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ABSTRACT

The preparation, characterization, and applications of nickel-titanium (NiTi) shape
memory alloy (SMA) and titanium nitride (TiN) thin films are investigated in this
thesis. The vacuum diagnoses of the process chamber using a residual gas analyzer
(RGA) and its importance in the high-quality thin film process environment have been
discussed. An optical emission spectroscope has been employed for analyzing the in-
situ plasma characteristics of both pulsed DC magnetron sputter (PDCMS) deposition
technique and the conventional DC magnetron sputter deposition (DCMS) techniques.
The PDCMS NiTi plasmas exhibited higher intensity than the DCMS NiTi plasmas.
The enhancements of the NiTi plasma and thin film properties of the PDCMS
deposition technique over those of the conventional DCMS technique have been
investigated. In the next attempt, the influence of deposition pressure and pulse
frequencies on the NiTi thin films properties has been investigated. The NiTi films
deposited at 10” mbar order pressure exhibited austenitic phase at room temperature,
whereas the NiTi films deposited at 10 mbar order were in martensitic phase at room
temperature. The NiTi films deposited at various pulse frequencies (50 to 350 kHz)
did not significantly improve the film properties because the variation of pulse
frequencies from 50 to 350 kHz was not adequate to impact the film properties
substantially. The second material, TiN, has also been synthesized using the PDCMS
technique. The electrical properties of the TiN thin films have been fine-tuned by
varying their microstructures using various process adjustments like substrate
temperature and nitrogen partial pressures. The TiN film with better electrical
resistivity was chosen to fabricate micro-heaters. Focused Ion Beam (FIB) and
Ytterbium fiber laser bulk micromachining techniques were utilized to fabricate the
micro-heater patterns. By adjusting the input powers, the temperature attained was
nearly 400 °C. Similarly, femtosecond laser and Ytterbium fiber laser bulk
micromachining techniques were used to fabricate NiTi micro-devices, such as micro-
cantilevers and micro-wrappers micro-combs, micro-mesh, etc. TiN micro-heaters
were fabricated alongside the NiTi micro-devices to provide the required temperatures
for actuation. Since both NiTi and TiN are biocompatible materials, these devices

could be used in bio-friendly environments.



Keywords: DC magnetron sputtering, Pulsed DC magnetron sputtering, Nickel-
Titanium, Titanium nitride, Optical emission spectroscopy, Residual gas analyzer,

MEMS, micro-heaters, femtosecond laser, Ytterbium fiber laser micromachining
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Chapter 1

INTRODUCTION

It is well known that shape memory alloy actuators play a significant role in advanced
actuator applications. NiTi shape memory alloys gained considerable attention
because of their excellent properties, such as high mechanical output, large recovery
force, high corrosion resistance, exceptional fatigue behavior, and high
biocompatibility. This chapter gives an overview of thin film shape memory alloys
(NiTi) and thin film micro-heaters (TiN) and the importance of their integration for
advanced MEMS applications. The chapter concludes with the thesis's scope,

objectives, and outlines.

1. 1. Actuators

Actuators are the muscle of mechatronic systems. They are the vital components of a
machine responsible for moving and controlling a particular mechanism or system.
Defined technically, actuators are devices that convert energy (thermal, electrical,
etc.) to mechanical motion. Actuators can have two basic motions, linear, which
converts energy into straightline motions, and rotary, which converts energy into
rotatory motion. Actuator types can be electric or piezoelectric, thermal and magnetic
(shape memory alloys), hydraulic and pneumatic, etc. But in all these cases, the
output is mechanical. Actuators have a significant role in the emerging MEMS/NEMS
domains. The performance of an actuator depends mainly on the selection of
appropriate materials. There has been a search for new materials to fulfill the need for
actuators with desired properties, resulting in the concept of new advanced
composites materials. These materials have a wide range of uses in aerospace,
medical technology, and other fields. These new materials are known as “smart” or
“intelligent” materials. Smart materials are a class of materials, which are being
widely used as piezoelectric actuators, magnetostrictive actuators, shape memory

polymers, and shape memory alloys (SMASs) (Miyazaki et al. 2009).



1. 2. Micro-actuators

Technological advances cemented the requirement for actuators in micro-electro-
mechanical systems (MEMS). Many types of materials have been explored for the
fabrication of micro-actuators. The micro-actuators are classified into: (1) NiTi shape
memory alloy (SMA), (2) solid-liquid phase change (SL), (3) thermo pneumatic (TP),
(4) thermal expansion (TE), (5) electromagnetic (EM), (6) electrostatic (ES), (7)
piezoelectric (PE), (8) muscle (M), (9) micro-bubble (MB), etc. Only the first three
actuators can create significant forces across lengthy displacements among these
actuators. In MEMS actuators, piezoelectric, electromagnetic, and shape memory
alloys are widely used because of their high work output per unit volume. Among
these, SMAs exhibit one order of higher work output per unit volume than others
(Johnson et al. 1999, Miyazaki et al. 2009). SMA actuators can produce a large work
output per unit volume over a range of reasonably high cycling frequencies. The work
output per unit volume (W) can be defined as W = Fu/v, where F, u, and v are force,

displacement, and volume, respectively.

Table 1.1: Comparison of various types of micro-actuators (Miyazaki et al. 2009)

Material/Properties Piezoelectric SMA Electromagnetic
Maximum Recoverable Stress 40MPa Less
Range of motion 0.1% Large
Frequency Response 10 kHz 3kHz
Work output/ volume 12 x10° J/m? 1.8x10°J/m?
Voltage 20-30 V 60-400 V

Superior properties of SMA actuators compared with piezoelectric and electrostatic
actuators are shown in Table 1. 1. High mechanical output, large recovery force,
excellent range of motion, and voltage requirements make SMA actuators the best
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choice compared to other actuators. In addition, some of the SMAs exhibit good
corrosion resistance and biocompatibility. The only drawback of the thermal SMA
system is its poor frequency response. This is an issue of concern for applying them as
thermal SMAs with the faster-performing device actuators. To overcome this,
magnetic SMAs have been put forward in the later years. In the magnetic SMA
system, the phase change occurs with the variation in the magnetic field. The
actuators made of magnetic SMAs are much faster than the thermal SMAs and can be
deployed for strategic applications (Hakola et al. 2004). The main advantage of NiTi
SMA actuators includes large displacement and actuation force, low operation voltage,

etc.

1. 2. 1. Applications of SMA micro-actuators

SMAs in MEMS also allow for mechanism simplicity and design freedom and the
construction of clean, frictionless, and non-vibrating movements. NiTi MEMS
actuators are sensitive to environmental changes, such as temperature, stress,
magnetic fields, and electrical fields, making them excellent for microsensors. Since
NiTi actuators provide these properties, most of their applications are focused on
MEMS-based smart structures (Johnson et al. 1999). The better biocompatibility of
NiTi MEMS devices finds various biological applications. NiTi-based micro-devices
are used for grasping and manipulating small and micro-objects with high accuracy in
microsurgery and drug injection micromanipulators for cells (Ryhanen et al. 1996,
Mohammad et al. 2015).

The typical applications of SMA micro-actuators are in aerospace, optical sensing,
electrical circuits, probe tips, automotive industry, micro-lense positioners,
biomedical, etc. Thermal SMAs exhibiting a two-way shape memory effect (Eg.
NiTiCu) are used to fabricate micro-sensors, micro-switches, and micro-positioners.
In MOS devices, the NiTi electrodes are used to detect the temperature fluctuation by
detecting the capacitance variations upon cooling and heating (Bendahan et al. 1999,
Miyazaki et al. 2009). The NiTi shape memory micro-actuators also have a potential
application in the fabrication of micro-diaphragms, micro-valves, micro-pumps, etc.
(Shin et al. 2006). Another interesting application of NiTi SMAs is micro-grippers.
These are used in biomedical applications as they have a good scope in drug delivery,
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biopsy, and tissue sampling. Another application is to tag a device utilizing a micro-
clipper with a tissue under treatment/investigation. Also, they are used for grasping
and manipulating tiny micro-organisms in micro-manipulators (Sugawara et al. 2006,
Gill et al. 2001, Takeuchi et al. 2000).

1. 3. Shape memory effect

The shape memory effect (SME) occurs when a material recovers its original size and
shape when heated above a specific characteristic transformation temperature. It has a
low-temperature phase and a high-temperature phase. The phase change occurs when
atoms within the crystal lattice rearrange between two solid phases (Figure 1. 1). The
low-temperature phase is martensite, B19' (named after German metallographer Adolf
Martens), with a highly twinned crystalline structure. In contrast, the high-
temperature phase is Austenite, B2 (named after William Chandler Austen, an English
metallurgist) with a body-centered cubic structure. Austenite NiTi and martensite

NiTi have several distinct characteristics.

0
53 S

@ (b)

Figure 1.1: Two phases of shape memory alloys: (a) High-temperature austenite

—C
—C

phase (B2) — cubic. (b) Low-temperature martensite phase (B19’) — monoclinic.

On heating, the martensite phase will begin to transform into austenite (Figure 1. 2).
The austenite-start temperature is the temperature at which the transformation begins
(As). The austenite-finish temperature is the temperature at which the martensite-to-
austenite transformation is complete (Ar). When austenite SMA is cooled, it starts to
transform into martensite. The martensite-start temperature is the temperature at

which the austenite-to-martensite transition begins (Ms). The martensite-finish



temperature is the temperature at which the austenite-to-martensite transition is
complete (My) (Buehler et al. 1963, Miyazaki et al. 2009).

1. 4. Working of shape memory alloys

The shape memory effect is possible through a solid-state phase change, i.e., a
molecular rearrangement in the shape memory alloys. Typically, when one thinks of a
phase change, a solid-to-liquid or liquid-to-gas change is the first thing that comes to
mind. A solid-state phase change occurs when an atomic rearrangement occurs, but
the atoms remain closely packed so that the substance remains solid. In most SMAs, a
temperature change of only about 10°C is necessary to initiate the phase change.
Among the above-mentioned phases, martensite is a relatively soften and easily
deformable phase of the SMAs, which forms at lower temperatures. The molecular
structure in this phase is twinned (Figure 1. 2b). Upon deformation, this phase takes
on the second form (Figure 1. 2c). Austenite is the stronger phase of the SMAs and
occurs at higher temperatures. The austenite crystal structure is cubic (Figure 1. 2a).
The un-deformed martensite phase is of the same size and shape as the cubic austenite
phase on a macroscopic scale so that no change in size or shape is visible in shape

memory alloys until the martensite is deformed.

(LS

[ LTI

(b) twinned martensite

/ \

Cooling Deformation

+—— Heating

'Il"’.’l’:

[ J
(LSS ST

(a) austenite (¢) deformed martensite

Figure 1.2: The shape memory process is shown microscopically: austenite (a) is
cooled to form twinned martensite (b) without undergoing a phase change and then is
deformed by moving twin boundaries (c). Heating either state (b) or (c) will return the

original austenitic structure and shape. (Sumesh et al. 2005)
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1. 5. Hysteresis

The temperature range for the heating-induced martensite-to-austenite transformation
is slightly higher than that for the cooling-induced reverse transition (Figure 1. 3).
Hysteresis is the difference between the transition temperatures for heating and
cooling. Hysteresis is the difference between the temperatures when the material
transforms to 50% austenite on heating and to 50% martensite on cooling. This
temperature differential might range from 20 to 30 degree Celsius (Buehler et al.
1963).

Electrical Austenite

resistance

Martensite

or
Length Change M.
or

Temperature >

Figure 1.3: Plot showing phase transformation Vs. temperature

1. 6. Shape memory alloys

The term shape memory defines the property of certain materials to remember their
original shape even after being severely deformed them, either mechanically or
thermally. SMAs belong to the category of smart materials, and therefore, they are an
important candidate in the actuator/sensor domain. The changes in geometries are
realized by phase changes from the martensite-to-austenite phase of the material due
to external mechanical or thermal stimulus (Miyazaki et al., 2009). The shape
memory effect was first discovered in an alloy of Au 47.5% at.Cd in 1932, and the
first commercial use of the same was in the fuel engine of the F-16 fighter jet. But Ni-
Ti, Cu-Zn-Al, and Cu-Al-Ni alloys have gained more attraction commercially and



have undergone extensive research. The list of alloys exhibiting the shape memory

effect is shown in Table 1. 2.

Table 1.2: Some of the alloys exhibit shape memory effect (Sumesh et al. 2005)

Alloys Composition (At. or Wt. %) |Transformation Temp. Range (°C)
Ag-Cd Ag-44/49 at.% Cd -190t0-50
Au-Cd Au-46.5/50 at.% Cd 3010100

Cu - Al - Ni Cu-14/14.5 wt.% Al 3/4.5 -140 to 100
wt/% Ni

Cu—sn Cu-(approx.)15 at.% Sn -1201030
Cu-2n Cu-38.5/41.5 Wt.% Zn ~18010-10

Cu-2Zn-(Si, S0, AD o 1 10) w6 of (i, S, Al) -180 to 200
In-Ti In-18/23at.% Ti 6010 100
Ni-Al Ni-36/38at.% Al ~18010 100

Ni-Ti -50 to 110

Ni-49/51at.% Ti

Fe — Pt approx. -130

Fe-(approx.) 25 at.% Pt

Mn - Cu Mn-5/35at.% Cu -250 to 180

1. 7. NiTi shape memory alloy

It has been reported that many alloys are exhibiting the shape memory effect. But the
NiTi shape memory alloy system has received focused attention because of its
enormous potential to be used as high-performance micro-actuators for MEMS
applications. NiTi alloys have gained attention in the growing MEMS/NEMS sector
due to their favorable features, such as high mechanical output, large recovery force,
strong corrosion resistance, low fatigue, and high biocompatibility. The NiTi near
equiatomic SMAs were discovered in 1962 by William. J. Buehler at the US Naval
Ordnance Laboratory. Therefore, NiTi shape memory alloys are commercially known



as Nitinol (Ni-Ti Naval Ordnance Laboratory) (Wang et al. 1965, Kaufmann et al.
1997).

1.7. 1. Phase diagram

The NiTi phase diagram is shown in Figure 1. 4, which explains the phase and
precipitate formation in the NiTi SMA system. Equiatomic NiTi can exist in a solid
state up to a temperature of 1310°C. It is clear from the phase diagram that for a
slightly Ti-rich composition, the phases will be Ti2Ni + NiTi, and for a Ni-rich
composition, NiTi + NisTi. These precipitates play an important role in strengthening
the Ni-rich NiTi alloys. The NiTi phase has a B2 (CsCl) type ordered structure with a
lattice constant of 0.3015 nm at room temperature. The B2 phase is retained upon
quenching or slow cooling to room temperature. This phase plays an essential role in
the martensitic transformation and the associated shape memory effects (Philip et al.
1957). These phases are not equilibrium but influence the transformation temperature

and shape memory behavior (Miyazaki et al. 2009).

The deviation in NiTi alloy composition causes significant effects on the shape
memory effect. In the case of Ti-rich NiTi alloy, the precipitates have a significant
impact on the hot workability of NiTi, particularly on the Titanium-rich side; they are
brittle and often result in cracking. These precipitates ultimately change the transition

temperatures of the alloy.

1. 7. 2. Thin film NiTi shape memory alloys

Unlike bulk SMAs, thin film SMAs provides a larger energy density, higher
frequency response, and longer lifetime at micro-scales. Thin film SMAs have already
established themselves as key actuating materials in micro-actuators, outperforming
other micro-actuation mechanisms in work production per volume (Wolf et al. 1995).
NiTi thin film SMAs have recently been recognized as promising and high-

performance materials for MEMS applications.
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Figure 1.4: Phase diagram of Nickel-Titanium SMA system (Miyazaki et al.
2009)

1. 8. Literature review on NiTi Shape memory alloy thin films

1. 8. 1. Properties required to exhibit shape memory effect

The shape memory behavior, transition temperatures, and superelasticity of NiTi
SMA thin films are affected by composition, microstructure, contamination, and other
factors. These properties can be achieved and controlled using various process
parameters (deposition pressure, substrate temperature, power, substrate — target
distance, etc.). Hence, the deposition technique plays a pivotal role in achieving shape
memory properties in NiTi thin films for use in MEMS applications (Loger et al.
2016, Tillmann et al. 2015, Kaur et al. 2013, Cha et al. 2012, Miyazaki et al. 2009,
Arranz et al. 2005, Otsuka et al. 2005).

1. 8. 2. Processing of NiTi shape memory alloys thin films
Various processing techniques have been employed to produce NiTi SMA thin films
with the required properties. These techniques mainly include ion beam deposition,



arc plasma ion plating, flash evaporation, laser ablation, etc. They have been used to
synthesize NiTi thin films (Butt et al. 2014, Kong et al. 2014, Hou et al. 2014, He et
al. 2000, Noh et al. 2000, He et al. 2000, Noh et al. 2000, Grummon et al. 1992). All
these techniques have their own drawbacks, such as non-uniformity in the film
thickness and composition, low deposition rate, MEMS process compatibility issues,
etc. Magnetron sputtering has been widely accepted as one of the best techniques for
depositing NiTi films (Loger et al. 2016, Cicek et al. 2015, Ohta et al. 2000). As
sputter-deposited TiNi thin films, stable shape memory effect and superelasticity
equivalent to bulk alloys have been produced (Miyazaki et al. 2009). Compared to
previous methods, magnetron sputtering demonstrates the ability to create SMA films
with good adhesion, hardness, repeatability, flexibility, and large-scale uniform
coatings with a low/high density. Multi-component films, such as binary and ternary
SMA:s, can also be deposited using magnetron sputtering. Hence, sputtering has been
used for most SMA thin film research (Choudhary et al. 2016, Cicek et al. 2015,
Kabla et al. 2014).

1. 8. 3. Magnetron sputter deposition of NiTi shape memory alloy thin films

There are various issues associated with the sputter deposition of NiTi thin films.
These issues need to be fixed to obtain the NiTi films with desired properties. The
primary concern is the change in the sputtering yield of nickel and titanium under
given power and processing conditions. Sputter deposition has the benefit of using a
target with proper composition or individual targets of nickel and titanium to counter
this issue. If the alloy target of NiTi is being used, the target property variation and
related issues are to be carefully addressed. The composition of the film at various
geometrical locations is a concern that needs to be carefully fixed with a proper
substrate rotation mechanism. The minimum thickness requirement for the shape
memory effect is also essential. Therefore, the sputter deposition technique lends
higher deposition rates and can be used over other PVD techniques to deposit nickel-
titanium thin films. Finally, the requirement of high temperatures for obtaining
crystalline films, the NiTi thin films have to be deposited at higher substrate
temperatures or post-deposition annealing (Tillmann et al. 2015, Tillmann et al. 2015,
Miyazaki et al. 2009).
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Magnetron sputter deposition of NiTi thin films with a single target (Ti-50at.%Ni) has
been carried out by various research groups. Since nickel has a higher sputtering yield
than titanium, some titanium patches (pieces) were kept on the target surface to make
the titanium reach the near equiatomic composition. Some other groups have tried
sputtering with titanium-rich targets (Ti- 55at.%Ni) with process optimization of
target power, substrate-to-target distance, deposition pressures, etc. The other option
is to employ co-sputtering, where more than one target is used. There are two ways
for co-sputter deposition of NiTi thin films; either use a NiTi alloy target and another
titanium target or use individual targets of nickel and titanium (Krulevitch et al. 1996,
Ohta et al. 2000, Winzerk et al. 2004, Miyazaki et al. 2009). In most cases, NiTi thin
films' sputter deposition has been carried out mainly with DC or RF magnetron
techniques.

1. 8. 4. DCMS deposition of NiTi shape memory alloy thin films

There are literature reports on DCMS NiTi thin films deposited at room temperature
followed by high-temperature annealing. The effects of annealing temperature on the
structural, morphological, mechanical, and surface properties of near equiatomic
DCMS NiTi thin films formed at ambient temperature were studied by Reddy et al. in
2017. Due to recrystallization, the degree of crystallinity increases up to 550°C but
decreases around 650°C. Crystallization increases hardness and elastic modulus, but
nucleation and grain development decrease due to recrystallization. The influence of
annealing temperature on the structural, morphological, mechanical, and surface
properties of intermetallic DCMS NiTi alloy thin films formed at room temperature
was examined by Reddy et al. in 2016. On intermetallic NiTi thin films, the influence
of annealing temperature was investigated. The average surface roughness values
increased because of the increased grain development caused by annealing. Momeni
et al. 2016 used DC magnetron sputtering to study the composite cavitation-resistant
PVD coating of NiTi thin films. They employed a NiTi target with rich titanium
content. Combining the superelasticity of sputtered NiTi thin films with the hardness
of TiCN coatings, they investigated the fabrication of composite coatings. Individual
layer thicknesses were varied to adjust the mechanical properties of the composite
coatings. Wang et al. 2015 studied the transformation behaviors of DCMS NiTi thin
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films on substrates and the thickness dependency of submicron Ni—50.5 at.%Ti thin
films. To minimize grain-imposed restrictions, measurements were done on thin films
with a microstructure consisting of pancake-like grains with aspect ratios above 50:1.
Using various substrate materials with varying thermal expansion coefficients, the
effect of residual stress on martensite transformation behavior was investigated.
Tillmann et al. 2014 used DCMS to study the deposition of multilayer composite thin
films comprised of NiTi and TiCN on Si (100) substrates. Nanoindentation, X-ray
diffraction (XRD), scanning electron microscopy (SEM), and differential scanning
calorimetry was used to explore the microstructures, mechanical characteristics, and
shape memory behavior of these bilayers (DSC). The findings of this work indicated
that adding a TiCN layer to a NiTi thin film changes its mechanical characteristics
while keeping the shape memory effects. Habijan et al. 2012 reported on the
preparation of NiTi thin films by DC magnetron sputter deposition. The target used
was a cast-melted NiTi alloy disc. The substrate used was glass. The substrate was not
heated during deposition, but post-deposition annealing was conducted at 650°C by
rapid thermal annealing for 10 min. Following the films were annealed at 450°Cfor 10
min. Standard microfabrication techniques like photolithography and chemical wet
etching techniques were used to fabricate different NiTi-based components. Chung et
al. 2011 reported on the preparation of NiTi thin films by DC magnetron sputter
deposition. The target used was NiTi alloy disc. Near equiatomic NiTi thin films were
deposited on a glass substrate through patterned photoresists. Photolithography and
chemical wet etching were used to produce NiTi microcantilever arrays with the
desired dimension. The substrate was not heated during deposition but was conducted
at 700°C for 30 min. post-deposition annealing. Phase transformation occurred on IR

illumination and was well studied and reported.

Bayer et al. 2011 used a multi-gun sputter deposition technique to deposit DCMS
NiTi thin films onto r-plane sapphire substrates at room temperature. They also
reported the thermal interaction of SMA thin films with CNT forests to achieve
quicker actuation frequencies of the SMA films through improved heat conduction via
the CNTs. Chan et al. 2008 reported on the preparation of NiTi thin films by DC

magnetron sputter deposition. The substrate was glass, and the target was an
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equiatomic NiTi disc. The substrate was not heated during deposition but was
conducted at 700°C for 30 min. post-deposition annealing. An array of NiTi micro-
cantilevers was fabricated using photolithography and a chemical wet etching process.
An optical imaging system for IR detection was integrated with the microcantilevers.

There are reports on the DCMS NiTi films deposited at higher temperatures.
Magnetron sputtered near equiatomic NiTi thin films were deposited on Si (100) and
hot work tool steel substrates, according to Momeni et al. 2017. The thin films were
annealed in-situ at four different temperatures: 80°C, 305°C, 425°C, and 525°C. The
impact of the in-situ annealing temperature on the film's microstructure, morphology,
and mechanical and tribological properties was investigated. Tillmann et al. 2015
investigated how to crystallize DCMS NiTi thin films using two simple methods:
(i) post-annealing and (ii) in-situ annealing during deposition. Each strategy keeps the
annealing parameters (temperature and time) consistent. These thin films'
microstructure, morphology, phase change behavior, and mechanical and tribological
properties were studied. Sharma et al. 2013 studied the DCMS of NiTi from an
equiatomic alloy target (Ni/Ti: 50/50 at.%). The films were applied to the substrates
without intentionally heating them. The deposited sheets had a thickness of roughly 2
pm. The structure and morphology of NiTi films annealed at various temperatures
were studied to understand better how annealing affects the films' physical properties.
Energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS) techniques were used to analyze the compositional examinations of new and
annealed films. Choudhari et al. 2011 on the deposited NiTi thin films with DCMS
technique at 550°C. They created an intelligent material by combining ferroelectric
lead zirconate titanate (PZT) with ferroelectric lead zirconate titanate (PZT). The top
NiTi films exhibited austenitic B2 structure with a preferred (110) orientation. The
thickness of NiTi layers significantly influenced the NiTi/PZT/TiOx heterostructure
characteristics. These heterostructures had a layer of SMA material coupledto a
ferroelectric material with a TiOx layer underneath, and they are crucial for MEMS
devices. Martins et al. 2009 reported on the preparation of NiTi thin films by DCMS
deposition. The targets used were NiTi and Ti, and the substrates were Si (100) and Si
(100)/SiO,. The depositions were made at 450°C. The buffer layer of TiN was coated
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with Ar:N2 gas mixture from the Ti target. The RBS technique carried out the
compositional studies of NiTi film. XRD studies of NiTi films deposited on Si (100)
and Si (100)/SiO, were also reported.

1. 8. 5. RFMS deposition of NiTi shape memory alloy thin films

Ainslie et al. 2019 reported RF magnetron co-sputtered Ti-rich NiTi films onto (100)
silicon wafers coated with a 5 nm thick Ru seed layer. Lower deposition temperatures
(325°C) and sub-micron thin films (120 nm) with the necessary SME can be achieved
using Ru as a seed layer. Yongqing et al. 2001 reported on the preparation of NiTi
thin films by RF magnetron sputter deposition. The target was NiTi alloy disc, and the
substrate was Si (100). The substrate was not heated during deposition, but post-
deposition annealing was conducted at 650°C for 60 min. The composition of the
films was studied using EDX, and the crystal orientation and phase change studies
were carried out at lower and elevated temperatures. Microstructures like cantilevers
and grippers were fabricated, and they tested the actuation at various temperatures.
Ohta et al. 2000 reported a novel fabrication technique of NiTi SMA thin films by co-
sputter deposition from individual Ni and Ti targets. The power applied at the target
was RF. The substrates were Si (100) and Si (100)/SiO.. The substrate temperature
was not controlled and rose from RT to 107°C. A Dektak profiler was used to measure
the thicknesses of the films. Electron probe microanalysis (EPMA) performed the
compositional studies of NiTi thin films. DSC and XRD measurements were
conducted for the phase transformation studies. The adhesion of NiTi thin films on Si
(100), Si (100)/SiO2, and photoresist was studied.

1. 8. 6. Co-Sputter deposition (DCMS and RFMS) of NiTi shape memory alloy thin
films

Some groups have employed the magnetron co-sputtering method to deposit NiTi
SMA films using the combination of DCMS and RFMS or both DCMS (RFMS has

been used to sputter titanium).

Geetha et al. 2016 reported on the preparation of NiTi thin films by magnetron co-
sputter deposition from Ni and Ti targets using DC and RF power, respectively. The

substrates used were silicon (100) and quartz. The substrate was not heated during

14



deposition, but post-deposition annealing was conducted at 600°C before breaking the
vacuum. The composition of the films was studied using EDX, and the crystal
orientation and phase change studies were carried out using GIXRD. Surface
topography studies were conducted using AFM. High-resolution TEM studies of the
NiTi films were also carried out and reported. Tillmann et al. 2015 investigated the
comparison of NiTi thin films sputtered from separate elemental targets and Ti-rich
alloy targets. Employing Ti-rich alloy targets leads to faster formation of crystallized
NiTi coatings. More homogeneity in the microstructure of NiTi coatings sputtered

from alloy targets.

Behera et al. 2015 reported on the fabrication processes and the novel characterization
techniques of the as-deposited and the annealed thin films. Deposition of single-bi-
layer Ni-Ti thin film on Si(100) substrate has been done using DC and RF magnetron
sputtering technique. The as-deposited thin films are amorphous and annealed at
different temperatures (300, 400, 500, and 600°C) to induce the crystalline structure.
Koker et al. 2013 reported on the preparation of NiTi thin films by magnetron co-
sputter deposition from Ni and Ti targets. The substrate used was Silicon (100). The
deposited films at room temperature were amorphous, and the specimen was heated
for 30 min. at 650°C in a vacuum. The thicknesses of the films were measured using
the Dektak surface profiler. The compositional studies were done by EDX. DSC and
XRD techniques were used to conduct the phase transformation studies. SEM was
used to study the surface morphology of the films.

Kumar et al. 2012 reported that the NiTi shape memory alloy thin films of different
thicknesses have been grown on silicon (100) substrates using dc magnetron co-
sputtering. Differences in microstructure such as crystallinity, grain size, grain size
distribution, and surface roughness of these films were studied using an X-ray
diffractometer (XRD) and atomic force microscope (AFM). The influence of film
thickness on phase transformation behavior was studied using four-probe resistivity
methods. Xu et al. 2011 reported on the preparation of amorphous NiTi thin films on
SizN4 by magnetron co-sputter technique from the combination of NiTi and Ti targets.
During the deposition, the substrate was rotated to form uniform films of NiTi in

composition. The specimen was annealed at 440°C for 30 min. in a vacuum post-
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deposition. XRD was carried out to study the phase transformation studies.
Mechanical properties like Young’s modulus and hardness of the prepared NiTi films
were measured at RT and 110°C. It was also reported that the phase transformation
had a significant role in the mechanical properties of NiTi thin films. Geetha et al.
2010 reported on the preparation of NiTi thin films by magnetron co-sputter
deposition from Ni and Ti targets using DC and RF power, respectively. The substrate
used was silicon (100). The depositions were done at room temperature at 300°C. The
composition of the films was studied using EDX, and the structure and phase change
studies were carried out using GIXRD. Surface topography studies were performed

using AFM. The hardness of the NiTi films was tested using a microhardness tester.

From the above literature, we can conclude that sputter deposition has been regarded
as the most suitable technique for NiTi thin film processing, which helps to fabricate
NiTi SMA devices for MEMS applications. Control over composition, faster growth
rate, etc., are the advantages of magnetron sputter deposition. Most of the literature
confirms that the DCMS technique has been widely used to process NiTi films. Of the
two elements, titanium exhibits a very strong affinity toward oxygen. Since the
DCMS process is continuous, the surface oxidation on the target is a major concern.
The oxygen content in the NiTi thin film affects its shape memory property. This can
be countered using RFMS, where the target polarity changes in regular intervals. But,
as per the literature, compared to the DCMS technique, the RFMS is less explored.
This might be due to the lower sputtering rate with RFMS than DCMS. One other
reason might be that it is more expensive than the DCMS. The NiTi thin films need to
meet certain thickness requirements to exhibit the shape memory effect. In some
literature, the co-sputter deposition of NiTi films is wisely addressed with RF power
sputter for titanium target. But employing a co-sputter deposition setup will double

the cost as two magnetrons and power supplies are needed.

1. 8. 7. Advantages of PDCMS deposition technique

Another deposition method in the magnetron sputtering family, the PDCMS
deposition technique, has not been explored for the deposition of NiTi thin films.
However, it has several advantages compared to DCMS and RFMS. Compared to
RFMS, PDCMS can achieve higher deposition rates using appropriate pulse
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frequencies and duty cycles while avoiding arcing difficulties that degrade film
quality. In addition, using pulsing frequency and switching dynamics (on-off times),
the oxygen content in the plasma can be minimized, and films with a dense and void-
free nature can be achieved. Bradley et al. 2002 suggest that the higher power pulsed
DC plasma fluxes impart on the substrate can explain the reason behind dense, well-

structured dielectric and metallic coatings.

In sputter deposition, when dealing with metals (e.g., titanium) that exhibit strong
oxygen affinity, the charged layer formation on the target surface plays a significant
role in deciding the deposition rate. The charged layer also results in arcing during the
process and affects the film properties. The main advantage of the PDCMS technique
over conventional DCMS is that it dramatically reduces or eliminates the formation of
arcs by decreasing the chance of charged layer formation on the target surface (Kelly
et al. 1995, Kelly et al. 2007, Kelly et al. 2009, Belkind et al. 2005). Lin et al. 2009
reported on the advantages of PDCMS over DCMS with CrN as a case study.
PDCMS provides denser and ionized plasma, boosts adatom mobility and nucleation
sites, and plugs void columnar grain borders by increasing ion bombardment. Pulsed
CrN thin film coatings have a denser structure and finer grain size than DC coatings.
The hardness and wear resistance of pulsed CrN coatings improved due to the
enhanced microstructure. This thesis presents a comparative study of the NiTi thin
film properties synthesized with PDCMS and DCMS deposition processes under the
same processing conditions. Later, the studies on NiTi thin film properties with
various process parameters such as deposition pressure and pulse frequencies were

addressed.

1. 8. 8. Patterning of NiTi thin films

Lithography is the most common technique that has been used for the fabrication of
NiTi SMA devices. However, it is an expensive and time-consuming process since
many stages are involved in patterning NiTi thin films. Since NiTi needs high-
temperature processing, the use of lithography procedures is limited. Laser cutting of
NiTi is an alternative method for making NiTi SMA devices. Ultrafast Ytterbium and
Nd:YAG lasers were used to fabricate the miniaturized NiTi structures (Mary et al.
2014, Haferkamp et al. 2001). These laser wavelengths were in the range of VL to IR
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with various pulse energies, pulse repetition, and pulse durations for minimizing the
heat-affected zones to avoid any degradation in the mechanical properties. Laser
cutting of NiTi SMAs has been explored for biological applications like making
cardiovascular stents and realizing smart sensing and actuating devices (Muhammad
et al. 2017, Giorleo et al. 2016, Rohde et al. 1997). The emergence of advanced laser
micromachining tools such as excimer and femtosecond lasers made the fabrication of
NiTi SMA Devices much easier (Villermaux et al. 1997, Hung et al. 2015, Kong et al.
2014). This study is focused on using femtosecond laser and Ytterbium fiber laser

micromachining techniques to fabricate NiTi-based devices.

1. 9. Importance of capping layer with NiTi thin films

Of the two elements, Ti shows a high affinity towards oxygen, which concerns the
stability of the NiTi-based MEMS devices. There is a good scope for surface
engineering studies with NiTi thin films. The purpose of these surface engineering
studies had their focused objectives. Tantalum and tantalum pentoxide surface
coatings were used for reducing the nickel ion release from NiTi SMA thin films
while used for biomedical applications (Li et al. 2010). Another study reveals that a
thin layer of TiN over NiTi surgical tools enhances the biocompatibility of the same
(Jin et al. 2013, Starosvetsky et al. 2001). The TiN layer with preferred orientations
improves the mechanical properties of TIN MEMS devices (Kumar et al. 2009). In
recent years, the TiN micro-heaters have been used in CMOS industries because of
their remarkable properties over conventional gold or platinum-based micro-heaters
(Creemer et al. 2008). As the NiTi system falls under thermal SMAs, the heating
capability of TiN can be utilized for realizing the actuation of NiTi MEMS structures.
In addition, since both NiTi and TiN are biocompatible materials, the devices
fabricated combining these two can also be used for biological applications. Hence,
the use of TiN enhances the mechanical properties of NiTi SMAs and offers an option
as a heating element that can be utilized for realizing phase transformations

(actuation).

1. 10. Titanium nitride thin films
Because of its exceptional qualities, titanium nitride is frequently utilized as a coating

material. These features lend themselves to a wide range of beneficial applications.
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These applications range from the diffusion barrier layer in microelectronics to the
hard and protective coatings on mechanical tools. TiN exhibits infrared (IR)
reflectivity qualities, reflecting in a spectrum comparable to elemental gold (Au),
giving it a yellowish color. Because of this, it is widely used as a material for
decorative coatings. It is an essential component of high-speed steel cutting tools due
to its high hardness and corrosion resistance (Buhl et al. 1981). TiN has a significant
role in the semiconductor industry because of its high conductivity and diffusion
barrier properties (Wittmer et al. 1981). A thin layer of TiN is used as a protective
layer in wavelength selective transparent optical thin film filters. Moreover, the better
biocompatibility of TiN makes it a dominant coating material over the surfaces of
medical devices such as micro-needles, etc. TiN layer improves NiTi-based micro-
devices corrosion behavior used in the medical industry (Starosvetsky et al. 2001).

TiN is widely used as a coating material because of its remarkable properties. TiN,
without any oxygen traces in it, exhibits golden color, and thus, it is used in
decorative coatings (Roquiny et al. 1999). Based on its microstructural properties, it
has a wide range of applications as a coating material with high hardness, corrosion
resistance, and high conductivity (Peng et al. 2003, Patsalas et al. 2018). Its high
chemical resistance and melting point make it a strong candidate in various cutting-
edge research. It has been used as a suitable material in plasmonic and barrier layer
applications (Patsalas et al. 2015, Faltermeier et al. 1997). Stoichiometric TiN has a
rock-salt structure with a lattice parameter of 4.24 A. These properties are satisfied if
the TiN is synthesized with minimum oxygen and moisture contents. Since titanium
exhibits a very affinity toward oxygen, a proper ambient process needs to be chosen
to synthesize TiN (Jeyachandran et al. 2007, Ponon et al. 2015).

1. 10. 1. Titanium nitride in MEMS

The ability to control the electrical properties of TiN thin films by adjusting their
micro-structural properties helps in various CMOS processes (Briggs et al. 2016). Its
moderate heat (15 Wm™ K for bulk) and high electrical conductivity provide a strong
window for using it in the microelectronics industry. TiN has the potential to
withstand high temperatures because of its high melting point (2950°C). In addition,
the TiN MEMS hotplates can reach higher temperatures quickly. Thus, TIN MEMS
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hotplates outperform conventional Platinum heaters in MEMS structures (Creemer et
al. 2008). These properties of TiN make it a potential applicant in MEMS and
microelectronic industries. TIN acts as a barrier layer in miniaturized solar cell
systems. TiN plays a barrier between the steel substrate and solar cells by stopping the
iron diffusion (Seefeld et al. 1980).

1.11. Literature review on TiN thin films

1. 11. 1. Processing of TiN thin films

TiN has been used as a protective, decorative, diffusion barrier layer coating for many
years. Since it has a very high melting point and can have low electrical resistivity,
TiN is also used in the microelectronics industry. Recently, the TiN films were used
as heating elements for localized heating in MEMS applications. The tuning of
electrical resistivity of TiN thin films is possible by playing with its microstructure
orientations. Thus, a precise process needs to be optimized to grow the TiN thin films
with preferred microstructures. In the synthesis of Titanium nitride films, though there
are huge applications, there are also several difficulties with the coating of TiN thin
films. To produce a TiN thin film with finer properties, suitable preparation methods
and process parameters must be identified (Oettel et al. 1995). Conventional Chemical
Vapor Deposition (CVD) has limitations in producing thin films as it needs a higher
temperature (=800°C), uses toxic precursors (TiCls), and has poisonous exhausts
(HCI, CI). Among the other options, vacuum deposition by reactive evaporation can
produce TiN films with poorer adhesion and limited optical, electrical, and

mechanical properties.

Nonetheless, being a slower process than all the above-mentioned techniques, reactive
magnetron sputter deposition has been successfully used to synthesize TiN thin films.
The typical TiN formation features a NaCl-type crystal structure with a stoichiometry
of around 1:1. The deposition factors, such as sputtering power density, nitrogen
partial pressure, and deposition time, influence the crystallization behavior and

chemical composition and microstructure of TiN films (Fang et al. 2001).

Many investigations have been made to understand the electrical, mechanical, optical,

and surface properties of TiN thin films by tuning their microstructure by controlling
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the energy of the sputtered species. The electrical resistivity of TiN films is very
much dependent on their microstructures. Hence careful optimization of the
deposition parameters has to be made to achieve TiN thin films with preferred
electrical properties. The following literature survey consolidates earlier research on

magnetron sputter deposited TiN thin films.

1.11. 1. 1. DCMS Processing of TiN thin films

Some studies reveal that the DCMS technique from titanium target in reactive
nitrogen gas with various flow rates results in stoichiometric TiN films. Variations in
nitrogen partial pressure and their impact on stoichiometry, orientation, and
morphology have been reported, with nitrogen-rich films exhibiting increased
resistivity due to defects. It was also observed that minor traces of oxygen do not
affect the film's resistivity (Lu et al. 2018, How et al. 2017, Ponon et al. 2015, Kim et
al. 2012, Irudayaraj et al. 2008).

Some research groups have reported the impact of substrate temperature and post-
deposition annealing on the structural, electrical, and mechanical properties of
reactive DCMS deposited TiN thin films. The substrate temperature treatment has
undoubtedly improved the properties of TiN thin films. Thermal treatment increased
the sheet resistance of the TiN films. The oxidation during the annealing process has
been suggested as a probable cause. But the devices made of these films were
thermally stable at a higher temperature allowing them for use in high-temperature
processes (Smith et al. 2018, Kearney et al. 2018, Ao et al., 2013).

Some literature reported on the synthesis of reactive DCMS deposition of TiN thin
films under different argon flow rates keeping nitrogen flow rate constant. It was
found that the mechanical and electrical properties improved with the increase in the
argon flow rate (Khojier et al. 2013, Arshi et al. 2012).

Vipin et al. 2009 reported on the preparation of TiN thin films by reactive DCMS
deposition on glass with various thicknesses. With increasing thickness, the
microstructural orientations indicated the (200) preferred orientation up to 1.26 um
thickness, then changed into (220) and (200) peaks as thickness increased up to 2.83
pm. The hardness and roughness of TiN thin films as a function of thickness have
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been reported. According to AFM images, the surface roughness of TiN films has
grown slightly with film thickness. Creemer et al. 2008 reported on the preparation of
TiN thin films by DCMS deposition on a thin titanium layer having better adhesion
with SisNs. The target used was titanium, and the gases were a mixture of argon and
nitrogen. The TiN micro-heaters were patterned and compared their performance with
conventional platinum heaters. The heat measurement studies have shown that TiN-

based micro-heaters could outperform the platinum-based micro-heaters.

1.11. 1. 2. RFMS Processing of TiN thin films

Cheng et al. 2013 reported on the thermal stability of Ti/TiN thin film stacks
synthesized by reactive RFMS deposition. The Ti/TiN thin film resistor stacks were
fabricated and subjected to their thermal stability tests. These stacks exhibited
excellent thermal stability till 350°C. Takeo et al. 2008 reported on the preparation of
TiN thin films by RFMS on a silicon substrate. The target used was titanium, and the
gases were a mixture of argon and nitrogen. The effect of high vacuum range on the
quality of deposited TiN films was investigated. To obtain high-quality TiN films, the
process chamber should be free from oxygen content. Vasu et al. 2011 reported the
effect of substrate temperature on the structure and composition variation of RFMS
TiN thin films. It was observed that the composition of TiNx films had changed to
Ti2N, and the crystal structure changed from tetragonal to cubic on increasing the

substrate temperatures.

1.11. 1. 3. PDCMS Processing of TiN thin films

Boonyawan et al. 2016 explored the bioactive TiN-HA thin films made by a reactive
DC magnetron sputtering system with a co-axis target configuration on the
polyetheretherketone (PEEK) bio-inert material. Optical emission spectroscopy was
utilized to determine the optimal plasma conditions for depositing the TiN-HA layer
on PEEK (OES). The correlation between plasma chemical composition, sputtering
pressure, discharge voltage, duty cycle, and nitrogen gas content was studied. Qu et
al. 2015 reported on the CrN/TiN superlattice coatings deposited using a combined
DOMS (Deep oscillation magnetron sputtering) and pulsed dc magnetron sputtering
(PDCMYS) in a closed field unbalanced magnetron sputtering configuration. The Cr
target was powered at 400 W by DOMS, and the Ti target was powered at 2000 W by
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PDCMS. The negative substrate bias (Vs) ranged from 0 V to =100 V. As the Vs. was
increased, CrN/TiN superlattice coatings showed a single phase face-centered cubic
structure with a strong (1 1 1) texture. The coatings exhibited a dense microstructure
with well-defined interfaces between CrN and TiN layers. Chun et al. (2013)
investigated the effect of pulse parameters on deposition rates, grain size, preferred
orientation, resistivity, and hardness of TiN thin films using the PDCMS
methodology. The duty cycle and pulse frequency were changed from 50 to 95% and
5 to 50 kHz. When the pulse frequency was raised, the deposition rate, grain size, and
resistivity of pulsed dc sputtered films decreased, while the nano hardness of titanium
nitride films increased. Asymmetric-bipolar pulsed dc sputtering can be used to create

titanium nitride coatings with exceptional characteristics.

The influence of sputtering pressure on the characteristics of titanium nitride films
produced by the PDCMS process was examined by Yeh et al. in 2008. When the
sputtering pressure was reduced, the preferred orientation of titanium nitride films
changed from (111) to (200). At the same time, film deposition rate and hardness
increased, whereas titanium nitride film resistivities dropped. In comparison to films
produced by DCMS processing, Kelly et al. 2007 observed that TiN coatings coated
by PDCMS had much improved tribological properties, particularly a much lower
coefficient of friction. In terms of tribological characteristics and tool life, the results
showed that TiN coatings produced by pulsed processing consistently outperformed
those produced by continuous processing. PDCMS (asymmetric bipolar, 20-kHz pulse
frequency) and DCMS reactive sputtering were used to deposit titanium dioxide and
titanium nitride coatings, according to Kelly et al. 2003. Scanning electron
microscopy, electron probe microanalysis, X-ray diffraction, micro-hardness testing,
scratch adhesion testing, wear testing, and surface profilometry were among the
analytical and measurement techniques used to characterize the coatings in terms of
their structures and properties. Both coating types had better optical and tribological

performances when PDCMS was employed instead of continuous DCMS processing.

From the above literature, we can conclude that most researchers used the reactive
magnetron sputter deposition technique for synthesizing TiN thin films. Feasibility of
the microstructure tuning with proper process optimization helps to obtain preferred
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electrical resistivities in the reactive magnetron sputter deposition technique. In
magnetron sputtering, the DCMS process has problems with arcing or oxygen
presence in the target surface following target poisoning issues. The deposition rate
falls when the RFMS is employed to overcome this difficulty and is also a costlier
process. At the same time, the exercise of TiN thin film deposition with the PDCMS
process solves issues like target poisoning, arcing, deposition rate, etc., and is more
economical than the RFMS. Hence, PDCMS can be used to produce TiN with better
qualities with faster deposition rates.

1.11. 2. Patterning of TiN thin films

The TiN thin films on Si or Si/SiO> substrates can be easily patterned using focused
ion beam and laser micromachining techniques. These are mask-free fabrication
techniques, and thus, there is no need for lengthy lithographic procedures to fabricate
submicron-level MEMS structures. The FIB technique uses the kinetic energy of the
focused ions to impart the TiN surface, resulting in the film's removal as per the
selection area (Gao et al. 2003, Zintler et al. 2017). The engraving technigque can
make laser remelted tracks on the film surface. For years, laser engraving techniques
have been utilized to create diverse microstructures on film surfaces, with laser power

and speed controlled precisely (Lima et al. 2005).

1. 12. Scope of the work

From the literature survey, it is indisputably clear that the NiTi and TiN thin films are
potential candidates for micro-actuator applications. Other than the actuator and
sensing applications, these two materials have a wide range of applications in the
medical industry because of their excellent biocompatibility. However, achieving pure
NiTi thin films with high crystallinity and required stoichiometry are the critical
challenges to realizing high-performance MEMS devices. The required properties of
NiTi thin films can be achieved by controlling the process parameters and growth
kinetics. Hence, the deposition method plays a pivotal role in developing NiTi thin
film-based MEMS devices. The NiTi thin films are synthesized mainly by DCMS and
RFMS or co-sputtering in magnetron deposition techniques. However, the deposition
rates in RFMS are lower as compared to DCMS. It is difficult to control the oxygen
concentration and achieve uniform deposition rates in DCMS due to target poisoning.
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The employment of the PDCMS deposition technique, which has denser plasma
characteristics, can result in higher deposition rates that may solve the associated
problems while using DCMS and RFMS. Also, many process parameters (pulse
frequency, on-off time, duty cycle, etc.), including substrate temperature and pressure,
are available to control the growth kinetics. The sputter deposition techniques with an
option for pulsing can provide better plasma properties and enhance the properties of
the thin films. No report is available in the literature on the deposition of NiTi thin
films using PDCMS though it has multiple advantages as compared to DCMS and
RFMS. Therefore, a detailed study of NiTi thin film processing with the PDCMS
technique was essential to realize high-performance NiTi-based MEMS devices. A
plasma diagnosis tool (optical emission spectroscope — OES) was employed to study
the effect of deposition techniques under the same process condition. OES provides
information on the plasma properties to correlate with the film properties.

It is clear from the literature that the NiTi MEMS devices need external stimuli for
performing the actuation. These external stimuli can be either mechanical or thermal.
Focusing on the thermal actuation, the SMA devices need a heating element to
provide the temperature for the actuation. As NiTi-based SMA devices are already
employed for many biological applications, the heating element should also be
biocompatible. TiN has been used with NiTi as a protective layer and is well known
for enhancing the mechanical properties and biocompatibility. TiN is also used with
NiTi-based surgical tools in biomedical applications. However, their heating
capability with NiTi devices has not been reported. Therefore, a detailed study was
undertaken on the synthesis of TiN films with preferred structural and electrical
properties.

The heating capabilities of TiN-based micro-heaters can be utilized for the actuation
in NiTi MEMS devices that are fabricated alongside. These types of MEMS device
combinations are ideal for potential applications in various fields such as optical,
microelectronics and biomedical, etc. Therefore, a study on the fabrication and
integration of NiTi and TiN microstructures is considered very much useful in the
rapidly advancing MEMS domain. With this background and motivation, the
objectives of this thesis were finalized.
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. 13. Objectives of the work

1. Selection of a suitable sputter deposition method from among DCMS and PDCMS
techniques based on plasma characteristics that helps to get high-quality
crystalline NiTi thin films with the required properties for SMA applications.

2. Investigate the influence of PDCMS process parameters on the properties of NiTi
thin films, which exhibit the shape memory effect.

3. To investigate the influence of PDCMS process parameters on TiN thin film
properties, including the structural and electrical properties.

4. Fabrication and characterization of NiTi and TiN MEMS structures

Integration and testing of NiTi micro-cantilevers and TiN micro-heaters.

1. 14. Organization of the thesis
This thesis comprises seven chapters. A brief outline of each of these chapters is

given below.

Chapter 1: This chapter starts with an introduction to shape memory alloys with a
brief discussion on the working of SMAs. In addition, this chapter briefly discusses
the importance of TiN thin films as MEMS hotplates with NiTi micro-devices. An
overview of the literature survey on NiTi and TiN thin films is also given in this
chapter. This chapter concludes with the scope and objective of the proposed research

work.

Chapter 2: This chapter describes the detailed experimental setup and methods used
to deposit NiTi and TiN thin films. Secondly, the characterization technique used to
analyze the plasma, microstructure, surface topography, phase transformation, and
electrical properties of the NiTi and TiN has been discussed. A brief discussion on the
laser patterning and micro-fabrication techniques that were used for the fabrication

NiTi and TiN micro-structures is presented in this chapter.

Chapter 3: This chapter starts with the details related to the conditioning of the
process chamber, i.e., vacuum diagnosis using a residual gas analyzer, followed by
the optimization of the deposition rate of NiTi. The main focus of this chapter is the
study of DCMS and PDCMS NiTi plasma characteristics and thin film properties

under the same processing conditions for the selection of a suitable process technique.
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Chapter 4: This chapter focuses on the PDCMS NiTi plasma and thin film properties
deposited under various deposition pressures and pulse frequencies. The objectives of
these experiments are to grow the NiTi thin films that exhibit the martensite phase at

room temperature.

Chapter 5: This chapter presents the studies related to the PDCMS deposition of TiN
thin films. The TiN plasma characteristics and thin film properties are discussed in
detail. Optimization of the preferred microstructure and electrical properties of TiN

thin films are also discussed.

Chapter 6: This chapter discusses the fabrication and testing of TiN and NiTi
microstructures. The TiN micro-heaters were tested for different dimensions to
achieve better heating performances. The fabrication, integration, and testing of the

TiN micro-heater with the NiTi micro-cantilevers were also presented.

Chapter 7: In this chapter, an overall summary of the results, which are described in
the previous chapters, is presented. This chapter concludes with some future work

propositions.
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CHAPTER 2

EXPERIMENTAL DETAILS

2. 1. Introduction

This chapter gives the relevant details of the techniques that have been employed for
the synthesis, characterization, and fabrication of the NiTi and TiN thin films. Various
components of the sputter deposition system and their specifications have been
presented. Substrate cleaning and deposition procedures etc. used in this thesis have
been described. Critical issues involved in the deposition of multicomponent thin
films by alloy targets have also been discussed. The employment of in-situ process
monitoring tools, which ensure the production of films with repeatable properties, has
been presented in detail. The characterization techniques adopted for studying the
structural, surface, compositional, thickness, phase and electrical properties of the
NiTi and TiN thin films are described. Finally, a brief discussion on the
micromachining techniques that have been used for the fabrication of NiTi and TiN-

based MEMS structures is also presented.

2. 2. Deposition techniques

Physical vapor deposition (PVD), which includes both evaporation and sputtering, as
well as chemical vapor deposition (CVD), have been used to make thin films of
amorphous alloys, semiconductors, oxides, and chalcogenide glasses (Ohring et al.
1992). This thesis mainly focus on the physical vapor deposition (PVD) process,
especially sputtering, the most widely used method for depositing NiTi and TiN thin
films. NiTi was synthesized by both DCMS and PDCMS techniques, whereas the
PDCMS technique synthesized the TiN with nitrogen as the reactive gas.

2. 2. 1. Physical vapor deposition (PVD)
The physical vapor deposition process involves the following steps,
v" Reliance on solid or molten sources

v Generation of atom/molecular species by which source atoms enter the gas phase
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v Transportation of the gaseous species with the kinetic energy associated with the
vapor

v Condensation of the same to a surface (substrate)

In this method, the material to be deposited is kept in a clean vacuum environment.

The substrate is kept in the line of sight of the source to form a film (Ohring et al.

1992, Chapman et al. 1980).

2. 2. 2. Chemical vapor deposition (CVD)

The chemical vapor deposition technique is one of the most promising methods
widely used in thin film industries. CVD is chemically reacting a volatile compound
of a material to be deposited with other gases to produce a non-volatile solid that
deposits atomistically on a suitably placed substrate. This method produces films and
coatings of metals, semiconductors, and compounds in either crystalline or vitreous
form with high perfection, purity, and required stoichiometry (Ohring et al. 1992).

2. 2. 3. Sputter deposition

Sputtering is the removal of atoms when ions collide on solid surfaces. It is a
momentum transfer technique. The factors influencing the sputtering process are the
type of ion (mass, charge), the nature of the surface atom involved, and most
importantly, the ion energy. The higher the energy better the adhesion of the films on
the substrates. The sputter deposition technique is a promising PVD technique widely
used in synthesizing thin films with specific properties (Maissel et al. 1970, Ohring et
al. 1992, Chopra et al. 1966). The sputter deposition technique makes the synthesis of
alloys easier than the evaporation techniques due to the simplicity of control over the
composition. The interaction of energetic ions and solid surfaces is summarized in

Figure 2. 1.
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Figure 2.1: The effect of ion-solid interactions (Ohring et al. 1992)

2. 2. 4. Magnetron sputter deposition

Unlike the DC diode sputtering, a magnetron can be considered a ring magnet source;

the width and diameter mainly depend on the pole strength and alignment of the

permanent magnet in the target assembly (Rao, G. M., 1990). The width and diameter
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of the erosion track determine the spatial distribution of the sputtered particles and
thus play an essential role in deciding the thickness uniformity of deposition. In a 3”
(7.62 cm) diameter target, the diameter of the ring source will be effectively 2” (5.08
cm). Therefore, the substrate uniformity that can be expected to be only 2”. In
magnetron sputtering, a magnetic field is also applied in addition to the electric field.
This causes the superimposition of magnetic and electric fields by which the electrons

feel Lorentz force, which is given by Eq. 2.1,

F=M S =oq (e +V X B)o (Eq. 2.1)

Where,

q - Electron charge

m - Mass of electron

v —Velocity of electron
If the velocity vector and the magnetic field are parallel, the term v x B becomes zero,
and thus the electron does not experience any force known as Lorentz force. Suppose
the electron is launched from the cathode at a velocity of v at an angle © with respect
to B; in that case, it will experience a force qvBsin© in a direction perpendicular to

the magnetic field B. It results in the motion of the electrons in a circular path, the

. _— : . in0)?2
radius of which is decided by the balance between the centrifugal force mwand
. mvsin®©
the Lorentz force. i.e., I = e

The electrons in the magnetron do not reach the anode but will get trapped near the
target, thereby enhancing the ionization efficiency in the near-target region. A
magnetic field parallel accomplishes this to the target and perpendicular to the electric
field. Magnetron gun produces a dense plasma in the vicinity of the target even at low
pressures (<1x10mbar). Other than the magnetron source, two parameters that
control deposition uniformity are the pressure and substrate-to-target distance (STD).
It has been understood that, in magnetron sputtering, the thickness uniformity is less if
substrates are kept near the target. It improves with an increase in STD as described
by the cosine distribution of the sputtered particles. The pressure plays a vital role in

the deposition process as it decides the degree of scattering of the sputtered species
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before they reach the substrate (Maissel et al. 1970, Ohring et al. 1992). The magnets

arranged in a magnetron sputter source are shown in Figure 2. 2.
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Figure 2.2: Schematic of a magnetron housed in the sputter deposition chamber

2. 2. 4. 1. DC magnetron sputter deposition (DCMS)

In DCMS, the cathode is connected to a DC power supply which acts as the source for

the sputtering process. As the DC process is less suitable for dielectrics, its

applications are limited to metals and alloys (Ohring et al. 1992). A typical schematic

of the DCMS setup is shown in Figure 2. 14. At the same time, working with

materials that exhibit a strong affinity towards oxygen, such as titanium, the positively

charged layer formation on the surface of the target (which is at a negative potential)

causes a decrease in the deposition rate as the tendency of the positive ion to move to

the target decreases.
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Figure 2.3: DCMS deposition setup (schematic)

2. 2. 4. 2. Pulsed DC magnetron sputter deposition (PDCMYS)

To counter the positive charge build-up on the target surface and improve the plasma
characteristics, the PDCMS deposition technique has been employed. In PDCMS, the
power is applied to the target material for ton(On-time). The negative voltage is
applied to the target material by several hundred volts. At the end of on-time, the
voltage switches to positive polarity with less amplitude (about 20 volts). The applied
voltage remains at this voltage for tof (Off-time). This is also called “reverse time”
(trev) because of the polarity inversion of the applied voltage in the “off-time”
interval. The charged layer formed at the target surface during the on-time discharges
at off-time. Usually, the “off-time” interval is 1/10 of the “on-time” interval. The time
it takes for plasma to form and stabilize depends on various factors, including pulse
duration, pulse frequency, power, and pressure. A typical schematic of the DCMS

setup and the waveform is shown in Figure 2. 4.
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Figure 2.4: PDCMS deposition setup (schematic and waveform)
The pulse parameters can be calculated from the following Eq. 2.2,

T]:fXTonzl'fxToff ....................................................

(Where, n — duty cycle, f — pulse frequency, Ton— on-time, Toff — off-time)

2. 2. 5. Sputtering yield
The number of atoms ejected from the target surface per each energetic ion, called

sputtering yield, is a measure of the efficiency of the sputtering and determines the
resultant composition and deposition rate of the process (Ohring et al. 1992).
Sputtering yield, S, is calculated for planar targets as shown in Eq. 2.3,
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Where,
a - Function of (M2/M3), a ratio of masses of the colliding atoms
E — Kinetic energy transferred to the atom

Uo - Surface barrier energy which can be taken as the heat of sublimation
4M{ M,
(M +M;)?

2. 2. 6. Sputter deposition from alloy targets

Often multi-component thin films are required in the thin film industry, and these can
be alloys, compounds, or a mixture of both. Sputtering is a suitable process to deposit
alloy films because it can provide reasonable composition control compared to the
evaporation technique. These thin films can be obtained by sputtering from a single
target or several targets simultaneously or by reactive sputtering or a combination
these techniques. The sputtered films carry an almost similar composition to the target
used. This is the primary reason for using the sputtering process to deposition the
alloy films. However, each component has its sputtering yields (Ohring et al. 1992).
The composition of the sputtered atoms in multi-component deposition varies as the
sputtering yields and the atomic masses of each element are different. In addition,
with time, the target compositions also get altered due to the sputter source effect and

gas-phase effect during sputtering. This can be quantitatively explained as follows.

Consider a binary alloy target surface containing a number of A atoms (na) and B
atoms (ng), such that the total number is n = na+ ng. The target concentrations are Ca=
na /n and Cg= ng/n, with sputter yields Saand Sg. Initially, the ratio of the sputtered

atom fluxes () is given by Eq. 2.4,

If ng is the sputter gas atoms impinge on the target, the total number of A and B atoms
ejected are ngCaSa and ngCgSg, respectively. Then, the target surface concentration
ratio can be modified as shown in Eq. 2.5,
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: 1-n.S,/n
Chw_CallmngSiim) (Eq. 2.5)
C's Cg(L-n,Sz/n)
Instead of Ca/Ceg, if Sa> Sg, the surface is enriched with B atoms, which now begin to

sputter in greater profusion; i.e.,

LN _ SAC 'A _ SACA (1- ngSA/n)
Y, S;CYh SgCp (1- ngSB/n)

The regular change in the target surface composition alters the sputtered flux ratio
where it is equal to Ca/Cg, which is the same as the original target composition.
Simultaneously, the target surface reaches the value C’a/ C’s, = CaSg/CgSa, Which is
maintained thereafter. In the present case, the sputtering yield of Ni and Ti are 0.7 and
0.2 atoms/ions, respectively (with 200 eV Ar ions impinging normal to the surface
(Maissel et al. 1970).

Despite these constraints, the sputter deposition technique has been successfully
employed for depositing multi-component thin films. The ability to control the
process parameters, such as deposition pressure and pre-sputtering of the target,
allows depositing the films of similar composition on the target. An alloy target has

often been used to deposit multi-component thin films with required stoichiometry.

2. 2. 7. Composition of the films

The composition of the films formed will often be the same as that of the target, even
if the components of the system differ considerably in their relative sputtering rates
unless a significant amount of re-sputtering occurs. The following are the reasons for
the deviation in the composition of the films from that of the target,

1. High target temperature

2. Oxidation effects of the component(s)

3. Re-sputtering from the targets

2. 2. 8. Reactive Pulsed DC magnetron sputter deposition
The reactive magnetron sputter deposition technique deals with synthesizing thin

films of compounds by sputtering from metallic (not-nonmetallic) targets in a reactive
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gas generally mixed with an inert working gas (often Ar). The most common
compounds reactively sputtered and the reactive gases employed are briefly listed:

1. Oxides (oxygen) - A1,03, In203, SO, SiO2, Ta20s, etc.

2. Nitrides (nitrogen, ammonia) - TaN, TiN, ALN, SisN4, CNy, etc.

3. Carbides (methane, acetylene, propane) -- TiC, WC, SiC, etc.

4. Sulfides (H.S) - CdS, CusS, ZnS, etc.

5. Oxycarbides and oxynitrides of Ti, Ya, Al, Si, etc.

Depending on the power supply used to power the cathode, the reactive magnetron
sputtering can be classified as reactive RF/DC/PulsedDC/Hi-PIMS deposition
techniques. While dealing with reactive magnetron sputter depositions, the deposition
rates of metals drop dramatically when compounds form on the target surfaces. The
effect of deposition rate is very much dependent on reactive gas pressure. Sputtering
effectively halts at high gas pressures in DC discharges, but the limits are also
influenced by the applied power. Conditioning of the target in pure Ar is essential to
restore the pure-metal surface and desired deposition rates (Ohring et al. 1992, Musil
et al. 2005).

2. 3. Experimental Setup

Figure 2. 5. shows the schematic of the experimental setup used to deposit the NiTi
and TiN thin films. The details of the vacuum deposition system components are
discussed in the following sections.
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Figure 2.5: Schematic diagram of the vacuum deposition unit

2. 3. 1. Vacuum chamber

The vacuum chamber with dimensions of 60 mm x 50 mm x 45 mm (LBH) with a
hinged door mechanism and a sufficient number of connection ports were designed to
house the accessories like magnetron, substrate holder-cum-heater, shutter assembly
with Wilson’s seal, optical emission spectroscope probe, residual gas analyzer,
electrical feed-throughs, etc. The volume of the chamber is 135 liters without
accessories. A viewport with tuffen glass was fixed on the chamber door for viewing

the process inside the chamber in-situ.

2. 3. 2. Pumping system

The vacuum chamber was evacuated by combining the rotary (low vacuum) and
cryopumps (high vacuum). An ISO-200 CF F (8”) cryo pump (CryoTorr 8) supplied
by the CTI1 Cryogenics Inc. was mounted on the rear side of the vacuum chamber. The
cryopump was driven by a helium compressor (Helix), forming a closed-cycle
refrigerator. The pump has a pumping speed of 1200 I/sec for argon, 2500 I/sec for
hydrogen, 1500 I/sec for air, and 4000 I/sec for water vapor. The cryopump cannot be
started directly from the atmospheric pressure. The roughing pressure required for
cryo can take over pumping is 10 mbar or lower. This pressure was achieved by a

rotary pump (Hind High Vacuum, Bangalore) having a pumping speed of 200 I/min.
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The base pressure of 1.5x10° mbar is achieved routinely within 90 min. after

exposing the chamber with the cryopump by opening the gate valve.

2. 3. 3. Vacuum gauges

The pressure (cryo roughing pressure) in the cryopump side is measured using a
Leybold make Pirani gauge (Model: TTR-91), which can measure pressures at lower
vacuum ranges (1000 — 1x10° mbar). The pressure inside the vacuum chamber was
again measured by a Leybold make full range gauge (Pirani + Penning) (Model: PTR
— 90), which can measure pressure over a range (1000 — 1x10°° mbar). The gauge has
a digital read-out with a two-channel display always indicating the readings from
TTR-91 and PTR-90. A separate gauge, the capacitance gauge, which provides more
accurate measurements of 10 and 10 mbar range pressures, was used to monitor the

deposition pressure during the depositions.

2. 3. 4. Mass flow controller

The flow of the argon and nitrogen gases into the chamber was regulated using a flow
control setup, called a mass flow controller (Eureka Hightech - Bronkhorst). The
controller can control the flow rates in the range of 2 - 100 sccm for argon and 1 — 50
for nitrogen. The flow display was given by a digital read-out monitor (Eureka
Hightech) and can also be interfaced with a PC. The pressure inside the chamber was
controlled by adjusting the flow rate and throttling the gate valve to achieve the

desired working pressures.

2. 3. 5. Substrate holder-cum-heater

The substrate on which the film needs to be coated is clamped to a substrate holder
mechanism. A heating mechanism is housed in the substrate holder, allowing the
films to be heated to a maximum temperature of 850°C. The temperature was
measured using a K-type thermocouple, whose output was used to monitor and
control the temperature using a PID (Proportional-Integral-Derivative) controller with
a negative feedback loop. The substrate temperature could be maintained at the
desired temperature with a maximum fluctuation of £1°C. Ramp rate control was

another feature of the heater system, facilitating the heating and cooling rate control.
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2. 3. 6. Magnetron sputter gun

Two 76 mm (3") dia. magnetron sources were used for sputtering the NiTi and Ti
Target. The magnetron gun is housed in a cylindrical ring magnet, which provides the
magnetic field for confining the plasma to the center. An external manually adjustable
type substrate holder was used for shuttling between the two magnetrons. The
magnetron and target were cooled by circulating chilled water through the axle to the
backing plate on which the target material is pasted. The magnets and the sealing
components like Teflon rings are cooled with chilled water. But there are no contacts
between the target and backing plate and the magnetron body. The chilled water flow
was maintained at a flow rate of 4 I/min. to provide sufficient cooling to the target and

related accessories.

2. 3. 7. Power supplies

The target was powered by a 1 kW power supply (MDX 1K, Advanced Energy) for
DCMS, and a 5 kW power supply (Pinnacle Plus, Advance Energy) for PDCMS. The
MDX DC power supply can be operated in three modes of regulation: voltage mode,
current mode, and power mode. The Pinnacle Plus pulsed DC power supply also can
be performed in these modes. In addition, it has options to vary the pulse frequency,

pulse reversal time, etc.

2. 3. 8. Residual gas analyzer

Stanford Research Systems residual gas analyzer model 200 (SRS RGA 200) is used
for the partial pressure measurement of the gases (Figure 2.6.a.). This RGA is capable
of measuring atomic mass units from 1 to 200. The RGA head is interfaced with an
electronics control unit (ECU). The ECU is a complete box of electronics directly
connected to the RGA head. The ECU is connected to a computer through RS 232
cable. In the case of magnetron sputtering, the chamber pressures during the
deposition need to be maintained in the range of 102 to 10 mbar, because at lower
pressures, the plasma cannot be sustained. But the RGAs can work in the pressures at
10" mbar or lower. Because the RGA filament, one of the important parts of the RGA
setup, can work only at 10 mbar or lower vacuum levels. Therefore, a differentially
pumped system is used to maintain the lower vacuum level in the RGA head region.

In this case, the RGA head region was pumped using a turbomolecular pump and
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rotary pump, as shown in Figure 2.6.b. It is essential to quantify the partial pressures
of the contaminant gases and vapors in-situ before and during the depositions for
producing thin films with reliable, reproducible, and stable characteristics. The RGAs
work on the principle of mass spectrometry. The RGAs consist of the following parts,

as shown in Figure 2. 7.

Figure 2.6: (a) SRS 200 RGA with differential pumping mechanism, (b) RGA

integration with the process chamber

' |
lonizer [ﬁfl> lon Filter E;:> lon Detector
|

Figure 2.7: Schematic diagram of the mass spectrometer

The current measured represents the number of ions collected, and thus the pressure
of the respective gas. The radius of curvature (R) in centimeters, magnetic field (B) in
Gauss, atomic mass (ionized atom) (M)’ and acceleration voltage (V) is related by Eq.
2.7:
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The working principle of RGA is as follows:

1. lon generation: A thermionic filament is used to generate electrons. When these
electrons strike the gas molecules, the ions are produced.

2. lon separation (mass filter/resonator): These ions are accelerated through the
quadrupole rods and separated depending on the mass-to-charge ratio (M/e).

3. Detector: The ions that come out of the mass filter are collected by Faraday Cup.
A sensitive ammeter measures the resulting current.

4. Signal amplifier: The current produced by ions by Faraday Cup is very small.
The Faraday Cup output is connected to an extremely sensitive secondary electron
multiplier (SEM).

2. 3. 9. Butterfly Valve: Two numbers of butterfly-type valves with KF-25 fittings at
the ends were used as the isolation between the rotary pump with the chamber and

cryopump during forevacuum creation.

2. 3. 10. Gate valve

A manually operated hand wheel type ISO-200 CF F gate valve (VAT —8”) was fixed
between the vacuum chamber and the cryopump. The gate valve isolates the
cryopump and the vacuum chamber during the cryo running-up. It also acts as the
control valve for adjusting the pressure inside the vacuum chamber by throttling the

pumping of the gas molecules.

2. 3. 11. Bellows
Bellows are flexible vacuum pipelines connecting the forevacuum pump (rotary
pump) with the vacuum chamber and cryopump. Their flexible nature avoids the

vibrations caused by rotary pumps to the chamber and high vacuum pumps.

2. 4. Deposition procedure
A detailed procedure followed for the deposition of NiTi SMA and TiN thin films is

presented in this section.
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2. 4. 1. Selection of substrate

It is important to consider the following criteria before selecting the substrates for the

film deposition. These are:

e Surface finish

e Requirement of the characterization techniques

In this thesis, we have used two kinds of substrates: Si (100) and Si/SiO2. The latter is

used for the electrical characterization of the TiN thin films to precisely calculate the

resistivities by eliminating the effects from Si substrates.

2. 4. 2. Substrate cleaning and loading

The surface of any substrate will have dust particles, organic contaminants, oxide

layers, etc. These contaminants will influence the adhesion and purity of the coating.

In addition, native oxide formed on the surface of the silicon substrates tends to native

oxide layer formation, which can degrade the shape memory property of the NiTi thin

films. Hence, following a standard procedure for cleaning the Si wafer before loading

it into the process chamber is important. The procedure which we followed is as

follows:

1.

The 3” dia. silicon wafers were cut into pieces (10 mm x 10 mm) using a diamond
tip cutter.

These silicon substrates were kept in de-ionized water for 10 min.

Then these silicon substrates were subjected to ultrasonic cleaning for about 8 —
10 min. in an acetone bath to remove the organic contaminants from the surface.
In the next step, after dipping in the de-ionized water, the silicon substrates were
dipped in a diluted HF solution for about 1 min. to remove the oxide layer on the
surface.

The cleaned silicon substrates were dipped in de-ionized water for about 2
seconds and dried using nitrogen gas purging.

The silicon substrates were immediately loaded onto the substrate holder inside

the deposition chamber without exposing much to the atmosphere.

2. 4. 3. Chamber evacuation and vacuum diagnose

Before starting the cryopump, a forevacuum of <2.5x1072 mbar was created using the

rotary pump. A liquid nitrogen trap was used between the rotary pump and the
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cryopump to ensure that vapors of the rotary oil were not contaminating the adsorbers
inside the cryopump. There was no continuous backing requirement for the cryopump
as in the diffusion and turbomolecular pumps. The cooldown of cryo arrays from 300
to 15 K takes approximately 2 — 3 hrs. During this time, the sample cleaning and
loading procedures were done. The chamber pressure was brought to <2.5x102 mbar
or below using the same rotary pump. Once the cryo cold head temperature reached
15 K, the gate valve was opened, and the cryopump was exposed to the chamber. The
cryopump evacuates the process chamber to a base pressure of 1.5x10° mbar or
below from this stage.

Using a residual gas analyzer, the vacuum diagnosis was carried out to study the
presence and quantification of the partial pressures of the residual gases. A detailed

study of the same is discussed in Chapter 3, Section 3.2.

2. 4. 4. Deposition and plasma diagnose

When the chamber was evacuated to the base pressure and the vacuum diagnosis was
completed, high purity Ar (99.999%) gas was passed at a flow rate of 25 sccm using a
mass flow controller. In the case of reactive sputtering, nitrogen gas was also passed
into the deposition chamber using a separate mass flow controller. The sputter and
reactive gas's pumping speed was controlled by throttling the manually operated gate
valve fixed at the pump mouth to maintain the desired deposition pressures. Using DC
(or pulsed DC) power supplies, the target was then powered. The target was pre-
sputtered for about 15 - 20 min. keeping the shutter closed to remove the
contaminations on its surface and reduce the oxygen gas traces present in the chamber
by the Ti gettering. The pressure inside the chamber was maintained constant with
minimal variation in the decimal points. Depositions were carried out at constant
power (100W) both in DC and pulsed DC cases. The substrate temperatures were
raised as per the process requirements. The deposition parameters were varied from
cycle to cycle to optimize the films with the desired properties. The plasma diagnosis
was carried out using an optical emission spectroscope to correlate the plasma
properties with the film properties. A detailed study of the same is discussed in
Chapter 3, Chapter 4, and Chapter 5 based on the variations in the process parameters.
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2. 5. Characterization techniques

For developing an ideal thin film process, the films need to be characterized and
evaluated for their repeatability, reliability, etc. In the case of thin films, the properties
are determined by their processing conditions, microstructure, thickness, composition,
surface topography, phase behavior, etc. It is important to correlate the processing
conditions and film properties to obtain films with the desired characteristics. In this
section, brief descriptions of the different characterization techniques that have been
used are given. Table 2.1 shows different analytical techniques that were used for

studying different film properties.

Table 2.1: Characterization techniques used for studying NiTi and TiN film properties

S. No. Plasma/Film Measurement Technique
Property
1. Plasma Optical emission spectroscopy
2. Thickness Cross-sectional SEM
3. Microstructure X-ray Diffraction (XRD)
4. Phase Transformation | High-temperature X-ray Diffraction (HT-XRD)

Atomic Force Microscope (AFM)

5. Surface Morphology Scanning Electron Microscope (SEM)
6. Composition Energy-dispersive X-ray spectroscopy (EDS)
7. Electrical Four probe electrical resistivity measurement

2. 5. 1. Optical emission spectroscopy (OES) - In-situ plasma studies

Process control is essential in plasma applications to ensure the reliability and quality
of the process. In the case of vacuum deposition by magnetron sputtering, the process
needs to be real-time monitored to ensure the plasma conditions and to realize the
changes instantaneously (Bendahan et al. 1996, Wu et al. 2000). Optical emission

spectroscopy (OES) analyzes light emitted from a medium without external optical

46




excitation. Optical emission is significant in plasma-assisted processing, such as
plasma-assisted etching and deposition and sputter deposition techniques, since
collisions with energetic electrons push gas-phase species to excited electronic states.
These excited states relax to lower levels by spontaneous emission, which may be the
ground electronic states. This released radiation is then detected after being spectrally
scattered. Plasma-induced emission is another name for optical emission from plasma
(PIE). While optical emission occurs between vibration levels in the same electronic
state, it is weaker and less attractive (Herman et al. 1996).

The emission process in OES is represented in Figure 2. 8. Because OES detects only
excited species in plasmas, the observed spectrum gives information about the
excited-state density and does not directly reflect the ground-state population profile.
When such emission is present, OES is a powerful yet simple diagnostic tool useful
for practical real-time monitoring. The absence of an external excitation source makes
OES an inexpensive and robust candidate for real-time control, but it limits the
versatility of this method. Nonetheless, OES is probably the most widely used optical

probe of plasma-assisted processing (Herman et al. 1996).

The mechanism of the plasma excitation and optical emission spectroscopy can be

explained as occurring with various excitation processes, such as,

) Electron impact excitation - A+e > A* + ¢

i) Electron impact dissociation - AB +e> A*+B + e

iii) lon impact — A*+ e (M*) 2 A* (+M)

Where A and B are atoms, radicals, or molecules, and AB is a molecule. The asterisk
(*) indicates the excited species that emits light, and e (+ M) may be either a neutral
species, a negative ion or an electron plus a third body (M), or a surface (Phelps
1990).
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Figure 2.8: Energy levels involved in typical OES experiments

This work uses a Plasus Emicon system with the vacuum deposition system to record
the in-situ plasma characteristics. The emission spectra between the wavelength (200—
1100 nm) from a plasma source can be real-time monitored and recorded with this
setup. The deployment of the OES sensor in the process chamber is shown in Figure
2. 9. The OES is connected to the PC using RS 232 interface. The optical fiber from
the sensor is connected to the computer through a KF-25 port having vacuum-sealed
connectors on both sides. The in-vacuum components include plasma characteristics
acquiring optics and the related fiber cables. The ex-vacuum components, like the
power connection and computer interface, were connected through the above-
mentioned port. The analysis of the plasma characteristics can be carried out by
loading the recorded spectra with the library data provided in the plasus software. The
process optimization can be easily executed by real-time monitoring of the plasma
process by taking advantage of the instant system response to parameter changes. In
the present study, an investigation of OES of the nickel-titanium and titanium nitride
sputter plasma radicals was performed to clarify the relationship between the plasma
properties, sputtering conditions, and properties of the thin films. The broad spectra
obtained from the nickel-titanium and titanium nitride plasmas are shown in Figure 2.
10. (a.& b).
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Figure 2.9: Optical emission spectrometer and its incorporation with the process

chamber between the magnetron gun and the substrate holder

49



I T T T T T
—]
a
—
——————————|
=
- 1=
o
.
—]
T
_-_—._|‘
2
L «ia
2
—1 -
- =]
e E
——
Tl
- 1
B
K=
=
=
z
m
=
&
L EE
2
-
= o
- =]
w
-
:
7z
N
wn =
L= O
(=] |
=+ =+ =+ =t =t =+
{=] {=] {=] = {=] {==]
e 7 = E E B
w w w w w w
& & & E & &
= o = - b= =
[] jeufis

Figure 2.10 (a): Optical emission spectra of DCMS and PDCMS NiTi plasmas
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Figure 2.10 (b): Optical emission spectra of TiN plasmas at various Ar:N rations
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2. 5. 2. Thickness measurement by cross-sectional scanning electron microscopy

Thickness plays an important role in deciding the properties of the film. The thickness
of the film needs to be tuned with respect to the specific applications. The thickness of
the films can be measured either by in-situ or by post-deposition measurement
techniques. In general, quartz crystal and optical monitors are used for in-situ
thickness monitoring. Post-deposition thickness measurement techniques include
optical profiler, surface profiler, ellipsometer, gravimetric method, etc. Some of these
techniques are destructive. Hence, an appropriate selection of thickness measurement
techniques is required, which depends on the material's nature, deposition technique,
application, etc. The nature of the material and selected technique play an important
role in the accuracy of film thickness measurement. Direct thickness measurement of
the thick and non-dielectric films can be easily measured without any charging
difficulties during SEM imaging (Ding et al. 1992). In this case, the cutting effect of
the film-substrate interface needs to be taken care of to avoid difficulty in the
measurements. In this study, the NiTi and TiN thin film thicknesses have been
measured by cross-sectional SEM imaging using the fractured edge of the film-

substrate interface.

2. 5. 3. Microstructure characterization by X-ray diffraction (XRD)

The crystal structure studies of the NiTi and TiN thin films have been carried out
using the X-ray diffraction technique. X-ray diffractometry is a non-destructive
characterization technique used to determine the bulk and thin film materials'
crystalline structure, chemical composition, etc. The XRD analysis gives information
about lattice parameters, crystal structure, orientation, grain size, and stresses present
in the films. Figure 2.11 represents the interaction of X-rays inside the crystal. XRD
works based on Bragg’s law, Eq. 2.8(Cullity, 1956).

NA =2d SINO.....ccvvverieerereieee (Eq. 2.8)

Where ‘0’ is the diffraction angle, ‘4’ the wavelength of X-rays, and ‘n’ the
diffraction order. The structural parameters, such as grain size, internal stress, and

dislocation density, have been calculated from the XRD data using appropriate
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relations. The crystallite size of the material can be approximated from the XRD data
using the Scherrer formula, Eq. 2.9 (Cullity, 1956).

Particle Size =T =

Where A = 1.54060 A (in the case of CuKal) so, ® = 260/2 (in the example = 20/2), K
is a dimensionless shape factor with a value close to unity, and g = Full-width at the
half-maximum intensity of the peak (in Rad). In general, the dominating peak is used
to calculate the crystallite size. Rigaku SmartLab is used for the XRD analysis of the
samples in this work. The measurement capabilities of this system are phase

identification, crystallize size, and chemical composition.

Figure 2.11: Schematic diagram of the diffraction of X-rays from the atomic planes

The preferred orientation can be quantified by calculating the texture coefficient of
the films using the following equation (Eq. 2.10).

I (hkl)

TC (hKD) = —=8—. e (Eq. 2.10)

I (hkD)

nzi=110(hk1)

2. 5. 4. Phase transformation studies by high-temperature X-ray diffraction (HT-
XRD)

A locally developed sample heating stage was incorporated with the same X-ray

diffraction setup. A maximum temperature of 250°C can be reached by controlling

using a PID controller without much fluctuation in the set and actual values of the
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temperatures. The NiTi films were subjected to high-temperature X-ray diffraction

studies to study their phase transformation behavior.

2. 5. 5. Surface morphology studies

2.5.5. 1. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a powerful tool, which detailed information about
the surface morphology and the roughness of the sample surfaces. The basic principle
involved in the AFM technique is the interaction between a sharp tip having atomic
dimensions and the sample surfaces. This technique can be used to determine the
topography of almost all kinds of surfaces. The critical part of the AFM is the force
sensor, which transforms the force interaction over the tip-sample junction into an
electrical signal. The probe is connected to a cantilever tip, and a laser beam is used to
measure the deflection of the cantilever tip. Even angstrom level deflection of the
cantilever can be identified by the laser and is recorded by a photo diode to generate a
corresponding surface image of the sample (Binnig et al. 1986, Giessibl et al. 2003).
This work studied the surface morphologies and roughness of the NiTi and TiN thin
films with a scanned area of 5 um? using tapping mode AFM (Bruker) with a tip size
of 10 nm.

2. 5. 5. 2. Field emission scanning electron microscopy (FESEM)

Field emission electron microscopy (FESEM) is used to study the morphology of the
sample surfaces. In FESEM, electrons are produced either by thermionic or field
emission, which is used to scan the samples. These electrons have a higher current
density and can be used for better imaging. Compared to normal SEM, the field
emission SEMs are more effective for the higher resolution. The incident electrons
interact with the sample atoms, resulting in signal production, containing information
about the sample's surface topography. In the case of thin films, the SEM is used to
mainly study the surface topography and grain size (Smith et al. 1955, Bogner et al.
2007). In the present study, the field emission scanning electron microscope (Gemini
technology Zeiss FE-SEM) has been used to investigate the surface topographies of
NiTi and TiN thin films. The resolution of this instrument is approximately 0.8 nm at

300 KX magnification. The tool is capable of achieving 25 lakh magnification. SEM

54



has wide applications in various areas, such as life sciences, materials science, earth

sciences, etc.

2. 5. 6. Atomic composition studies by Energy Dispersive X-ray Spectroscopy
(EDS)

Energy-dispersive X-ray spectroscopy (EDS) is widely used as a chemical
characterization tool for elemental analysis and compositional studies materials.
When the high-energy electrons fall onto the sample surface, secondary electrons,
Auger electrons, X-rays, and photons are produced. The X-rays carry vital
information about the elemental composition of the material's surface. Each element
has its unique properties, which describe the intensity of the X-rays emitted. The
intensity of these X-rays at the detector determines the elemental compositions.
EDAX provides the atomic percentage of the materials and the weight percentage of
the atoms present. This characterization technique is based on the fundamental
principle that each element has a unique atomic structure and emits rays that are
characteristic of its own. The relative intensities of the X-rays are a measure of the
ratio of elements present in the sample (Goldstein et al. 2003). In the present study,
the composition of NiTi thin films has been determined using the EDAX technique
combined with the FESEM.

2. 5. 7. Electrical resistivity studies by the four-probe measurement system

A four-point probe is a simple apparatus for measuring the sheet resistance of
semiconductor samples. Passing a current through two outer probes and measuring the
voltage through the inner probes allows the measurement of the sample sheet
resistance. The sheet resistance (Rs) measurement can be formulated (Smits, 1958) as

shown in Eq. 2.11,
Rs = ==, (Eq. 2.11)

Where (n/In2) is a correction factor, V and | are the voltage and current, respectively.
If the thickness (t) of the film is known, the electrical resistivity (p) of the film can be

calculated from the expression (Eg. 2.12),

P=Rs Xt (Eq. 2.12)



In this study, the four-probe measurement was used to measure the electrical
properties (sheet resistance) of the TiN thin films. The TiN films for electrical studies
were deposited onto Si/SiO> substrates for measurement accuracy. The SiO> layer acts
as an insulator for taking measurements only from the TiN layer.

2. 6. Fabrication techniques

In this section, the microfabrication techniques that were used for fabricating the NiTi
and TiN MEMS structures are discussed. In this study, the micromachining of the
NiTi and TiN MEMS structures has been carried out using laser patterning and
focused ion beam milling. Conventional lithography techniques were not used here
because the requirement of high-temperature processing of crystalline NiTi and TiN
thin films hinders the employment of lithography procedures. The techniques used to

fabricate NiTi and TiN MEMS structures are briefly discussed below.

2. 6. 1. Focused ion beam machining (FIB)

Focused ion beam machining is a non-contact method used to remove the material
from the sample surface by transferring the kinetic energy of the ions to the sample
atoms. It can machine the materials at submicron levels and do the process without
residual stresses. As it is not a chemical process, any solid material can be machined.
With the emergence of micro/nanodomains, FIB machining has become a powerful
tool because of its ability to remove the precise amounts of material with minimum
damage (Lindquist et al. 1993, Friedensen et al. 2017). FIB is also used in the sample
preparation for TEM. In this work, a Helios NanoLAB 600i FIB system has been used
to pattern the TiN microheater structures. Figure 2. 12 shows the major components
of the FIB column. The ion column is usually kept at ~10"" mbar pressure to have a
larger mean free path to the ions. However, the sample chamber is usually kept at a

10" mbar pressure.
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Figure 2.12: Schematic of FIB column

2. 6. 2. Femto second laser

Laser micromachining techniques are mainly used for miniature machining
components and small micro-features of sizes ranging from 1 um to even up to 1 mm
using different materials, such as plastic, glass, ceramics, metals, diamond, etc. Lasers
for micromachining are characterized by short pulse lengths from the millisecond
range for applications in micro-welding to the pico and femto second area for ablation
of materials. The energy from the pulsed laser is absorbed by the lattice of the
machined material, and the atomic bonds are broken. There is no time for melting due
to short pulses, no recast layer is formed, resulting in excellent features. The other
features of these types of laser micromachining are that it can machine at the
submicron level resolution without any micro-splatter, micro-cracks, delaminations,
etc. (Osellame et al. 2012). This work used a Clark MXR Inc. femtosecond laser setup

to machine the NiTi and TiIN MEMS structures. The wavelength of the FSL was 775
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+2 nm with a resolution of 1 nm having a 1 W later output. The pulse width ranges
from 10 ps to 150 fs, and the pulse repetition rate is from 1 Hz to 2 kHz. Figure 2. 13
shows a schematic diagram of the femtosecond laser setup.

Galvanometer scanner

Beam expander

F-theta lens,

Translation
Computer stage

Sample in
reservoir .

Figure 2.13: Schematic of the femtosecond laser system

2. 6. 3. Ytterbium fiber laser micromachining

Figure 2. 14 shows the Raycus Ytterbium fiber laser micromachining system that has
been used in this work for patterning NiTi and TiN microstructures. This tool is
capable of marking or machining various metal and non-metal surfaces. Raycus
pulsed laser is a specially designed laser marking system with high speed and
efficiency. It is an ideal high-power laser source for industrial laser marking systems
and other applications. Compared with conventional lasers, the pulsed laser has some
unique advantages in accelerating the conversion efficiency of the pump light over 10
times higher, its automated design in low power consumption, and being proper for
operating both inside and outside of the lab. Besides, it is exquisite and convenient for
its independence in placement, free time in use, and facility in connecting to
equipment directly. The device can emit 1060~1085 nm wavelength pulsed light
under the control of an industrial laser’s standard interface driven by a 24V DC power
source. It is a 30 W fiber laser setup with a single pulse energy of 1 mJ at a pulse

frequency range (20 — 60 kHz).
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Figure 2.14: Schematic of Ytterbium fiber laser system

2.6.4. Dry (RIE-CI) and Wet (TMAH) etching of silicon

Reactive lon Etching (RIE) is an etching technology used in micro-and nano-
fabrication. RIE uses chemically-reactive plasma to remove material from wafers. The
RF plasma is generated under low pressures by applying a strong RF electromagnetic
field, typically set at 13.56 MHz with a few hundred Watts of power. High energy
ions from the plasma attack the wafer surface and react with it to remove the film.
RIE of silicon is independent of crystal planes, which making fabrication of any shape
easier than anisotropic wet etching. The process parameters, such as pressure, gas, and
RF power, play an important role in the etching characteristics. In this work, Oxford
Instruments made Plasmalab system 100 ICP 380 (Figure 2. 15) was used to etch the
bottom silicon to make freestanding NiTi/TiN MEMS structures.

Tetramethylammonium hydroxide (TMAH, (CHs)sNOH) is a popular etchant that has
been used in micro-fabrication procedures regularly. TMAH is widely used in the
microelectronics industry because of its compatibility with the CMOS processes. It is
effortless to handle and has low toxicity. The etching rate of TMAH depends upon
temperature, chemical concentration, and orientation of the silicon. There is no doubt
that TMAH is a suitable etchant for the anisotropic etching of silicon (100). In this
work, the TMAH was used to etch the bottom silicon for making the free-standing

NiTi structures like micro-meshes and micro-combs.
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Figure 2.15: Oxford reactive ion etching system

2. 6. 5. Wirebonding

Wirebonding was employed for the interconnections between semiconductor devices.
The fabricated device should have a minimum of 100 x 100 pm? area for contact pads
to perform the wirebonding. Bond wires usually consist of these materials: aluminum,
copper, gold, and silver. The wire diameters start from 15 pum and can be several
hundred micrometers. Based on the power to be utilized with the device, the diameter
of the wire should be fixed. In this work, a TPT wirebonder was used to make
electrical contacts of 200 x 200 um? TiN electrodes. Figure 2. 16 shows the TPT

wirebonder used in this work.

Y |

_

Figure 2.16: TPT wirebonder
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2. 6. 6. Heat measurements by thermal infrared camera

An infrared camera works on the principle of detecting and measuring the infrared
energy of objects. Each object emits infrared energy, known as the object's heat
signature. The processor in the infrared camera converts detected infrared data into an
electronic image and then showed the visible surface temperature of the object being
measured. An infrared camera contains an optical system that focuses infrared energy
onto a special detector chip, a sensor array that includes thousands of detector pixels
arranged in a grid. Each pixel in the sensor array reacts to the infrared energy focused
on it and produces an electronic signal. Each temperature value is assigned a different

color. The instrumentation of the IR camera is given in Figure 2. 17.
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Figure 2.17: Components of IR camera
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CHAPTER 3

INFLUENCE OF DCMS AND PDCMS PROCESSES ON NICKEL-
TITANIUM THIN FILMS PROPERTIES

3. 1. Introduction

This chapter discusses the experiments and results of nickel-titanium (NiTi) thin films
deposited by DCMS and PDCMS techniques. Among the two elements, titanium
exhibits more affinity toward residual gases such as water vapor, oxygen, hydrogen,
etc. The Ti-based alloy films need to be synthesized under clean and contamination-
free process conditions. In addition, to exhibit the shape memory effect (SME), the
NiTi thin films need to be prepared under contamination-free process conditions. The
contaminant gases in the process chamber react with the sputtered atoms, degrading
the film's shape memory property. This chapter starts with the vacuum diagnosis of
the process chamber to study the presence of residual gases with their concentrations.
In the following section, the calibration of the experimental setup, such as the stability
of the process and deposition rate, and other details are explained. In the latter part of
this chapter, the improvements in the NiTi thin film properties achieved using the
PDCMS process over the DCMS process are discussed. Subsequently, these films
were characterized for studying their microstructural, surface topographic, and phase
transformation properties. The structural studies of the NiTi films were carried out by
X-ray diffraction (XRD), while the surface topographic studies were conducted by
atomic force microscopy (AFM) and scanning electron microscopy (SEM), and the
thicknesses were measured using a cross-sectional SEM. The phase transformation
properties of the films were studied by high-temperature X-ray diffraction (HT-XRD).
In the final section, the NiTi plasma characteristics achieved using DCMS and

PDCMS processes are studied and correlated with the characterization results.

3. 2. Vacuum diagnosis of process chamber using residual gas analyzer
The quality of the high vacuum depends on various residual gases in the process
chamber. The contaminant gases, such as oxygen, carbon dioxide, water vapor, etc.,

degrade the shape memory property of nickel-titanium thin films. In addition, while
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working with titanium-based alloys, the major concern is the presence of residual
gases like moisture and oxygen in the process chamber. Since titanium possesses
more affinity to moisture and Oz, surface oxidation of the films is possible. The
oxygen content in the NiTi SMA film will degrade the SME property (Otubo et al.
2008, Mehrpouya et al. 2016). Therefore, it is important to measure the partial
pressure of the gases present in the process chamber during high vacuum conditions
(Pathan et al. 2012, Watanabe et al. 1996). By in-situ monitoring of the process
chamber, one can reduce the significant contaminant gases by chamber baking,
titanium getter exercises, etc. (Fedchak et al. 2018, Bourim et al. 2018). In this study,
the gases explored are from 1 to 64 amu as the major contaminants lie in the range of

1 — 64 amu. The analyzed residual gases were Hz, O2, N2, CO», H20, etc.

.
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Figure 3.1: Residual gas analyzer integration with process chamber. An isolation

butterfly valve is highlighted by the marking

Initially, the RGA head was isolated from the chamber using a butterfly valve, as
shown in Figure 3.1. The partial pressures of various gases were recorded without
exposing the chamber to the RGA head. This is considered as the background data
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before the analysis of the process chamber. Then the process chamber was exposed to
the RGA head by opening the butterfly valve, and the data was acquired. Then the
substrate temperature was raised using a resistive heater set-up from room
temperature to 600°C in increments of 200°C. With an increase in temperature, the
degassing began, and some residual gases' partial pressures were increased. The
variations in the partial pressures of the residual gases with chamber baking are

shown in Figure 3.2.a.

Process Steps

Figure 3.2.a: Vacuum diagnosis during chamber evacuation and baking using the

residual gas analyzer

RGA-> Data recorded in the RGA background — 5x10”" mbar

Ch HV-> Data recorded in chamber (high vacuum — 1.5x10° mbar)

Ch HV 200-> Data recorded in chamber (high vacuum at 200°C— 2.5x10® mbar)

Ch HV 300-> Data recorded in chamber (high vacuum at 300°C— 3x10°® mbar)

Ch HV 400 = Data recorded in the chamber (high vacuum at 400°C— 3.5x10°® mbar)
Ch HV 500 = Data recorded in the chamber (high vacuum at 500°C— 3x10°® mbar)
Ch HV 600 - Data recorded in the chamber (high vacuum at 600°C— 2.5x10® mbar)

Ch Ar=> Data recorded after passing argon gas at 600°C— 1.5x10" mbar
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PS 15-> Data recorded after (pre-sputtering of 15 min. at 600°C— 5x10° mbar)
PS 30 > Data recorded after (pre-sputtering of 30 min. at 600°C— 5x10° mbar)
Ch C 100=> Data recorded in chamber (high vacuum at 100°C— 2x10® mbar)
Ch C 60=» Data recorded in chamber (high vacuum at 60°C— 1.7x10° mbar)

Ti + H20O D TiOx + Hy (4) --------mmm - (3.1)
The sputter gas (argon 99.999% pure) was admitted into the chamber. When the argon
gas was admitted, there was a sudden rise in the moisture levels observed. This
moisture is the impurity from the process gas cylinder. The titanium pre-sputtering
was carried out for half an hour to reduce the moisture level. It was found that the
moisture, hydrogen, and oxygen contents in the process chamber were decreased after
the titanium pre-sputtering. This was due to the gettering capability of titanium. The
sputtered titanium atoms react with the residual gases and form the respective
molecules before settling down on the shutter plate (Stout et al. 1955). Then the actual
sputtering was carried out by opening the shutter plate between the target and
substrate. After the completion of the deposition, the chamber was subjected to
cooling to room temperature from 600°C. The partial pressures of the major
contaminant gases, such as Hz, Oz, H20, N2, and CO; were recorded during each step
and tabulated. The characteristics of the residual gases during the deposition process
are given below in Figure 3.2.b. The increase in hydrogen gas partial pressure is
because of the chemical reaction between the sputtered Ti atoms and the water vapor,

as shown in equation 3.1.

PS START - Data recorded in the chamber during the (pre-sputtering began at
600°C and Ar gas — 5x10° mbar)

PS END -> Data recorded in the chamber during the (pre-sputtering completed at
600°C and Ar gas — 5x107 mbar)

NiTi Depn—-> Data recorded in the chamber during the (NiTi deposition at 600°C and
Ar gas — 5x107 mbar)

Ch C 100—> Data recorded in the chamber (after cooled to 100°C post deposition)
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Ch C 60> Data recorded in the chamber (after cooled to 60°C post deposition)
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Figure 3.2.b: Vacuum diagnosis during NiTi deposition using residual gas analyzer

3. 3. Calibration of the experimental setup

The nickel-titanium thin films were deposited by DC magnetron sputtering (DCMS)
on silicon (100) substrates for preliminary studies. The Si substrates were pre-cleaned
with deionized water rinse before the deposition, followed by acetone ultrasonication
to remove the organic contaminants. Then the Si wafer was dipped in a diluted
hydrogen fluoride solution to remove the native oxygen layer. A Ni-45at%Ti alloy
target was used for depositing the films. The process chamber was evacuated to a base
pressure of 1.5x10 mbar using a combination of rotary and cryopumps. Argon gas
was used as the sputter gas in all the experiments. The substrate-to-target distance was
kept at 9 cm as better uniform films with 3” magnetrons are obtained between 7 and

12 cm (Maissel et al. 1970).

To exhibit the shape memory effect, the NiTi SMA thin films need to be synthesized
in the thickness ranges of 1 pum or above. The transformation strain and residual strain
show a maximum around the thickness of 1-2 um. In addition, the transformation
temperatures were also found to be affected by surface oxidation if the thickness is
less than 1 um. For Ti-rich films, surface oxidation is a cause of concern, as the film
surface gets oxidized easily, resulting in the degradation of shape memory property
(Ishida et al. 2003). Also, the NiTi films need to be in crystalline form to exhibit the
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shape memory effect. Thus, the NiTi thin films were normally deposited or post-
deposition annealed at high temperatures for crystallization. The minimum
temperature at which the NiTi films undergo crystallization is (475-550°C) (Busch et
al. 1990, Otsuka et al. 2005, Arranz et al. 2005). In this study, the target power was
kept constant at DC=100 W, and the duration of deposition was varied (15, 30, 45,
and 60 min) to reach the required thicknesses in short-duration depositions. To ensure
NiTi films' crystalline behavior, the deposition was carried out at 400°C though the
substrate heater could attain much higher temperatures. The deposition pressure was

kept constant at 51073 mbar. The process parameters are listed in Table 3.1.

Table 3.1: Process parameters of NiTi thin films deposited by DCMS

Process parameter DCMS
Base pressure 1.5x10® mbar
Target Ni-45at%Ti alloy - 99.99% pure
Substrate P-type Silicon (100)
Sputter gas Argon
Deposition pressure 5x10° mbar

Substrate temperature 400°C
Substrate-to-target distance 9cm

DC power 100 W
Deposition duration 1hr

3.3.1. Microstructural analysis
The microstructural study was carried out by X-ray diffraction, shown in Figure 3.3.
The films appeared to be in an amorphous state without any sharp peaks. The films

need to be deposited at higher temperatures and post-deposition annealed.
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Figure 3.3: The XRD spectra of DCMS NiTi thin films

3.3.2. Surface topographic and compositional analyses

The surface topography of the NiTi films was studied by atomic force microscopy
(AFM). Figure 3.4. shows the 3D topography of the DCMS NiTi thin film deposited
at 400°C with a scan area of (5x5) cm?. The film appears to be smoother, with a
roughness value of 0.554 nm. The surface morphology of the NiTi films was carried
out by field emission scanning electron microscopy (FESEM) and is shown in Figure
3.5. The composition of the film was determined by energy dispersive spectroscopy
(EDS) and was found to be Ni-44.57at%Ti.

Figure 3.4: Surface topography of DCMS NiTi thin films by AFM
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Figure 3.5: The FE-SEM surface image of DCMS NiTi thin films

The NiTi thin film thickness was measured by cross-sectional scanning electron
microscopy. The cross-sectional SEM image of the NiTi film deposited for one hour

is shown in Figure 3.6. The rate of deposition graph was plotted as deposition
duration vs. thickness and is shown in Figure 3.7.
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Figure 3.6: Cross-sectional SEM image of DCMS NiTi thin films
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Figure 3.7: Thickness calibration curve of DCMS NiTi thin films

3. 4. Study of DCMS and PDCMS NiTi thin film properties
As the target is Ti-rich, the oxygen layer formation and target poisoning are a

concern. This will result in variations in the deposition rate and lead to considerable
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amounts of oxygen in the sputtered films. These constraints lead to difficulties in
reproducing films having the same properties. The advanced pulsed DC magnetron
sputtering (PDCMS) technique needs to be deployed to overcome this difficulty. In
PDCMS, the periodic polarity reversals contain the arc formation at the target and
provide long-term process stability. Thus, pulsing the magnetron discharge in this
frequency range also strongly modifies the deposition plasma, raising the time-
averaged electron temperature and the energy flux delivered to the substrate compared
to continuous DC processing (Kelly et al. 2009). The denser plasma can produce

better crystalline thin films and can also eliminate the lengthy annealing processes.

In this study, nickel-titanium alloy thin films were deposited onto silicon substrates by
both DCMS and PDCMS techniques. This study aims to prove the improvements in
the NiTi film properties deposited by PDCMS over the conventional DCMS process.
The detailed process parameters are given in Table 3.2.

Table 3.2: Process parameters of NiTi thin films deposited by both DCMS and
PDCMS techniques

Process parameters DCMS PDCMS
Base pressure 1.5x10° mbar 1.5x10° mbar
Ni-45at%Ti alloy - 99.99% | Ni-45at%Ti alloy - 99.99%
Target
pure pure
Substrate P-type Silicon (100) P-type Silicon (100)
Sputter gas Argon Argon
Deposition pressure 5x10° mbar 5x107 mbar
Substrate temperature 600°C 600°C
Substrate-to-target
) 9cm 9cm
distance
Pulsed DC power 100 W 100 W
Pulse frequency NA 200 kHz
Pulse reversal time NA 1.0 us
Deposition duration 1hr 1hr

72




3. 4. 1. Microstructural studies

The DCMS and PDCMS NiTi thin films have been subjected to X-ray diffraction
(XRD) to study the microstructural orientations. To avoid the diffracted signals from
the Si substrate, the grazing angle used was 0.5 degree. The film deposited at 400°C
shows an amorphous nature in DCMS and PDCMS cases, whereas the films deposited
at 500, 600, and 650°C show a crystalline nature as NiTi thin film’s crystallization
temperature is (475 — 550°C) (Otsuka et al. 2005, Arranz et al. 2005). These films
exhibit an austenite phase at room temperature with a major (110) orientation at 42.6°.
In addition, minor (200) orientations at 61.2° of the austenite phase were also
observed in these films. There were small martensitic traces observed at orientations
(002), (111), and (012) at 39.2°, 41.7°, and 45.4°, respectively (Uchil et al. 2007, Cha
et al. 2012 and Koker et al. 2013, Daneshvar et al. 2020). The XRD spectra of both
DCMS and PDCMS NiTi thin films deposited at 400, 500, 600, and 650°C are shown
in Figure 3.8. These films are expected to be transformed completely to austenite

upon heating and martensite upon cooling to room temperature.

By calculating the full-width half-maxima (FWHM) from the XRD spectra, the
crystallite size can be calculated using the Scherrer formula (Eq. 2.9). The calculated
and average crystallite sizes of DCMS and PDCMS NiTi films deposited at various

substrate temperatures are tabulated in Table 3.3.
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Figure 3.8: The room temperature XRD spectra of DCMS and PDCMS NiTi thin
films at (a) 400, (b) 500, (c) 600, and (d) 650°C

Table 3.3: Crystallite size of both DCMS and PDCMS NiTi thin films deposited at
400, 500, 600, and 650°C

Substrate M(111) A(110) Average crystallite size,
temperature D (nm)
(°C) DCMS | PDCMS | DCMS | PDCMS DCMS PDCMS
400
500 15.9 13.5 16.8 15.5 16.4 14.5
600 17.7 13.7 18.3 18.3 18 16
650 15.5 16.7 12 13.3 13.8 15

3. 4. 2. Surface topographic and compositional studies

Figure 3.9. depicts the AFM images and corresponding height profiles of the DCMS
and PDCMS NiTi thin film deposited at 400, 500, 600, and 650°C, respectively, with
a scan area of (5x5) cm?. In both cases, the surface roughness of the films showed an
increasing with increasing the substrate temperature increases, except for the PDCMS
600 and 650°C films. Barring the 600°C deposited film, all the other DCMS sputtered
films have shown higher surface roughness than PDCMS sputtered ones. The height
profiles plotted in the lower panel indicate that the PDCMS films exhibit lower
roughness than the DCMS films. It is reported that the PDCMS process provides
dense, smooth films as compared to the DCMS process and is used widely for

obtaining better physical and tribological properties (Kelly et al. 2007).
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Figure 3.9.a: AFM images of DC and PDC NiTi thin films deposited at 400, 500, 600,

and 650°C, respectively.
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600, and 650°C, respectively.
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The FE-SEM images of both DCMS and PDCMS NiTi films deposited at 400, 500,
600, and 650°C, respectively, are shown in Figure 3.10. As indicated in the XRD
spectra, the film deposited at 400°C film shows amorphous nature with no grains
found, as shown in Figure 3.10.a. The average grain sizes measured from the FE-SEM
image for films deposited at 500°C (Figure 3.10.b.) by DCMS and PDCMS NiTi thin
films were ~65 nm and 140 nm, respectively. For NiTi thin films deposited at 600°C,
the average grain sizes are ~70 nm and 120 nm, respectively, as shown in Figure
3.10.c. In the case of films deposited at 650°C, the grain sizes were ~150 nm and 160
nm, respectively (Figure 3.10.d.). Therefore, in the case of 500 and 600°C films, there
is a considerable increase in the grain sizes. Not much difference has been observed in
the grain size of the films grown at 650°C. The rise in grain sizes must be due to the
greater plasma density of the PDCMS process. The crystallization behavior of the
NiTi thin films between substrate temperatures of 400 and 500°C explains the effect
of crystallization temperature (Otsuka et al. 2005, Arranz et al. 2005). The SEM
results corroborate the XRD and AFM findings.

DCMS 400 °C PDCMS 400 °C

Figure 3.10.a: FE-SEM image of DCMS an PCMS Niihin films, respectively, at
400°C
PDCMS 600 °C |

ER | .
Figure 3.10.b: FE-SEM image of DCMS and PDCMS NiTi thin films, respectively, at
500°C
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Figure 3.10.c: FE-SEM image of DCMS and PDCMS NiTi thin films, respectively, at
600°C
¢ ® ol

| 200 nm . ‘ .
[ /
Figure 3.10.d: FE-SEM image of DCMS and PDCMS NiTi thin films, respectively, at
650°C
The thickness of the NiTi films measured from FE-SEM imaging of fractured cross-
sectional samples is = 1.3 — 1.5 um by cross-sectional FE-SEM, as shown in Figure
3.11. Using this, the deposition rate of the films was calculated to be ~25 nm/min.
The PDCMS NiTi films are found to be approximately 100 nm less in thickness as
compared to the DCMS films. This is expected as the PDCMS process undergoes
pulse reversal for about a few microseconds and thereby exhibits a slightly lower
deposition rate as compared to the DCMS process. The NiTi thin films' chemical

composition was analyzed by EDS and is tabulated in Table 3.4.
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Figure 3.11: Cross-sectional FE-SEM images of DCMS and PDCMS NiTi thin films

Table 3.4: Energy dispersive spectroscopic analysis of both DCMS and PDCMS NiTi

thin films
Deposition temperature (°C) DCMS (Ti:Ni) PDCMS (Ti:Ni)
400 55.09:44.91 55.41:44.59
500 56.54:43.46 56.94:43.06
600 56.08:43.92 55.56:44.44
650 56.81:43.19 55.96:44.04

3. 4. 3. Phase transformation studies

The phase transformation studies are generally conducted by differential scanning
calorimetry (DSC) or high-temperature XRD (HT-XRD). In HT-XRD, by observing
the changes in crystal orientations with variations in the temperature, the phase
transformations are studied. The phase transformations in NiTi thin films were
investigated by varying the sample stage temperature in the XRD system using a
resistive heater set-up. The XRD spectra of DCMSNITi thin films are shown in Figure
3.12. No changes were observed in the peaks at room temperature (25°C) and
elevated temperature (120°C). The martensite peaks, which were supposed to
disappear (or lower their intensity) at high temperatures, were still present in the
spectra. This might be due to the lack of crystalline nature of the films.
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Figure 3.12: The high-temperature XRD spectra of DCMS NiTi thin films

On the other hand, the PDCMS NiTi films deposited at 600°C exhibited phase
transformation on raising the temperature. The films deposited at 400, 500, and 650°C
substrate temperatures did not show any phase transformation upon increasing the
XRD stage temperature to 120°C. But, the 600°C films exhibited the reverse
martensite-to-austenite (B19° — B2) phase transformation upon heating (up to
120°C). As there was no cooling mechanism with the XRD set-up, only the reverse
transformation (M — A) is considered. With an increase in the temperature, the
intensities of the martensite phase with orientations (002), (111), and (012) appeared
to be decreasing, whereas the austenite peak (110) at 42.6° intensity remained the
same. The peak intensity of the austenite phase with (200) orientation at 61.2° was
also found to decrease. This might be because the film was more oriented toward the
(110) plane at higher temperatures (Reddy et al. 2020, Tillmann et al. 2015, Koker et
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al. 2013, Uchil et al. 2007). The HT-XRD spectra of PDCMS films are shown in

Figure 3.13.
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Figure 3.13: The high-temperature XRD spectra of PDCMS NiTi thin films

A detailed study of the phase transformation behavior of PDCMS NiTi has been
carried out by varying the XRD sample stage temperature and is represented in Figure
3.14. The crystallite size of the PDCMS NiTi films was calculated using Scherrer’s
equation (2) and is shown in Figure 3.15. With an increase in temperature, the average
crystallite size of the martensite phase decreased, whereas it increased in the case of
the austenite phase. Earlier studies reported that this is due to increasing austenite

volume caused by the martensite-to-austenite phase transformation (Koker et al.

2013).
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Figure 3.14: XRD profiles showing diffractions from martensite and austenite phases
of PDCMS 600°C NiTi thin films as a function of temperature
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Figure 3.15: Average crystallite size of PDCMS 600°C NiTi films during martensite-

to-austenite phase transformation as a function of temperature
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3. 5. DCMS and PDCMS NiTi plasma diagnose using optical emission

spectroscope

Optical emission spectroscopy (OES) has been widely used to monitor plasma,
especially while dealing with multi-component materials. In this study, the OES is
mainly used for characterizing the exited nickel and titanium species in the plasma by
analyzing the spectra obtained. While dealing with NiTi thin films for shape memory
applications, composition control is very important and must be addressed (Wu et al.
2000, Bendahan et al. 1996).

The optical emission spectroscopy data have been collected as the emission spectra
intensities against the wavelength of NiTi DCMS and PDCMS plasmas. In this study,
the NiTi DCMS and PDCMS plasma characteristics were recorded and correlated
with the corresponding film properties, shown in Figure 3.16. The plasma properties
of nickel’s emission spectra are generally collected in the region of 340 — 370 nm.
Similarly, titanium and argon emission spectra are collected from 490 — 530 nm and
640 -720 nm, respectively, as shown in Figure 3.17. (Salhi et al. 2017, Swindells et al.
2006).

The discharge power was kept at 100 W with the chamber pressure at 5x10° mbar.
The intensity of titanium, It at 503.9, 519.4, and 521.2 nm was found more for
PDCMS atoms than DCMS atoms. Similarly, the nickel intensity, Ini at 341.8, 352.9,
and 365 nm, was observed more for PDCMS atoms than DCMS atoms. Compared to
I+i and Ini, the argon lines were more intense (lar). This is because of the large
concentration of excited argon atoms in the plasma. Titanium and nickel require much
higher energy to be formed, so they are weak concentrations and peak intensities
(Bendahan et al. 1995, Salhi et al. 2017). Thus, it is confirmed that the PDCMS
plasma has a higher intensity than that of DCMS plasma in the cases of Ti, Ni, and
Ar. The OES findings are in good agreement with the XRD, AFM, and SEM results.
Hence, the reason behind the better film qualities for PDCMS NiTi films is much
more enhanced plasma conditions than that of DMCS.
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Figure 3.16: Wide spectra of both DCMS and PDCMS NiTi magnetron plasma
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Figure 3.17: Optical emission spectra of DCMS and PDCMS sputtered (a) titanium,
(b) nickel, and (c) argon.

3. 6. Conclusions

The process chamber’s vacuum diagnosis was initially carried out using a residual gas
analyzer to ensure the optimum vacuum condition for processing high-quality films
with repeatable properties. To begin with, the NiTi thin films were deposited by the
conventional DCMS technique. The deposition rate is stable with the process and
meets the minimum thickness requirement to exhibit the shape memory effect. The
DCMS-deposited NiTi thin films need to be deposited at further elevated
temperatures or post-deposition annealed to obtain the crystalline films. To study the
impact of the PDCMS process on the plasma behavior and film properties, a
comparative study of the same was carried out along with DCMS under similar
processing conditions. The microstructure, surface topography, and phase change
studies of the NiTi films have been investigated. It was observed that the substrate
temperature during film growth plays a significant role in the crystallization behavior
of NiTi thin films. It has also been observed that the PDCMS NiTi thin film exhibited
better crystalline properties. To study this behavior, the plasma properties of both the

deposition processes were in-situ monitored by an optical emission spectroscope
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(OES). The PDCMS plasma was found to be more intense than that of the DCMS
under the same deposition conditions. The OES findings were recorded and correlated

with the film properties.
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CHAPTER 4

INFLUENCE OF VARIOUS PROCESS CONDITIONS ON THE
PDCMS NiTi THIN FILM PROPERTIES

4. 1. Introduction

This chapter deals primarily with the PDCMS deposition of NiTi thin films under
various processing conditions. The experiments were carried out under optimal
deposition pressures and pulse frequencies etc. Subsequently, these films were
characterized for studying their microstructural, surface topographic, and phase
transformation properties. The structural studies of the NiTi films were carried out by
X-ray diffraction (XRD), the surface topographic studies were conducted by atomic
force microscopy (AFM) and scanning electron microscopy (SEM), and the thickness
was measured using cross-sectional SEM. The phase transformation properties of the
films were studied by high-temperature X-ray diffraction (HT-XRD). Finally, the

properties of the NiTi films were analyzed and explained in detail.

4. 2. Effect of deposition pressures on the PDCMS NiTiplasma and thin film
properties

In this study, nickel-titanium alloy thin films were deposited onto silicon substrates in
a pure argon gas atmosphere by the PDCMS technique at various deposition
pressures. Optical emission spectroscopy was used to characterize the excited nickel
and titanium species in the plasma. The plasma characteristics have been correlated
with the film properties. This study aimed to investigate the crystal structure of the
NiTi films deposited at various pressures and their influence on the phase formation
of NiTi films. The substrate temperature was set as 600°C and was chosen from the
previous set of experiments as there was no significant change between the 600 and

650°C NiTi films. The detailed process parameters are given in Table 4.1.

89



Table 4.1: Process parameters of PDCMS NiTi thin films deposited at various

pressures
Base pressure 1.5x10°® mbar
Target Ni-45at%Ti alloy - 99.99% pure
Substrate P-type Silicon (100)
Sputter gas Argon

N 2.5%10% mbar, 5x10° mbar, 7.5%10° mbar,
Deposition pressure

1x1072 mbar
Substrate temperature 600°C
Substrate-to-target distance 9cm
Pulsed DC power 100 W
Pulse frequency 200 kHz
Pulse reversal time 1.0 ys
Deposition duration 1hr

4. 2. 1. Plasma diagnose by optical emission spectroscopy

The NiTi plasma characteristics at various deposition pressures (2.5x102, 5x107,
7.5x10% and 1x102 mbar) were in-situ recorded and analyzed through an optical
emission spectrometer. Figure 4.1. shows the characteristics of optical emission
spectra of individual elements (a) titanium (490 — 530 nm), (b) nickel (340 — 370 nm),
and (c) argon (640 — 720 nm), respectively. The intensities of titanium, Ii, at 503.9,
519.4, and 521.2 nm, and nickel, Ini, at 341.8, 352.9, and 365 nm are steadily
increasing with increasing deposition pressures. When the deposition pressure rises,
the number of ions takes part in the reaction increases. The reason for the rise in
plasma intensities is that a large number of particles are contributing to the reaction.
This was verified by using the microstructure and surface analysis of the NiTi films.
Compared to It and Ini, the argon lines (lar) are more intense at 696.6, 703.1, and
706.7 nm because of the presence of a large concentration of excited argon atoms in
the plasma. In addition, titanium and nickel require much higher energies for excited
species formation, and that is the reason for their poor concentrations and peak
intensities (Bendahan et al. 1995, Sahli et al. 2017).
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Figure 4.1: PDCMS NiTi plasma characteristics at various deposition pressures
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4. 2. 2. Microstructural analysis

The room temperature XRD spectra of PDCMS NiTi thin films are shown in Figure
4.2. The XRD results reveal that the NiTi films deposited at 600°C with deposition
pressures, 2.5x1073, 5x107 and 7.5x107 mbar, are in polycrystalline nature and are in
a mixed-phase at room temperature with a predominant austenitic phase (B2). The
peak at 41.7° corresponds to the martensitic phase (B19’) for (111) orientation. The
strong peak at 42.6° corresponds to the austenitic phase (B2) for (110) orientation.
But the NiTi deposited at the depositing pressure of 1x102 mbar shows the
martensitic phase at room temperature. The peak at 41.7° corresponds to the
martensitic phase (B19) for (111) orientation (Uchil et al. 2007, Fu et al. 2001, Ismail
et al. 2012, Reddy et al. 2017). At lower deposition pressures, the mean free path of
the sputtered atoms increases, which also enhances the energy of the sputtered atoms
impinging at the substrates favoring the close-packed structure, which results in the
austenitic phase at room temperature. But increasing the deposition pressure reduces
the mean free path of the sputtered atoms. As a result, the energy of the sputtered
atoms impinging on the substrate is also reduced (Weng et al. 2020). This results in
the formation of the martensitic phase at room temperature (Chargui et al. 2020,
Kabla et al. 2014). It is reported that, at higher temperatures (>500°C), the enhanced
activity of absorbed atoms on the substrate accelerates the migration of the atoms to
favorable energy positions. As a result, it favors the formation of a close-packed
structure to reduce the grown film's surface energy, which leads to the development of
a strong (110) plane texture (Kumar et al. 2009, Murray et al. 1987, Saburi et al.
1986).

By calculating the full-width half-maxima (FWHM) from the XRD spectra, the
crystallite size can be calculated using the Scherrer formula (Eq. 2.9). The calculated
and average crystallite sizes of NiTi films deposited at various pressures are tabulated
in Table 4.2.
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Table 4.2: Crystallite size of both PDCMS NiTi thin films deposited at pressures

2.5x10"% mbar, 5x10° mbar, 7.5%10° mbar, and 1x102 mbar

80

Deposition Pressure (mbar) M(111) A(110)
2.5x10°® 15.3 16.9
5x10° 17.7 175
7.5x10° 16.7 17.6
1x1072 5.32

4. 2. 3. Surface topographic and compositional studies

From the AFM results, it is clear that the roughness of the PDCMS NiTi thin films
showed an increasing trend with the increase in the deposition pressure. Figure 4.3.
shows the 3D images of the NiTi film surfaces by tapping mode AFM. The increase

in the surface roughness can be attributed to the linear increase of the grain size as
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well as the crystallinity of NiTi thin films with respect to the deposition pressures
(Melo et al. 2004, Perron et al. 2008).
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Figure 4.3: Upper panel: The AFM images of PDCMS NiTi films deposited at (a)
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The SEM images are shown in Figure 4.4. reveal that the PDCMS NiTi thin films are
crystalline. The grain sizes of the NiTi thin films increased with the deposition
pressures (Kumar et al. 2009). Grain sizes of the NiTi thin films are under 100 nm for
films deposited at pressures 2.5x107 and 5x10° mbar and are slightly higher than 100
nm for the films deposited at 7.5x10° mbar. But the NiTi film deposited at 1x10
mbar has grain sizes of nearly 200 nm. It has been reported that the phase
transformation temperatures are directly proportional to the grain size of the NiTi
films. Films with larger gains exhibit phase transformation at higher temperatures,
whereas those with smaller grains exhibit phase transformation at lower temperatures
(Wang et al. 2013, Ainslie et al. 2019). Earlier studies reported that films with higher
grain sizes (>100 nm) are required for the growth of the martensite (B19’) phase near
room temperature. However, the martensitic transformation temperatures of the films
with smaller grain sizes (<100 nm) are significantly lower, even below room
temperature (Kumar et al. 2009, Ahadi et al. 2013). The SEM results are in good
agreement with the XRD and AFM results. Table 4.3 contains the compositional

analysis of the NiTi thin films deposited at various pressures by EDS measurements.

(2) 2.50%x10-2 mbar (b) 5.00x10-3 mbar

(€)7.50x10> mbar.

at 2.5x10° mbar, 5x107 mbar, 7.5x10°® mbar, and 1x10° mbar, respectively.
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Table 4.3: The elemental composition of PDCMS NiTi thin films deposited at 2.5x10"

3 mbar, 5x10° mbar, 7.5x10° mbar, and 1x10"2 mbar, respectively.

Deposition pressure (mbar) Composition (Ni:Ti)
2.5x103 56.29: 43.71
5x1073 54.38: 45.62
7.5x103 57.08: 42.92
1x1072 55.87:44.13

4. 2. 4. Phase transformation studies

The PDCMS deposited NiTi thin films at 1x10 mbar exhibited martensite phase at
room temperature and have been chosen for phase transformation studies. The XRD
stage temperature was increased, and the measurements were carried out. High-
temperature XRD spectra exhibiting martensite-to-austenite phase transformation are
shown in Figure 4.5. The XRD results show that the film exhibits the phase
transformation from martensite-to-austenite on raising the stage temperature. The
peak corresponding to the martensite phase (111) disappeared, and austenite's (110)
orientation peak appeared. Besides, the (200) orientation of the austenite peak also
appeared as the temperature was increased. This reveals the existence of the phase
transformation in the NiTi thin films (Fu et al. 2001, Fu et al. 2006). For studying the
phase transformations in the films deposited at pressures 2.5x1073, 5x103, and 7.5x10°
3 mbar, the XRD sample holder stage needed cooling. This study was not taken up as

the interest was to fabricate devices performing at higher temperatures.
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Figure 4.5: The HT-XRD spectra of room temperature martensite phase NiTi thin

films deposited at 1x102 mbar

4. 3. Study of PDCMS NiTi plasmas and thin films properties deposited at
various pulse frequencies

In this study, nickel-titanium alloy thin films were deposited onto silicon substrates in
pure Argon gas ambient by PDCMS technique at various pulse frequencies. The
optical emission spectroscopy was used to characterize the excited nickel and titanium
species in the plasma. The plasma characteristics have been correlated with the film
properties. This study aimed to investigate the changes in the properties of NiTi films
deposited at various pulse frequencies. From the previous experiments, the substrate
temperature was set as 600°C, and the deposition pressure was set as 1x102 mbar.
The detailed process parameters are given in Table 4.4. The pulse frequencies used
were 50, 100, 200, and 350 kHz. With changes in the pulse frequencies, the pulse
reversal times were also varied by default. The details of the pulse frequency Vs. duty

cycle and pulse reversal time are shown in Figure 4.6.
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Table 4.4: Process parameters of PDCMS NiTi thin films deposited at pulse

frequencies

Base pressure 1.5x10°® mbar
Target Ni-45at%Ti alloy - 99.99% pure
Substrate P-type Silicon (100)
Sputter gas Argon
Deposition pressure 1102 mbar
Substrate temperature 600°C
Substrate-to-target distance 9cm
Pulsed DC power 100 W
Pulse frequency 50, 100, 200 & 350 kHz
Deposition duration 1hr
2 —= Duty Cycle d
. = Pulse Reversal Time

(s) JuwuL ], [BSI2AY 3s[ng

0'6 1 n 1 n 1 1 1 " 1 n 1 n 1
50 100 150 200 250 300 350
Pulse Frequency (kHz)

Figure 4.6: Plot between pulse frequency Vs. duty cycle and pulse reversal time

4. 3. 1. Plasma diagnose by optical emission spectroscopy

The emission spectra of PDCMS NiTi plasmas at various pulse frequencies (50, 100,
200, and 350 kHz) have been monitored, recorded, and plotted as spectral intensities
Vs. wavelength plots. Figure 4.7. shows the characteristics of optical emission spectra
of individual elements (a) titanium (490 — 530 nm), (b) nickel (340 - 370) and (c)
argon (640 - 720) respectively. The intensities of titanium (I1i at 503.9, 519.4, and
521.2 nm) and nickel (Ini at 341.8, 352.9, and 365 nm) showed a minor increase with
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the increase of pulse frequencies. These minor variations in the plasma intensities

might not influence the NiTi film properties. As in the earlier cases, the argon lines

(1ar) were more intense than those of I+ and Ini, because of the large argon
concentration in the plasma (Bendahan et al. 1995, Sahli et al. 2017).
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Figure 4.7: Optical emission spectra of pulsed DC sputtered (a) titanium, (b) nickel,
and (c) argon at various pulse frequencies

4. 3. 2. Microstructural studies

The XRD spectra of PDCMS NiTi thin films are shown in Figure 4.8. From the
spectra, it is clear that all the NiTi films deposited at 600°C and 1x10°2 mbar at pulse
frequencies 50, 100, 200, and 350 kHz showed martensite phase (B19’) at room
temperature with a predominant peak at 41.7° corresponding to (111) orientation (Fu
et al. 2001, Uchil et al. 2007). There was no significant variation in the peak
intensities and crystalline nature of the NiTi films with change in the pulse
frequencies. These films are expected to transform into an austenite phase upon

external mechanical or thermal stimulus.

By calculating the full-width half-maxima (FWHM) from the XRD spectra, the
crystallite size can be calculated using the Scherrer formula (Eq. 2.9). The calculated
and average crystallite sizes of NiTi films deposited at various substrate temperatures
are tabulated in Table 4.5.
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Figure 4.8: The RT-XRD spectra of PDCMS NiTi thin films at 600°C at pulse

frequencies 50, 100, 200, and 350 kHz and 1x102 mbar

Table 4.5: Crystallite size of both PDCMS NiTi thin films deposited at pressures 50,
100, 200, and 350 kHz

Pulse frequency (kHz) Crystallite size (nm)
M(111)
50 5.3
100 5.4
200 5.6
350 2.3

4. 3. 3. Surface, compositional studies

Generally, PDCMS sputtered films exhibit lower surface roughness compared to
those deposited by DCMS due to the influence of pulse parameters. For better smooth
films PDCMS technique is preferred to DCMS. In this case, from the AFM results, it
is clear that the roughness of the PDCMS NiTi thin films shows a decreasing trend
with an increase in the pulse frequencies (Brien et al. 2001, Kelly et al. 2007, Kelly et
al. 2009). Figure 4.9 shows the AFM images of the NiTi film surfaces by tapping
mode AFM and corresponding height profiles. The decrease in the surface roughness
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is due to the effect of pulse parameters. It is reported that the PDCMS films are
smoother than those deposited by other magnetron sputtering techniques because of

the pulse parameter effects (Brien et al. 2001, Kelly et al. 2007).

The SEM images shown in Figure 4.10 reveal that the NiTi thin films are crystalline.
There were fewer variations in the grain sizes of the NiTi thin films with an increase
in the pulse frequencies. However, they have shown a decreasing trend with increased
pulse frequencies. It is reported that the film produced by the PDCMS deposition
technique generally exhibits smoother surfaces (Kumar et al. 2009). The SEM results
are in good agreement with the XRD and AFM results. Table 4.6 contains the

compositional analysis of the NiTi thin films deposited at different pulse frequencies.
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Figure 4.10: FE-SEM images and grain size details of PDCMS NiTi thin films
deposited at pulse frequencies 50, 100, 200, and 350 kHz

Table 4.6: The elemental composition of PDCMS NiTi thin films deposited at pulse
frequencies 50, 100, 200, and 350 kHz

Pulse frequency (kHz) Composition (Ni:Ti)
50 53.2:46.8
100 52.8:47.2
200 54.4:45.6
350 52.6:47.4

4. 4. Conclusions

The NiTi films have been prepared using the PDCMS technique under optimal
deposition pressures and pulse frequencies. The plasma characteristics of the films
deposited at various deposition pressures and pulse frequencies were in-situ recorded.
It was observed that, with the increase in the deposition pressure, the plasma density
and sputtering fluxes were found to increase. The increases in the plasma density led
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to the improvement in the NiTi film’s crystalline nature. The influence of the
deposition pressures, on the plasma characteristics, structural, surface, and phase
transformation properties, have been investigated and correlated. It was also observed
that the films deposited at 1x102 mbar exhibited martensite phase at room
temperature, whereas all the other films deposited at lower pressures exhibited
austenite phase. At higher deposition pressures, the probability of collisions between
the atoms that travel towards the substrate increases, which decreases the mean free
path and incident energy of the adatoms reaching the substrate. The disordered
martensite phase can be formed by reducing the impact energy of the deposited atoms.
The phase transformation studies of the NiTi films deposited at 1x102 mbar were
carried out, and were observed that with an increase in the temperature, the NiTi films
transformed into the austenite phase. However, the NiTi films deposited at various
pulse frequencies have shown similar properties. This is due to the smaller variations
in the duty cycles with pulse frequencies and pulse reversal times that could not
significantly impact the plasma strengths at the given power, 100W. There were no
considerable variations in the OES spectra with changes in the duty cycles. The
surface roughness and grain size have shown a decreasing trend with increased pulse

frequencies as expected with the PDCMS processes.
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CHAPTER 5

PULSED DC MAGNETRON SPUTTER (PDCMS) DEPOSITION
OF TITANIUM NITRIDE THIN FILMS

5. 1. Introduction

Generally, the Ti-rich nickel-titanium (NiTi) films easily undergo surface oxidation as
Ti exhibits a very strong oxygen affinity. Hence, a capping layer on the NiTi thin
films will be an ideal solution for overcoming this problem. The titanium nitride
(TiN) thin layer on NiTi films is better for a capping layer because of its excellent
mechanical and biocompatibility features. In addition, TiN films with specific crystal
orientations result in the enhanced mechanical properties of the NiTi-based thin film
structures. In this chapter, apart from the above-mentioned uses, we explored the
heating capabilities of TiN films as MEMS hotplates for inducing the phase
transformations in the NiTi-based MEMS devices. This chapter discusses the
experiments and results of PDCMS titanium nitride thin films deposited under various

process conditions.

5. 2. Calibration of the experimental setup

5. 2. 1. Vacuum diagnose of process chamber at various conditions using residual
gas analyzer

The quality of the high vacuum is analyzed using a residual gas analyzer fixed with
the process chamber. As Ti easily reacts with oxygen, TiOxNy can be formed easily
which will degrade the properties of the films. Therefore, the residual gas analysis is
necessary while dealing with high-quality TiN films with repeatable properties. The
diagnosis procedure followed was similar as discussed in Chapter 3, Section 3.3.
Partial pressures of the residual gases measured at various stages are shown in Figure
5.1. This chapter describes the studies on the TiN thin films deposited at various
substrate temperatures and Ar:N; ratios. The partial pressures of argon and nitrogen

gases at different Ar:N2 ratios in the process chamber are shown in Figure 5.2.
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Figure 5.1: Partial pressures of major residual gases measured using a residual gas

analyzer.

RGA-> Background data recorded in RGA head - 5x10” mbar — Without exposing to

the main process chamber.

Ch HV-> Data recorded in the chamber during high vacuum — 1.5x10® mbar at room

temperature.
Ch HV 200-> Data recorded in chamber high vacuum — 2.5x10° mbar at 200°C
Ch HV 300 = Data recorded in chamber high vacuum — 3x10® mbar at 300°C

Ch Ar=>» Data recorded after flowing argon gas (20 sccm) into the chamber. Moisture
and nitrogen levels were found to increase with argon flow. Argon gas partial pressure

is eliminated from the plot to highlight the residual gases.
PS 5 = Data recorded after titanium pre-sputtering for 5 min. 5x10° mbar and 300°C

PS 10 = Data recorded after titanium pre-sputtering for 10 min. 5x10° mbar and
300°C

PS 20> Data recorded after titanium pre-sputtering for 20 min. 5x10° mbar and
300°C
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Figure 5.2: Partial pressures of both argon and nitrogen gases at different Ar:N> ratios

5. 2. 2. TiN plasma diagnose using optical emission spectroscope

Optical spectroscopy is widely used to monitor plasma, especially while dealing with
the reactive processing of materials. The OES is used to study the TiN in-situ plasma
concentration by analyzing the spectra obtained. While dealing with TiN thin films,
monitoring the concentration of nitrogen plasma is important as the reactive nitrogen
species can influence the structural properties of the TiN films (How et al. 2017).

In this study, the TINPDCMS plasma characteristics were recorded and are shown in
Figure 5.3. The plasma properties of titanium’s emission spectra are generally
collected in the region of 300 — 500 nm. Similarly, nitrogen and argon emission
spectra are collected from 575 — 675 nm and 700 - 850 nm, respectively (Nafarizal et
al. 2009, How et al. 2018, NIST Database). The detailed studies on the TiN plasma

characteristics with variation in the process parameters are discussed below.
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Figure 5.3: OES spectral analysis of PDCMS TiN plasma
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Typical emission spectra of PDCMS TiN plasmas from the Ti target are shown in
Figure 5.4. The nitrogen flow was varied between 0 and 20 sccm with an increment of

5 sccm.
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Figure 5.4: Wide range emission spectra of PDCMS TiN plasmas at various nitrogen
flow rates.
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From the NIST database, each of the elemental emission spectrums was confirmed.
Figure 5.5. shows the elemental spectra of (a) titanium, (b) nitrogen, and (c) argon
metastables and ions (How et al. 2017, Hafiz et al. 2018, NIST 2019). The intensities
of titanium and nitrogen emissions increased with the increase in the nitrogen flow
rate. While the argon emission intensities were found to decrease with an increase in
the nitrogen flow rates. This can be explained by correlating with the RGA findings
shown in Figure 5. 2. The nitrogen partial pressures increased and dominated their
presence in the process chamber with an increase in the nitrogen flow rates.
Consequently, the partial pressure of argon gas was found to decrease. Hence, the
intensities of argon-excited species decreased with an increase in the intensities of

excited nitrogen species in the plasma.
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Figure 5.5: Elemental spectra of (a) titanium, (b) nitrogen, and (c) argon in PDCMS

TiN plasmas at various nitrogen flow rates.

5. 3. Effect of substrate temperature on TiN thin film properties

TiN thin films were deposited by pulsed DC magnetron sputtering (PDCMS) on
silicon (100) substrates. Before the deposition, the Si substrates were pre-cleaned by
using deionized water followed by acetone ultrasonic sonication to remove the
organic contaminants. Then the Si wafers were dipped in diluted hydrogen fluoride
solution to remove the native oxygen layer. The process chamber was evacuated
before the deposition using a rotary - cryogenic pumping combination to a base
pressure of 1.5x10° mbar. The target used was a 99.99% pure Titanium disc of 76.2
mm diameter. Argon gas was used as the sputter gas, and the flow rate of the sputter
gas was maintained at 20 sccm in all the experiments. Nitrogen gas was used as the
reactive gas, and its flow rate was maintained at 5 sccm. The depositions were carried
out at varied substrate temperatures between room temperatures and 300°C in
increments of 100 using a resistive heater setup. Initially, the Ti target was pre-
sputtered for about 20 min. with only argon gas to avoid oxidation at the target
surface. The reactive gas (nitrogen) was admitted into the chamber in the next step.
The chamber working pressure was maintained constant at 5x10° mbar using a
manually operated gate valve after argon and nitrogen gases were passed into the
chamber. The target was powered using a pulsed DC power supply (Pinnacle plus)
with a power at 100W, pulsed frequency at 200 kHz, and a time reversal of 1.0 ps.
Later, a 200 nm thick SiO layer was thermally grown on Si. The substrate-to-target
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distance was kept at 9 cm as a 3” target gives better uniformity between STD 7 — 12

cm (Maissel et al. 1970). The details of the process parameters are listed in Table 5.1.

Table 5.1: Process parameters of PDCMS TiN thin films deposited at various

substrate temperatures

Process parameters

PDCMS

Base pressure

1.5x10® mbar

Target

Ti-99.99% pure

Substrate

P-type Silicon (100)& Si/SiO>

Sputter gas flow

Argon — 20 sccm

Reactive gas

Nitrogen — 5 sccm

Deposition pressure 5x10° mbar
Substrate temperature RT, 100, 200, and 300°C
Substrate-to-target distance 9cm
Pulsed DC power 100 W
Pulse frequency 200 kHz
Pulse reversal time 1.0 pus
Deposition duration 40 min.

5.3.1. Microstructural studies

XRD spectra of the films (Figure 5.6) deposited at room temperature (TiN_RT),
100°C (TiN_100), 200°C (TiN_200), and 300°C (TiN_300) show that the films are
polycrystalline. However, as the temperature increases, the crystallinity of the film
increases. This is due to improved adatom mobility induced by thermal energy at
higher temperatures (Thompson et al. 2000). TiN_RT shows only peaks
corresponding to (111) and (220) orientations of TiN at 36.7° and 61.8°, respectively.
The films TiN_100, TiN_200, and TiN_300 show additional peaks at 42.7°, which
correspond to a (200) orientation of TiN, and its intensity increases with an increase
in substrate temperature. This is not prominent in the TiN_100 film (Ponon et al.
2015, Ao et al. 2013, Arshi et al. 2012, Meng et al. 1997, Pelleg et al. 1991).
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Figure 5.6: XRD patterns of PDCMS TiN films deposited at substrate temperatures of
RT, 100, 200, and 300°C

By calculating the full-width half-maxima (FWHM) from the XRD spectra, the
crystallite size can be calculated using the Scherrer formula (Eq. 2.9). The calculated
and average crystallite sizes of TiN films deposited at various substrate temperatures
are tabulated in Table 5.2. There was less variation in the crystallite size with a
change in the deposition temperature. This might be due to the similar thicknesses of
the TiN films in all the cases. In general, TiN grows in (111) orientation, although
(200) and (220) orientations are also reported (Sundgren et al. 1985). Recent studies
reveal the effect of the process conditions on the development of preferred orientation

in TiN coatings (Ponon et al. 2015).

The texture coefficient of TiN thin films was calculated using Eg. 2. 10 and is shown
in Table 5.2. The texture coefficient can quantify the preferred orientations in TiN
thin films from their respective X-ray diffraction profiles. Where N is the number of
diffraction peaks, and I(h k I) and lo(h k I) are the measured and corresponding

recorded intensities, respectively, given in the JCPDS data (Sharma et al. 2016). The

115



table shows that the texture coefficient of (200) orientation increases with substrate

temperatures.

Table 5.2: Crystallite size and texture coefficient of TiN thin films deposited at

various substrate temperatures, namely, RT, 100, 200, and 300°C.

Substrate (111) (200) (220) Average
Temperature | D (hnm) | TC D TC | D (nm) TC crystallite
(°C) (nm) size (nm)

RT 14.7 2.04 --- - 10.9 1.5 12.8

100 16.9 210 |75 0.22 | 125 1.21 12.3

200 16.8 133 |54 0.76 | 11.2 11 11.13

300 16.3 1.46 | 10.8 0.66 |10.8 11 12.63

5. 3. 2. Surface topographic and compositional studies

The surface topography (2D) of the TiN films and the corresponding height profiles
are shown in Figure 5.7. The surface roughness of the films deposited at higher
temperatures shows an increasing trend with substrate temperature. However, the
roughness decreased with an increase in the substrate temperature from room
temperature to 100°C. This could be because of the origin of a (200) peak at higher
deposition temperatures. From the XRD pattern, it is clear that though the room
temperature film is crystalline, as the deposition temperature increases, the (200)
plane appears, resulting in more crystallinity of the film. This might be the reason for
the increase in surface roughness with the deposition temperature. Further

investigation is needed to be carried out to understand this behavior.

The FE-SEM images of TiN films deposited at room temperature, 100, 200, and
300°C are shown in Figure 5.8. There was no considerable difference observed in the
grain size of the films grown at different temperatures, and it is clear that all the films
are crystalline. This is corroborated by the XRD analysis. The thickness of the TiN
films measured from SEM imaging of fractured cross-sectional samples (Figure 5.9.
for TIN_RT) is about ~277+10 nm. Using this, the deposition rate of the films can be

calculated to be about ~7 nm/min.
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Figure 5.7: 2D surface images of PDCMS TiN film deposited at

temperatures of RT, 100, 200, and 300°C and corresponding height profiles.
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Figure 5.8: The FE-SEM images of PDCMS TiN films deposited at substrate
temperatures of RT, 100, 200, and 300°C

Figure 5.9: SEM image of the fractured cross-section of TiN_RT films

5. 3. 3. Electrical studies
The sheet resistance of the films TiN_RT, TiN_100, TiN_200 and TiN_300 are 30.29,
20.50, 15.94 and 11.10 Q/Sq., respectively. The electrical resistivity of the TiN films
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is calculated by multiplying the sheet resistance with the thickness of the films. Figure
5.10 shows the variation of resistivity of TiN film w.r.t. substrate temperature. From
Figure 5.10, it is observed that the resistivity decreases with an increase in substrate
temperature. It is reported that the TIN film with a high (200) diffraction peak
intensity has a lower electrical resistivity (Arshi et al. 2012, Meng et al. 1995, Meng
et al. 1997) compared to other-oriented planes. The XRD results (Figure 5.6) have
shown that the intensity of the TiN (200) peak has increased with the increase in
substrate temperature. Hence, the decrease in electrical resistivity with an increase in
substrate temperature can be attributed to the presence of (200) planes in the TiN

films deposited at higher substrate temperatures (T>200°C).
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Figure 5.10: Variation of electrical resistivity of PDCMS TiN thin films deposited at
different substrate temperatures

5. 4. Effect of the nitrogen partial pressure on the TiN thin film properties

From the previous section of this chapter, it may be recalled that the details regarding
the TiN thin films deposited by the PDCMS technique at various substrate
temperatures and with a 20:05 Ar:N» ratio were given. The process temperature
(300°C), which yielded better electrical resistivity, has been kept constant, and further
investigations were carried out by varying the nitrogen partial pressures. The duration
of the depositions was varied to obtain films with approximately the same thickness
(Lou et al. 1997). The details of the process parameters are listed in Table 5.3.
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Table 5.3: Process parameters of PDCMS TiN thin films deposited at different Ar:N:

Process parameters

PDCMS

Base pressure

1.5x10°% mbar

Target Ti - 99.99% pure
Substrate P-type Silicon (100)& Si/SiO>
Sputter gas Argon — 20 sccm
Reactive gas Nitrogen — 20, 15, 10, 5 sccm
Deposition pressure 5x10° mbar
Substrate temperature 300°C
Substrate-to-target distance 9cm
Pulsed DC power 100 W
Pulse frequency 200 kHz
Pulse reversal time 1.0 us

Deposition duration Varied to achieve ~275 nm thickness

5.4.1. Microstructural studies

The PDCMS TiN thin films were deposited at different Ar:N2 ratios and were
subjected to X-ray diffraction studies (Figure 5.11). The XRD patterns show that the
films deposited at 300°C with Ar:N2 ratios of 20:20, 20:15, 20:10, and 20:5 were
polycrystalline. The peaks were indexed using JCPDS powder diffraction files, and
the peaks were well matched with the TiN phase of TiN films (JCPDS Card Nos. 38—
1420 and 23-1455). The TiN films deposited at Ar:Nz ratios of 20:5, 20:10, and 20:15
show the prominent (111) orientation at 36.7°. In addition, these films show the (200)
and (220) orientations at 42.8° and 61.99, respectively (Meng et al. 1997, Penilla et al.
2008, Saoula et al. 2009, Ao et al. 2013, Kumar et al. 2020). It has been observed that,
with the increase in nitrogen partial pressure, the intensity of the (200) plane is also
found to be increasing with the TiN_20:20 film exhibiting predominantly (200)
orientation. It has been reported that the increase of nitrogen content in the titanium
nitride thin film causes defects and leads to the prominence of the (200) plane (Meng
et al. 1997, Cuong et al. 2006, Chawla et al. 2009, Ponon et al. 2015).
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Figure 5.11: XRD patterns of PDCMS TiN films deposited at Ar:N2 ratios of 20:20,
20:15, 20:10, 20:05

By calculating the full-width half-maxima (FWHM) from the XRD spectra, the
crystallite size of TiN thin films was calculated from (111), (200), and (220) peaks
using Scherrer’s formula (Eq. 2.9), and the values are presented in Table 5.4.
Irrespective of the variation in the orientations of the TiN films, the crystallite sizes
were almost similar, which might be due to the similar thicknesses of the films. The
most commonly observed orientation of TiN thin films was (111), although (200) and
(220) orientations were also reported (Sundgren et al. 1985). More recently published
reports discuss the effect of the process conditions on the development of preferred

orientation in TiN coatings (Ponon et al. 2015).

The preferred orientations in the TiN thin films can be quantified by calculating the
texture coefficient from their respective X-ray diffraction profiles using Eq. 2.10,
shown in Table 5.4. Here N is the number of diffraction peaks, and I(h k I) and lo(h k
I) are the measured and corresponding recorded intensities, respectively, given in the
JCPDS data (Sharma et al. 2016). From the table, it is clearly observed that the texture

coefficient of (200) orientation increases with the increase of nitrogen partial pressure.
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As per the literature, film orientation can influence resistivity, with (111) oriented

films more resistive than (200) oriented films (Ponon et al. 2015).

Table 5.4: Crystallite size and texture coefficient of TiN thin films deposited at Ar:N>
ratios of 20:20, 20:15, 20:10, and 20:05

Ar:N (111) (200) (220) Average
ratio D (nm) TC D TC D (nm) TC crystallite
(sccm) (nm) size (nm)
20:20 13.7 0.47 | 139 155 |12.2 0.72 13.3
20:15 15.2 1.47 10.1 0.68 | 114 1.10 12.2
20:10 16.5 154 |11.4 0.62 |11.8 1.12 13.2
20:05 16.3 1.59 |10.8 0.54 |10.8 1.14 12.6

5.4. 2. Surface topographic studies

The AFM 2D images and their corresponding height profiles of the PDCMS TiN thin
films deposited at 20:20, 20:15, 20:10, and 20:05 Ar:N: ratios of the substrate
temperature of 300 °C are shown in Figure 5.12. The surface roughness of the films
deposited at various Ar:Nratios at 300 °C shows an increasing trend with a decrease
in nitrogen flow rates, which is in good agreement with the previously reported results
(Vaz et al. 2005, Ponon et al. 2015). However, there are a fewer variations in the
roughness of the films. The average roughness lies between 1.6 and 3.0 nm for all the
films. This might be because all the depositions were carried out at the same substrate

temperature of 300 °C.

The FE-SEM images of PDCMS TiN films deposited at various Ar:N: ratios are
shown in Figure 5.13. Less difference was observed between the grain sizes of the
films grown at different Ar:N> ratios. Also, it is clear from the images that all the
films are crystalline. This corroborates the microstructural XRD studies. The
thickness of the TiN films measured from SEM imaging of the fractured surface of
samples (Figure 5.14.) is about ~250+ 10 nm and ~275 + 10 nm for 20:20 and 20:05,
respectively. The thicknesses were maintained approximately equal by varying the
deposition duration to compare the electrical resistivity more precisely (Berg et al.
1986).
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Figure 5.12: Upper panel: 2D surface topographies of the PDCMS TiN films
deposited at Ar:N2 ratios (a) 20:20, (b) 20:15, (c) 20:10, and (d) 20:05. Lower panel:
Corresponding height profiles.
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Figure 5.13: The FE-SEM images of PDCMS TiN films deposited at various Ar:N>

ratios

Figure 5.14: Images of the fracture surface of TiN_20:20 and TiN_20:05 thin films

5.4. 3. Electrical resistivity measurement
The sheet resistance of the films TiN_20:20, TiN_20:15, TiN_20:10 and TiN_20:05
was measured as 50.06, 24.61, 18.87 and 11.10 /Sq., respectively. The electrical
resistivity of the TiN films was calculated by multiplying the sheet resistance with the
thickness of the films. The resistivity of the films are 1376.65, 676.78, 518.93 &
305.25 uQ.cm , respectively (Figure5.15).
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Figure 5.15: Electrical resistivity of the TiN thin films at various Ar:N ratios
From Figure 5.15, it is observed that the electrical resistivity increases with an
increase in the nitrogen gas partial pressure, which can be attributed to the dominance
of the (200) plane as compared to the (111) plane. The increase of (200) orientation
leads to defect in the TiN film, which cause a reduction in electrical conductivity
(Meng et al. 1995, Ponon et al. 2015, Sundgren et al. 1983, Sundgren et al. 1982). The
increase in the nitrogen partial pressure during the deposition provides a more intense
(200) peak but results in higher electrical resistivity. This can be attributed to the
hyperstoichiometry with defects in the TiN films. Earlier studies reported that, in
hyperstoichiometric compositions, the electrical resistivity increases much faster than
that for the substoichiometric compositions because the scattering power of the N-
vacancies is different from that of the Ti-vacancies (De Maayer et al. 1975). Hence
the crystal structures can play an important role in controlling the electrical properties
of TiN films which are crucial for making electrical devices, including MEMS

microheaters.

5.4. 4. Compositional and structural analysis with transmission electron microscopy
Figure 5.16. shows the TEM cross-sectional image of the TiN film and the selected
area diffraction pattern presenting continuous diffraction rings, indicating the random
orientation of the grains. The TEM diffraction pattern shows a polycrystalline TiN
pattern in agreement with the XRD results. Figure 5.17. depicts the elemental area
mapping of PDCMS TiN thin film deposited at 20:05 Ar:N2 ratio acquired through
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energy-dispersive spectroscopy (EDS) and corresponding spectrum imaging. The TiN
layer formed on the Si substrate and the Pt protection layer deposited during the FIB
sample preparation process is vividly observed. While Ti and N signals dominate,
trace oxygen contents above the background (as estimated from the spectrum
collected from the substrate) are also observed. This oxygen contamination
contributes to the increase in the electrical resistivity of TiN thin films. Figure 5.18.
shows the counts of each element, i.e., Si, Ti, N, and O, obtained from EDS. The net
oxygen counts integrated over a representative area (150 nm x 100 nm) in the TiN
layer (black) are larger than the background oxygen counts from Si of the same area,

showing that the film is slightly oxidized.
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Figure 5.16: TEM Diffraction pattern of 20:05 (Ar:N2) TiN film
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Figure 5.18: Counts of each element Si, Ti, N, and O obtained from EDS spectra

5. 5. Effect of differential pumping mechanism on PDCMS TiN plasma and
structural properties

This study is an accidental observation of the effect of differential pumping
mechanism on the TiN crystal orientations. TiN thin films were deposited by PDCMS
on silicon (100) substrates. The deposition conditions were similar, as mentioned in
Section 5.3 of this chapter. The TiN films were deposited in the same process
conditions. The only difference between the two experiments was that one deposition
was carried out with RGA differential pumping, while the other was without RGA
differential pumping. As the structural properties of TiN films were influenced by the
process conditions, such as substrate temperature and nitrogen plasma flux,
differential pumping also plays a role in films' structural properties because the gas
molecules' pumping directions vary. The presence of nitrogen gas molecules in the
process chamber with and without differential pumping was monitored using OES
after striking the TiN plasma. The findings from the OES were studied and correlated

with the XRD results. The details of the process parameters are listed in Table 5. 5.
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Table 5.5: Process parameters of PDCMS TiN thin films deposited with and without

RGA differential pumping system

Process parameters

Differential pumping open

Differential pumping
closed

Base pressure

1.5x10°% mbar

1.5x10° mbar

Target Ti - 99.99% pure Ti-99.99% pure
Substrate P-type Silicon (100) P-type Silicon (100)
Sputter gas Argon — 20 sccm Argon — 20 sccm
Reactive gas Nitrogen — 5 sccm Nitrogen — 5 sccm
Deposition pressure 5x10° mbar 5x10° mbar
Substrate temperature 300°C 300°C
Substrate-to-target
distance Jom Jom
Pulsed DC power 100 W 100 W
Pulse frequency 200 kHz 200 kHz
Pulse reversal time 1.0 us 1.0 ys
Deposition duration 40 Min. 40 Min.

5.5.1. TiN plasma diagnose using optical emission spectroscope

Figure 5.19 shows the typical emission spectra of PDCMS TiN plasmas from the Ti
target. The plasma was recorded with an RGA differential pumping mechanism
closed and open. From the NIST database, each of the elemental emission spectrums
was confirmed. Figure 5.20. shows the elemental spectra of (a) titanium, (b) nitrogen,
and (c) argon metastables and ions (How et al. 2017, Hafiz et al. 2018, NIST 2019).
The intensities of titanium, nitrogen, and argon emissions were observed to increase
with the differential pumping mechanism. These increases in the intensities caused the
variations in the structural properties of TiN thin films.
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Figure 5.20: Elemental spectra of (a) titanium, (b) nitrogen, and (c) argon in PDCMS
TiN plasmas with and without RGA differential pumping mechanism

5.5.2. Microstructural studies

The PDCMS TiN thin films deposited with the RGA differential pumping mechanism
closed and open were subjected to X-ray diffraction studies (Figure 5.21). The peaks
were indexed using JCPDS powder diffraction files, and the peaks were well matched
with the TiN phase of TiN films (JCPDS Card Nos. 38-1420 and 23-1455). The
XRD pattern shows that the films deposited without the RGA differential pumping
mechanism exhibited predominant orientation towards the (111) plane at 36.7° (Meng
et al. 1997, Penilla et al. 2008, Chawla et al. 2009, Saoula et al. 2009). However, the
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films deposited with the RGA differential pumping mechanism exhibited predominant
orientation towards the (200) plane at 42.8°. This is due to the increase in the
concentration of nitrogen gas molecules in the target premises. This leads to more
ionization of the nitrogen gas species in the plasma. An increase in the nitrogen ions
results in a slightly nitrogen-rich TiN films causing orientation towards the (200)
plane. It has been reported that the increase in nitrogen content in the titanium nitride
thin film causes defects and leads to the prominence of the (200) plane (Meng et al.
1997, Cuong et al. 2006, Ponon et al. 2015).
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Figure 5.21: XRD patterns of PDCMS TiN films deposited with and without RGA

differential pumping mechanism

5. 6. Conclusions

The influence of process parameters in PDCMS, such as substrate temperature and
argon to nitrogen ratio at fixed pulse parameters, on the structural, morphological, and
electrical properties of TiN thin films have been investigated. The plasma
characteristics for the films deposited at various nitrogen partial pressures were in-situ
recorded using an optical emission spectroscope. It was observed that the TiN films

were found to grow in (200) orientation with an increase in the substrate temperature
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and nitrogen partial pressure. The elevated temperature provides extra energy for
growing the TiN films, resulting in the formation of (200) orientation. But the
increase in the nitrogen plasma flux with the nitrogen partial pressure might induce
defects in TiN thin films, which results in the growth towards (200) orientation. The
electrical resistivity of the TiN films was measured and correlated with the
microstructural orientations of the same. The electrical resistivity of the TiN films
was found to decrease with an increase in substrate temperature due to the dominance
of the (200) orientation. But the increase in the nitrogen partial pressures beyond a
level caused an increase in the electrical resistivity. This is due to defects in the TiN
films with the appearance of (200) plane. The effect of RGA’s differential pumping
on the TiN film structural properties was observed and then investigated. The TiN
films appeared with (111) and (200) orientations with RGA open and closed
conditions, respectively. During the RGA pumping open condition, the increase in the
nitrogen flux was observed through OES. This had caused the growth towards (200)
orientation. Therefore, differential pumping systems have a significant influence on
the film properties.
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CHAPTER 6

FABRICATION OF NICKEL-TITANIUM AND TITANIUM
NITRIDE MICROSTRUCTURE AND DEVICES

6. 1. Introduction

In general, an external stimulus is required for realizing actuations in NiTi-based
MEMS devices. The external stimulus can be either mechanical or thermal; hence a
MEMS hotplate setup alongside the thermal NiTi shape memory micro-devices is
essential. TiN can be used as a MEMS hotplate, and it can serve as a capping layer to
avoid the surface oxidation of NiTi thin film microstructure. Moreover, TiN is
suitable for fabricating NiTi-based biomedical devices because of its biocompatibility.
In this chapter, the fabrication of NiTi and TiN-based MEMS devices such as micro-
cantilevers, micro-wrappers, micro-combs, micro-heaters, etc., and their
characterization are discussed. TIN MEMS hotplates were fabricated alongside these
NiTi micro-devices, and their heating performance was evaluated. This chapter also
includes the studies related to the fabrication of NiTi-based micro-mesh and micro-

comb structures by laser bulk micromachining technique.
6. 2. Fabrication Methodology

The PDCMS NiTi thin films, which exhibit a martensitic phase at room temperature
(pulse frequency - 200 kHz, deposition pressure — 1x102 mbar, substrate temperature
- 600°C), have been chosen for the fabrication of MEMS devices. The PDCMS TiN
thin films with the lowest electrical resistivity (deposited at the substrate temperature
of 300°C and an argon:nitrogen ratio of 20:5) were selected for the micro-heater
fabrication. This TiN thin film is directly deposited onto the Si/NiTi stack. The NiTi
micro-cantilever and micro-wrapper MEMS structures have been micromachined
using femto second laser bulk micromachining technique (Li et al. 2006, Quintino et
al. 2013, Biffi et al. 2017). But, the NiTi-based micro-mesh and micro-comb MEMS
structures have been patterned using the Ytterbium fiber laser micromachining
technique (Fu et al. 2014, Shiva et al. 2015). The TiN micro-heaters were fabricated
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using focused ion beam and laser micromachining techniques (Gao et al. 2003, Massl|
et al. 2009, Giorleo et al. 2016, Zintler et al. 2017). The micromachined NiTi micro-
cantilever and micro-wrapper structures were made free-standing by dry etching of
bottom silicon using Reactive lon Etching (RIE-CI) chemistry (Jansen et al. 1996,
Kiihamaki et al. 1999, Rosli et al. 2006, Wu et al. 2010, Morozov et al. 2017). The
bottom silicon beneath these micro-mesh and micro-comb structures was etched by
chemical wet etching using tetramethyl ammonium hydroxide (TMAH) (Thong et al.
1997, Tang et al. 2014, Robbins et al. 2016, Swarnalatha et al. 2017).

The NiTi and TiN MEMS structures fabrication process flow is listed below.

6. 3. Fabrication and characterization of TiN micro-heaters

6. 3. 1. Focussed ion beam micromachining of TiN micro-heaters

6. 3. 1. 1. Fabrication

i. An Auto CAD design of the planned micro-heater device was drawn. The
drawing file could be loaded with the FIB system software for fabrication
(Figure 6.1.). The dimensions of the contact pads for taking the electrical

contacts of micro-heater patterns were 200x200 pm?.

Figure 6.1: Auto CAD design of the planned TiN micro-heater pattern
ii.  Asilicon (100) wafer of 10 mm X 10 mm size was chosen as the substrate for
the micro-heater fabrication. This Si wafer was pre-cleaned using standard
acetone and HF.
iii.  The SiO2 layer (1 - 2 um) has been thermally grown on the Si wafer to form the

Si/SiO; stack for using as an electrical-cum-thermal barrier to TiN micro-heaters.
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iv.  The TiN thin films were deposited using the PDCMS technique onto the Si/SiO>
stacks to complete the Si/SiO2/TiN stack (Figure 6.2.).

Figure 6.2: Auto CAD design of the Si (Black)/SiO2 (Green)/TiN (Yellow) stack

v.  TiN films were micro-patterned using a focused ion beam technique to form a
micro-heater structure (Figure 6.1.). The depth of the micro-patterning was set at
1 pum as the TiN film thickness was ~275 nm to make sure the micro-heater
structure pattern was not shorting anywhere. The SEM image of the micro-

patterned TiN micro-heater structure is shown in Figure 6.3.

Figure 6.3: FIB image of the TiN micro-heater pattern
vi.  The silicon wafer containing the micro-heater structures was packaged for
making easy contacts (Figure 6.4.). The electrical connections to the micro-
heater structures were made using the wire bonding technique.
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Figure 6.4: Packaged TiN micro-heater device
6. 3. 1. 2. Characterization
The heating capacity of the micro-heater was measured at various input powers. The
measured heater resistance was ~ 16 Q. Figure 6.5 shows the thermal images of the

heater at various powers captured using a Fluke IR thermal camera.

AVG MIN
30.9 25.1

Figure 6.5: IR images of micro-heaters at (a) 0.18, (b) 0.7, (c) 1.56 & (d) 2.84

Figure 6.6 shows the performance of the heater at various input powers. From the
Figure, it can be observed that the temperature of the heater increases nearly linearly
with increasing power. A maximum temperature of 250°C was achieved by applying
a power of 2.8W within 1 min. duration. This range of temperature is sufficient for the

actuation of NiTi micro-devices.

138



o o (] (o]

[ th = th

= = = =
T T T T

Temperature (°C)
h
(=]

(} 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Power‘(W) '

Figure 6.6: Power vs. heater temperature measurements of TiN micro-heaters

6. 3. 2. Laser micromachining of TiN micro-heater structures

Though the focused ion beam technique suits well for micropatterning MEMS

structures, it is a very costly technique. Devices in micron dimensions can be

patterned using fairly cheaper techniques, like laser bulk micromachining. For the

fabrications such as heater patterns, the laser machining technique can be used for

making boundary cuts without any difficulties.

6. 3. 2. 1. Fabrication

i) The Auto CAD design of the planned micro-heater patterns was drawn (Figure
6.7.) and loaded to the software for the micro-machining of the TiN
microstructures. The contact pad (electrodes) sizes were maintained at 500500
um? for probing the electrical contacts.

Figure 6.7: Auto CAD design of the planned Si/SiO2/TiN stack
i) A silicon (100) wafer of 10 mmx10 mm size was chosen as the substrate for the
micro-heater fabrication. This Si wafer was pre-cleaned using standard acetone,
HF cleaning procedure.
iii) The SiO2 layer (1 - 2 pum) was thermally grown on the Si wafer to form the

Si/SiO; stack for using as an electrical-cum-thermal barrier to TiN micro-heaters.
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iv) The TiN thin films were deposited onto the Si/SiO, stacks to complete the
Si/SiO2/TiN stack (Figure 6.2.).

v) TiN films were micro-patterned using the laser micro-machining technique to
form a micro-heater structure as designed in the Auto CAD (Figure 6.7.). The
heater dimensions (lengths) were varied as 200, 400, and 600 um to study their
heating capabilities with the lengths. The depth of the micro-patterning was set as
1 pum as the TiN film thickness was ~275 nm to make sure the micro-heater
structure pattern was not shorting anywhere. The optical microscopic image of the

micro-patterned TiN micro-heater structure is shown in Figure 6.8.

226.988 um

217 gm

426.652 pm

416 um

Figure 6.8: Laser-patterned TiN thin film micro-heater patterns: (a) 200 and (b)
400 pm.
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6. 3. 2. 2. Characterization

The heating capacity of the micro-heater was measured at various input powers. The
IR thermal camera images showing the direct heat measurements are shown in Figure
6.9. The heating capabilities of the TiN micro-heaters with respect to their lengths
(200, 400, and 600 pum) at a power of ~8W are shown in Figure 6.10. It is found that,
with an increase in the heater dimensions, the heating capabilities of the TiN heaters

also increased for the same power input.
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Figure 6.9: IR images of micro-heaters: (a) 200 pum, (b) 400 um, and (c) 600 um with

their maximum temperatures.
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Figure 6.10: Performance of TiN micro-heaters with their dimensions at ~8 W

The micro-heaters with various dimensions (lengths) were fabricated to study the
heating efficiency with specific input powers. As resistance and length are directly
proportional, the micro-heater with larger dimensions will produce larger heat. Figure
6.11 shows the performance of the micro-heaters at various input powers. A
maximum temperature of 406°C (measured using an IR camera) was achieved with
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the micro-heater by applying a power of 8.88 W (using a Keithley meter) to the 600
pum length micro-heater.

l
R = Y g
(Where, R — Resistance, p — Resistivity, | — Length, a— Area)
H=I°RT
(Where | — Current, R — Resistance, T - Time)
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Figure 6.11: Heating performance of TiN micro-heaters at different lengths

6. 4. Micromachining of NiTIMEMS devices (Cantilevers and Wrappers) by

femto second lasers

6. 4. 1. Fabrication and integration of NiTi micro-cantilevers with TiN micro-

heaters

i.  An Auto CAD design of the planned micro-cantilever and micro-heater device
was made to load into the femtosecond laser system software (Figure 6.12.). The
contact pad (electrodes) sizes were maintained as 200200 um? for making the
electrical contacts. The base of the NiTi micro-cantilevers was brought in touch
with the TiN micro-heaters to have the maximum heating effect for the actuation
to occur.

ii.  Asilicon (100) wafer of 10 mm X 10 mm size was chosen as the substrate for
the micro-heater fabrication. This Si wafer was pre-cleaned using standard

acetone, HF cleaning procedure.
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iii.  The NiTi and TiN thin films with thicknesses of 1.3 and 0.277 pm were
deposited onto this silicon using the pulsed DC magnetron sputter deposition
technique. The TiN film was deposited on a selected area over the Si/NiTi
stacks using a shadow mask to form Si/NiTi/TiN stacks, as shown in Figure 6.13.

NiTi
Microcantilevers

TiN Microheater
Pattern

Figure 6.12: Auto CAD design of the planned NiTi micro-cantilever and TiN

micro-heater structures

Figure 6.13: Top view of the Si/NiTi/TiN thin film stacks
iv.  The NiTi films were micro-patterned (Figure 6.14.) using the femto second laser
technique as per the Auto CAD design. The gap between the two cantilevers
was kept at 50 pm to provide sufficient space for etchants to perform. The depth

of the micro-patterning was set at 10 um to ensure that the NiTi structure
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remains free-standing after the bottom Si etch. The SEM image of the micro-

patterned NiTi microstructure is shown in Figure 6.15.

Figure 6.14: Microscopic image of the femtosecond laser micro-patterned
Si/NiTi stack

Figure 6.15: Si/NiTi stack after femtosecond laser micro-patterning (FESEM
image)
The micro-machined NiTi cantilevers were made to be free-standing by bottom
silicon etch using Reactive lon Etching Chlorine chemistry (RIE-CI). The RIE-
Cl technique is widely used for the etching of silicon. For anisotropic or
isotropic etching, a higher etching rate is achievable for silicon with the reactive
ion etching technique. The silicon etch rate was pre-optimized at 70 nm/min.

Therefore, the etching was carried out for 20 min. to etch complete silicon
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beneath the NiTi micro-cantilevers. The NiTi films were released after the
bottom silicon etches, as shown in Figure 6.16.

Figure 6.16: FESEM image of the released NiTi cantilever microstructures
vi.  The micro-patterning of the TiN micro-heater structures with a focused ion
beam is discussed in Section 6.3.1. of this chapter.
vii.  The TiN micro-heaters were fabricated alongside the NiTi micro-cantilevers to

provide the actuation's required temperature (Figure 6.17.).

Figure 6.17: FESEM image of the micro-patterned NiTi micro-wrapper and TiN

micro-heater structures
viii. ~ The electrical connections to the contact pads of the TiN thin film heater pattern
were made using wire bonding. The heating of the TiN thin film heater was
carried out through resistive heating by sending current through the contact pads.
The heat generated by the TiN thin film heater was directly transferred by
conduction to the base of the NiTi micro-cantilevers, which were used to actuate
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them. The typical temperature observed for actuation was between 150 and
170°C. The actuation capability of the micro-cantilevers was observed with the
help of an optical microscope. On heating, the reflections on the micro-
cantilever bases were shifted from top to bottom. Also, the optical microscope

magnification of the cantilevers was found to be changing (Figure 6.18.).
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Figure 6.18: Optical images showing the actuation of NiTi cantilevers upon heating:
(a) at room temperature. (b) at temperatures of 150 - 170°C.

6. 4. 2. Fabrication and integration of NiTi micro-wrappers with TiN micro-heaters
i.  The Auto CAD design of the planned micro-wrapper and micro-heater device
was drawn for loading into the femtosecond system software. The wrapper leg

dimensions were fixed at 70 x 20 (L&W) um. The contact pad (electrodes) sizes
were maintained at 200 x 200 um? for making the electrical contacts. The

proposed wrapper and heater pattern structure is highlighted in Figure 6. 19.
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Figure 6.19: Auto CAD design of the planned NiTi micro-wrapper and TiN
micro-heater structures

A silicon (100) wafer of 15 mm X 15 mm size was chosen as the substrate for the
micro-heater fabrication. This Si wafer was pre-cleaned using standard acetone,
HF cleaning procedure.

The NiTi and TiN thin films with thicknesses of 1.3 and 0.277 um, respectively,
have been deposited onto this silicon using the PDCMS deposition technique to
form Si/NiTi/TiN (Figure 6.20) thin film stack.

Figure 6.20: Side view of the Si/NiTi/TiN thin film stacks
The NiTi films were micro-patterned using the femto second laser technique. The
depth of the micro-patterning was set at 10 um to ensure that the NiTi wrapper
legs remained free-standing after the bottom Si etch. The SEM image of the

micromachined NiTi micro-wrapper structures is shown in Figure 6.21.
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Figure 6.21:FE-SEM image of the femtosecond laser micropatterned Si/NiTi
stack
v.  The micromachined NiTi wrappers were made to be free-standing by bottom
silicon etch using Reactive lon Etching Chlorine chemistry (RIE-CI). The silicon
etch rate was pre-optimized at 70 nm/min. Therefore, the etching was carried out
for 20 min. to etch silicon completely beneath the NiTi wrapper legs. After the

bottom silicon etches, the NiTi films were released, as shown in Figure 6.22.

Figure 6.22: FE-SEM image of the released NiTi wrapper microstructures
vi.  The TiN micro-heater was fabricated alongside the NiTi micro-wrapper legs to
provide the temperature required for the actuation (Figure 6.23).
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Figure 6.23: FE-SEM image of the micro-patterned NiTi micro-wrapper and TiN
micro-heater structures

vii.  The electrical connections to the contact pads of the TiN thin film heater pattern

were made using wire bonding. The heating of the TiN thin film heater was

carried out by resistive heating by supplying current through the contact pads.

The heat generated by the TiN thin film heater was directly transferred by

conduction to the base of the NiTi micro-wrapper legs, which were used to

actuate the wrappers.

6. 5. Other NiTi microdevices fabricated using laser micromachining

6. 5. 1. Fabrication of NiTi micro-mesh by laser engraving technique

The Auto CAD design (Figure 6.24) of planned micromesh structures was drawn for
loading into the laser system software. The micro-mesh structures' mesh dimension

(diameter) was fixed at 1 pm.
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Figure 6.24: Auto CAD design of the planned NiTi micro-mesh structures
I.  Asilicon (100) wafer of 15 mmx15 mm size was chosen as the substrate for the
micro-mesh fabrication. This Si wafer was pre-cleaned using standard acetone,
HF cleaning procedure.
ii.  The NiTi film of 1.2 um thick was deposited using the PDCMS technique onto

this Si wafer with the optimized process parameters to form the Si/NiTi stack
(Figure 6.25).

NiTi film

Si wafer

Figure 6.25: Auto CAD design of the Si/NiTi stack
In the next step, the NiTi films were micro-patterned using the laser bulk
machining technique. The depth of the micropatterning was set as 10 pum to

ensure that the NiTi structures would remain free-standing after the bottom Si
etch.
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The laser patterned NiTi micromesh structures were made free-standing by
etching the bottom silicon using a chemical wet anisotropic etch process with
tetramethyl ammonium hydroxide (TMAH) with an etch rate of 600 nm/min. The
optical microscopic images of the free-standing NiTi micro-mesh/micro-net
structures are shown in Figure 6.26. The 3D image of the same captured by the
optical profiler is shown in Figure 6.27. The cyan-colored structures in the Figure

indicate the NiTi micro-meshes.
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Figure 6.27: Optical profiler 3D images of the laser micro-patterned NiTi

micro-meshes

6. 5. 2. Fabrication of NiTi micro-combs by laser machining technique
i.  Before proceeding with the fabrication, an Auto CAD design of the planned
NiTi micro-comb devices was drawn (Figure 6.28). The micro-comb leg
dimensions were fixed at 250 x 20 (L&W) um. The contact pads dimensions

were made at 500 x 500 pum? for taking the electrical contacts.

Figure 6.28: Auto CAD design of the planned NiTi micro-mesh structures
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A silicon (100) wafer of 15 mm X 15 mm size was chosen as the substrate for
the micro-comb fabrication. This Si wafer was pre-cleaned using standard
acetone, HF cleaning procedure.

The NiTi thin films of 1.2 pm thick were deposited using the PDCMS
technique onto a Si wafer with the optimized process parameters to form the
Si/NiTi stack (Figure 6.25).

The NiTi films were micro-patterned using a laser machining technique. The
depth of the micro-patterning was set at 10 um. to ensure the NiTi structures
would remain free-standing after the bottom Si etch.

The laser patterned NiTi micro-comb structures were made free-standing by
etching the bottom silicon using a chemical wet anisotropic etch process with
tetramethyl ammonium hydroxide (TMAH) with an etch rate of 600 nm/min.
The microscopic image of the free-standing NiTi micro-comb structures is

shown in Figure 6.29.

Figure 6.29: Optical microscopic image of the NiTi micro-comb structures

6. 6. Conclusions

The fabrication process for the NiTi-and TiN-based MEMS devices using laser bulk

micromachining and FIB techniques has been discussed. The TiN-based micro-

heaters were fabricated using focused ion beam and laser bulk micromachining

techniques and tested for their heating efficiencies. A maximum temperature of

~400°C was achieved by applying a power of 8W to the TiN micro-heaters. This

153



temperature is sufficient for the actuation in NiTi MEMS devices. The NiTi-based
micro-cantilevers were fabricated using femtosecond laser micromachining technique
alongside these TiN micro-heaters. The heat generated by the TiN micro-heaters was
utilized to actuate the NiTi micro-cantilevers. The RIE-CI etching technique was used
to etch the bottom silicon for making the NiTi free-standing structures. NiTi
microstructures like micromesh and micro-comb structures were fabricated using a
Ytterbium pulsed fiber laser. The fabricated structures and devices will be useful in

microelectronics, optical sensing, microfluidics, and biomedical applications.
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CHAPTER 7

SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

The conclusions of the thesis and the scope for future directions are presented in this

chapter.

7.1. Summary and conclusions

A comparative study was carried out between DCMS and PDCMS sputtered 1 —
1.2 um thick NiTi thin films deposited at various substrate temperatures (400, 500,
600, and 650°C).

It was observed that the films deposited at 500, 600, and 650°C were crystalline
with an orientation towards the austenitic phase with a strong peak at 42.6°,
corresponding to the (110) plane of NiTi at room temperature. It was also
observed that the PDCMS NiTi films exhibited larger grain sizes than the DCMS.
The compositional variations observed in the NiTi films deposited by both
methods were significantly less.

It was realized that the NiTi thin films deposited by the PDCMS technique were
of superior quality as compared to DCMS films under the same processing
conditions, such as temperature (600°C), pressure (5x10°mabr), power (100W),
gas flow (25 sccm) and substrate-to-target distance (9 cm), etc. The enhanced
properties of PDCMS NiTi films can be attributed to the higher plasma density in
the PDCMS process as compared to the DCMS process, as observed from the in-
situ OES analysis.

In the next attempt, the effects of deposition pressure (2.5x102 to 1x102 mbar)
and pulse frequencies (50 to 350 kHz) were investigated to improve NiTi film
properties, including the martensitic phase formation at room temperature.

The NiTi films deposited at pressures of ~10° mbar order exhibited an austenitic
phase at room temperature. On the other hand, the films deposited at a pressure of
~10 mbar order exhibited a martensitic phase at room temperature. The OES
analysis revealed that with an increase in the deposition pressures, the peak
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intensities of nickel, titanium, and argon were also found to increase. When
pressure increases, the mean free path decreases, affecting the adatoms' energy
reaching onto the substrate. This can affect the structure of the growing NiTi films.
The phase transformation studies of NiTi thin films deposited at 1x10 mbar was
carried out using HT-XRD. It was observed that the peak corresponding to the
martensitic phase (111) at 41.7° was shifted to austenite (110) at 42.6° with an
increase of the stage temperature to 150°C.

No significant changes in the structural, surface and compositional properties of
NiTi films were observed in the films deposited at various pulse frequencies (50
to 350 kHz). There was only a minor increase in the nickel, titanium, and argon
intensities in the OES spectra at the given target power, 100W, which was
insufficient for significantly impacting the film properties.

TiN thin films (275 £10 nm) were deposited onto Si and Si/SiO; substrates by the
PDCMS technique at various substrate temperatures and nitrogen gas partial
pressures. These two process conditions significantly impacted the microstructural
properties of TiN films. As a result, the resistivity of TiN films was found to vary
with the substrate temperature and Ar:N> ratio.

The differential pumping mechanism impacted the microstructural properties of
TiN thin films. The TiN films deposited with differential pumping are more
oriented towards the (111) plane, whereas the TiN films deposited without the
differential pumping are more oriented towards the (200) plane. The influence of
differential pumping on the TiN plasma properties was in-situ investigated using
the optical emission spectroscope.

The lowest electrical resistivity (305 uQ.cm) was achieved with TiN films
deposited at the substrate temperature of 300°C and an Ar:N> ratio of 20:5. This
could be attributed to the preferred orientation of TiN thin films towards the (200)
plane. The TiN films with low resistivity values were used to fabricate TiN micro-
heaters, which can be used as a thermal stimulus for actuating the NiTi-based
MEMS structures.

TiN micro-heaters (length 500 um) were fabricated on Si/SiO, substrates using
the focused ion beam micro-machining technique. An IR thermal camera was used

to measure the heat generated upon input power. A maximum temperature of
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250°C was achieved within a min. by giving an input power of 2.8W. This
temperature is sufficient for the actuation in NiTi-based SMA micro-structures.

In another attempt, the TiN micro-heaters with different dimensions were
fabricated using laser machining techniques. These micro-heaters were fabricated
with different dimensions (length — 200, 400, 600 pm) and were optimized for
their heating capabilities at the same input power. The micro-heater with a larger
length (600 um) exhibited superior heat generation at the same input powers than
the other two. A maximum temperature of 400°C was achieved with power at 8W
in 2 min.

NiTi micro-cantilevers were fabricated using room temperature martensitic phase
films by integrating TiN micro-heaters. The NiTi and TiN microstructures were
fabricated using a combination of femtosecond bulk micromachining, FIB, and
RIE-CI.

Actuation of NiTi micro-cantilevers was observed by varying the input power to
TiN micro-heaters in the range of 0 to 2.8W.

Microstructures, such as micro-wrapper, micro-mesh, and micro-comb, were
fabricated using femtosecond laser and Ytterbium fiber laser bulk micromachining
techniques.

The fabricated structures will be useful in various MEMS applications, including
optical sensing, drug delivery, fluid mechanics, etc. These devices can be used in

bio-friendly environments since NiTi and TiN are biocompatible.

7. 2. Future directions

The future work in this field may focus on:

Improving mainly the crystalline nature and other properties of the nickel-titanium
thin films at lower process temperatures. These can be explored by employing the
emerging high power impulse magnetron sputter (Hi-PIMS) deposition technique.
This technique can produce much higher dense NiTi plasmas, facilitating
crystallization at lower growth temperatures.

The Hi-PIMS technique with a third element adding to the NiTi system can
produce densely packed and thicker films that can be used in various applications,
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like shape memory alloy damping application, especially with high-temperature
shape memory alloys (HT-SMAS).

The Hi-PIMS provides faster film growth rates, making the NiTi and TiN thin
films suitable as corrosion-resistant coatings in gas turbine blades.

The devices with a combination of NiTi and TiN can have a wide range of

applications in biomedical/optical domains.
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1. Lecture on Vacuum Technology to the scientists from various ISRO centers (LEOS/VSSC) —2017.
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