air
-78 %) at RT {Fig. 4.6 (b)}.
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Figure 4.6 (a) Gas selectivity data for Pd/W2N/PSi and W>N/PSi structure at RT, (b) gas
response of Pd/W>N nanoballs structure to 100 ppm hydrogen in different humidity
environments (0-80 RH) at RT, (c) show the repeatability test up to 20 cycles and (d) shows
the response time behaviour for Pd/W:N structure fabricated on PSi and bare Si substrates
respectively.

The results depict that about 14 % declines in the response was noticed at high humidity
condition (78 % RH). Here, the continuous decay in sensing response is mainly accredited to the
adsorption of more water molecules after exposure to mixed gas on active layer in humid

environment [10]. Thereafter, these water molecules may restrict the adsorption of analyte gas
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molecules on the sensor surface. Thus, the reaction rate between adsorbed oxygen species and
water molecules reduced which may donate to decline in baseline resistance and hence declined
the sensor response. Therefore, the water vapors can slow down the sensor response by blocking
the dissociation of hydrogen gas molecules on the Pd surface [27, 28]. However, the reduction
in the response under humid environment can be ascribed to the hydroxyl ions (OH") adsorption
on the top of sensing layer [8]. Moreover, the water molecules can perform as an obstruction
against the hydrogen adsorption as a result, the migration of Hz gas molecules on the Pd/W>N/PSi
NBs sensor surface become more difficult [27]. Furthermore, the repeatability test for
Pd/W>N/PSi and Pd/W-N/Si structures to 100 ppm H: in dry air was also performed at RT as
shown in Fig. 4.6 (c). It can be seen that Pd/W>N/PSi NBs and Pd/W>N/Si thin film sensors
exhibit 5 % and 17 % decline in the response after 20" cycles, indicating the high reproducibility
of the Pd/W>N/PSi NBs structure as compared to Pd/W>N/Si thin film structure. Moreover, Fig.
4.6 (d) depicts the stability test for both the sensors to 100 ppm H: in dry synthetic air at RT.
Here, we observed that Pd/W>N/PSi NBs sensor reveals ~ 7 % decline in the response after 90
days. On the other hand, Pd/W>N/Si thin film sensor displays ~ 14 % decrease in the response
after 50 days. Therefore, these results demonstrate that the Pd/W2N/PSi NBs sensor indicate
almost constant response signal, illustrating the incredible stability of the proposed nanoballs
sensor as compared to Pd/W>N/Si thin film sensor at RT. Here, we have used the porous silicon
substrates to influence the surface morphology of metal nitride and increase the active surface
area of material and hence increase the reactivity towards target gas molecules [28]. Thus, the
porous silicon can provide the reproducibility as well as excellent stability to 100 ppm Hz at RT.
Here, all the sensing tests were repeated three times and about 4 % deviation in the sensor
performance was observed. Therefore, the nanoballs structure may comprise the new approach
to design and construction of nanostructures as an inspiring material for H> sensing device

applications.
4.3.4 Sensing mechanism

Usually, the origin of sensor response is due to interaction of analyte gas molecules on
surface of the active layer is noteworthy [29]. For chemiresistive gas sensors, the reaction
mechanism can be described using the surface depletion layer model [30]. Herein, the
adsorption/desorption process of analyte gas molecules taking place on the surface of sensing
material played a crucial role in altering the electrical resistance of the sensing layer. For nitride

based semiconductor gas sensors [31, 32], the nitrogen vacancies can act as the sorption sites for
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analyte gas molecules on top of the sensing layer. Lee et al. reported that the oxygen can be
adsorbed at the nitrogen vacancies [33]. Therefore, the oxygen sorption can plays a key role in
altering the electrical resistance of W>N materials. Thus, the basic reaction mechanism of n-type
W:>N sensing layer for hydrogen gas in dry synthetic air includes the following steps: Firstly,
when proposed gas sensor is exposed to air then oxygen molecules can adsorbed on its surface.
These oxygen molecules undergo chemisorption process to form oxygen species (0~ and 0%7)
via capturing the electron from the conduction band of W>N material [34]. Fig. 4.7 shows the
schematic diagram of hydrogen gas sensing mechanism of Pd decorated W>N nanoballs.
Therefore, owing to decrease in carrier concentration, a depletion layer is formed and hence
enhanced the initial resistance (Ra) of the sensing layer [35]. Secondly, when Pd/W:N sensor
surface is exposed to Ha then an ultra-thin layer of Pd offers the inferior reaction energy to the
H> gas molecules. Therefore, due to spill over effect the catalytic reaction of Pd layer dissociate
the H2 gas molecules into H atoms at the interface [21]. Here we observed that due to very low
(~ 5 nm) thickness of Pd layer there is no significant change in conductivity and hence the
electrical resistance of the device remains of the order of kQ even after Pd coating. Thereafter,
these H atoms react with the chemisorbed oxygen species (0~ and 027), resulting to form the
hydroxyl OH~groups [36]. These OHgroups can again react with H atoms to form H.O and

releasing the free electron back to the W>N layer.

Figure 4.7 Schematic illustration of hydrogen gas sensing mechanism of Pd
decorated W>N nanoballs.
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Therefore, the resistance (Rg) offered by surface of the active material start to decline. The whole

processes can be illustrated by the following reactions (1-5), occur on the active surface as [35]:

O2(gas) = 20(ads) (1
Ocads) + €tromwyny = 07 (2)
Ha(gas) = 2H(ads) (3)
A e 4)

OH_(ads) a5 H(ads) o HZ 0+ e(_to WL N) (5)

Furthermore, during the recovery process, the electron concentration starts to decrease in the

absence of hydrogen gas molecules, caused to recover the initial resistance of the sensor.

4.4 Conclusions

In summary, we have synthesized Pd decorated W2N NBs on porous silicon substrate
using DC reactive magnetron sputtering technique for room temperature Hz gas sensing
application. The as prepared nanostructure exhibits the remarkable sensing response (35.2 %),
good stability (90 days) and excellent repeatability (20" cycles) with quick response and recovery
time of 24 sec and 38 sec towards 100 ppm hydrogen in the dry air at RT. Therefore, the porous
silicon template may provide a new strategy to construct a simple, inexpensive and robust
chemiresistive gas sensor with remarkable properties for low detection (5-500 ppm) of Hz gas at

RT for real field applications.
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5.1 Introduction

Chromium (Cr) and titanium (Ti) based binary metal nitride thin films have been
extensively used as corrosion and wear resistance protective coatings due to their excellent
mechanical and tribological properties [1]. Protective thin films enhance the lifetime of the
tools or machine’s parts and prevent the surface from the affecting environments. Extending
the applications lifetime and performance can be beneficial to the cost reduction. In spite of
reflecting these tremendous properties, binary metal nitride systems are not sufficient for
excellent performance in such applications which required more hardness and better oxidation
resistance [2]. Properties of binary metal nitrides are also degrade at high temperature [2, 3]. In
order 'to overcome these complications and to enhance the properties like hardness, elastic
modulus, surface morphology, corrosion stability, lubrication, adhesion and to adjust the
parameters such as grain size, lattice constant, crystal orientation and internal stress, other metals
like Mo, Al, Ta and W are alloyed [4, 5]. After alloying the other metal, binary nitride systems
become ternary metal nitride system. Due to covering a wide spectrum of physical and chemical
properties, the thin film based on ternary metal nitride are used in a variety of applications like

decorative, protective and hot corrosion resistive coatings [6].

However, CrN thin films are most promising material regarding future applications [7-
9]. But CrN thin films start to oxidize near about the temperature of 700 °C and as a result
performance becomes worse. Thus, fabrication of CrN based ternary coatings such as Cr-Mo-N,
Cr-Ti-N, Cr-Al-N, Cr-Si-N and Cr-W-N have been reported and successfully utilized for various
applications in ‘harsh environment [10-12]. These thin films can be deposited using various
physical vapour deposition techniques such as cathodic arc evaporation, ion beam assisted
deposition and magnetron sputtering [13, 14]. Magnetron sputtering has more advantage due to
uniformity and good adhesion of deposited films on the substrate, which are required for such
applications. Apart from the addition of other metal into CrN matrix and fabricate a ternary metal
nitride, the concentration of the alloying metal and material composition also play a significant

role on the material performance.

In present study, the chromium tungsten nitride (CrixXWxN) thin films were fabricated
using magnetron sputtering technique and investigate the effect of W content on the structural,
corrosion and mechanical properties. Selection of tungsten (W) as alloying metal into CrN matrix
is due to its superior properties and compatibility with binary nitrides. To date, the related studies

on the effect of W content in CrN based ternary system on the corrosion rate along with
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mechanical properties are very rare. The addition of W atoms in CrN matrix leads to improved
microstructure and mechanical properties. The decrement in corrosion rate along with enhanced
mechanical properties of Cri.xWxN thin films has shown the potential in several applications such
as optical, microelectronic, glass moulding, solid lubrication and protective coatings for cutting

tools.
5.2 Experimental details

In this study, the chromium tungsten nitride (Cri1xXWxN) thin films were deposited on
silicon (100) substrate at 400 °C temperature using reactive DC magnetron co-sputtering in which
two separate targets (Cr and W) were sputtered simultaneously. It was also found that lower
deposition temperature results in poor crystallinity of the thin films while polycrystalline nature
occurs at higher temperature. Both the targets were made of very high purity (99.999%, Excel
Metal & Engg. Industries, India) and the dimensions of 50 mm diameter and 3 mm of thickness.
Total five samples were fabricated with increasing W content (0 < x < 0.61) and named as S-1
to S-5. The silicon substrates were initially cleaned thoroughly in an ultrasonic bath with a
mixture of distilled water and trichloroethylene in 4:1 ratio and then washed using boiled acetone.
Prior to deposition, the chamber was evacuated to a base pressure of the order of 2 x 107 Torr
and then backfilled with argon and nitrogen gas to achieve desired deposition pressure of 10 m
Torr. Target to substrate distance was fixed at 5 cm for both sputtering targets (Cr and W) with
off axis geometry. No post-annealing was done after deposition [15]. Both the targets were
sputtered in the presence of 50% Ar and 50% N2 gas mixture. Variation in nitrogen flow can
change the dominant orientation of the deposited thin film. The target power for chromium was
typically set to 80 watt, while tungsten target power was varied. Before every sputtering run,
both the targets have been pre-sputtered for 5 min in order to ascertain the same state of the
targets. The substrate holder was rotated at 20 rpm in a horizontal plane to achieve a uniform

film composition and thickness. The deposition time for all thin films was set to 30 minutes.

The crystallinity and orientation of CrixWxN thin films were studied using a Bruker
AXS-D8 advanced X-ray diffractometer with CuKa (1.54 A) radiations in 6-26 geometry at a
scan speed of 1°/min. Surface morphology and topography was studied using field emission
scanning electron microscopy (FE-SEM) FEI Quanta 200F and atomic force microscopy (AFM)
NT-MDT: NTEGRA model respectively. The elemental composition of thin films was
determined using the energy dispersive X-ray analysis (EDAX) attached with FE-SEM. In order
to analyze the corrosion rate of as synthesized CrixWxN thin films, an electrochemical
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experiment was performed for each thin film. The electrochemical measurements were
conducted using Gamry instrument; model PCI 4, interface 1000 potentiostat connected with a
corrosion cell of 0.79 cm?exposed area in 3.5 wt. % NaCl aqueous solution at room temperature.
The corrosion cell consists of three electrodes in which thin film acted as a working electrode,
while a standard calomel electrode and a platinum rod served as reference and counter electrodes
respectively. Thereafter, Potentiodynamic polarization tests were carried out with a scan rate of
1 mV/s. Tafel polarization curves were obtained at the voltage ranging from - 0.25to + 0.25 V
with respect to the open circuit potential (OCP). Mechanical properties were measured using the
Micro materials Nanotest system (Wrexham, UK) at room temperature. The same amount of load
(0.5 mN) was applied to all the samples at a constant loading rate of 0.05 mNs™ to compare their
mechanical properties. At least 6 independent indentations were performed and the data were

averaged to minimize the irrespective noise and variations.
5.3 Results and discussion

5.3.1 Structural properties, surface morphology and composition

Fig. 5.1 shows the XRD pattern of the CrixWxN (0 < x < 0.61) thin films deposited onto
Si (100) substrate and revealed the presence of (111) orientation along with preferred (200)
reflection, which can assigned to FCC B-1 NaCl phase [4, 16].
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Figure 5.1. XRD pattern of all CrixWxN thin films with (0 <x < 0.61).
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In XRD pattern, it is also seen that the diffraction peaks of Cri.xWxN thin films were

shifted towards lower diffraction angle with an increase in W content. This shift indicates the
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increase in lattice constant from 4.129 A to 4.182 A with increasing W content as shown in Fig.
5.2. Bao-Shun Yau et al. reported that the enhancement in lattice constant can be explained by
the fact that Cr, W and/or N atoms incorporated in interstitial positions and then form a solid
solution phase of Cri.xXWxN, therefore as a result the lattice constant increases [17]. Scherrer

formula is used to calculate the crystallite size of the Cri.xWxN thin films.

Fig. 5.2 demonstrates the variation of crystallite size of Cri-xWxN thin films as a function
of W content in which crystallite size decreases from 31.2 nm to 15.2 nm with the W addition up

to 43.6 %, beyond this W concentration value the crystallite size led to increasing.
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Figure 5.2. Crystalline size and lattice constant as a function of W %.

The reduction of crystallite size may be due to high kinetic energy and the mobility of the
depositing atoms. The kinetic energy of the depositing atoms/molecules depends upon the target
power and has been considered as a major factor that decides the adatoms mobility and formation
of nucleated clusters. High power results higher sputter rate and higher Kinetic energy of
depositing atoms, therefore nucleation rate is enhanced and the films with reduced grain size is
formed. Thus, grain refinement has been achieved due to increase in nucleation rate that caused
by high power on tungsten target. As the power on W target reached beyond to 40 watts, the
Kinetic energy of incorporated W atoms increase the probability of collision with Cr and N atom
on the surface of the depositing film. Due to collisions, there could be a sufficient loss of kinetic

energy of adatoms during deposition, therefore mobility and diffusion of the atoms become lower
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and a coarse grain structure developed. Bao-Shun Yau et al. and wuhrer et al. have been verified
these results for CrixWxN thin films [17, 18].

Apart from XRD results, the FE-SEM and AFM images also confirmed that grain size
of the films decreases to Cro.48Wo.43N thin film and then approaches toward larger grain size with
the further addition of W content as shown in Fig. 5.3. It was also observed that the grain size
determined by XRD is smaller than the grain size determined by FE-SEM (Table 5.1). This
difference in grain size was due to the fact that AFM and FE-SEM show agglomeration of the
particles however XRD gives an average mean crystallite size. Data from XRD and FE-
SEM/AFM can be accepted by the fact that smaller particles have a large surface energy and
therefore, tend to agglomerate faster and grow into larger grains.

Table 5.1. XRD, FE-SEM, EDAX and AFM details of Cri.xWxN thin films.

Chemical composition
Sample name (At %) Grain size (nm) Lattice Surface
constant roughness
(A) (nm)
Cr W XRD SEM

Crgz.4WoN (S-1) 88.4 0 311 65.2 4.129 14.81
Cre1.oW2g6N (S-2) 61.9 28.6 24.6 51.3 4.144 11.88
Cras2Wa3sN (S-3) 48.2 43.6 15.2 32.7 4.175 2.11
Crs13Ws15N (S-4) 41.3 51.5 17.2 38.9 4.184 7.92
Cr2s5We12N (S-5) 28.5 61.2 23.7 50.2 4.187 9.61

For the quantitative evaluation of surface topography, the average roughness (Ravg) of all
the thin films was obtained from AFM scans over the substrate areas of 1um x 1 um, three times

at different spot for each thin film by using the relationship,

1 N —
Ravg =N Zi:l |Z; —Z|
where, N is the number of surface height data and Z is the mean-height distance.

It was found that the surface roughness of Cr1.xXWxN thin films strongly influenced by the
W content. The lowest value of surface roughness 2.11 nm was achieved for S-3 sample. As the
W content is being increased beyond 43.6 %, the induced surface roughness of the film enhanced.

The variation of the surface roughness explained in terms smoothness of the film. The kinetic
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energy of the depositing atom strongly affects the adatoms mobility and formation of the

nucleated clusters, which in turn affect the microstructure and surface morphology of the films.

o ia d CroaWosiN © &

Figure 5.3. 1 (a)-(e) FE-SEM images, 11 (a)-(e) AFM 2-D images and 111 (a)-(e) AFM 3-
D images of the thin films abbreviated as S-1, S-2, S-3, S-4 and S-5.
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As the power increases, the sputtered atoms get more kinetic energy and adatoms
mobility, thus nucleation rate become enhanced. High nucleation rate reduces the self-shadowing
effect therefore, the atoms can migrate faster on the surface of the substrate. Enhanced adatoms
mobility encourages a more even deposition, thus there is a decrease in surface roughness. At the
power higher than 40-watt, depositing atoms get sufficient energy that they could leave the sites
and disturb the evenness of film and as a result the surface roughness of grown films increased;
this variation was also explained by others [18]. Modification of surface roughness can also
described using crystallite size. As the crystallite size decreases surface roughness would also
decrease due to decline in the relative grain height therefore, small grain size results low surface
roughness. Table 5.1 lists all the parameters which were calculated by XRD, FE-SEM and
AFM techniques.

Fig. 5.4 shows the stoichiometric ratio of chromium, tungsten and nitrogen versus power
on tungsten target. The composition of the thin films is given in Table 5.1, which shows
the chromium content decreases and tungsten content increases with the power on the W
target. As the power on W target increased, more W atoms were sputtered out from the target
which replace the Cr atoms. The nitrogen content was observed almost invariant for all films and

it may be due to fix amount of N> gas flow during deposition.
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Figure 5.4 Relative composition of the Cr, W and N with the power on W target.

5.3.2 Electrochemical properties

Electrochemical techniques widely used for the kinetics study of the electrochemical

process in a specific environment. Tafel Potentiodynamic polarization curves of all CrixWxN
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thin films were estimated from the testing of samples in a 3.5% NaCl solution in the open air at

room temperature as shown in Fig. 5.5.
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Figure 5.5. Potentiodynamic polarization curves for all the S-1, S-2, S-3, S-4 and S-5 thin
films.

The performance of protective coating in terms of coating material degradation due to
chemical reaction from the relative environment can be described by corrosion rate. Corrosion
potential (Ecorr) and corrosion current density (lcorr) Were measured from the intersection of the
anodic and cathodic Tafel curves using the Tafel extrapolation method as shown in Table 5.2.
The shifting of Tafel polarization curves towards the region of lower current density confirms
the good corrosion resistance of thin films. Only a factor 3 is estimated between the lowest and
highest lcorr, it could be due to uncertainly inherent to the Tafel extrapolation method.
Corrosion rate was determined using the formula, CR (mpy) = 0.13 lcorr (€g. Wt.)/d, where eq. wt.
and d is the equivalent weight of the material of thin film in grams and density of the films in
g/cm?®, respectively. The unit of corrosion rate was converted from mpy (miles penetration per
year) to umy (micrometre penetration per year) using the formula 1 mpy = 25.4 umy [19]. The
lowest corrosion rate was found 0.398 pmy in S-3 sample compared to other thin films, i.e. S-3
will degrade only 39.8 nm per year. This corrosion rate value falls in the outstanding region (<
25 um per year) which was suggested by M. G. Fontana [19]. Surface roughness plays a very
significant role on the corrosion rate of the surface roughness trend. Modification of corrosion
rate of Cri.xWxN thin films of lower roughness could be due to the fact that lower roughness

provides the higher ratio of real surface area and projected area along with lower inhomogeneous
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surface. Inhomogeneities on the surface might responsible for weak points that cause corrosive
attacks [20].

Table 5.2. Potentiodynamic measurement data of the Cr1-xWxN thin films.

Sample name W% leorr Ecorr Corrosion rate
(nA/cm?) (mV) (Hmy)
(S-1) 0 240.66 -174 1.248
(S-2) 28.6 218.00 -224 1.037
(S-3) 43.6 75.66 -194 0.398
(S-4) 51.5 92.33 -202 0.497
(S-5) 61.2 158.00 -215 1.078

Fig. 5.6 depicts the rate of corrosion behaviour as a function of W content. The rate of
corrosion and surface roughness of the CrixWxN thin films decreases with the incorporation of
W content in CrN lattice beyond 43.6 %. As this occurs, it is expected that the electrolyte
penetrates less easily into the CrixWxN thin film. Apart from the surface roughness, the
enhancement of corrosion rate may be due to improved covalent bonding character of CrixWxN

thin film at 43.6 % W concentration.
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Figure 5.6 Corrosion rate as a function of W % for all the thin films S-1, S-2, S-3, S-4 and S-5.
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5.3.3 Mechanical properties

Mechanical properties of the CrixWxN thin films are studied using Nanoindentation

technique. The important details of Nanoindentation have been given in chapter 2.
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Figure 5.7 (a)-(e) Load versus depth curves and (f) Hardness and elastic modulus as a
function of W % of all the thin films S-1, S-2, S-3, S-4 and S-5.
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Hardness (H) and reduced elastic modulus (E;) have been measured by directly
calculating the physical dimensions of the indentation using the standard method suggested by
Oliver and Pharr at room temperature [21, 22]. Fig. 5.7 (a)-(e) is showing the loading and
unloading curves for S-1 to S-5 samples respectively. The hardness and reduced elastic modulus
are represented in the Fig. 5.7 (f) as a function of tungsten content in Cr1.xXWxN thin films. Other
important mechanical parameters such as plasticity index (H/E;) and resistance to plastic
deformation (H3/E/) also determined and listed in Table 5.3.

Table 5.3. Mechanical parameters of the CrixWxN thin films measured by
Nanoindentation.

Elastic
Sample name Hardness modulus E, H/E, H3/E?
(GPa) (GPa) 102 (GPa)
(S-1) 24.80 221.78 11.18 31.01
(S-2) 33.88 279.06 12.14 49.93
(S-3) 43.18 341.02 12.66 69.22
(S-4) 37.73 277.24 13.60 69.87
(S-5) 35.69 209.80 17.01 103.28

The measured value of hardness and elastic modulus of S-1 sample were 24.80 GPa and
221.78 GPa, respectively. In S-2 sample, as W content increases up to 28.6 % the hardness and
elastic modulus values are increased rapidly up to 33.88 GPa and 279.06 GPa respectively.
Hence, the hardness and elastic modulus are increased 73.19 % and 79.47 %, respectively. The
maximum hardness of 43.18 GPa and elastic modulus of 341.02 GPa are observed for S-3 sample
as the W content is 43.6 %. Thereafter, the hardness start to decrease as W content increase. It
was observed that both the hardness and elastic modulus follow the same trend as a function of
W %. Bao Shun Yau et al. has reported that the mechanical properties are widely influenced by
the change in charge distribution between W, Cr and N ions [17]. Higher covalent bonding of

Cr1xWxN thin films exhibits higher hardness then that of more ionic bonding of CrN [17].

The variation in hardness for all the sample can explained by Hall-Petch relation for
hardness, which is written below,

— kep
H=Ho+&.
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where, H is resultant hardness, d is the crystallite size, Ho and kg, are the appropriate constants
associated with the hardness measurements. As the load applied on indenter, it penetrates into
thin film and generates some dislocations inside the crystal. Hardness depends upon the
movement of the dislocation from one grain to another grain, therefore easy movement of
dislocation implies to low hardness. Grain boundaries in thin film are behaved like as barriers
that hinder the movement of dislocations from one grain to another grain. The smaller size of
grains attributed to restriction in the dislocation movement due to more grain boundary volume,
thus high hardness achieved by reduction in grain size. Apart from.the Hall-Petch relation,
residual stress in the thin film also plays a crucial role on hardness. Higher compressive residual
stress is responsible for high hardness and tensile stress results softness. R. Whurer et. al. has
reported that any doped atom larger than the host atom it substitutes, generates compressive strain
on the surrounding crystal lattice [18]. In our case, the atomic radius of W atom (0.169 nm) is
larger than the atomic radius of the Cr atom (0.144 nm). Incorporation of W atoms up to 43.6 %
in CrN matrix at increase compressive stress results the hardness increases. Beyond the 43.6 %
W, the films exhibit softness comparatively which may be due to dominating tensile stress over
compressive stress. The plasticity index (H/Er) and resistance to plastic deformation (H3/E/?) are
also important mechanical parameters for calculating the wear resistance and toughness,
respectively. The H/E; and H3/E;? values for Cr1x\WxN thin films are varied in the range (0.1118
-0.1701) GPaand (0.3101 - 1.0328) GPa respectively, which indicate the presence of better wear
resistance and toughness. Due to high hardness, elastic modulus and good wear resistance Cr;.

xWyxN thin films are promising protective thin films.
5.4 Conclusions

In summary, we have systematically investigated the effect of tungsten content on
structural, corrosion and mechanical properties of CrixWxN (0 < x < 0.61) thin films. XRD
pattern revealed that CrixWxN films were developed as FCC B-1 NaCl phase with (200)
preferred orientation. The XRD peaks shift towards the lower angle with increasing W content,
which attributed by the expansion of lattice due to solid solutioning of W in CrN matrix. The
crystallite size decreased with increased W content up to 43.6 % due to induced high nucleation
rate and reduction of self-shadowing effect. Further increase in W content results coarse grained
structure. The lowest corrosion rate 39.8 nmy was achieved for S-3 thin film. Nanoindentation
tests revealed that the films exhibit improved mechanical properties such as hardness and elastic

modulus after alloying W metal. Low surface roughness (2.11 nm), best corrosion rate (39.06
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nmy), highest hardness (43.18 GPa) and elastic modulus (341.02 GPa) were achieved in
Cro.48Wo.43N thin film. The alloying of W would be great technological interest in order to raise
the performance of CrN thin films as protective coatings due to enhancement of structural,

surface morphology, electrochemical and mechanical properties.
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6.1 Conclusions

The main objective of the present thesis is to fabricate several metal nitride thin films
such as AIN, WN and CrWN on silicon (Si), Pt coated silicon (Pt/Ti/SiO2/Si) and porous silicon
(PSi) substrates using DC magnetron sputtering technique for various device applications. A brief

summary and conclusion of the entire work are as follows.

(i) Resistive switching properties of AIN and WN thin films for ReRAM device

application have been investigated.

(if) Porous silicon (PSi) substrate was prepared by metal assisted chemical etching
method and fabricate tungsten nitride (WN) nanoballs (NBs) structure for hydrogen gas sensing

application.

(iif) Fabrication of ternary metal nitride CrixXWxN nanocomposite thin films with
different tungsten concentration and study their structural, corrosion and mechanical properties

for protective coating on cutting tools.
6.1.1 Bipolar resistive switching behaviour in Cu/AIN/Pt structure for ReRAM application.

Highly stable bipolar resistive switching behaviour of Aluminium nitride (AIN) thin film
sandwiched between Cu (top) and Pt (bottom) electrodes has been investigated. Resistive
switching properties in Cu/AIN/Pt structure are induced by the formation/disruption of Cu
conducting filaments in AIN thin film. Excellent non-volatile resistive switching characteristics
have been observed at voltage of + 2.6 VV and - 1.7 V. Trap controlled space charge limited current
(SCLC) and ohmic behaviours are found to be dominant conduction mechanisms at high
resistance state (HRS) and low resistance state (LRS) respectively. The resistance ratio of HRS
and LRS is found of the order of ~ 10*. Moreover, the proposed structure also showed an

endurance till > 10* cycles and a non-volatile retention time for > 10* sec.

6.1.2 Effect of top electrode material on resistive switching properties of WN based thin

films for non-volatile memory application.

The influence of top electrode (TE) material on resistive switching properties of DC
magnetron sputtered tungsten nitride (WN) thin film with TE (Ti, Al and Cu)/WN/Pt stack
configuration has been investigated. Bipolar resistive switching behaviour has been clearly found
for all three top electrodes. The memory cells with Ti and Al TE exhibit two resistance states i.e.
low resistance state (LRS) and high resistance state (HRS) switching which caused by formation
and rupture of ionic filaments. The formation of additional Cu metallic filaments in WN layer

are responsible for three resistance states (or say multilevel) switching for Cu TE. Temperature
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Vs resistance measurement confirms the formation of ionic and metallic filaments. The WN thin
film show an excellent endurance over 10° cycles and non-volatile long retention of 10° sec along
with ~ 102 resistance ratio between HRS/LRS. This study suggests that the electrode engineering
of WN thin films have potential for non-volatile and multilevel resistive switching random access

memory application.

6.1.3 Pd capped W:2N nano porous thin films for remarkable room temperature hydrogen

gas sensing performance.

The hydrogen (H2) gas sensing performance of palladium modified tungsten nitride
(Pd/W2N) nanoballs (NBs) grown on the porous silicon (100) substrate via reactive DC
magnetron sputtering has been studied. Porous silicon (PSi) substrate has attracted enormous
amount of consideration for gas sensing application due to its high reactive surface morphology.
Reversible change in resistance is observed during hydrogenation and dehydrogenation process
at room temperature. The H2 gas sensing performances together with sensing mechanism of
proposed Pd/W>N NBs structure under low detection range (5-500 ppm) are discussed in detail.
Moreover, the prime requirements for gas sensing such as stability, reproducibility and selectivity

measurements are also studied at room temperature.

6.1.4 Structural, corrosion, and mechanical properties of sputtered deposited chromium
tungsten nitride (Cri1xWxN) nanocomposite thin films.

Chromium tungsten nitride (Cr1.xWxN) thin films are fabricated on silicon (100) substrate
using reactive DC magnetron co-sputtering technique. X-ray diffraction pattern with different
atomic concentrations of tungsten (0<x<0.61) shows the presence of (111) and (200) orientations
for CrixWxN. A small amount of tungsten addition led to significant changes in structural,
electrochemical and mechanical properties of the Cr1.xXWxN films as a consequence of improved
microstructure. The observed crystallite size varies from 31.1 nm to 15.2 nm with different W
content. The lowest corrosion rate 39.8 nmy (nanometre penetration per year) is achieved for
Cro.4g8Wo43N thin film. Hardness follows the Hall-Petch relation and tends to increase with
decrease in grain size. Highest hardness of 43.18 GPa and elastic modulus of 341.02 GPa are
achieved at the grain size of 15.2 nm in Cro.4sWo.43N thin film. The alloying of W would be great
technological interest in order to raise the performance of CrN thin films as protective coatings
due to enhancement of structural, surface morphology, electrochemical and mechanical

properties.
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6.2 Future prospects

There are many unsolved issues and also new ideas related to these metal nitride thin

films and structures, on which one can widen the study in future are as follows:

(i) The performance of AIN and WN thin film based memory devices can be enhanced in
terms of endurance and retention by optimizing the vacancies and defects inside the active

switching layer.

(if) Electrode engineering with compatible metal could be a good approach for multilevel

ReRAM application to fulfil future memory storage demands.

(iii) An attempt can be done to further enhance the W>N NBs based hydrogen gas sensor
which can be operate at harsh environment also by optimizing thickness, resistance and

morphology of W>N thin films.

(iv) Selection of appropriate alloying metal into binary metal nitride and make them ternary
or quaternary metal nitride can be utilized for further enhancement of total performance of

protective coatings.
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