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Abstract

Surface acoustic wave based high-temperature sensors are promising devices owing to advantages
such as robustness, passive operation and wireless interrogation making them usable in harsh
environments as well as mountable on moving equipments. The device’s potential to respond to any
kind of surface changes/alterations as an electrical signal is the basic underlying principal behind its
functioning and sensing. The susceptibility to surface perturbations vary with the configuration of the
electrode, choice of substrate and metallization system and the surrounding environment. One of the
key challenges in this field is the choice of the electrode material that is stable with long lifetime and
high reliability up to operating temperatures of about 800 °C. The main limitations for the use of such
nanocrystalline metal films are related to stress-induced damaging processes such as agglomeration,
cracking, and delamination along with stress-driven mechanisms such as high temperature creep which
become significantly operative at ~ 0.4 Ti. Thus, structural failure would consequently lead to the

electrical failure of the device.

In the present dissertation work, the high temperature stability of a new electrode material, Mo-La>0O3
composite, has been studied up to 800 °C. Different multilayer thin film metallization was deposited
on a Si (100) wafer using DC magnetron sputtering at same operating conditions to study

microstructural and electrical properties in as-deposited and heat-treated conditions.

Studies revealed that a combination of Mo and La>Os together has improved the performance of the
thin films than pure Mo. Among all the films designed here, Mo-(La;03-Mo)s-Si is the most
interesting. This film shows the uniform and stable microstructure even after 120 h of vacuum
annealing with only a slight decrease in the conductivity. In as-deposited condition, all the films
showed a typical rice-like grain morphology. Upon annealing for 120 h, the Mo-(La203-Mo)s-Si thin
film showed the formation of equiaxed grains with smallest in-plane and out-of-plane grain size. The
increase in the RMS roughness value was also found to be small for the annealed Mo-(La203-Mo)s-Si
thin film. XRD analysis showed the presence of diffraction peaks of (110), (220) and low intensity
(211) associated with BCC Mo. It was observed that both in as-deposited and annealed condition, the
multilayer film with 8 bilayer period showed the lowest microstrain when compared to pure Mo and
other multilayer films. XRR examination revealed that the density of the all the individual Mo layers
were lower than that of the values in bulk indicating that the formed Mo-(La;03-Mo)s-Si film is not
dense and consists of pores and voids in both as-deposited and heat-treated condition. The curve fitting

showed that the thickness of the individual layers matches well with the intended values. TEM

viii



investigations evidenced the presence of clear and distinct interlayers containing the agglomerates of

LaxO3 in 120 h annealed Mo-(La>03-Mo)s-Si multilayer thin film.



1. Introduction

1.1 Motivation

The state-of-the-art technology for development has narrowed down to make things faster and
smaller. An individual was perhaps fortunate enough to have the access to digital platform to
perform his task few;decades ago. But the surrounding has now completely changed with people
having easy accessibility to personal digital assistants (PDAs) such as computers and mobile
phones. All these advancements have become conceivable with the progress made by the
semiconductor industry in recent years in the field of storage, compactness, high power and speed
and configurational aspects. There has been an exponential growth in the density of various
semiconductor devices such as diodes, transistors and rectifiers fitted with the so called Integrated
circuits (IC’s) due to the decrease in manufacturable feature size such as semiconductor chips. To
make things simpler these semiconductor devices in the form of sensors are being widely used in
various physical, mechanical and chemical systems for their increased performance while

measurement & detection.

Monitoring and control of environment conditions in chemical or physical processes is of huge
importance, e.g. in smart home / city systems or for the production of standardized products in
automated industry setups. Unfortunately, some of these processes are carried out at high
temperatures, under corrosive atmosphere or at locations difficult to access, so that monitoring
tasks can be hardly achieved with conventional sensors. In vague sense ‘Sensor’ is a device that
generates a suitable output following a specific measured input data [1]. Sensors are used in
applications ranging from medical diagnostic and health care, defense and security to automotive

and industrial manufacturing as well as environmental monitoring.

With the augment in complexity of the state-of-art control and mechanical devices, there is a surge
increase in the number of related challenges linked to its instrumentation and measurement
characteristics. There have been significant issues concerning the use of conventional wired
sensors, and the associated difficulty in its operation when it comes to spinning or speeding
structural systems. This calls for the need of sensors with improved precision, consistency and
speed. Recently wireless sensors have gained huge demand for applications wherever wiring is

unfeasible. Efforts have been directed towards the study of vital features of different sensors such



as its selectivity, sensitivity, stability and repeatability [2]. To attain these attributes, research has

been conducted in search of new sensors based on different principles and materials.

The large amount of information in data communication systems has resulted in an increased
demand of devices operating in the GHz frequency band range. Since majority of these systems
function with SAW (Surface Acoustic Wave) devices, there is a need for supplementing the
resonance frequency. Besides, most of the sensor usage is based on these kinds of devices where

the sensitivity is dependent on its frequency.

Piezoelectric effect has been the most commonly utilized technique to create acoustic waves in
solids. SAW devices began to be explored after the revelation of the interdigital transducer (IDT)
by White and Voltmer in the year 1965 [3]. Later on, the fundamentals of SAW device technology
were established in the period 1970-85, pertaining to design methods and evaluation of SAW
propagation on lithium niobate and quartz [4]. Subsequently, SAW devices started being used in
applications related to wireless communication systems such as mobile phones, RFID tags and
remote switches [5]. Nowadays, SAW devices are extensively employed as resonators and band-
pass filters in communication systems to filter a transmission frequency. With the advancement in
the communication, sensing and radiography technology has led to the increased need for fast and

improved SAW devices with minimum losses.

Nearly four billion SAW based band-pass filters for mobile and other communication devices are
employed every year in the telecom business [6]. Bluetooth, GPS, WLAN are other such wireless
data transfer systems with regular applications of RF filters. Table 1.1 lists the outline of some of
the major application of SAW devices [7], [8]. The working frequency for the aforementioned
applications exists mostly in the range of 300 MHz to 10 GHz, where the conventional band-pass
filters experience huge losses. Using a ceramic material based electromagnetic filter which
possesses a superior power control ability can be a solution to such issues. In contrast, they are
large in dimensions and-hence not feasible for use where there is a need for effective
miniaturization. Another advantage of SAW device is the adjustment between the miniaturization

and large frequencies.



Table 1.1: Principle applications of SAW devices.
Systems and Mobile Multimedia Sensors and | Remote | Automotive
Infrastructures | Communication Applications | Actuators Control | Sector
WLL and WCDMA systems Digital audio | Chemical Tag Remote key
WiMAX and video and RFID
biochemical
sensors
WLAN/Blutooth | Mobile telephones Digital Microfluidic | Remote | Tire
television actuators switches | pressures
sensors
GPS Wireless
audio
Radar

Instead, in the past few years, SAW devices have also been used in sensor systems in addition to
the prevalent communication devices [7]. In fact, almost every acoustic wave device can be called
sensors where the wave propagation features are extremely receptive to minor alteration along the
propagation path. Therefore, these devices can be improved to possess very high sensitivity in
response to small changes in the surrounding medium. Variation in the features of the acoustic
wave propagation medium lead to adjustments in the wave velocity and amplitude or both,
resulting in a modification of output signal in terms of phase shift or wave dampening.
Accordingly, SAW devices have found widespread use in various other applications relating to
chemical, biochemical and physical sensor applications for example, gas [9], pressure and
temperature sensors [10]. Moreover, SAW sensors can also be employed in harsh environments

where the sensors have to endure extreme conditions of electromagnetic fields, heat or radiations.

Sensors based on Rayleigh waves or surface acoustic wave devices, named after Lord Rayleigh,
who first confirmed its presence in 1885 [11], have shown immense potential for applications
related to production and transportation engineering, environmental monitoring and safety because
of their direct response to physical and chemical parameters. The device comprises of electrodes
(interdigital transducers) structured on a piezoelectric substrate. Because of the piezoelectric effect,
application of a RF voltage between the two-opposing electrode ‘combs’ generates a surface
acoustic wave and vice-versa. Any physical/chemical quantity that influences the surface acoustic
wave can thus be sensed based on the modification of the electric signal. In the past years, SAW-
based temperature sensor devices have received much attention, mainly because of it being a

wireless and passive device and at the same time inexpensive and robust. The efficiency of a SAW



sensor can depend on multiple factors such as higher operating frequencies, wider bandwidths and
lower insertion losses which in turn depend upon the transport of input and output signals which
further depends on the medium (material) through which the wave propagates. So, on the root
level, it is the material compatibility which plays a significant role in defining the performance of

a SAW sensor device.

Every SAW-based sensor device uses a piezoelectric material as a substrate, such as quartz crystal
(Si0y), lithium tantalite (LiTaO3), lithium niobate (LiNbO3), lead zirconate titanate (Pb (Zr,Ti)Os3,
PZT), (Al, Ga)N, ZnO, and SiC to produce the acoustic waves [6]. Langasite (LazGasSiOia),
langatate (La3GassTaosO14) and langanite (LazGassNbo.sO14) have quite high electromechanical
coupling coefficient, and can operate at temperatures up to 850 °C making them promising
candidates for high-temperature SAW devices [ 12]. In addition to the substrate, another part which
plays a major role in sensing applications is the Inter-digital transducers. These electrodes are used
for the excitation and detection of SAW’s. Since the IDT’s of a SAW device are attached directly
on the oscillating section of the SAW, the electrodes are continuously exposed to high temperature
environment inducing thermal stresses and vibration and consequently may get physically
damaged (owing to stress migration) when subjected to large input power and temperature. Thus,
most of the research work in this field is focused on the development of new functional
piezoelectric materials with improved electroacoustic characteristics and high temperature stable
thin film materials for the IDT for the fabrication of high frequency devices with enhanced
performance and also with low fabrication cost [ 13]. Conventional metallization materials like Al,
Cu, Ag and Pt undergo thermal damage [14][15]. The most promising of these is Pt, however,
studies show that Pt fails due to diffusion and agglomeration due to its weak chemical affinity to
the substrate above 600 °C [15]. Thus, achieving such sensors with long-term stability and
reliability is still of major concern and opens up a wide area in search of suitable IDT material for
high temperature applications. The main limitations for the use of such nanocrystalline metal films
are related to stress-induced damaging processes, manifested as voids, hillocks, and mechanical
hysteresis that lead to the structural failure and thus consequently lead to the electrical failure of
the device. An understanding of the thermo-mechanical behavior of the films is hence

indispensable since most technical solutions fail in this field.



1.2 Objective

The appeal for achieving effective and inexpensive SAW-based temperature sensors that can
monitor the conditions in chemical and physical processes with the intention for its application in
automobiles, medical devices and other automated industry setups has been the major motivation
behind this work [16].

The main issue in this field of high temperature SAW sensor devices is the attainability of
metallisation electrodes that are stable at high temperatures (about 800 °C) for long working
durations. Since the thin-film electrode dimensions in such sensors are only a few nanometers
(<100 nm typically), material migration related damage of the electrodes at high temperatures is
the predominant cause for device failure. It is thus paramount to first understand and address these
failures in thin films. Since the traditionally used metallisation materials such as Pt, Pd, Rh etc.
have failed with respect to high temperature stability, search for better materials have gained

impetus in the past few years.

In search of novel high-temperature stable materials, this work focuses on the nanostructured
molybdenum-lanthanum oxide multilayer thin film systems. The aim of this project is to study the
thermal stability provided by the possible oxide-dispersion strengthening mechanism in these thin
films for the above mentioned high temperature application. Focus will be placed on understanding
the recrystallization and grain-growth at elevated temperatures in the multilayer thin film system.
The studies will involve thin film deposition using magnetron sputtering and its characterization
using X-ray diffraction, X-ray reflectivity, atomic force microscopy, scanning and transmission
electron microscopy to understand the film microstructure in the as-deposited state and then upon
heat treatment. Since the electrical properties of the electrodes are also important for their
applicability, the electrical conductivity has been studied after subjecting the electrodes to heat

treatments.

The major goals of this dissertation work are:

1. Deposition and characterisation of damage free 100 nm thick Mo-La,03 multilayer thin film
deposited on Si using PVD (Physical Vapor Deposition) technique.

2. Understanding their recrystallization and grain growth at elevated temperature of 800 °C with
different heating duration for different film configurations in order to understand the influence

of La;03 on Mo.



3. Studying the electrical behaviour and residual stresses in these films in as-deposited and

annealed condition.

1.3 Thesis Outline

The thesis is organized as follows. The Introduction chapter briefly describes the evolution of the
SAW applications and the importance of thin film technology for high frequency SAW devices
fabrication for sensor applications. Chapter 2 & 3 presents the literature review on SAW, Mo-
La>O3 material system, thin film deposition process, film growth and microstructural evolution,
properties and the well-known size effect in thin films. Chapter 4 discusses the methodology
followed to fabricate the nanostructured multilayer metallization system, process parameters
details regarding the deposition Mo-La,Os film stack and the characterization techniques to
evaluate the films. The results obtained after the characterization of the Mo-La>O3 multi-layered
films and discussion of those results are presented in Chapter 5. Finally, in Chapter 6, the principal
conclusions of this thesis work have been included along with the scope of the future work

presented in Chapter 7.



2. Surface Acoustic Wave Device - An Introduction

Surface Acoustic Wave (SAW) based devices have gained significant importance in the electronic
industry since the 1970s. It has been widely used in RF filters, microfluidic systems, sensors and
actuators for detecting various environmental variables such as temperature, chemicals, gasses and
mechanical stresses. SAW devices are also used as bandpass filter elements in radar systems and
televisions. SAW sensors can operate wirelessly and passively, which demonstrate an advantage over
wired sensing solutions. It is one of the most promising detection systems due to their smaller size,

low weight, minimal power requirements and high sensitivity.

2.1 Working of a SAW device

Like throwing a rock into a lake can generate waves, tapping a desk surface can induce vibrations in
the nearby region. Similarly, an elastic body can also stimulate a wave on its free surface whose

movement is contained in the neighbouring area.

SAW devices consist of metallic interdigital transducers (IDT) thin film electrodes that are structured
as opposing combs on a single crystal piezoelectric substrate. An electric RF voltage applied between
two opposing IDT combs is converted into a surface acoustic wave and vice-versa because of the
piezoelectric effect of the substrate material. When an electric field is applied to the input electrode or
IDT, the substrate material experiences deformation (mechanical stresses) which in turn causes the

surface acoustic wave to traverse over the surface with same frequency as that of the applied field [3].

The IDT electrodes are in the shape of a comb, the teeth of which is arranged such that spacing between
them is equivalent to one pitch. When wavelength of the wave generated-equals the pitch of the
electrode, the distortion developed on the piezoelectric crystal is the strongest. Figure 2.1 shows the

schematic and working prineiple of a SAW device.
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Figure 2.1: Basic Structure of SAW device.

2.2 Materials for SAW devices
2.2.1 Choice of substrate

For SAW device design, a structurally uniform (defect free) piezoelectric single crystal substrate or a
non-homogeneous structure consisting of multiple layers (preferably epitaxial) of different materials

can be used.

An appropriate substrate material for the SAW device is the one which has high wave propagation
velocity, highest electromechanical coupling coefficient or bonding, least temperature coefficient of
delay/maximum temperature coefficient of frequency, and minimum wave attenuation rate. Presently,
there is no such material present which satisfies all the requirements together and ultimately the

material selection becomes the subject of compromise.

Table 2.1 displays the list of vital characteristics of some piezoelectric materials used as a substrate
for SAW devices. From all the materials listed, PZT shows the highest EMCC (Electromechanical
coupling coefficient, k?) and AIN has the highest wave velocity. Quartz has been extensively used as
a substrate material since it shows very low temperature coefficient of frequency (TCF) which
eventually provides an improved thermal stability for accurate sensing requirements. Substrate such
as X-112° Y-cut LiTaO3z and 128° Y-X-cut LiNbOs3 can easily generate Rayleigh waves. In addition,
shear horizontal-SAW can be generated on 64° Y-X-cut LiNbO3 and 36° Y-X-cut LiTaO3 substrates.



Table 2.1: Substrates used for acoustic wave generation [17].
Td/Tm | kK2 |V TCD (uQ.cm) | CTE (x
Crystal ©C) | (%) | mis) | (ppmC) he300°C | 10% jocy | Comments
Crystal twinning at
Quartz (ST) | ~573 |0.11| 3158 |~0 ~2.0x 10'% | 1.5 ~300° & Phase
transformation
LGS (48.5° 1470 | 0.44 | 2400 | 4.34 20x104 |58 Disordered structure;
rot Y) ' ) ' ' low resistivity
GaPO4(Y) |~933 |0.29 | 2400 |~0 ~2.0x 108 Phase Transformation
CTGS ~1350 | 15.0 | 2771 | 37.1 ~1.0 x 10"7 - Ordered structure
LiNbO3 (Y) |~300 [4.5 |3488 |94 3 15 Decomposition
LiTaO3(X) |~300 |0.9 |3295 |18 E 16.5 Decomposition
(Al,Ga)N (EAI?I?I? 0.6 ZIE?IEI);) 28.3 ~1x 10" ?le) Phase Transformation

For high temperature applications (> 600 °C), choosing an appropriate substrate becomes important as
conventional materials cannot be utilized. For example, Quartz, a most widely used piezoelectric
material has a crystal phase transition from o to  at 573 °C [18] while substrates like LiTaO3; and
LiNbOs3 lose their piezoelectric effect or decompose at high temperatures. In search of high-
temperature stable piezoelectric materials, recent studies have shown that LGS (La3GasSiO14) and
CTGS (Ca3TaGasSi2014) have favourable high temperature properties and are promising candidates
for high temperature applications based on SAW devices [19]. The increasing interests and widespread
use of these piezoelectric materials has been attributed to its high temperature stability with the

nonappearance of phase transformation till its melting point at 1460 °C [20].

2.2.2 Choice of transducer

The selection of a potential electrode material for SAW IDT’s involves several important factors such
as ease of deposition, good adhesion to the substrate, non-reactivity with the substrate material and in
case of high temperature application, the ability to resist degradation after short-term high-temperature

cycles and long-term stability at the operating temperatures.

The most commonly used electrode material for IDT’s is aluminium and is the typical choice for
operations below 200 °C owing to its low density and high electrical conductivity. Nevertheless,
aluminium fails and becomes soft at temperatures even below 200 °C because of electro- and acousto-

migration [21].

Other natural candidates of SAW transducer material for high temperature application up to 800°C

include platinum and palladium [22]. Owing to high melting point and its inertness, platinum has been



preferred as a possible electrode material over others for temperatures above 300°C [22]-[24].
However, it was observed that Pt electrode having thickness less than 100 nm, agglomerates (de-
wetting) at temperatures above 700 °C due to surface tension, disrupting the film uniformity, and
finally resulting in a complete loss of electrical continuity [25]. Nevertheless, by proper alloying, the
agglomeration can be avoided [23]. In addition, iridium and platinum with titanium adhesion layer

electrodes can sustain even higher temperatures.

Thiele et al. [22] studied the effect of Zr & Ti as an adhesion layer for IDT’s with Pt and Pd electrodes
over LGS. It was found that on long exposure to high temperatures, the adhesion layer of Ti migrates
into Pt resulting in poor linkage and weakening of the SAW transducer performance. However, Zr
having similar adhesion characteristics does not migrate into the Pt layer [26]. Moreover, typical
metallic adhesive films, such as Ti:W alloy or Cr can form a network and migrate into Pt at large
annealing temperatures resulting in adhesion failure by lowering the temperature coefficient of
resistance (TCR). Extensive blistering/delamination or agglomeration can occur at elevated annealing

temperatures in the absence of adhesion promoter [27].

Various other metal doped oxides based thin film IDT electrodes have been investigated such as
PtAL,Os, Pt-Rh/NiO, Pt-Rh/CoO and Pt-Rf/HfO; using co-deposition method [15]. A comparison of
few metal electrodes for SAW IDT’s has been listed in Table 2.2.

Table 2.2: Characteristics of metals for the SAW IDT's [28].

p Phase Poisson Density (103 Young’s Acoustic
(nQ.cm) | Velocity ratio 3 Modulus impedance,
(myfs) kg/m ) (GPa) Z.(10 kg/m''s)

Al |2.82 6350-6500 | 033 2.695 76 17.65

Ti |42 6100 0.32 4.48 110 27.33

Ru | 7.1 1200 0.3 12.2 220 27.57

Ag | 1.59 3600 0.37 10.6 100 38.16

Hf |33 3010 0.37 133 110 40.03

Ni [6.99 5600 0.31 8.84 200 44.20

Cu | 1.7 5010-5200- | 0.355 8.96 128 44.89

Cr | 125 6650 0.21 7.19 140 46.74

Au | 2.44 2650-3210 | 0.42 19.32 78 51.20

Pt | 10.5 3260 0.38 21.14 170 63.42

Mo | 5.3 6290-6700 | 0.307 10.28 230 63.74

Ta | 13.2 4100 0.34 16.6 200 68.06

W |56 5200-5500 | 0.28 19.25 410 92.40

Ir (4.7 5350-5560 | 0.21 223 525 118.19
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Potential electrode materials can be classified into 3 groups: metal (e.g. W, Mo, Cu, Ti, Pt), alloys (e.g.
RuAl, TiAl, CuAl, NiCr) and metal non-metal compounds (e.g. Pt-Rh/CoO, Pt-Al/Pt/ZrO», Pt-Al,O3,
Pt-Rh/HfO»). For high temperature applications, the most suited metals are the one which have high
melting point with noble character, e.g. Platinum (Pt), Rhodium (Rh) & Iridium (Ir). There have been
numerous studies on the some of these high temperature materials for electrode fabrication [29]-[31].
Gayatri et al. [29] studied Mo/W metallization system as an alternative IDT material for SAW based
high temperature sensors because of its capability to withstand high temperature (~1000°) along with
better adhesion to the substrate and least degradation driven by responses such as acousto, thermal and
electromigration, possibility of agglomeration, void formation thereby maintaining a constant
electrical resistivity. The bulk properties of Mo such as high melting (2623 °C) than that of Pt (1768
°C) and higher thermomechanical stability make it attractive for use in SAW application. Another
property of Mo that reduces the agglomeration and slows down grain boundary grooving is the
activation energy for self-diffusion of Mo (5.8 eV) compared to Pt (3 eV). The higher thermal
conductivity of Mo (139 Wm' K") as compared to Pt (72 Wm™! K-!) lowers the temperature gradient
in SAW based temperature sensors. Additionally, other properties such as electrical resistivity and
thermal expansion coefficients of Mo is much lower than that of Platinum which makes it a promising
candidate for such applications. Comparing with the other low melting and low resistivity metals such
as Cu and Al, Mo in the pure bulk form has a high resistivity of 5.78 u€2 cm, therefore a trade-off
between high temperature stability and the lower film resistivity needs to be appreciated in addition to

other parameters that could influence the microstructure of the films.
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3. Mo-La;Os;: Potential Metallization System

3.1 Introduction

Thin film technology has played an exceptionally significant role in the advancement of electronic
gadgets due to the realization of real-world applications in the engineering systems which depends
mostly on the polycrystalline thin films with thickness ranging from nm to pm. Thin film properties
can be tailored by varying the deposition conditions. Functionality in the film structure can be obtained
by depositing multiple layers of different materials. By combining different metals, insulating and
semiconducting layers collectively, the practicality of the electronic devices can be clearly recognized.
One of the usual method for achieving the desired properties from these layers is by performing the so

called ‘micro and nanostructuring’ [32].

The structuring is pretty much valid for most of the microelectronic gadgets having surface coatings
with electrical, thermal and mechanical functions. Metal based thin films have been extensively used
for performing high end performance in field of electronics in comparison to other films. Applications
of these thin films in the field of SAW technology is related to the IDT metallization, cover and barrier
layers for preventing degradation by agglomeration and migration phenomenon that arises at harsh

environment conditions.

Speaking of harsh environment, it is known that high temperatures adversely affect device
performance. This calls for a material system that can be stable, conducting and at the same time
functional at high temperatures without any material degradation. Metals such as molybdenum (Mo)
& Tungsten (W) have recently received much attention and have been used in areas such as memory
device, solar cells, etc. due to their good thermal stability and low contact resistance [33], [34]. Mo
films are frequently the main choice in various electronics applications because of their attractive
functional properties. These films serve as the electrode materials in piezoelectric micro and nano
electromechanical devices due to their low resistivity and high acoustic impedance values [35], [36].
Mo films also finds applications as the metallization system in thin film transistors i.e. in gate
electrodes and as a diffusion barrier layer [37]. Lately thin films of molybdenum have attained
industrial significance as a linking material for ICs, environmentally protective coatings, contact film
for solar cells owing to high strength at elevated temperature, low thermal coefficient of expansion,

high conductivity and resistance to creep [32], [33]. However, commercially pure molybdenum has
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low strength at elevated temperatures. Depending on the amount of work hardening Mo usually
recrystallizes between 900 and 1250 °C. The use of pure Mo in structural and electronic based
applications has been limited due to the decrease in strength with recrystallization [34]. Although Mo
has a high melting point of 2896 K, it loses its strength and fails already at 800 °C.

Another major impediment in the use of Mo thin films in flexible electronics is its mechanical failure
through brittle fracture. To overcome this issue, various approaches have been adopted for improving
the behaviour of Mo films. Mo, a refractory metal from group VI of the periodic table, can be
strengthened by (a) solid-solution strengthening additions, (b) precipitation or dispersion strengthening
by second-phase particles, (c) strain hardening and grain size refinement, and (d) retaining a worked
structure at high temperatures. For service at elevated temperatures (>0.5Tm), only a combination of
(b), (¢), and (d) has the potential for success. Strengthening by second-phase particles can be both
direct and indirect. Direct strengthening is caused by particles acting as barriers as to dislocations
motion during deformation. Indirect strengthening is caused when a dispersoid-containing metal is
thermomechanically processed, so that the particles help to develop and stabilize a worked structure.
An additional strength increment resulting from the fine grain size and substructure can be achieved

at high temperature if the structure is stable.

Carbides have been the favoured second-phase particle for strengthening molydenum, as is evident in
the Mo-TZM (Titanium-Zirconium-Molybdenum) and Mo-TZC (Titanium-Zirconium-Carbon) alloys
[38]. However, the carbide particles are not stable at high temperature and will coarsen and/or dissolve
into solution, thereby negating their effective need as a strengthener. Inert oxide particles are preferable
as the dispersoid. It has been observed that alloying Mo with Re improves the room temperature
ductility thereby increasing the workability and toughness of the alloy [39]. Recently alloys
strengthened by addition of oxide particles have received considerable attention owing to their
excellent creep properties. Lanthanum oxide doped molybdenum is one such ODS alloy which has
been the interest of study for applications as furnace components, sintering boats, feed wires in the
lighting industry, high temperature springs, welding electrode material etc. [40]. In order to use Mo
for applications concerning operating temperatures more than the recrystallization temperature,
various alloys have been developed by dispersion strengthening using rare earth oxides such as La>O3
and Y20s; thereby providing superior ductility and creep resistance properties [41]. Zhang et al. [42]
reported that in bulk molybdenum toughness can be improved by the dispersion of second phase La>03
in the parent matrix. It was found that the for Mo-La>Os3 alloys, particles dispersion strengthening is
much more effective than compared to grain size refinement [36]. However, studies on thin films of

Mo with oxide dispersion is still lacking. It would be interesting to study if such parallels can be drawn
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for thin film systems as observed in bulk form. Thus, the aim of this work is to develop a high
temperature stable IDT metallization system by incorporating a second phase particle (La>03) into thin
film of parent metal (Mo) matrix using thin film deposition of magnetron sputtering. Additionally,

these films have to be tested for electrical and thermal behaviour at elevated temperature of 800 °C.

3.2 Mo-Laz20O3 material system

In order to improve the mechanical properties of Mo metal in terms of high temperature strength, creep
resistance, and ductility, use of oxide dispersion strengthened (ODS) Mo alloy is particularly of
interest. Though significant amount of studies has been conducted on this material system in bulk
form, investigations based on nanostructured thin films is still lacking. It would be interesting to note

the behaviour of the material system in the nanoscale dimension.

Stable oxides of rare earth-metals have melting temperatures close to Mo and thus are logical choice
for dispersion strengthening. It has been observed that ODS Mo prepared by doping appropriate
quantity of rare earth oxides such as LaOs;, Y203, when deformed exhibits a much higher
recrystallization temperature than the commercially available pure molybdenum [43]-[45]. This
makes ODS Mo demonstrate not only higher non-sag property and creep strength at elevated
temperatures but also increased strength and ductility at low temperatures as compared with the pure
Mo [46]. Deng shiqgiang et al. [47] believed that rare earth might reduce the density of N, O, C, on the
grain boundaries, whereas Zhang at al. [46] observed that the presence of second phase particles of
Lay0s as the major input to Mo toughness enhancement. It has been found that creep-rupture life of
pure molybdenum at 0.65Tm (wWhere T is the melting temperature) i.e. 1600 °C increases only by an
order of magnitude on adding 50 wt.% of Rhenium. Nevertheless, an ODS Mo alloy at 1800 °C shows
the creep strength several orders of magnitude more than unalloyed Mo [48]. Actually, the oxide
dispersion strengthened molybdenum has a high creep-rupture at 1800 °C compared to unalloyed W
or Re at 1600 °C. Endo and others [45] investigated the microstructural and mechanical behaviour of
molybdenum thin wires doped with lanthanum oxide particles and found that recrystallization
temperature increased to 1500-1600 °C from 1100-1200 °C for undoped wire. Besides, the increase in
the recrystallization temperature, the shape of the recrystallized grains changed after the dispersion of
the oxide phase. Bianco et al. [48] compared the effect of adding different oxides such as La>O3, Y203,
and Zr20; in the molybdenum matrix and observed that doping with La>O3 exhibited highest ultimate

tensile strength (UTS) along with increase creep rupture strength when compared with other oxide
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additions. The commercial production of lanthanum doped ODS alloys are presently carried out using
the powder processing techniques. The amount of La>O3 added into the Mo matrix affect the properties
of the alloy in a substantial way. It has been observed 0.6 - 1.5 wt.% of lanthanum oxide when added
to the Mo metal in the bulk form, gives the best combination of thermos-mechanical properties [49].

In this thesis work, about 1 wt.% of lanthanum oxide in Mo thin films has been studied.

3.3 Thin film synthesis methods

For the fabrication of thin functional layers, various vacuum or non-vacuum-based methods can be
opted such as physical vapor deposition (PVD), chemical vapor deposition (CVD), atomic layer
deposition (ALD), pulsed layer deposition (PLD), wet and dry chemical deposition. PVD is one of the
commonly used method for the deposition of thin films. PVD can be classified further into three main
processes, namely ion-beam etching, sputtering and evaporation. Sputtering being the most frequently
used method for the fabrication of thin metallic and non-metallic films. This deposition technique can
be extended to various other materials for instance, insulators, alloys, organic blends and semi-

conductors etc.

Though there are different methods for film fabrication, each method can be visualized in a three
sequential step process: (1) A thin film material source is provided, (2) the material is transported onto
the substrate surface and (3) film growth occurs. The uniformity of the film will depend on the
deposition parameters and material transport. The medium of transport (vacuum medium) also plays
an important role in defining the film uniformity by affecting the deposition rate, energy and material
flow direction. In the PVD process, a target source is bombarded by ions leading to sputtering out of
the target atoms and its deposition onto a substrate to form a thin film on its surface. Sputtering

technique will be used as the deposition method for film fabrication in the present work [32].

Sputtering is basically ejection of material from a solid surface because of impingement of the same
by highly energetic projectile. The Ar ions strike the target surface acting as cathode in the sputtering
chamber. The flux of the sputtered material is intercepted by the receptor surface of the substrate. The
cathode current, discharge voltage, process pressure and stand-off-distance (SOD) are the main process
variables. A mono phase or multiphase coating can be deposited by sputtering. It can also be extended
to deposit multilayer or graded layer coating. Substrate bias and substrate temperature have strong

influence on coating properties. The thickness of the sputtered films can vary from 1 nm up to several

15



um. Physical sputtering is a process which occur under high vacuum conditions. Most plasmas are
formed by electron impact ionization of the gas in a controlled electrical gas discharge, when Ar is the

gas, the ionization can be described as:

e~ +Ar - Art + 2e” 3.1

[eJe]e)

Moreover, the flux of particles onto a surface at a given pressure p is given by:

= L[m‘ZS‘ll 32

V2mmkT

where m is the mass of the element, & is the Boltzmann constant, and 7 is the temperature in Kelvin.

Generally, in a DC sputtering system, the target is kept as cathode and the grounded chamber walls
acts as the anode. When a negative potential is applied to the cathode, the electric field created between
the electrode accelerates all the charged particles. The energy and momentum transfer from the
particles enables the escape of the surface atoms of the source. These atoms will then condense and
nucleate onto the substrate located opposite to the target [50]. Figure 3.1 shows the schematic of the

reactive sputtering process.
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Figure 3.1: Schematic of a DC magnetron sputtering process [51].

A lot of different thin film deposition techniques have been reported in literature for metal doped

oxides by sputtering, sintering powder blends PLD, CVD and ALD [52], [53]. Sputtering process is
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usually characterized by discharge voltage, argon pressure, discharge current and deposition rate. The
magnetron sputtering source further reduces the requirement of high discharge voltage and argon
pressure & significantly improves the quality of the film/coating. The presence of a magnetic field
near the target surface intensifies the plasma by trapping the electrons leading to increase in ion

impingement and sputtering rate.

3.4 Thin film growth

The growth of the thin film can be distributed into four main growth stages as shown in Figure 3.2.
The stages include nucleation of island structure, coalescence of islands, channel formation, and
formation of the continuous film. Thin film formation initiates with the deposited atoms colliding with
the substrate surface and developing as isolated atomic clusters. These clusters start to combine to
form larger islands and then these islands coalesce to form a film. Once a continuous film is formed,
it starts to thicken and grow [54]. The microstructure of the film will depend on the efficiency of the

atom to stick together.

Nucleation

Island growth

Coalescence growth

Channel growth

Thickness growth

Figure 3.2: Schematic illustration of the growth process [54].
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In sputter deposition, films are often deposited at a substrate temperature 7y which is lower than the
film melting point 7,,.. Because of this difference, the sputtering process deviates far from the
thermodynamic equilibrium. Figure 3.3 shows the different microstructures obtained from a PVD
process. One axis of the graph represents the ratio of substrate temperature 7 to the film melting
temperature 7, and the other axis represents the working gas pressure. Typically, at low deposition
temperatures the mobility of the incoming atoms is limited. Hence, the obtained film is likely to be
less dense, with columnar growth structures separated by voids. This kind of microstructure can be
interpreted for zone 1 in Figure 3.4, comprising of tapered columns with curved tops demarcated by
voided boundaries. Zone T is a transition state between zone 1 and zone 2, its grains are fibrous and
dense. As temperature rises, width of the column increases defined by grain boundaries which is
accounted for zone 2 (0.3 < Ts/Tm < 0.5). Zone 3 (Ts/Tm > 0.5) corresponds to elevated temperature
which accounts for equiaxed grains that increases in size with activation energies similar to that of in

bulk diffusion.
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Figure 3.3: Structure zone model for metal films [55].
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Figure 3.4: Schematic diagram of microstructure evolution [54].
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3.5 Stresses in thin films

Owing to various constraints frequently forced throughout the thin film deposition process, non-
equilibrium microstructures can result that cause stress levels to rise much above the corresponding
yield/bulk stress which further can affect the film performance and reliability. Stresses in thin films
can usually be differentiated as extrinsic or intrinsic. Stresses that occur due to external load are termed
as extrinsic stress. For example, thermal stress arising from the difference in coefficient of thermal
expansion of the film and the substrate material is one of the most common source of extrinsic stress.
On the other hand, intrinsic stress is the stress arising from the inside of film structure while growing
i.e. the growth stress. Much is yet to be understood based on intrinsic or growth stress due to the
complexity of its generation and related microstructural changes during the film development [56]—
[58]. Collision and infringement of the crystallite may result in tensile stress generation which has

been documented both theoretically and experimentally for stress evolution characteristics [59].

Desirable or not, internal/residual stress is always present in thin films. Even without the application
of external load, stresses may be present in the films as a result of differential thermal expansion
between the film and substrate (Figure 6(c)), lattice parameter mismatch, inclusion of foreign atoms,
interatomic spacing within the crystal, presence of microscopic voids, atomic peening, recrystallization

or phase transformation [59]-[61].

The residual stresses in thin films can be either tensile or compressive as illustrated in Figure 3.5 (a)
and (b). If the magnitude of stress is large, it could either result in film, substrate fracture or interface
break up. As per the minimum energy theorem, the elastic solid body is said to be in equilibrium when
the potential energy of the system is minimum. In other words, when the material is experiencing any
residual or externally applied loads, the system would like to find the equilibrium position by rupturing
in such a way that results in the decrease in potential energy [62]. So, to achieve the state of minimum
energy, the strain energy produced by residual stresses can be reduced by delamination or rupture of
the thin film. In worst cases, compressive residual stresses may result in film buckling and
delamination from the substrate and tensile stresses may cause film cracking and peeling from the
substrate [63]. In addition, the presence of residual stresses in films could also lead to generation of
imperfection and defects in epitaxial layers by forming whiskers and hillocks [64]. All these responses
to the presence of residual stress may alter the film properties such as electrical conductivity,

magnetization and reflectivity [59].
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Figure 3.5: Illustrations of film/substrate bending due to (a) compressive, (b) tensile residual stresses
in the film and (c¢) due to mismatch of the coefficients of thermal expansion (Adapted from Ref. [64])

The easiest and the most typical method to evaluate the film stress is to measure the substrate curvature
before and after deposition. The change in curvature will indicate the presence of stress in the film
resulting from the deposition process. A simple and famous formula that relates the film stress with
the change in curvature of the substrate was given by G. G. Stoney [65]. Stoney made use of the plate
theory to explain the system consisting of a thin film of thickness %, deposited over a thicker substrate

of thickness /s and gave a well-known formula, what is identified as Stoney relation:

Ech?

O'f =m7‘ 33

where the subscripts fand s denote the film and substrate, respectively, whereas E and v denotes the
Young’s modulus and Poisson’s ratio respectively. oy is the film stress which is directly proportional
to the substrate curvature, 7. Stoney’s relation has been formulated based on some explicit assumption.

They are:
1. Both /rand 4, are uniform and A<<h,<<Rj, where R, refers to substrate radius of curvature;

2. Film and substrate material is isotropic, homogeneous and elastic;
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3. The rotations and strain in the system is negligible;

4. The misfit strain is equi-biaxial or in-plane isotropic and is constant over the plate’s surface.

3.6 Size effect in thin films

The electrical conductivity of thin films exhibits a well-known size effect which is the result of
electronic movements and scattering though the film surface and interfaces. Substantial effort has been
put in the field of electron transport over several decades. Roughness, grain boundary scattering,
impurity scattering, and surface scattering are the four-crucial electron scattering mechanisms which
have been known to contribute to the classical size effect [66]-[68]. This classic ‘size effect’ defines
the increase/decrease in the resistivity values based on the size of circuit feature. The increased
resistivity effect is more pronounced when the dimension of the thin films becomes twice to thrice of
the electron mean free path (EMFP). The size effect usually leads to an increase in the resistivity values
when compared to that of bulk. With upgrading technologies and the need for nanoscale dimensional

features, the size dependent resistivity has a critical role to play in the microelectronic industry.

The resistivity size effect in nanoscale systems occurs mostly due to the electron momentum loss
during the flow of electron resulting from grain boundaries and surface scattering. To explain this
electron scattering phenomenon in thin film system, two widely used theoretical models are used, the
Fuchs-Sondheimer (FS) model [69][70] which relates to surface scattering and the Mayadas-Shatzkes
(MS) model [71] which is based on the grain boundary scattering principle. The major assumptions of
these two models are that the scattering process is isotropic and the size effect is dependent on the free

electron theory.

In FS model, the resistivity of the film, psm can be obtained using the bulk resistivity data using the

following equation:

-1

3 * /1 1\ 1—e7kt
Pritm = Ppuik [1 - Z(l -p) fl (t_3 - t_5>mdt] 3.4
R 3.5
)

where, p refers to the parameter indicating the number of electrons that are specularly scattered from

the surface with values ranging from 0 to 1. Specular scattering (p = 1), refers to the elastic scattering
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causing no change in the resistivity. Whereas, the diffuse scattering (p = 0) implies that randomization
of the electron momentum leading to increase in the resistivity. s is the ratio between mean film

thickness, d and the electron mean free path in the bulk, 4.

In contrast to FS model, the MS model is based on the electron scattering at the grain boundaries that
are found typically in polycrystalline materials. These grain boundaries acts as potential barrier for the
moving electrons which can either be transmitted or reflected. Assuming R as the reflection probability
described by grain boundary reflection coefficient. Larger is the R, more is the electron scattering
leading to increase in the electrical resistivity. Whether the scattering is specular or diffuse, all reflected
electrons contribute to the increase in resistivity. Therefore, the film resistivity due to grain boundary

scattering is given by:

Pru [1 @ I\
pfilszu §—§+a2—a3ln(1+a)] 3.6
A R
T 3.7
“TD1-R

where, D is the average in-plane grain size. The presence of grain boundaries tends to reduce the
electron mean free path value lower than that of bulk. Owing to the growth method in case of thin
films, the mean grain size can become equal to the thickness if the thickness reduces up to 1 um. As a
result, thinner films will have smaller grain sizes indicating the presence of more grain boundaries that
may result in the increase in the resistivity values. In almost all the cases, both grain boundary and

scattering lead to the increase in the total resistivity value of the thin films.
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4. Research Methodology and Experimental Procedure

4.1 Film preparation

Periodic multilayer films containing Mo and La;Os in alternating pattern were deposited onto Si (100)
substrate having 1 pm thickness of SiOz layer on the top. DC magnetron sputtering technique was used
with pure Mo and La targets. Si wafers with thickness 530 pm and 250 pm were cut into square (10 x
10 mm) and rectangle (59 x 7 mm) shapes for the deposition respectively. The overall film was
designed with different bilayer periods of Mo and La>O;3 (1, 2, 4 & 8) with Mo as a top covering layer
in each configuration. The overall thickness of the multilayer was kept 100 nm. All the deposited
samples were vacuum annealed at 800 °C for different time duration of 24 h, 48 h, and 120 h. A total
of 4 batch series were prepared with 1, 2, 4 & 8 bilayer periods, and analysed for microstructural,
electrical and thermomechanical behaviour in as-deposited (AD) and heat-treated (HT) condition as
shown in Figure 4.1. The thickness of individual layers was varied such that the film composition is
kept constant. In the present work, a total thickness of 1 nm of La;O3; with 99 mm of total Mo thickness
corresponds to approximately 1.1 wt.% of the oxide. To identify the respective samples, corresponding
nomenclature was kept in the format of Mo-(La203-Mo).-Si, where n represents the number of
alternating layers of Mo & LaxOs (bilayer period) in AD & HT conditions. In order to visualize the
effectiveness of all these multilayer films, the present metallization system was compared to that of

pure Mo in both AD and HT condition.

100 nm|

Figure 4.1: Designed multilayer film configuration.
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Film fabrication was done using a DC magnetron sputtering system as shown in Figure 4.2. Before the
deposition, the substrate was kept under high vacuum chamber at the base pressure of 2.6 x 10°- 3.0
x 107% mbar. Subsequently during the deposition, the chamber pressure was 1.6 x 10 mbar. This
chamber has two planar sources for each of the material targets of pure Mo & La. Ar gas was utilized
as the sputtering gas at a flow rate of 30 sccm for ionizing and creating plasma. The deposition was
carried at input power of 500 W and 50 W for Mo & La respectively at room temperature conditions.
The deposition rate chosen for the film fabrication was 0.478 nm/sec and 0.029 nm/sec for Mo and La
respectively. The sample stage was rotated at constant speed of 10 rpm inside the sputtering chamber
to obtain a homogeneous film. La is an extremely reactive material, it easily forms oxide when exposed
to ambient atmosphere. It was observed that the residual oxygen in the (HV) deposition chamber was
sufficient to oxidise La to La>0s. In order to achieve a completely oxidised layer, after deposition of
the La layer, deposition was briefly interrupted so as to ensure the complete uptake of the oxygen by
the deposited La. This was achieved by waiting until the chamber pressure reached to the set deposition
pressureof 1.6 x 10~ mbar. So, during the fabrication of film stacks, waiting time was introduced after

the deposition of La layer in each case each time before depositing Mo layer on top.

Figure 4.2: DC magnetron sputtering system for Mo/La>O3 multilayer thin films.
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The details of film configuration and sputtering parameters are shown in Table 4.1 & Table 4.2

respectively.

Table 3.1: Deposited thin film multilayer configuration details.

Film
configuration

Mo-(La203-Mo)-
Si

Mo-(La203-Mo)2-
Si

Mo-(La203-Mo)4-
Si

Mo-(La203-Mo)s-
Si

Mo total

99

99

99

99

thickness
(nm)

La total 1 1 1 1
thickness
(nm)

Mo individual 49.5 33.0 19.8 11.0

layer
thickness
(nm)

La individual 1 0.5 0.25 0.125
layer
thickness

(nm)

Total Mo 2 3 S 9
layers

Total La 1 2 4 8
layers

Total film 100 100 100 100

thickness
(nm)

Table 4.2: Sputtering parameters for deposition of thin film multilayers.
Operating Conditions (Mo/La)

Sample dimension (mm?) 10x 10
Sputtering power (W) 500/15
Argon flow rate (sccm) 30

2.6x10°-3.0x 10°
1.6x 103 - 1.8x 103

Chamber pressure (mbar)

Deposition pressure (mbar)

Deposition temperature (°C) | RT

Deposition time (s) 104/35; 69/17; 42/9: 23/4
Thickness (nm) 100

Waiting time after La | 60;45;30; 25

deposition (min)
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4.2 Characterization of thin films

Characteristic investigation of the thin films is very crucial for understanding the underlying
mechanism related to microstructural, electrical and thermo-mechanical properties. In order to achieve
the technological demands of the thin film industry, measurement of their properties is very essential.
In the present work, the fabricated thin film multilayers have been examined for microstructural and
electrical properties. The films were characterized using SEM (Scanning Electron Microscope), XRD
(X-Ray Diffraction), XRR (X-Ray Reflectivity), AFM (Atomic Force Microscopy), van der Pauw,
curvature stress and TEM (Transmission Electron Microscopy). These characterization tools and the

experimental details are discussed here.

4.2.1 van der Pauw measurement

In semiconductor industry, one of the widely used method to evaluate the resistivity of uniform sample
such as thin films is the four point probe measurement technique (also known as van der Pauw (vdP)
method) [72]. Using the vdP technique, it is possible to determine both the volume resistivity (p) and
sheet resistance of a homogeneous and isotropic material (layers) having uniform thickness. vdP uses
a 4-terminal sensing method having a point-like ohmic contact along the circumference of the layer.
As per the fundamental requirements of the vdP technique, the samples must be free of voids and

cracks which could lead to unwanted discontinuities in the value of resistivity.

The measurement of resistivity using vdP technique is based on the principle of determining the
voltage response across the ohmic contact points when a constant electric current is applied through
the sample. Considering a connection according to Figure 4.3 (a), a suitable magnitude of electric
current is applied to two probes (e.g. 1 & 2)and the voltage response is measured across the other two
probes (4 & 3) with a high impedance voltmeter. Based on the voltage reading, sheet resistance, R, &

Ry is calculated. In this case, the following equation given by van der Pauw holds

( Ra.h> e ( Ry. h) 1 41
exp|—m.—— ) +exp|—m. = .
P P

where p is the specific resistivity and R, = Us3/I12 and Ry = U;4/I>3 are the resistance derived from the

potential drop between the circumferential contact points 3 & 4 and 1& 4 respectively and # is the

thickness of the sample.
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Figure 4.3: Measurement of specific resistivity of flat sample using van der Pauw technique [73].

For the measurement of resistivity of Mo/La»03 thin films using a four-point probe method, square
deposited samples of dimension 10 x 10 mm have been utilized. The ohmic contact points must be
close to the corner/edge of the sample. The applied current during the measurement was kept at SmA.

The final value of the resistivity for a particular sample was averaged over 6 good readings using wafer

prober model 1034X A6 as shown in Figure 4.4.

Figure 4.4: Wafer probe device for van der Pauw measurements.

4.2.2 Residual stress measurement

In 1909, Stoney [65] formulated the equation for determining the average biaxial stresses, orin a thin
film deposited over a rigid and thick substrate. The stress in the film value can be obtained from the

difference in the bending (curvature) of the substrate before and after the film deposition using the

following equation:
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where, R, is the radius of the substrate material before deposition and Ry is the measured radius of
curvature after deposition. Multiple films deposited over the same substrate contributes independently

to the total substrate curvature which is given by:

4.3

hey + hey + - hegy = —————— —
Of1Mfq T Of2Mf2 OfxNyx R R,

Esh? 1 1
6(1—vy) ( )
where, the subscript x denotes the number of films deposited over the substrate. Stoney’s relation is
the foundation of the curvature method, that helps in the estimation of average stress generated in the
thin film. A schematic of the wafer curvature system is shown in Figure 4.5. During the stress
measurement, a laser beam is scanned and reflected from the wafer’s surface using a lens and a rotating
mirror system. A position sensitive photodiode (PSD) continuously monitors the reflected beams and
measures their deflection. For a perfectly flat wafer, all the reflected laser beams meet at a single point.

There is no change in the position of the reflected beam across the wafer having a constant curvature.

Figure 4.6 shows the schematic of wafer curvature system.

In the present work, a laser-optical Flexus FLX-2410 system with two laser sources of wavelength 670
nm and 750 nm has been used to compare the curvature of the sample in order to determine film stress
after deposition. For the stress measurements, rectangular samples of 250 pm thick Si wafers and
dimension 59 x 7 mm has been used. The laser beam moves 54 mm in length across the film surface.
The surface of the wafer was kept free from strains and other contaminants, which may scatter the
laser and disturb the measurement. The readings were averaged over three measurement scans both in

as-depositedcondition and heat-treated state.

Figure 4.5: A schematic of a laser-scanning wafer curvature measurement system [74].
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Figure 4.6: Curvature stress measurement device.

4.2.3 In-plane microstructure: Scanning electron microscope (SEM)

SEM is one of the most widely used characterization method for high resolution imaging and
microanalysis for solid surfaces. So, study of microstructure using SEM is very much essential in order
to understand the macro properties of the materials. SEM produces images of a sample by scanning
the surface using a beam of high energy electrons. The high energy electrons after interacting with the
sample produce characteristics X-rays, secondary electrons and back scattered electrons as a result of
elastic and inelastic collision and scattering giving information about phase structure and orientation
of the sample, surface morphology and texture, and chemical composition etc. SEM can capture
images of the sample with dimensions ranging from several microns to few nanometres. A schematic

view of the principle operation mode of a SEM is shown in Figure 4.7.
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Figure 4.7: Schematic diagram of (a) scanning electron microscope (SEM), (b) Schematic showing

interaction volume of the electrons/interaction depth.
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Microstructural examination of Mo/La203; multilayer thin films have been carried out using Zeiss Ultra
55 Plus coupled with in-lens detector at a working distance 4-5 mm. The instrument was operated at
5kV, and the secondary electrons were collected using an in-lens detector placed rotationally
symmetric inside the electron column of the microscope shown in Figure 4.8. Magnification from

500X to 150kX was taken for all the samples.

Figure 4.8: SEM Zeiss Ultra Plus used for viewing the top surface microstructure of the samples.

4.2.4 Atomic force microscopy (AFM)

One of the fast and powerful technique in material science to know the morphological features of
nanometre range without the need of vacuum is the atomic force microscopy. In the current work, the
surface morphology of the Mo/La>O; thin films has been examined using this technique which is
dependent on the Van der Waals forces between the tip and the sample surface. Data such as surface
roughness can be obtained if these forces are known. AFM gives a 3D profile of the sample’s surface
with nanometre scale resolution by calculating the forces between the surface and the probe (<10 nm)
at a very small distance (0.2-10 nm). The probe is supported on a flexible piezoelectric cantilever. The

AFM tip softly touches the sample’s surface and records the force between the surface and the probe.

For the investigation of the Mo/La>Os3 thin films, tapping mode of operation was chosen. The AFM
images were taken using a dimension Icon AFM (Bruker) as shown in Figure 4.9. The probe made of
silicon and coating of aluminium has been used (Model: AC160TS-R3, Olympus). The maximum
operating frequency of the probe having a tip radius of curvature of 10 nm has been utilized for
scanning the surface. The scan size and rate were chosen as 2 x 2 pm and 1 Hz respectively. The

surface topography data has been analysed using the Gwyddion software [75].
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Figure 4.9: Schematic of a Bruker Dimension Icon AFM [76].

4.2.5 Out-plane microstructure: Focused ion beam (FIB)

FIB has a similar instrumental setup like SEM which includes a vacuum system chamber, sample
stage, detectors, an ion column, gas input system and a liquid metal ion source. FIB technique can be
utilized primarily to prepare the cross section of material or a thin film. There is a possibility to do a
ion milling with the help of liquid metal ion source (LIMS) ejecting ions of size Snm in diameter. A
tungsten needle attached to LIMS is used to hold the metal source material. The most widely used
material for LIMS is gallium because of low volatility, low melting point (~30 °C), and low vapor
pressure [77]. The striking of Ga* ions onto the sample surface removes the material by sputtering
process. Using the similar polishing approach as used in metallography, the samples polishing of the

cross-section can be done.

To obtain the cross-sectional image of the Mo/La>0s thin films, a FIB Crossbeam 1540 XB, Zeiss
instrument was used. Films with substrate were sliced for observing the cross section of the multilayer
stack. To have a clear view of the film cross section, three steps needs to be followed: (a) deposition
of a protective layer of carbon and platinum on the top of the film; (b) milling a large trapezoidal
section using current of 100nA; (c) polishing of the trapezoidal section with a current of S0pA. After
polishing the sample, the sample was viewed under the SEM at a magnification of 80kX. The film
thickness was obtained through the FIB cross sectional images. Figure 4.10 shows the FIB system used

for characterizing the out-plane microstructure.
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Figure 4.10: FIB Crossbeam 1540 XB, Zeiss.

4.2.6 X-Ray diffraction (XRD)

X-ray diffraction studies were done using Co K, radiation employing a Panalytical X Pert 6-0 thin-
film diffractometer (see Figure 4.11) operating in Bragg-Brentano geometry. The diffractometer was
operated at 40kV and 40mA for microstructural investigations. Using the famous Bragg’s equation,
the d-spacing of the atomic layers can be estimated from diffraction peak positions. With the help of
d-spacing, phase analysis can be carried out. Furthermore, using single line broadening analysis (see
for details Ref. [78] and references therein) , important microstructural parameters such as volume
weighted crystallite size, D, associated microstrain (due to defects and vacancies), €, and peak shift

(existence of macro stress).

Mathematically, the measured diffraction profile, /4(x) can be considered as a convolution of
structurally broadened profile, f(x) and instrumental profile, g(x). The instrumental broadening comes
from the intrinsic instrumental deviations whereas structural broadening is a result of crystal
imperfections which includes presence of microstrain due to misfits, precipitates, dislocations and the
small crystallite size. Both these broadenings can be approximated using a pseudo-Voigt function,
which is a convolution of a Cauchy (c) and a Gaussian (g) profile. On applying Voigt-method [79],
[80] the integral breadth (f) of both the peak component i.e. Cauchy and Gaussian profile of the
structurally broadened profile can be obtained from the § and Voigt-parameter (ratio of full width half
maximum to f) of the measured profile. For finding the instrumental broadening of the diffractometer

as a function of diffraction angle 260, 15 hkl reflections of a LaBs (NIST SRM660a) standard powder
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sample was used. Integral breadth and Voigt parameters at 26 angles of Mo and La>O3; were calculated
by interpolation. Assuming the Gaussian component resulting from the microstrain, ¢, and the Cauchy

component arising from the finite crystallite size, D,:

~ (57e559) 44
Bre = D, cos 6 '
Br.c = 4eb tan 0 4.5

where, @ is the maxima diffraction line position and 4, is the wavelength. The obtained reflection from
the films was fitted with the pseudo-Voigt function with a linear background using a profile fitting
analysis in X Pert Highscore Plus v3.0 to find the peak parameters which include, Voigt parameter,

integral breadth, FWHM, universal shape, peak position.

The scan range considered for the XRD measurement of Mo/La>Oj3 thin films has been chosen as 25-
76° and 87-150° with a step size of 0.01° to avoid the high intensity Si (200) peak arising from the
substrate at 82.43°. Peak shifts related to error in sample height positioning was corrected using the

single crystal Si diffraction peak.

Figure 4.11: Panalytical X Pert XRD device.

4.2.7 X-Ray reflectivity (XRR)

XRR is one of the most widely used, simple and powerful non-destructive technique to examine the
thin film structure. Using this method, thin film individual layer parameters such as surface/interface

roughness, layer thickness from several to a few hundred nm and density can be quantitively estimated.
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The analysis is based on the X-ray reflection intensity curves obtained from low angle/grazing incident
X-rays. The XRR measurement can be used to investigate amorphous, single crystalline and

polycrystalline materials.

The index of refraction, 7, is typically less than one for X-rays which indicates that the total external
reflection happens at lower angles. There is a specific angle called the critical angle, o. at which the
total external reflection stops when the X-rays falls on a flat sample. When the incident angle goes
beyond the critical angle, the X-rays penetrates into the sample. This angle can be directly related to
the density of the reflecting medium. The intensity of the reflectivity curve drops exponentially as the
incident angle, o; becomes more than the a.. The typical X-ray reflectivity curve contains many
oscillations known as Kiessig fringes [81] which is the result of interference of the X-rays from the

surfaces and interfaces of the individual layer.

(a) Density of the film: The mass density is associated with the value of refractive index, n, which
varies with the critical angle. The density value is directly proportional to the critical angle. Using

small angle approximations, the critical angle can be expressed as:

a, =26 = %Ad 4.6

TeA?
where, 6 = [p £
21

], pe 1s the electron density, 4 is the wavelength of X-ray, and 7, is the electron

radius.

(b) Thickness of the film: The periodic oscillations in the intensity curve gives the information about
the individual layer thicknesses, #. Thickness can be calculated by finding the Fourier transform of the
oscillation curve. For the maxima intensity, the path difference between the reflected waves should be

integral multiple of the wavelength which is given by:

2t\/sin?a; — sin?a, = mA 4.7
In most cases, the incident angle, o; is small, therefore the above equation can be rewritten as:

1 2
al — a? = m? (E) 4.8

where, m is the order of reflection.

(c) Roughness of the film: XRR measurements can be used to determine the surface and interface
roughness. Roughness causes the diffused reflection of the incident beam leading to decrease in the
specular intensity of the curve as well as the dampening of Kiessig fringes (oscillations). Surface

roughness results in the faster decay of X-ray reflectivity curve whereas interface roughness can be
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obtained from the amplitude of Kiessig fringes. Rapid dampening of these oscillations is indicative of

the large interface roughness.

Figure 4.12 show the possible information which can obtained from the reflectivity curve.
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Figure 4.12: Information provided by X-ray reflectivity curve [82].

The reflectivity measurements were carried out using a Panalytical X’Pert MRD thin film with a
parallel beam geometry equipped with Eulerian cradle. The XRR device comprised of a Cu X-ray tube
operated at 40kV and 40mA and a parallel plate collimator in the diffracted beam. The diffraction
measurements were carried out at low-angle region (1-6°). The fitting of the reflectivity profile was

done using the X’Pert Reflectivity v1.1 program.

4.2.8 Transmission electron microscopy (TEM)

TEM is a powerful technique to view the sample parallel to the interface with an excellent lateral
resolution. Electron gun, image producing and recording system are the essential components of a
TEM. Beside the conventional transmission electron microscopy (CTEM), TEM can also appear in
other forms such as scanning transmission electron microscope (STEM) and high-resolution
transmission electron microscope (HRTEM). Unlike CTEM, STEM contains only a gun, an electron
spectrometer & detection system and a probe forming lens. TEM generally requires a very thin sample
which can ensure the transmission of electrons and interaction with atoms either elastically or

inelastically. Hence, sample preparation techniques such as electropolishing is very much essential
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and based on diffraction contrast different images modes like bright-field and dark-field of TEM can

be achieved.

TEM investigations of the Mo/La>03 multilayer films were made on Tecnai F30 (FEI) (see Figure
4.13) equipped with a high angle angular dark field detector in the STEM mode. The thin film lamella
was prepared using the FIB technique which involved the deposition of protective Pt line on the surface
by electron and ion beam deposition method followed by Ga* ions for ion milling to achieve electron

transparency.
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Figure 4.13: TEM Tecnai F30 FEI device.
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5. Results and Discussion

5.1 Electrical Resistivity

The major challenge for the Mo/La;Os thin film metallization system, in order to be considered as the
potential IDT material for SAW based high temperature sensor, is to achieve the resistivity value of
these polycrystalline film close to that of the bulk while maintaining the thermal stability in harsh
environment conditions. Resistivity of the individual thin film layers i.e. Mo & La»0Os is approximately
18 uQ.cm and 10° pQ.cm where the resistivity value of Mo is more than twice of the reported values
in the bulk form [83]. Using the van der Pauw method, the resistivity values of the pure Mo and
Mo/La;0s thin film multilayers in as-deposited and annealed state were measured and are tabulated in
Table 5.1. The error bar corresponds to the difference between the maximum and minimum resistivity

values obtained for a specific film in AD and HT conditions.

Table 5.1: Measured resistivity values of thin films using van der Pauw technique.

Electrical Resistivity (u(.cm)
Multilayer Samples | As- Annealed (800°C | Annealed (800°C | Annealed (800°C
Deposited | for 24 h) for 48 h) for 120 h)
Mo-Si 18.5+0.3 8.6 8.6 8.2
Mo-(La;03-Mo)-Si | 19.5+0.5 17 159+0.3 11.1+1.9
Mo-(La;03-Mo)-Si | 21 £ 0.5 212+1.4 19 11.6 £0.1
Mo-(La;03-Mo)s-Si | 21.3 £0.5 23.7+0.6 21+0.3 13.9+0.1
Mo-(La;03-Mo)s-Si | 24.3 £ 0.9 259422 233+1.2 153+1.2

To better visualize the trends in the measured resistivity values, the variation of the resistivity as a

function of bilayer period and individual La,O3 film thickness has been plotted as shown in Figure 5.1.
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Figure 5.1: Resistivity variation as a function of bilayer period.

Pure Mo film of thickness 100 nm exhibited a resistivity of 18.4 nQ.cm in as-deposited condition.
However, after annealing, there was decrease in the resistivity values which can be attributed to grain
growth (see section 5.2). The resistivity value reaches to a minimum of 8.2 pQ.cm after 120 h of
annealing as the average in -plane and out plane grain size increases continually. Conductivity of the
film is found to decrease after the addition of lanthanum oxide layer. Resistivity of the film is also
affected by the electron scattering at film surfaces/interfaces, grain boundaries, defects in addition to
the presence of impurities [69]. In the present case, the resistivity thus increases with the increase in
the number of bilayer periods. Electron mean free path (EMFP) also strongly affects the resistivity
values. It is known that the EMFP of pure solid Mo at room temperature is close to 40 nm [84]. As the
thickness of the individual Mo layer goes below the EMFP, there is rapid increase in the resistivity.
Upon annealing for 24 h, the resistivity of Mo film reduces drastically and reduces only marginally
thereafter upon subsequent annealing upto 120 h. In comparison, for the 1 bilayer period Mo/La>O;
film, the reduction in the resistivity is lower after 24 h of annealing. For the 2-bilayer period film,
hardly any reduction in the resistivity is observed for the same annealing duration. Furthermore, in
contrast annealing the 4 and 8 bilayer period films led to an unexpected increase in the resistivity.
However, after 48 and 120 h of annealing, the resistivity decreases for all the films. It is interesting to

note that the resistivity value of the 8-bilayer period multilayer film after 120 h of vacuum annealing
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is lower than that of the pure Mo film in as-deposited state indicating the increased thermal stability

and conductivity of the film.

Overall, the combination of Mo and La;0Os3 does not drastically affect the electrical property of the
multilayer thin films. In addition to EMFP, factors such as surface morphology, density, grain structure
and film stacking configurations also affects the electrical conductivity of thin films. So, examination

of these parameters is very important in order to explain the resistivity behaviour.

5.2 In-plane microstructure: SEM

Suitable pattering and sandwiching of multiple films are the basic requirements in the fabrication of
IDT materials for SAW. based high temperature sensors. Film structure is also affected by the
deposition properties and adhesion between each film layer. Therefore, investigation on the genesis of
surface microstructure of multilayer Mo/La>0Os thin films is substantial to throw light on the electrical

behaviour of these films in as-deposited and vacuum annealed condition.

The in-plane (top film surface) morphology has been viewed using SEM in as-deposited and annealed
condition. As seen by SEM, films obtained are polycrystalline in nature and are free of any cracks or
voids. The pure Mo film show a typical elongated rice grain-like morphology. The as-deposited
morphology is very similar to that of Mo for every multilayer thin film configuration. The reason for
the Mo like morphology even after adding La>Os layer could be attributed to the template-like effect
of the underlying Mo film. Figure 5.2 displays the film morphology with different bilayers and

annealing conditions.
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Figure 5.2: SEM micrographs of as-deposited(AD) and annealed, (a) Mo-Si, (b) Mo-(La>x03-Mo)-Si,
(c) Mo-(La203-Mo)2-Si, (d) Mo-(La203-Mo)s-Si, (e) Mo-(La203-Mo)s-Si, thin films.
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In case of pure Mo film (Figure 5.2 (a)), there is progressively significant grain size increment upon
vacuum annealing up to 120 h. With the addition of lanthanum oxide layers, the grain size increment
decreases as compared to the pure Mo film which may be due to the pinning effect of lanthanum oxide
particles. From Figure 5.2, it can be inferred that the grain growth upon annealing multilayer films is
suppressed significantly when the number of bilayer period is increased. In order to qualify as a
potential IDT material from microstructure point of view, the film needs to have smaller grain size
with low roughness. To get smaller and uniform grains throughout the film, the dispersion of oxide
particles needs to be uniform through the film. So, in the present investigation the film configuration
consisting of 8 bilayers is more of interest. Upon annealing, it was found that Mo-(La>03-Mo)s-Si
show a very uniform grain structure as seen in Figure 5.2 (¢)). The average in-plane grain size of Mo-

(La203-Mo)s-Si is smallest of all the multilayer films after annealing.

Grain boundaries play a critical role in defining the electrical conductivity of the film as per the MS
model. The effect becomes appreciable only when the size of the grain approaches the EMFP of the
material. As the EMFP of Mo is close to 39 nm, the grain size is much larger than this. Therefore,
electron scattering through grain boundaries is not the dominant mechanism for the electrical
conductivity of Mo-(La203-Mo)s-Si thin film. The increase in the resistivity mainly arise from the

increase in the interface regions which causes electron scattering.

5.3 Surface roughness

In addition to grain boundary scattering, another factor which contributes to the resistivity size effect
is surface scattering when the film thickness is close to EMFP of the material. Roughness of the
material leads to diffuse scattering of electrons causing higher resistivity values. This effect is more
pronounced in a thinner film as reported by Rossnagel et al. [85]. Thus, higher is the roughness, more
is the electrical resistance. Ideal IDT material for the SAW based temperature sensors calls for a low
surface roughness film. Hence, it is very important the Mo/La>O3 multilayer films show low roughness
value. The average roughness value (rms) was measured for all the films scanned over the area of 2 x
2 pum obtained from the AFM images is listed in Table 5.2. The error bar corresponds to the standard

deviation of the respective films.
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Table 5.2: Measured RMS Surface Roughness (Rq)

Average surface roughness-RMS (nm)
Annealed

Multilayer Samples ) Annealed Annealed

As-D t °C for 12

s-Deposited | ¢000C for 24 h) | (800°C for 48 h) :300 C for 120

Mo-Si 0.6 3.1+04 39+0.5 4.7+ 0.6
Mo-(La203-Mo)-Si | 0.5 0.8+0.2 39+04 7.2+09
Mo-(La203-Mo)2-Si | 0.5 0.7 23+0.8 6.7+ 1.1
Mo-(La203-Mo0)4-Si | 0.5 1+0.3 24+04 8.1+1.7
Mo-(La203-Mo)s-Si | 0.5 0.7 24+0.5 56+09

The roughness value was found to be less than 1 nm for the as-deposited films while it increases with
the increase in the annealing duration. There is no clear dependence of roughness on the number of
bilayer periods present in the multilayer Mo/La;0Os3 films with all films exhibiting sub-nanometer

roughness.

Out of all the annealed films, Mo-(La>03-Mo)s-Si shows the lowest surface roughness after being
treated for 120 h even though it has the maximum number of bilayer periods. The AFM microstructure
of the films and the roughness variation as a function of bilayer period and annealing duration are

shown in Figure 5.3.
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Figure 5.3: AFM topographical images of as-deposited and annealed, (a) Mo-Si, (b) Mo-(La,0:s-

Mo) Si, (c) Mo-(La>03-Mo)-Si, (d) Mo-(La203-Mo)s-Si, (¢) Mo-(La>03-Mo)s-Si, multilayer thin
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films and (f) RMS roughness variation as a function of bilayer period and annealing duration.
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From Figure 5.3, it is evident that AFM images are very much consistent with the SEM micrographs.
There are some grains which are darker than other which indicates that they are deeper than others.
After the annealing of the films, it can be seen from the roughness scale that the height difference
between the deepest and the highest grain increases from 3 nm to approximately 30 nm indicating a
drastic roughness of the films. It should be noted here that this height difference is the lowest for the
Mo-(Lax03-Mo)s-Si film. Besides this, it can be seen that the grain size is also smallest in case of Mo-

(Lax03-Mo)s-Si after 120 h of annealing.

From the above AFM images, it can be observed that, upon annealing for 24 h there is a 5-fold increase
in the RMS roughness value in case pure Mo film from the as-deposited state whereas there is only a
marginal increase observed for multilayer thin films. Though the high surface roughness of the
multilayer film and presence of highly resistive second phase particles are expected to reduce the
conductivity of the films due to diffuse scattering, the annealing of the films curtails the effect as seen

in Figure 5.1.

5.4 Out-of-plane microstructure: FIB

Figure 5.4 shows the cross-sectional micrograph of the pure Mo and Mo/La,0O3; multilayer thin films.
The interface between the Mo and La;Oj3 layers can be clearly seen for the 1 bilayer film configuration
(Figure 20(b)), however it is not identifiable in other configurations. Since the individual layer
thickness of La>O3 decreases with the increase in the multilayer stacks to maintain same composition,
the interface cannot be seen distinctly. The thickness of the film from cross-section images are in good

agreement with the intended values.

From the FIB images, it can be observed that the top layer roughness increases after annealing which
was also seen from AFM images. Out of all the film configurations annealed for 120 h, Mo-(La2Os-

Mo)s-Si has minimal modulations on the top surface which is indicative of a more stable film.
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Figure 5.4: FIB cross-section view of as-deposited and annealed, (a) Mo-Si, (b) Mo-(La203-Mo)-Si,
(c) Mo-(Lax03-Mo)2-Si, (d) Mo-(Lax03-Mo)s-Si, (¢) Mo-(La>03-Mo)s-Si, thin films.

The above cross-section images show the presence of small and tapered grains in the as-deposited
films. A closer look shows that in case of Mo, the grains are more or less continuous across the film
thickness while for the multilayer films, smaller tapered grains are visible that are interrupted along
the film thickness direction. As the Mo films are heated, large columnar grains are formed that span
the entire film thickness. Upon annealing for 120 h, a more equiaxed grain structure develops. In
contrast, for the Mo-(La203-Mo)-Si film, a clear interruption of grain growth is observed midway of
the film thickness. This can be attributed to the presence of a continuous layer of a La>Oj3 that interrupt
the growth in the out-of-plane direction. However, for the other multilayer films in both as-deposited
and annealed condition, along with discontinuous grains, columnar grains of Mo extending through
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the film at certain locations can be seen. This could be due to an open/discontinuous La,Os3 layer due

to low layer thickness. Thus, the out-of-plane grain growth is interrupted only at locations with La,0s.

The in-plane grain size also reduces with increasing number of bilayer periods which could be
attributed to the presence of La,Os at the top and bottom surface of the Mo grains, and with probability
also at the adjacent grain boundaries, pinning the grains in two directions. Another reason for decreased
in-plane grain size could be a result of a mixture of 2 types of grains that are interspersed: uninterrupted
grains (columnar, spanning the film thickness) and grains that are pinned by La>O3 (interrupted across
layers). The probability of this mixture of grains being more uniformly dispersed increases with
increasing number of bilayer periods. This could also explain the more uniform in-plane grain size in

the Mo-(La203-Mo)s-Si film.

5.5 Film structure: XRR

Figure 5.5 shows the angle dependent reflectivity spectra of pure Mo and multilayer Mo/La>O3 thin

films in as-deposited and annealed condition.
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Figure 5.5: XRR curves for as-deposited and annealed, (a) Mo-Si, (b) Mo-(La>03-Mo)-Si, (c) Mo-
(La203-Mo)»-Si, (d) Mo-(Lax03-Mo)s-Si, (¢) Mo-(La203-Mo)s-Si, thin films.
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It can be noted from the XRR curves that good quality films with low roughness have been deposited
in this work as evidenced from the presence of Kiessig fringes up to high angles with low intensity
modulation. Further on, it can be confirmed that all the layers in the multilayer films are indeed distinct
and separated with a good periodic structure in the as-deposited state as evidenced by the presence of
Bragg peaks. This is also true for the film Mo-(La203-Mo)s-Si wherein Bragg peak upto 3rd order is
seen suggesting high structural order. It is interesting to note that in all the films, distinct Bragg peaks
are visible even after annealing for 120 h which further confirms that the Mo/La>O3 layers do not
intermix and remain distinct. It is seen that both, the oscillation and intensity began to decay faster
with the increase in annealing duration as well as the increase in the bilayer period which is caused by
the film roughness as confirmed by SEM, AFM and FIB images. There is also a minimal change in
the oscillation amplitude of the fringes with the change in the bilayer period signifying the density
value of Mo layer close to that of the bulk.

In the present investigation, Mo-(La203-Mo)s-Si thin film is more interesting among other film
configurations because of its stable microstructure even after 120 h of annealing. So, the XRR curve
fitting and simulations of Mo-(La203-Mo)s-Si were performed to extract the values of structural and

interface parameters.

The 17-layer model comprising of Mo & La;0Os layers in addition to interlayers of carbon just above
the substrate and the contamination layer of MoC at the top of the film was used for the simulation.
The model used for fitting the reflectivity spectra in as-deposited and annealed condition is shown in
Figure 5.6. The presence of C layer above the substrate has been assumed to come from the substrate
cleaning using ethanol and acetone. Since Mo has more affinity to form a carbide rather than the oxide,
so the top layer of the film has been assumed to be MoC. For fitting, the 17-layer configuration has
been modelled using superlattice structure of Mo and La>O3 layers repeating 8 times to reduce the
fitting complexity and time. Instead of a pure La,Os interlayer, a mixed Mo-La>O3 layer is considered
for the fitting of the specular XRR data since the possibility of the existence of 0.125 nm of La>O3

layer is unrealistic.
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Figure 5.6: Schematic model of the interlayer configuration for Mo-(La2O3-Mo)s-Si.

Figure 5.7 shows the best fit simulated data and the comparison of experimental data with the fitted

one. The blue curve represents the experimental data and the red curves represent the fitted data.
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Figure 5.7: XRR fitted curve and simulated data for Mo-(La;0O3-Mo)s-Si multilayer thin film in, (a)
as deposited, (b) annealed at 800 °C for 24 h, (c) annealed at 800 °C for 48 h, (d) annealed at 800 °C
for 120 h, condition.

Based on the quantitative fitting results, it can be seen that the contamination layer thickness (top layer)
of the film increases with the increase in the annealing duration owing to the possibility of the
absorption of moisture or other gases when exposed to air. The density of the interlayers such as Mo
and Mo-La>O3 mixed layer is close to that of the bulk value of pure Mo showing the minimum eftect
of lanthanum oxide on the density variation. The oxide on molybdenum layer, assuming that they are
the compound of Mo and LaxOs, are in-depth only sub-nanometer thick, thinner than an atomic

monolayer.

Roughness of the top layer is quite consistent with the RMS average surface roughness of the film both
in as-deposited and annealed condition. The slight difference in the observed roughness value is
understandable as AFM only gives a local surface roughness while XRR is more statistical. With
annealing, both surface and interface roughness increase and a 10-fold increase in the roughness of
interlayer of Mo on the substrate side is observed. Since the specular intensity of the reflectivity curve
is only sensitive to variation along the normal surface direction, it is difficult to differentiate between
the interface roughness and the interfacial composition grading or diffuseness [86]. Therefore, it is not
easy to determine the exact film or interfacial structure. Here, it has been assumed that sub-nanometer

layer of lanthanum oxide is formed on the crevices and gaps of the Mo layer in the ratio of 70:30.
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The density of the Mo layers are lower than that of the bulk value of 10.24 g/cm?, indicating that these
layers are not completely dense and could contain void. The thickness of top layer Mo is found to be
about 5% less that the designed, however, the substrate side Mo layers have a good agreement with
the intended thickness. The fitting of 120 h annealed sample is not reliable owing to large changes in
the roughness, density and thickness values and requires a different film structure model to quantify

the parameters and data from diffuse scattering.

5.6 XRD phase and structure analysis

Pure Mo and Mo/La;0;3 films are polycrystalline and show the diffraction peaks associated with BCC
Mo structure. The diffractograms of the out-of-plan XRD measurements of the films are shown in
Figure 5.8. Owing to the very small content of La,0Os3 in the film (1 nm totals approx. 1 wt.%) it cannot
be detected in XRD measurement of the thin film. All the films show a prominent peak of Mo (110)
compared to other weak peaks. In addition to (110) peak, (220) and low intensity (211) peak of cubic
Mo is also observed. From the XRD peaks, it can be seen that with annealing of the films, the peak

intensity increases.

As Deposited
—— Mo-Si
Mo-(La203-Mo)-Si
—— Mo-(La203-Mo)2-Si
—— Mo-(La203-Mo)4-Si
—— Mo-(La203-Mo)8-Si

Mo (110)

Intensity (A.U.)

| Mo (211)
| Mo (220)

i

| . |‘_\ E = my

40 60 80 100 120 140
20 (°)
(a)

53



Intensity (A.U.)

Intensity (A.U.)

Annealed at 800°C for 24 hrs

— Mo-Si
— — Mo-(La203-Mo)-Si
T —— Mo (La203-Mo)2-Si
o  — Mo-(La203-Mo)4-Si
= Mo-(La203-Mo)8-Si
— =)
— - o
- 2 s
\ K
u—i—% k - ——— = . J\ | | A |
.
40 60 80 100 120 140
20 ()
(b)
Annealed at 800°C for 48 hrs
—— Mo-Si
s Mo-(La203-Mo)-Si
T — Mo-(La203-Mo)2-Si
— —— Mo-(La203-Mo)4-Si
€ — Mo(La203-Mo)8-Si
=)
= &
S8 &
= =
1 A b
i ol e 1
et o
40 60 80 100 120 140

26 (°)
(©)

54



Annealed at 800°C for 120 hrs
— Mo-Si

e —— Mo~(La203-Mo)-Si
A ——— Mo-(La203-Mo0)2-Si
2 ——— Mo-(La203-Mo)4-Si
g —— Mo~(La203-Mo)8-Si
=
<
2
2 o
- o
= - g
= =
: -y .
VR e e
- e . T
4II_J S, , = B ; .
40 60 80 100 120 140
20 (°)
(d)

Figure 5.8: XRD pattern of multilayer thin film, (a) as deposited, (b) annealed at 800 °C for 24 h, (c)
annealed at 800°C for 48 h, (d) annealed at 800 °C for 120 h, condition.

To have a clearer picture of the film microstructure though the diffraction lines with change in
annealing duration, enlarged section of Mo peak in the range of 46-49° is shown in Figure 5.9. The 26
angles for cubic Mo (110) and (220) are 47.5° and 107.8° respectively. Peak shifting is observed in
the films upon annealing. The shift to higher theta value is due to existence of tensile stress in the
films. Film annealed for 120 h show a smaller shift of XRD peak towards left. This is perfectly

consistent with the residual stress measurement presented later in section 5.7.
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Figure 5.9: Enlarged XRD peak of Mo (110) in pure Mo and multilayer thin film in, (a) as
deposited, (b) annealed at 800 °C for 24 h, (¢) annealed at 800 °C for 48 h, (d) annealed at 800 °C for
120 h, condition.

The diffraction-line broadening was analysed using single line analysis discussed in section 4.2.6. The
variation of volume-weighted grain size (out-of-plane grains) as a function of bilayer period and
annealing duration has been plotted in Figure 5.10. It should be noted that the grain size is obtained
only from the Mo (110) peak and hence the absolute values should be treated with care and used not

only to understand trends in the grain size evolution.
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Figure 5.10: Volume weighted grain size as a function of bilayer period and annealing duration.

In as-deposited condition, the grain size of Mo in all the films is close to 30 nm. However just after 24
h annealing, the volume weighted grain size of Mo increases to 100 nm which is consistent with the
FIB results showing Mo columnar grain extending through the film thickness. The out-of-plane grain
size increases with annealing duration as is also evident from SEM/FIB images. Upon 24 h of
annealing it can be seen that the extent of grain growth decreases with increasing number of bilayer
periods. After 48 h of annealing, the extent of growth is more or less similar for all the multilayer films.
Finally, after 120 h of annealing while grain size of only the Mo-(La203-Mo)-Si film reaches the film
thickness value, the other films have consecutively lower grain sizes. Thus, it can be expected that
with the increase in the bilayer period, there is an exponential decrease in the volume-weighted grain
size due to the pinning effect of lanthanum oxide particles between the adjacent Mo columnar grains.
The pinning effect is more effective in the film with 8 bilayer period leading to smaller grain size when

compared to other multilayer films.
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Figure 5.11: Microstrain as a function of bilayer period and annealing duration.

Owing to the presence of defects, dislocations, faults and twins, microstrain is also present in the thin
film. In the present work, the microstrain has been determined using SLA and the obtained values has
been plotted as a function of bilayer period and annealing duration as shown Figure 5.11. Annealing
of films result in lowering of the strain value caused by the structural relaxation and annihilation of
defects and dislocations. However, the microstrain initially increases with the increase in bilayer period
upto 4 and then decreases to a value even lower than that of the pure Mo film with 8 bilayer period.
This indicates that the film with 4 bilayer period is very unstable which is also seen from the FIB
images. However, the film with 8 bilayer period is the most stable structure probably due to uniform
distribution of oxide particles in the film matrix. The decrease in the microstrain value can also be
linked to the reduced net effect of the lattice strain due to formation of high number of dislocation and
defects which results in the strain cancellation in the growth direction. Moreover, the presence of
microstrain in the multilayer films is a result of lattice mismatch between the film and substrate or/and
between the different layers [87]. The combined effect of small crystallite size and high number of
interfaces (interfacial scattering) results in higher resistivity values of these films with increasing the

number of bilayer periods.
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5.7 Interfacial structure analysis

Considering the above results, Mo-(La,03-Mo)s-Si has been found to be the most stable and uniform
multilayer film configuration. Therefore, to have a direct observation and a better understanding of the
oxide interaction within the film, 120 h annealed sample have been analysed as a preliminary
investigation. Figure 5.12 shows the bright field C-TEM image of the film confirming the presence of
large columnar grains of Mo extending through the layers. The interlayers of La;Os are also clearly
visible (marked with numbers) in the image. From the image it can be seen that the interlayer of La>O;

is not closed and distinct agglomerates of La>Os cab be discerned.

LaZO3 agglomerated particles

Figure 5.12: Cross-sectional bright-field C-TEM of sample Mo-(La;03-Mo)s-Si.

It is interesting to see that the lanthanum oxide particles do not diffuse into the Mo layers even after
120 h of annealing at 800 °C and are present as agglomerated particles. EDX (Figure 5.13) confirms
the presence of lanthanum in the interlayers and absence within the Mo layer which indicates that

diffusion of lanthanum needs a much higher temperature than 800 °C.
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Figure 5.13: EDX spectra of interlayer area 1 & 2 present in sample Mo-(La203-Mo)s-Si.

5.8 Curvature based residual stress measurement

As explained in section 3.5, there are two kinds of residual stresses which elucidate different film
structures. Usually, it is observed that porous film give rise to tensile stress while a dense film exhibits
compressive stress. Table 5.3 represents the residual stresses in as-deposited and 24 h annealed
condition for pure Mo and multilayer thin films determined using curvature method. The stress values

are then plotted as a function of bilayer periods as shown in Figure 5.14.

Table 5.3: Residual stresses in thin films obtained using curvature method.

Residual stress (MPa)
Samples
As-Deposited Annealed (800 °C for 24 h)
Mo-Si 173 267
Mo-(La203-Mo)-Si 286 669
Mo-(La;03-Mo)>-Si 160 462
Mo-(La;03-Mo)4-Si 124 230
Mo-(La203-Mo)s-Si 368 451
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Since Mo and La;0s has different crystal structure, the interface formed between them is incoherent
causing formation of lattice strains within the interlayers. The lattice mismatch strain between Mo and

La203 can be calculated using the following equation [88]:

2(aLa203 — Aumo)
& =

= 7.64% 5.1
Ara203 T Apmo

Therefore, interface stress could greatly affect the stress behaviour of the films [89]. Misfit strain

between the incoherent layers can result in alternating strain field.
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Figure 5.14: Residual stress variation in the multilayer films in as-deposited and annealed condition.

Tensile stress is generally described through grain boundary relaxation. With the relaxation, the
intergranular forces across interfaces lead to grain boundary deformation. Intragrain tensile force

arising from the constraints imposed by the substrate balances this deformation [90].

From figure 29, it is observed that the tensile stress increases in the films when annealed which is
contrary to results observed in bulk materials. Intrinsic stress in the films depend largely on the grain
size and governed by the presence of interfaces. It is known that grain boundary are regions in the

material which has majority of spaces to accommodate impurities or defects and reduces the strain in
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the material as a result of atomic diffusion. When the film is annealed, the grain boundary region is
decreased causing the interfacial stress to rise significantly. Due to this reason, the stress in the

annealed film increases when compared to as-deposited films.

However, there is no particular trend observed in the intrinsic stress value with the changes in the
bilayer period. It can be seen that film with 4 bilayer period shows the lowest tensile stress compared
to pure Mo. Generally, it is expected that the residual stress increases with the increase in the interfaces,
Nevertheless, the Mo/La,0Os3 films exhibit certain abnormality indicating that there may be other factors

that govern the stress values.

An interesting thing to be noted is that the increase in the stress value is minimum for the film with 8
bilayers after 24 h of annealing. In general, the resistivity of the material increases with the increases
in the internal stress due to induced defects and dislocations. vdP measurements also confirms that the
resistivity is more for the higher stressed films is as-deposited condition. This factor could also

contribute to the higher resistivity besides the small grain size and high number of interfaces.
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6. Conclusion

This study discusses the microstructural and electrical characteristics of Mo/La>O3 nano multilayers
in as-deposited and heat-treated conditions with different annealing durations. About 1.1 wt.% of
lanthanum oxide was distributed through the film with varying individual film thickness of each
material component in such a way that the overall composition remains the same. Based on the results

following conclusions were drawn:

1. Pure Mo and multilayer Mo/La>O3 films exhibited size related phenomena causing 100 % or more
increase in the electrical resistance owing to electron scattering though surface/interface, grain
boundary, defects and roughness adding basically to the net resistance. The electrical resistivity of the
films was found to increase with the increase in the number of bilayer periods due to increasing
contribution from interface scattering. Annealing the films led to reduction in the resistivity owing to
increased grain size leading to lowering of grain boundary scattering. Mo film vacuum annealed for
120 h showed lowest resistivity of 8.2 p€Q.cm (close to the bulk value). The lower conductivity of the
multilayer films compared to pure Mo film can be attributed to the addition of a highly resistive oxide
layer and the increased surface and interface scattering along with reduced grain size. For multilayer
films with 4 and 8 bilayer periods, increase in resistivity value from as-deposited condition was
observed after 24 h of annealing. The reason for this is presently unclear and would require further
investigations. The resistivity of all the films reduce upon further annealing steps indicating their

thermal stability for extended durations.

2. All the films were found to be polycrystalline and exhibited similar morphology of tiny elongated
rice grain-like features in the as-deposited state. The obtained films were crack free. These grains are
columnar in shape when viewed cross-sectionally and are found to be discontinuous and tapered in
shape. However, after annealing, the grain grows continuously and span through the 100 nm thickness
of the pure Mo film. Addition of La>Os layer in the films in alternating patterns causes some Mo grains
to grow while some get interrupted by the oxide particles in the layer indicating that oxide layer formed
is incomplete. This effect is more pronounced and clearly seen after the films have been annealed at
800 °C for different time durations. The in-plane grain size reduces with the increase in the number of
bilayer period both in as-deposited and annealed condition owing to the grain growth suppression
caused by the addition of second phase oxide particles. Upon annealing for 120 h, the grain size

distribution looks more uniform with increasing number of bilayer periods.
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3. Increase in the surface roughness value was detected as evident from the SEM and FIB images.
There is no exact trend to the RMS roughness with the change in the bilayers. Nevertheless, it is
interesting to note that the RMS roughness value is almost similar in case of the as-deposited pure Mo
and multilayer films. The percent change in the roughness upon annealing upto 120 h is lowest for the
8 bilayer period film indicating its higher thermal stability compared to others film configurations.
More is the bilayer period, the second phase distribution through the complete film becomes uniform

resulting in lower surface roughness value.

4. The films structure was analysed using the X-ray reflectivity measurements in order to know the
density, thickness and roughness of the individual layers before and after annealing as well as to notice
changes in the film layer configuration. The thickness of the as-deposited individual layers in pure Mo
and Mo/Lay03; multilayer films was found close to the intended values. With annealing, the decay of
the oscillation fringes and spectral intensity was observed indicating the increase in interface and
surface roughness of the films. The appearance of the Bragg peaks provides evidence that these
multilayer samples have a good periodic structure along the growth direction. The fringes can be
clearly seen in the film reflectivity profile even after 5 days of annealing indicating that the layers have
been separated out further rather than intermixing. XRR fittings and simulations were performed to
evaluate the individual layers parameters such as density, thickness and roughness based on the
assumption that the layers formed are grown as a superlattice structure. Fittings performed on Mo-
(La203-Mo)s-Si showed that the density of all the Mo layer before and after annealing were lower than
that of bulk value of 10.24 g/cm? implying that layers formed are not dense. The top layer roughness
of this multilayer configuration conforms with the values of RMS surface roughness value obtained

by AFM. The fitting for layer thickness is however not reliable for this configuration after annealing.

5. Phase analysis of these films show diffraction peaks associated with BCC Mo structure
corresponding to cubic (110) and (220) planes. There is no peak observed for the oxide layer in the
XRD diffractograms due to its low content. The increase in the peak intensity of the films is also
observed after annealing owing to grain growth. Peak shifting also occurs when films are subjected to
vacuum annealing which is attributed to the presence of tensile stress in the films as confirmed by the
residual stress measurements. Using single line analysis, the volume weighted crystallite size and
microstrain of the multilayer films were determined. The observations based on the crystallite size
variation were in agreement with the results of SEM, FIB and AFM. As evident, the microstrain in the
films decreases with the annealing duration because of structural relaxation. Mo-(La203-Mo)s-Si film
showed the lowest microstain value both in as-deposited and heat-treated condition owing to structural

uniformity and thermal stability achieved by homogeneous dispersion of oxide particles.
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6. TEM investigation on 120 h vacuum annealed Mo-(La203-Mo)s-Si film showed the clear presence
of lanthanum oxide interlayers distinctly separated without any intermixing or diffusion. Also,
agglomerated LayOs particles distantly spaced along the interlayers are observed causing the electron

interface scattering to be less pronounced resulting in low resistivity values.
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7. Future Scope

Based on the electrical and microstructural investigation, Mo/La20O3 nano multilayers can be regarded
as a potential metallization system for SAW based high temperature sensors. These multilayer thin
films are stable upto 800 °C without considerable thermal and microstructural damage and at the same
time maintaining a good electrical conductivity. However, electrical properties also depend on the
amount of second phase present in the film. Following steps can be opted in future for the deeper

understanding of the behaviour of the present material system:

1. In the present case, approximately 1.1 wt.% of lanthanum oxide was used for fabricating the film
corresponding to a total of 1 nm layer thick La;O3; and 99 nm of Mo making a total thickness of 100
nm. Since the oxide phase with the present composition does not form a complete layer, the distribution
is quite random through the film. So, a higher content of the lanthanum oxide can be an alternative
option in future with higher number of bilayer periods i.e. 16 to have a more uniform oxide dispersion

effect in the films and increased thermal stability.

2. Also, these films can be annealed at temperature higher than 800 °C for longer durations as pure Mo
and multilayer films does not degrade even after 120h of vacuum heating. Moreover, there is no
diffusion observed in the films at 800 °C. Therefore, a higher annealing temperature can give us the

information related to thermal damage conditions and diffusion of the oxides through the interfaces.

3. For the high temperature stable IDT material, the roughness of the film should be as low as possible.
More is the number of bilayer period in the films, finer will be its microstructure corresponding to
even distribution of the La>Os3 particles resulting in lower roughness. Another important factor that
needs to taken into consideration is the high temperature strength of the IDT material at temperatures
800 °C or higher. Therefore, the uniform distribution of the second phase particles is very crucial in

order to ensure the high temperature stability.

Having said that, these Mo/La>O3; multilayers can open a new window for high temperature SAW

devices with improved thermo-mechanical properties without comprising on the electrical behaviour.
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