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ABSTRACT
The need for high performance microelectromechanical systems (MEMS) has driven the
industry to research ultra-thin shape memory alloy (SMA) films, specifically for microactuators
capable of rapid actuation [1]. Biased target ion beam deposition (BTIBD) is a novel technique
that can produce high quality films with thicknesses less than 1000 Å [2]. Nickel-titanium (NiTi)
thin films with different composition ranges (Ni-poor/Ti-rich, near equiatomic NiTi, and Ni-rich),
various thicknesses, and post-deposition annealing were deposited using BTIBD by Dr. Huilong
Hou at the Penn State University [2 – 4]. The shape memory effect in NiTi films can be detected
by measuring the thin film stress as a function of temperature. Stress measurements during heating
and cooling were made on a variety of films using laser-based system that measures substrate.
Additionally, cyclic tests, up to 100 heating-cooling cycles, were conducted to evaluate the
stability of the phase transformation in subset of the deposited films. In several films that were 800
nm thick, thermal stress measurements showed a distinct hysteresis indicative of a functional shape
memory effect in these films. These same films also showed that the effect was repeatable even
after 100 temperature cycles.
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Chapter 1
Introduction
1.1 Motivation for NiTi Thin Film Stress Measurement Research
Microeletromechanical systems (MEMS) is a revolutionary technology that merges
communication and computation with sensing and actuation. Miniaturized electromechanical
systems with multiple components are integrated using the same materials and fabrication
techniques to produce microelectronic systems. [5]. Shape memory alloys (SMA), belonging to a
class of functional materials, have been readily used in MEMS applications. These alloys are
capable of “remembering” the original shape or size after experiencing thermal-mechanical
deformation at high stress level (over 500MPa) and large recoverable strains (up to 10%) [2]. The
nickel-titanium (NiTi) class of shape memory alloys is the most investigated shape memory
material system and the most employed in applications [3]. Recent studies have shown that the
thermal-mechanical behaviors in SMAs are size-dependent. The transformation stress and the
recoverable strain observed in bulk material is lower than that seen in micrometer-scale thin films.
Moreover, the hysteresis magnitudes in bulk are typically smaller than those of micrometer and
sub-micrometer scale. For fast response, a narrow hysteresis is preferable, while damping
applications require a large hysteresis. To investigate the minimum film thickness that can
maintain a desirable hysteresis, a comprehensive understanding of the thermal-mechanical
behaviors and mechanisms of sub-micrometer films is necessary.
NiTi thin films fabricated by magnetron sputtering have been extensively studied at the
micrometer scale, yet investigations have rarely been done at the nanometer scale. Current research
utilizes a recently developed thin film deposition technique — biased target ion beam deposition
(BTIBD) to fabricate nanoscale NiTi films. BTIBD is a new technique adopted from the ion beam
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deposition technique, and is capable of readily controlling the energy of depositing atoms via a
low-energy ion beam. Films produced by BTIBD have smaller surface roughness, higher precision
film interfaces, and more accurate elemental compositions compared to films fabricated by
conventional film deposition techniques.
The purpose of this research project was two-fold: 1) to determine the minimum thickness
of a NiTi film that could still show a detectable phase transformation, and 2) evaluate whether
BTIBD can be potentially utilized to produce NiTi thin films with small hysteresis for fast
actuation processes. Additionally, if a film exhibited thermally-induced shape memory phase
transformation, tests would be performed to track the evolution of film stress during temperature
cycling. Cyclic would be designed to evaluate the stability of the phase transformation in the
deposited films.

1.2 Chapter Objectives
This thesis has been broken down into 4 chapters. Chapter 1 is an introduction of the research,
including the motivation and objectives. Chapter 2 is the literature section, where background
information on thin films, Biased Target Ion Beam Deposition (BTIBD), and stress measurement
techniques are addressed. Chapter 3 gives detailed experiment procedures on how the methodology
was carried out. The focus on chapter 4 is mainly to summarize the results and discuss the
indications of these results. Chapter 5 is the conclusion of the research and future work to be
conducted in this field of research.
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Chapter 2
Literature Review
2.1 Microeletromechanical systems (MEMS)
Microeletromechanical systems (MEMS) with movable structure were first introduced by Fan
et al. at the University of California, Berkeley in 1988 [6]. Fan’s group applied integrated circuit
fabrication techniques to manufacture pin joints, gears, springs, cranks, and slide structures at the
micrometer scale [7]. Subsequently, these structural components were used to produce electrostatic
micromotors on polycrystalline silicon 1.0 – 1.5 µm thick, with rotors of 60 to 120 µm in diameter.
A silicon base is often employed in MEMS fabrication since detailed knowledge on silicon
processing has been acquired in semiconductor industry. MEMS have drawn considerable
attention since then in industry and military because mechanical elements, sensors, actuators, and
electronics can be integrated on a silicon substrate utilizing silicon microfabrication technology
[8].
There are three main ways to fabricate MEMs: silicon-on-insulator (SOI) technology, surface
micromachining (SMM), and electroforming [8]. SOI technology utilizes a structure with two
bounded Si wafers and a layer of oxide between [9]. One side of the substrate is polished and
deposited with an oxide by thermal or chemical vapor deposition. It ultimately acts as a sacrificial
layer. The structural layer is formed by using another polished single crystal Si wafer which is
anodically bonded to the oxide. Lithography and deep reactive ion etching (DRIE) using HF vapor
or solution are then used to cut through structural layer and from patterns. SMM builds structures
layer by layer on top of a Si substrate. Etching is applied to etch away sacrificial components to
achieve movable elements. Electroforming uses lithography to create molds where metals can be
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plated in [10]. This process is primarily used to create individual elements that can be integrated
into complex interacting structures.
MEMS are widely utilized in everyday life. For instance, airbags in automobiles employ
multiple micromachined accelerometers to monitor the voltage that keeps the suspended mass [11].
In addition, MEMS is capable of incorporating the computational ability of microeletronics with
the control capabilities of microactuators and microsensors. Shape memory alloys have been
recognized as a promising material to make microactuators [12].

2.2 Shape Memory Alloys
Material scientists have been developing multifunctional materials by investigating their
microstructure changes in the past few decades. Belonging to this multifunctional material
category, smart materials are capable of recognizing non-mechanical external stimuli from their
surrounding environment and reversibly reacting to the stimuli with physical or mechanical
property changes [13]. Shape memory alloys (SMA) are a subset of smart materials. SMAs
respond to external non-mechanical stimuli (temperature or magnetic field changes) by changing
the microstructure internally. Thermally responsive SMAs display a shape memory effect (SME)
and superelasticity/pseudoelasticity. The SME demonstrates a materials’ capability of recovering
permanent deformation after a thermal load is applied. Superelasticity/pseudoelasticity
characterizes the materials’ ability to recover large strain and stress-strain hysteresis under
isothermal conditions from mechanical loading-unloading.
The shape memory effect was first observed in 1932 in a gold-cadmium alloy after applying a
thermal load that changed its crystal structure [14 - 15]. After 20 years, Chang and Read discovered
the mechanism and identified this effect as a thermoelastic behavior of the martensitic phase [16].
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SME denotes a crystalline transformation induced by thermal energy between the ductile phase
and high strength phase of a material [17]. When a material is cooled from the high temperature
phase (austenite), the material transforms into martensite, which is the low temperature phase. This
martensitic transformation usually induces high mechanical stresses and, as a result, irreversible
processes such as dislocation slip occur. However, SMAs martensitic transformation is reversible
to a large extent. SMAs transform to the austenitic phase when heated and are able to returns to
their pre-deformation shape. The deformation is reversible because the induced stresses are
compensated by preferential alignment of twins and self-accommodation of favored martensite
variants instead of dislocations. This process is also called the thermoelastic martensitic phase
transformation since no additional lattice defects are created [18].
Materials that display shape memory effect include ceramics, polymers, and metal alloys.
Nickel-titanium (NiTi) is one of the most studied SMAs due to its superior structural and functional
properties. In 1960s, the shape memory property in NiTi was first observed by Buehler et al. at the
US Naval Ordnance Laboratory (NOL, White Oak, Maryland) [19 - 20]. Advantages of nickeltitanium-based SMAs include: in bulk, NiTi SMAs can recover up to 10% strain; if constrained
during recovery, they can generate up to 500MPa; when strains are kept below 2%, NiTi actuators
last millions of cycles [21]. NiTi also has rapid heat transfer rates, which is optimal for fast
actuation. Currently, more than 90% of all commercial shape memory applications are based on
NiTi, NiTi-Cu and NiTi-Nb alloys [22]. Applications of SMAs are used in a wide range of devices
from nanoactuators used in nanoelectromechanical systems (NEMS) to large devices used in civil,
aerospace, biomechanical engineering [17].
In binary NiTi alloys, the thermally induced SME only occur in a narrow range of chemical
composition. According to figure 1, the intermetallic phase NiTi has a limited solubility for
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titanium of less than 51 at.%, which is almost independent of the temperature. Additionally, the
maximum nickel content of the NiTi phase cannot exceed 57 at.%. It is also evident that as nickel
content increases from 49.7 at.%, the martensite start temperature and thermodynamic equilibrium
temperature decrease, which indicates that varying the nickel-titanium ratio can adjust the phase
transformation temperature. Nickel-titanium’s austenite phase is a body-centered cubic structure
(B2). This structure transforms to B19’, the monoclinic lattice structure of the martensite. Figure
1 also shows that the B2 intermetallic phase of NiTi can exist when no other phases do in
equilibrium conditions [17].

Figure 1. Phase diagram of the system nickel-titanium. The single-phase NiTi (B2) is shaded. Adapted from [17]

2.3 Shape Memory Alloy Thin Films
The demand for high performance microactuators has motivated the fabrication of sputterdeposited NiTi base SMA thin films. This is because the actuation output (force and displacement)
per unit volume of SMA thin films exceed that of other microactuation mechanisms such as
electrostatic, magnetic, and thermal bimorph [18]. Characteristics such as SME and superelasticity
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have been observed in NiTi thin films [13]. In addition, these films have a desirable narrow
transformation temperature hysteresis [1]. Concerns about such films include sputtering conditions
for obtaining desirable shape memory properties, uniform composition, and uniform thickness.
Walker et al. first investigated shape memory films by integrating them into the silicon
micromachining process in 1990 [23]. The group used polyimide and gold-coated substrates and
sputter deposited NiTi films on them. Wet chemical etching with hydrofluoric and nitric acids was
used to producing serpentine spring patterns. SME was observed in this structure in the asdeposited state: it was curled upon release, and uncurled when heated. In the same year, Busch et
al. at TiNi Alloy Company provided definitive evidence of the shape memory behavior in NiTi
films [24 - 25]. The group sputter deposited nearly equiatomic Ni-Ti films up to 10 µm thick onto
glass substrates at 150°C. The as-deposited amorphous films did not display shape memory
behavior. However, films that went through vacuum annealing process at 550°C for 30 minutes
crystallized and exhibited shape memory behavior. The same group followed up the initial
investigation and revealed that the shape memory properties in NiTi thin films are comparable to
bulk materials, with transformation temperatures above room temperature [26]. Conventional
SMA films have been fabricated with thicknesses in the micrometer range. Advancing SMA
requires high quality ultra-thin (on the order of 10–100 nm) films with a smooth surface and
minimal roughness, which can result in a narrow hysteresis that aids fast actuation processes [23].

2.4 Biased Target Ion Beam Deposition
Conventional film deposition techniques include magnetron sputtering, diode sputtering,
chemical vapor deposition, etc. Ion beam sputter deposition (IBD) is a technique that employs low
processing pressures, directional sputtered flux, high energy of the adatom flux, low sputtering
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rate, and independent control of target and substrate environments [2 - 3]. Biased target ion beam
deposition (BTIBD) is a novel technique that stemmed from IBD, which introduces an unfocused,
low energy ion source and a negatively biased target. One BTIBD system consists of two end-Hall
ion sources, a negatively biased target, and a rotating substrate stage. Two end-Hall ion sources
enable co-sputtering two different materials [2, 27]. In some cases, a hollow cathode is used to
generate Argon ion beam in conjunction with the End-Hall ion source [3].
BTIBD transcends other techniques in applications that requires accurate control of film
interfaces on an atomic scale, which includes atomic intermixing at interfaces, surface roughness,
surface coverage and film density. [28]. It generates high density and low energy ions, providing
a range of impact energy of the ions depending on the bias voltage applied (optimal range of
voltage is around 200 - 800 V) [4, 29]. Having the End-Hall ion source energy below 25 eV,
BTIBD minimizes sputtering material off the vacuum system hardware and avoids overspill
contamination [30 - 31]. BTIBD is a promising technique to synthesize high quality composite
films, ultra-thin films, and dense ultra-smooth films [2].
BTIBD can readily control the energy of depositing atoms via the low-energy ion beam at
ultra-low pressures (down to 10-4 Torr, in contrast to 10-2–10-3 Torr in conventional sputtering)
[29]. Typical background pressure for BTIBD is in the range of 0.1 to 5 mTorr. This flexible range
enables more control over adatom scattering from background gas. Such advantages, help films
generate atomically high precision interfaces and mixed faces.
Tang, et al, addressed that BTIBD provides low average roughness and root-mean squared
roughness in thin films. Hou et al. reported that BTIBD produced ultra-smooth surfaces and
minimal thicknesses of unwanted interfaces for nickel-titanium alloys with thickness on the order
of 1-10 microns [32]. The films demonstrated a reproducible ultra-smooth surface — at least two

9
times smoother (𝑅𝑞 < 0.3 nm) than thin films (𝑅𝑞 >0.6 nm) made by conventional sputtering —
over a broad range of compositions [2] that persisted after crystallization heat treatments [4]. In
addition, BTIBD is reported to having potential to synthesize TiNi films with composition
precision control down to 0.5 at.% [2].
The impact of target bias voltage variation has been studied by a few groups. According to
Niakan, et al., diamond-like carbon thin films, which is benefited from sp3 bonding, has an optimal
bias voltage in the range of -200 to -1000 V. In this range, the sp3 bonding content increases 40%,
leading to a decrease in root-mean squared roughness, coefficient of friction, and an increment in
hardness and Young’s modulus [27]. These properties are advantageous since such films should
be wear resistance and corrosion resistant. However, voltage bias exceeding - 1000 V will lead to
a decrease in the percentage of sp3 bonding, causing less desirable results.
According to Chen, et al, in order to fulfill different needs of each layer in a multilayer
magnetic tunnel junction, different bias voltage should be applied [29]. From experiments, the
resistance area and tunneling magnetoresistance performance reach the maximum around 600V
due to two coexisting factors: intermixing and surface flattening. These two factors are desirable
in different interfaces, thus a gradual increase from 300 to 900V in biased voltage is desirable to
create quality magnetic tunnel junctions.
Bias voltage directly affects the material on the target, since the ion beam will sputter more
material off the target when increasing the bias voltage. In the case of diamond-like carbon thin
films with titanium incorporation, an increment in voltage from -300 to -700 V led to an increase
of Ti elemental concentration from 1.1 to 4.2 at.% [31]. The voltage increase generated excessive
high energy Ti radicals and a higher surface oxygen atomic concentration due to more oxidation
of Ti taking place when films were exposed to air. As the Ti content increases, sp3/sp2 ratio
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decreases, indicating that addition of Ti induces graphitic bonds (TiC) in DLC matrix. This result
is undesirable since it produces a lower mechanical hardness of the Ti-DLC films. Thus, BTIBD
is able to generate promising mechanical and biocompatible properties in Ti-DLC films by having
a low bias voltage.

2.5 Residual Stress and Stress Measurement Techniques for Thin Films
Stress is always present in thin films and there are a variety of reasons: different thermal
expansion of the film and substrate, lattice parameter mismatches in film and substrate,
microscopic voids, recrystallization processes, phase transformations, etc [33 - 35]. Elevated
temperatures often lead to thermal stresses when materials with different thermal expansion
coefficients expand by different amounts. Yet due to the continuity of strain, both materials will
be constrained. The relationship between the expansion and contraction of a material and the
temperature change it experiences is described in the following equation

T

(1),

where  is the strain, is the thermal expansion coefficient, and T is the temperature change. For
a thin film deposited on a substrate, the mismatched thermal expansion coefficients lead to the
substrate constraining the film strain. The thermal stress of the film can be expressed as equation
2,
𝜎𝑓 (𝑇) =

(𝛼𝑠 − 𝛼𝑓 )∗𝛥𝑇∗ 𝐸𝑓
1− 𝜈𝑓

(2),

where 𝐸𝑓 is the modulus of elasticity of the film, 𝜈𝑓 is the Poisson’s ratio of the film, and 𝛼𝑠 is the
thermal expansion coefficient of the substrate and 𝛼𝑓 is that of the film [36].
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A few solutions to the metrology of stress of thin films are available. Wafer curvature
method is prevalent to determine stress in thin films, and the use of X-ray diffractometry is another
technique to determine residual stress in crystalline films. The wafer curvature method gives an
average value of the residual stress, measuring the wafer curvatures before and after the film is
deposited through optical interferometry, profilometer, or laser scanning tool. However, resolution
decrease as the thickness of the film increases. [37]. X-ray diffraction (XRD) measures the strain
in the crystal lattice and the associated residual stress is determined from the elastic constants
assuming a linear distortion of the appropriate crystal lattice plane. The measured strain is the
average over a few microns depth depending on the distance the X-ray penetrates [38].
2.5.1 Curvature Method
For a thin film deposited on a substrate, thermal expansion and phase transformation will
cause changes in film stress, which induce changes in substrate curvature. A sketch of the filmsubstrate curvature is shown in Figure 2-A [40]. In Figure 2-B, an external tensile force is applied
to the film to negate curvature change in the substrate, which makes the film/substrate interface
free of stress. Figure 2-C shows that the force applied to the film when it is separated from the
substrate. The film force can be determined by measuring the curvature reaction of substrate. Since
the substrate curvature varies with respect to temperature, film force is temperature dependent.
Thus, observing the film force and temperature can help us determine the phase transformation
temperature and thermal hysteresis.
The curvature of the film-substrate system is defined as the following resented in Figure 3.
The curvature due to the internal stress and moment has a radius of R, and the curvature r is defined
as

𝑟=

1
𝑅

=

𝑑𝜃
𝑑𝑠

=𝐶

𝑑2 𝑦
𝑑𝑥 2

(3),
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where

𝐶=

1
𝑑𝑦 2
[1+(𝑑𝑥) ]3/2

(4).

Stoney’s equation [39] demonstrates the relation between the film stress and substrate
curvature:

𝜎𝑓 =

𝑀𝑠 𝑡𝑠2
6𝑡𝑓 𝑅

(5).

In this equation, 𝜎𝑓 is fil stress, Ms is the biaxial modulus of a substrate, which is a constant specific
to a substrate, ts is substrate thickness, tf is film thickness, and R is the radius of curvature in the
substrate. Since one cannot assume that the substrate is essentially flat prior to deposition,
curvature of the substrate before deposition should be measured in comparison to the postdeposition curvature. Thus, the radius of curvature in the substrate R can be calculated in the
following equation:

𝑅=

𝑅1 𝑅2
(𝑅1 − 𝑅2 )

(6),

where R1 and R2 are the radius of curvature in the substrate pre- and post-deposition respectively
[40]. Note that there are a few assumptions that Stoney’s equation relies on: 1) Both the film and
substrate materials are isotropic, homogeneous, and linearly elastic, 2) the substrate has a small
deformation, 3) the film and substrate have uniform curvature and the curvature is equi-biaxial, 4)
thicknesses of the film and substrate are uniform, 5) the film stress states are equi-biaxial while
the out of plane stress and shear stresses are zero, and 6) perfect adhesion between the film and
substrate.
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Figure 2. (A) Schematic of the shape of a thin film constrained on a substrate. (B) The shape of the thin film when an external force
is applied to render the film/substrate interface stress-free. (C) The shape of the thin film separated from the substrate. The applied
force is equivalent to the reaction in the substrate-constrained condition [40].

Figure 3. Elastic bending of a film-substrate system. Adapted from [36]
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2.5.2 X-ray Diffraction
By understanding the diffraction geometries between an X-ray beam and a material, X-ray
radiation can be used to measure the spacing between lattice planes in crystalline materials. This
strain will result in a change of the lattice planes spacing and have an effect on the diffraction
geometry. The change in interplanar spacing acts as an internal strain gage, with the assistance of
x-ray diffraction. By scanning the X-ray detector over a range of 2𝜔 angles (Figure 4), the
interplanar spacing d can be found with the Bragg’s law:

𝜆 = 2 ∙ 𝑑 ∙ 𝑠𝑖𝑛𝜔

(7),

where is 𝜆 the X-ray wavelength.

Figure 4. Schematic of the diffractometer setup. Adapted from [].

A high Bragg angle plane is chosen and strain measurements are made at several Ψ angles
ranging from 0 to 90°. Based on the knowledge of the wavelength and the measured shift of the
Bragg angel, the change in interplanar spacings can be calculated; thus, the strain of the surface
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layer can be evaluated. The residual stress can then be calculated using the theory of elasticity,
provided that the elastic constants of the material are known and the polycrystalline material has
random grain orientation. This method measuring the interplanar spacing at various Ψ angles is
referred to as the 𝑠𝑖𝑛2 Ψ technique and has been used by many groups to calculate residual stress
in thin films [36]. Gelfi et al. developed a new stress measurement method using Bidimensional
X-ray Diffraction (XRD2), where the 2D detector measures the distortion with a very high spatial
resolution [41].
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Chapter 3
Experimental Procedures
The stress-temperature measurements were conducted using a Tencor Flexus tool (FLX2320), as shown in Figure 5, in a clean room located in 408 Earth and Engineering Science
Building at the Pennsylvania State University. This instrument utilizes a laser beam to scan the
surface and measure the curvature of the film. As shown in Figure 5, the inside of the equipment
contains a round platform for placing samples. The platform is also the heat source for temperature
measurements, and a cover is placed on top of the sample to maintain heat efficiency. A single
laser is used in the scanning process, and a mirror directs it down at the sample surface, as shown
in Figure 6 [42]. The beam is then reflected off the sample surface and light sensors on the detector
then record the beam positions. When the curvature of the sample changes, the recorded beam
position changes as well. Knowing the geometry of the system, the curvature can be calculated for
the sample knowing the distance between the wafer and light detectors. The instrument’s operating
temperature range is from 25°C to 500°C, and heating rate can go up to 30°C/min. To obtain the
film stress at a target temperature, the substrate curvature before deposition and after both had to
be measured. To accelerate the measurement process of multiple film samples, one silicon
substrate was measured multiple times prior to deposition as the substrate curvature data for all
films, assuming that the substrates are uniform in property. The measured pre-curvature data was
saved. The post-curvature of each substrate with different film properties (different thickness,
different composition, and/or different heat treatment) was measured and superposed to each value
of the pre-curvature. The film stress at each substrate can be thus obtained by using the equation
(1) and (2). Note that compared to measuring the same substrate before and after film deposition,
the superposition of the post-curvature of each substrate with different films to the pre-curvature
values of one substrate will only affect the absolute stress value, but not the stress change interval
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and the phase transformation temperature. Since the stress change interval and the transformation
temperature, rather than the actual film stress, are of interest in phase transformations, the
superposition methodology was utilized throughout the research. Additionally, stress
measurements using this technique does not yield extremely accurate results. However,
consistency in measurements determines the result of this project since the stress change with
respect to temperature is the primary concern.

Figure 5. KLA Tencor Flexus 2320 Tool inside the clean room located in 408 EES, University Park, PA, and the inside of the
equipment. The left shows the platform for placing the film, and the right shows the platform with cover for temperature
measurements
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Figure 6. The scanning mechanism of Flexus 2320 Tool. Where a laser beam scans the surface of a sample and records its
curvature. Adapted from website [42].

Stress measurements were taken at each degree Celsius for both the heating and cooling
process. For the heating process, the starting temperature was near room temperature (25°C), and
the ending temperature, determined by the martensitic phase transformation temperature of the
specific film, was around 100°C to 120°C. Vice versa for the cooling process. The heating and
cooling rate were both set to 2°C/min, which allowed time for films to stabilize before each
measurement. Note that throughout the entire measurement process, the equipment’s internal fan
was turned on, and a compressed air of 0.2 scfm flow rate was turned to accelerate the cooling.
Experimental results have proved no significant difference in stress measurements compared to
that of no compressed air flow. Additionally, since no other cooling source was present, the cooling
rate failed to reach 2°C/min as the film temperature reaching room temperature. To obtain accurate
stress measurement at each degree Celsius, the equipment was set to perform each measurement
upon the programed temperature instead of time. For example, if the film took 5 minutes to cool
from 32°C to 31°C, regardless of the cooling rate being set to 2°C/min, the equipment would take
the measurement when the temperature of the film actually reached 31°C instead of thirty seconds
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after the temperature reaching 32°C. A temperature recipe following temperature priority can be
found in Figure 7. Under this setup, the heating process generally took around 40-45 minutes,
while the cooling process would take around 2 hours.

Figure 7. Typical temperature recipe of heating-cooling cycle with temperature priority

Table 1 contains all the film samples measured in this project with their individual
properties such as thickness, post-deposition annealing conditions, compositions, etc. Detailed
film preparation procedures can be found in works by Hou et al. [2 – 4]. Overall, NiTi thin films
with 200 - 800 nm thickness were prepared on silicon substrates by co-sputtering a Ti target and a
Ni target in a BTIBD system (BTIBD, 4Wave Cluster Sputter, 4Wave Inc.) located at the
Nanofabrication Laboratory at the Pennsylvania State University. Multiple thin films were
deposited in the same condition since a six-inch (100) silicon wafer was used as the substrate and
the deposited substrate was cut off into one-inch squares and annealed under different conditions.
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The deposited films were of two shapes: one-inch square and one quarter of a one-inch diameter
disk. One of each shape is shown in Figure 8.
Sample Number

Thickness (nm)

Composition (at.%
Ni)

1

420

75.9

2

70

75.89

3
4
5
7
8
11

100
1000
65
90
200
100

75
75
49.7
49.7
49.7
49.7

12

100

49.7

13

100

49.7

14

100

49.7

15

100

50.3

16

100

50.3

17

100

50.3

18

100

50.3

19

100

51.8

20

100

51.8

21

100

51.8

22

100

51.8

23

200

49.7

24

200

50.3

25

200

50.3

26

200

49.7

27

800

49.7

Post-deposition
Annealing
Condition(s)
550°C for 30
minutes
550°C for 30
minutes
Unheated
Unheated
Unheated
700°C for 30s
RT
465°C for 10
minutes
490°C for 10
minutes
515°C for 10
minutes
540°C for 10
minutes
465°C for 10
minutes
490°C for 10
minutes
515°C for 10
minutes
540°C for 10
minutes
465°C for 10
minutes
490°C for 10
minutes
515°C for 10
minutes
540°C for 10
minutes
600°C for 10
minutes and 450°C
for 10 minutes
600°C for 10
minutes and 450°C
for 10 minutes
500°C for 10
minutes
500°C for 10
minutes
600° for 10 minutes
and 450°C for 10
minutes

Deposition
Technique
Sputtering
Sputtering
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD
BTIBD

BTIBD

BTIBD
BTIBD
BTIBD

21
28

800

50.3

29

800

50.3

500°C for 10
minutes
600° for 10 minutes
and 450°C for 10
minutes

BTIBD
BTIBD

Table 1. Properties of all samples measured using the Tencor Flexus Tool.

Figure 8. NiTi thin film deposited by BTIBD were of two shapes.

For accurate stress measurements, maximizing the scan points is desirable. To do so, square
films were placed diagonally across the scanning direction, and quarter circular films were placed,
as shown in the left figure in Figure 9, at an angle inside the equipment. Certain films had areas
covered in black tape, and the maximum scan range is shown in the right figure in Figure 9.
Effective scanning range of 20% to 80% of the film width was applied in the process program in
order to decrease the impact of non-uniformity at the edges of the films. Since all substrates were
silicon, the elastic modulus of 1.805 MPa was used as Ms (corresponding to silicon in the (100)
crystal orientation).
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Figure 9. The sample to the left is one with entire surface covered with film. The maximum length of the sample is the doubleheaded arrow line shown in the graph. The sample to the right is one with highlighted areas that have no film. The doubleheaded arrow line shown in the graph. The sample to the right is one with highlighted areas that have no film. The doubleheaded arrow shows the way to determine the maximum length for measurements in such samples.

In the stress-temperature plot, a straight line typically denotes that the film is going through
purely thermal expansion. If at certain point of the curve, there is a distinct slope deviating from
the straight line, it indicates phase transformation. Figure 10 shows the typical stress-temperature
curve of NiTi, where the martensitic phase transformation occurs during heating and cooling.
For samples that displayed phase transformation, we were interested in the repeatability of
such shape memory effect. Thus, a methodology was developed to characterize the hysteresis
consistency for many cycles. A hot plate technique was employed to conduct a series of
accelerated cyclic tests and measurements. This process includes: pre-heating a hot plate to 130°C;
placing the film was at the center of the hot plate for 120 seconds, including 90 seconds for the
film to reach 130°C and 30 seconds for stabilization; removing the film into a heat sink, which
was an 0.25 cm thick Aluminum plate at room temperature, for 60 seconds, including 30 seconds
for cooling and 30 seconds to stabilize. This process is repeated up to 100 cycles. Measurements
were taken on the 5th, 10th, 20th, 40th, 60th, 80th, 100th cycle.
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Figure 10. Film stress-temperature curves of a NiTi alloy thin film prepared by BTIBD. The first heating-cooling cycle has solid
markers while the fourth has empty symbols. At low temperature the thin film exhibits the martensitic product structure, and at
high temperature it exhibits the austenitic parent structure. Copied from [33]
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Chapter 4
Results and Discussion
Several NiTi films only displayed pure thermal expansion in the stress-temperature plots,
atypical plot is shown in Figure 11. As mentioned in the previous chapter, the stress-temperature
curves of these films are linear for both heating and cooling. Information on these films can be
found in Table 2.
Four films displayed hysteresis in their stress-temperature plot. Figure 12 shows the 20th
measurements conducted on film No. 27, which was a 800-nm-thick film with 49.7 at.% Ni
concentration, annealed at 600°C for 10 minutes and then 450°C for 10 minutes. The hysteresis
was from 55°C to 70°C. Figure 13 is the sample stress-temperature plot for the No. 28 film,
showing a hysteresis from 45°C to 62°C. Film No. 29 also displayed a similar phase
transformation, as shown in Figure 14, with a hysteresis ranging from 50°C to 65°C.
A small hysteresis was observed in film No. 26. As shown in Figure 15, the hysteresis
ranges only from 35°C to 48°C, smaller than that of the other films, having only a 13°C span. To
reduce experimental error, 5 tests on this sample was conducted. However, the small hysteresis
remained, and no evidence has shown that the definitive hysteresis could be expanded.
The results showed that the minimum possible film thickness that could potentially display
phase transformation is close to 200nm. Near equiatomic composition (49.7 at.% and 50.3 at.%
Ni) displayed shape memory effect while others did not. Additionally, the most effective postdeposition annealing procedures were 500°C for 10 minutes, and 600°C for 10 minutes and 450°C
for 10 minutes. For two films with the later annealing process, they both had a hysteresis span of
15°C. For films of 50.3 at.% Ni, their hysteresis started a few degrees Celcius earlier than that of
49.7 at.% Ni. In all, three 800-nm-thick films produced by BTIBD have shown that the hysteresis
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window starts approximately 50°C and ends around 65°C. All these results have not yet been
reported in literature, especially the near room temperature small hysteresis observed in film No.
26.
Sample Number
1
2
3
4
5
7
8
11
12
13
14
15
16
17
18
19
20
21
22
23

24

25

Properties
420 nm, 75.9 at.% Ni, 550°C for 30
minutes, Sputtering
70 nm, 75.89 at.% Ni, 550°C for 30
minutes, Sputtering
100 nm, 75 at.% Ni, Unheated,
BTIBD
1000 nm, 75 at.% Ni, Unheated,
BTIBD
65 nm, 49.7 at.% Ni, Unheated,
BTIBD
90 nm, 49.7 at.% Ni, 700°C for 30s,
BTIBD
200 nm, 49.7 at.% Ni, RT, BTIBD
100 nm, 49.7 at.% Ni, 465°C for 10
minutes, BTIBD
100 nm, 49.7 at.% Ni, 490°C for 10
minutes, BTIBD
100 nm, 49.7 at.% Ni, 515°C for 10
minutes, BTIBD
100 nm, 49.7 at.% Ni, 540°C for 10
minutes, BTIBD
100 nm, 50.3 at.% Ni, 465°C for 10
minutes, BTIBD
100 nm, 50.3 at.% Ni, 490°C for 10
minutes, BTIBD
100 nm, 50.3 at.% Ni, 515°C for 10
minutes, BTIBD
100 nm, 50.3 at.% Ni, 540°C for 10
minutes, BTIBD
100 nm, 51.8 at.% Ni, 465°C for 10
minutes, BTIBD
100 nm, 51.8 at.% Ni, 490°C for 10
minutes, BTIBD
100 nm, 51.8 at.% Ni, 515°C for 10
minutes, BTIBD
100 nm, 51.8 at.% Ni, 540°C for 10
minutes, BTIBD
200 nm, 49.7 at.% Ni, 600°C for 10
minutes and 450°C for 10 minutes,
BTIBD
200 nm, 50.3 at.% Ni, 600°C for 10
minutes and 450°C for 10 minutes,
BTIBD
200 nm, 50.3 at.% Ni, 500°C for 10
minutes, BTIBD

Phase Transformation
No

Cyclic Test
No

No

No

No

No

No

No

No

No

No

No

No
No

No
No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

26
26

200 nm, 49.7 at.% Ni, 500°C for 10
minutes, BTIBD
800 nm, 49.7 at.% Ni, 600° for 10
minutes and 450°C for 10 minutes,
BTIBD
800 nm, 50.3 at.% Ni, 500°C for 10
minutes, BTIBD
800 nm, 50.3 at.% Ni, 600° for 10
minutes and 450°C for 10 minutes,
BTIBD

27

28
29

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Table 2. A table showing whether samples showed phase transformation and whether cyclic test was performed
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Figure 11. 49.7 at.% Ni 100nm thickness with annealing process of 600°C for 10 minutes produced by BTIBD
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400
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300
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60
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80

Temperature (°C)
Heating

Cooling

Figure 12. Stress-temperature plot for the 20th cycle of NiTi film with 49.7 at.% Ni, 800nm, annealed at 600°C for 10minutes and
450°C for 10minutes. Hysteresis is shown from 55°C to 70°C.
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Figure 13. Stress-temperature plot for the 40th cycle of NiTi film with 50.3 at.% Ni, 800nm, annealed at 500°C for 10 minutes.
Hysteresis is shown from 45°C to 62°C.
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Figure 14. Stress-temperature plot for the 10th cycle of NiTi film with 50.3 at% Ni, 800nm, annealed at 600°C for 10minutes and
450°C for 10minutes. It showed a hysteresis from 50°C to 65°C.
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Figure 15. Stress-temperature plot of NiTi film with 49.7 at.% Ni, 200nm, annealed at 500°C for 10 minutes. Hysteresis is shown
from 35°C to 48°C.
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The three films that displayed similar shape memory effect (No. 27 - 29) were then taken
to perform cyclic measurements for repeatability test. Cyclic test result of film No. 27 is shown in
Figure 16, and results for film No. 29 is displayed in Figure 17. Both plots show the 10th and the
100th stress-temperature measurements. The results show that the functionality of these films
produced by BTIBD remained excellent after up to 100 cycles of heating-cooling, since no
significant shift of hysteresis was present, and the range of hysteresis remained constant.

430
410

Stress (MPa)

390
370
350
330
310
290
28

38

48
10th

58
100th

68

78

Temperature (°C)

Figure 16. Stress-temperature measurements of cyclic tests conducted on NiTi film with 49.7 at.% Ni, 800nm, annealed at 600°C
for 10minutes and 450°C for 10minutes. Plot shows data from the 10th and 100th Run. Heating measurements are shown as the
lower curve for each cycle while cooling measurements are shown as the upper curve for each cycle.
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Figure 17. Stress-temperature measurements of cyclic tests conducted on NiTi film with 50.3 at.% Ni, 800nm, annealed at 600°C
for 10minutes and 450°C for 10minutes. Plot shows data from the 10th and 100th Run. Heating measurements are shown as the
lower curve for each cycle while cooling measurements are shown as the upper curve for each cycle.
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Chapter 5
Conclusions and Future Work
Stress-temperature measurements have shown that nickel-titanium shape memory thin
films of various thickness, composition, and annealing conditions produced by biased target ion
beam deposition display a shape memory effect. To date, the hysteresis observed in these films is
the smallest of any reported values. It is surmised that this is primarily due to BTIBD method.
Additionally, stable shape memory effect at room temperature, displayed in film No. 26, can
potentially be developed for practical application with fast actuation response at small scales. A
small hysteresis causes the actuation force and displacement to be small, which facilitates fast
responses that can benefit certain applications [43 - 45]. The cyclic test results have shown the
excellent functionality of these films over time. Thus, BTIBD is a promising technique to produce
high quality shape memory thin films.
Potential further research can be conducted on film No. 26, where acidic etching the bottom
of the silicon substrate may help the curvature measurement to be more accurate. Alternative stress
measurements discussed in Chapter 2 can also be of interest to enhance the stress measurement
accuracy. Additionally, control groups for each different property (atomic composition, postdeposition annealing, thickness) can be set up to examine how each individual property affect the
hysteresis. Film thicknesses between 200 nm and 800 nm can also be investigated for further
understanding on how the hysteresis shifts from the 55 – 70°C window to near room temperature.
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